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Abstract In this study, we present a method for transient

expression of the type III effector AvrGf1 from Xanthomo-

nas citri subsp. citri strain Aw in grapefruit leaves (Citrus

paradisi) via Agrobacterium tumefaciens. The coding

sequence of avrGf1 was placed under the control of the

constitutive CaMV 35S promoter in the binary vectors

pGWB2 and pGWB5. Infiltration of grapefruit leaves with

A. tumefaciens carrying these constructs triggered a hyper-

sensitive response (HR) in grapefruit 4 days after inoculation.

When transiently expressed in grapefruit leaves, two

mutants, AvrGf1DN116 and AvrGf1DC83, failed to induce

an HR. Moreover, using bioinformatics tools, a chloroplast

transit signal was predicted at the N terminus of AvrGf1.

We demonstrated chloroplast localization by using an

AvrGf1::GFP fusion protein, where confocal images

revealed that GFP fluorescence was accumulating in the

stomatal cells that are abundant in chloroplasts. Transient

expression in citrus has the potential for aiding in the

development of new disease defense strategies in citrus.

Keywords Agrobacterium � Transient expression � Type

III effector � Xanthomonas citri � Hypersensitive response

Introduction

Agrobacterium-mediated transient expression, which is

based on expression of non-integrated T-DNA, provides a

valuable procedure for readily assessing genetic information

(Jones et al. 2009; Jones et al. 2005). Moreover, this method

has led to a profusion of studies in areas such as gene-for-

gene interactions, regulation and expression of multiple

genes simultaneously, and gene silencing (Gurlebeck et al.

2009; Johansen and Carrington 2001; Yang et al. 2000). The

Agrobacterium-mediated transient assay has been broadly

applied to many plant systems (Joensuu, et al. 2010; Bhaskar

et al. 2009; Cheng et al. 2009; Green, et al. 2009; Li et al.

2009; Manavella and Chan 2009; Santos-Rosa et al. 2008;

Sparkes et al. 2006). Although transient expression provides

certain advantages in many plant systems, there has been

limited success in citrus. Agrobacterium-mediated transient

expression has been especially difficult to use (Ahmad and

Mirza 2005; Bespalhok et al. 2003).

Although efficient tools for delivering genes other than

using A. tumefaciens are available, in general these tech-

niques have limitations in citrus. For example, virus-based

transient-expression vectors are routinely used for tree

crops, such as citrus, but they are especially difficult to

transform and the approach suffers from the time-con-

suming process of generating stable vectors in the plant

(Folimonov et al. 2007; Porta and Lomonossoff 1996).
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Duan et al. (1999) also reported a non-uniform gene

transfer to cells using A. tumefaciens and particle bom-

bardment as transient methods. Although generating

transgenic plants has become more commonly used in

citrus, transient expression of ectopic genes continues to

have major drawbacks. The development of an efficient,

robust, and relatively simple Agrobacterium-mediated

transient protocol for citrus will undoubtedly expedite

investigation of gene function in this host plant.

One of the most devastating diseases that limits citrus

production worldwide is citrus canker, which is caused by

Xanthomonas citri subsp. citri (X. citri—Brunings and

Gabriel 2003). X. citri relies on highly specialized delivery

machinery, named the type three secretion system (T3SS),

to introduce virulence factors or type III effector

(T3-effector) proteins inside the host cell, which suppress

defense responses in the host (Büttner and Bonas 2010).

Durable resistance has been a goal of plant breeding pro-

grams for decades although with limited success. Many

conventional breeding and molecular-based approaches

have been applied to citrus although most are very time

consuming due to the regeneration process. By using

transient expression, it is plausible to gain insights into the

potential value of resistance-associated genes in a rela-

tively short period. Therefore, the aim of this work was to

establish an easy and efficient method for Agrobacterium-

mediated transient expression and, additionally, apply the

procedure to elucidate the mechanism of AvrGf1 function

in grapefruit leaves. The T3-effector protein, AvrGf1, from

X. citri subsp. citri strain AW (Xcc-Aw) triggers a localized

apoptosis-like defense reaction commonly referred to as

the hypersensitive reaction (HR) in grapefruit leaves

(Rybak et al. 2009). This response is triggered by the direct

or indirect recognition of the T3-effector protein by one or

more cognate resistance (R) proteins in the host (Chisholm

et al. 2006; Bonas and Van den Ackerveken 1999).

Materials and methods

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are pro-

vided in the Supplementary Table S1.

Media and growth conditions

Escherichia coli DH5a was used as the cloning host

throughout this study and cultured in Luria broth (LB)

medium (Sambrook et al. 1989) at 37�C. For solid medium,

1.5% BD Bacto agar was added. A. tumefaciens strains

were grown in YEP medium (An 1987) and MSO medium

without plant growth regulators (Murashige and Skoog

1962). Antibiotics were used at the following concentra-

tions: ampicillin (Amp), 100 lg ml-1; kanamycin (Kn),

50 lg ml-1; rifamycin SV (Rif), 100 lg ml-1; spectino-

mycin (Spc), 100 lg ml-1 and chloramphenicol (Cm),

50 lg ml-1.

Plant material

Six-year-old Duncan grapefruit (Citrus paradisi) plants were

grown from seeds in 15 cm plastic pots with Metromix 300

(W. R. Grace & Co., Cambridge, MA, USA) in glasshouses

at temperatures ranging from 25 to 30�C. Before inoculation,

the plants were pruned and fertilized to produce uniformly

aged shoots. A scale to standardize the age of citrus leaves

was adopted in this study and consisted of young leaves

(2-week-old first leaves developed after pruning back the

branches), intermediate-aged leaves (3–5-week-old leaves

that developed after the pruning), and mature leaves (more

than 5-week-old leaves following pruning).

Recombinant DNA techniques

All standard DNA manipulations were performed as

described (Sambrook et al. 1989). Restriction enzymes and

T4 DNA ligase (Promega, Madison, WI, USA) were used

according to the manufacturer’s instruction, and Phusion

high-fidelity polymerase was used following the recom-

mendations of the manufacturer (New England Biolabs,

Beverly, Mass.). Competent E. coli DH5a cells were

transformed by vector constructs as described (Sambrook

et al. 1989). The selected plasmids were introduced into

A. tumefaciens strain GV3101 (Van Larebeke et al. 1974)

by electroporation.

Generation of full-length and deletion mutants

of AvrGf1

To generate the construct encoding Xcc-Aw avrGf1 gene,

we amplified the entire coding sequence of avrGf1 gene

from pL799 clone plasmid DNA by polymerase chain

reaction (PCR) using custom oligonucleotide primers.

Next, the PCR product was cloned into the vector pENTR-

D (Invitrogen) and transferred via LR-recombination

(Invitrogen) into the binary vectors, pGWB2 and pGWB5

(Nakagawa et al. 2007—Fig. 1a) creating pGavrGf1_2 and

pGavrGf1_5, respectively. We also generated four inde-

pendent deletions of the avrGf1 open reading frame (ORF)

by designed custom oligonucleotide primers to amplify 519

and 416 amino acids (a.a.), deleting 13 a.a. and 116 a.a.

from the N terminus of avrGf1, respectively, creating

p2DN13 and p2DN116 constructs, in pGWB2 plasmid, and

p5DN13 and p5DN116 constructs in pGWB5 plasmid. The

same procedure was applied to create p2DC7, p2DC83,
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p5DC7 and p5DC83 constructs, in which 7 and 83 a.a. were

deleted from the C terminus, respectively. In all four

deletions, the stop codon was deleted to allow an in-frame

fusion with the green fluorescence protein (GFP) reporter

gene in pGWB5 plasmid, or with the terminator—NosT in

the pGWB2 plasmid. In both plasmids, pGWB2 and

pGWB5, the expression of AvrGf1 was driven by the

constitutive cauliflower mosaic virus 35S (35S) promoter.

The constructs were then transformed into competent cells

of E. coli DH5a and electroporated into competent cells of

A. tumefaciens strain GV3101 generating the strain desig-

nations, 31::Gf1_2 and 31::Gf1_5, which carry the entire

avrGf1 coding sequence, and the avrGf1 deletion mutants

designated AvrGf1DN13, AvrGf1DN116, AvrGf1DC7 and

AvrGf1DC83 (Fig. 1b).

Preparation of A. tumefaciens cells for transient

expression in citrus leaves

A. tumefaciens cells were prepared as follows: (a) A. tume-

faciens strain GV3101 (GV3101) or transformed deriva-

tives were cultured on YEP agar supplemented with

appropriate antibiotics; (b) the strains were incubated at

28�C overnight; (c) a small loopful of each strain was

then inoculated into 30 ml YEP liquid medium containing

appropriate antibiotics; (d) each culture was incubated at

28�C with shaking at 150 rev m-1 overnight until an OD

(Abs = 600 nm) of 0.7–0.9 was reached; (e) the OD was

then adjusted to 0.3 (Abs = 600 nm); (f) 3.0 ml of each

culture was pelleted at 1,150 g for 5 min and resuspended

in 0.9 ml MS basal medium (Murashige and Skoog 1962),

supplemented with 30 g l-1 sucrose, 50 mg l-1 myo-

inositol, and 10 ml l-1 vitamins (glycine 40 mg l-1, nic-

otinic acid 100 mg l-1, pyridoxine HCl 200 mg l-1, thi-

amine 200 mg l-1); (g) 1 ll of 10 mol l-1 acetosyringone

was added; (h) each culture was then incubated at 28�C,

shaking at 200 rev m-1 for 1 h; and (i) the bacterial

suspensions were infiltrated with a 27 gauge hypodermic

needle and syringe into grapefruit or Nicotiana benth-

amiana leaves. Infiltrated plants were incubated in a

growth room at a constant temperature of 28�C.

Plant inoculations

Bacterial cultures of Xanthomonas and Agrobacterium for

plant inoculations were grown for 18 h at 28�C on nutrient

agar (NA) and YEP solid medium, respectively, amended

with appropriate antibiotics. Bacterial cells for Xantho-

monas were harvested and suspended in sterile tap water,

then adjusted to an optical density (OD600) of 0.3 (3 9 108

colony-forming units (cfu) ml-1) with a Spectronic 20

spectrophotometer (Spectonic-UNICAM, Rochester, NY,

USA). Each bacterial suspension was infiltrated using a

1 ml syringe and 27 gauge hypodermic needle into the

abaxial leaf surface by infiltrating an area of *0.5 cm2 in

each side of the leaf or infiltrating the entire leaf (Klement

1963). For each strain, three leaves were infiltrated and

served as replications. Each strain was tested three separate

times under the same conditions. A. tumefaciens strains

were infiltrated in the same manner as the X. citri inoculum

except that the cell preparation differed for the Agrobac-

terium-mediated transient assay as described below.

Fig. 1 Schematic of AvrGf1

protein and the deletion

mutants. a Organization of the

binary vectors, pGavrGf1_2 and

pGavrGf1_5. b AvrGf1 deletion

mutations were cloned into

pGWB2 and pGWB5 to create

truncated AvrGf1 proteins:

AvrGf1DN13 (13 amino acids

were deleted after the start

codon) and AvrGf1DN116 (116

amino acids were deleted after

the start codon) mutants

generated in the N terminus;

AvrGf1DC7 (7 amino acids

were deleted plus the stop

codon) and AvrGf1DC83 (83

amino acids were deleted plus

the stop codon) mutants

generated in the C terminus
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Hypersensitive response and GFP assay in transiently

transformed grapefruit leaves

For every construct designed here, three independent

experiments were carried out to evaluate the expression of

avrGf1 and mutants, using three individual citrus leaves per

strain. For the hypersensitive response (HR) assay, grape-

fruit leaves transiently transformed with 31::Gf1_2,

31::Gf1_5, AvrGf1DN13, AvrGf1DN116, AvrGf1DC7 and

AvrGf1DC83 strains were incubated at 28�C and the HR

was assessed up to 5 days after infiltration (DAI). Transient

grapefruit leaves transformed with 31::Gf1_5 and

AG::2202 strains were assessed for GFP. Approximately,

0.5 cm2 of the infiltrated area was placed on a glass

microscope slide, covered with water and then a coverslip.

The GFP fluorescence was observed with a Leica TCS SP5

confocal laser-scanning microscope (CLSM) with 100x oil

objective lens.

Protein structural analysis and localization

Predictions of protein localization were performed using

neural-network-based predictors for subcellular localiza-

tion of proteins PCLR (Schein et al. 2001), ChloroP

(Emanuelsson et al. 1999) and LOCtree (Nair and Rost

2005). Protein localization was conducted in young

grapefruit leaves collected 6 days after infiltration (DAI).

GFP fluorescence was observed as mentioned above.

Results

Optimization of leaf age for transient expression

in grapefruit

To test the efficiency of the protocol and the constructs, we

used AvrGf1 (31::Gf1_5) as a marker to monitor the effi-

cacy of transient expression, and leaves in all growth stages

were assessed. The HR was initially visible on 2-week-old

(young) grapefruit leaves 3 DAI and became more pro-

nounced at 4 DAI in an infiltrated area of *0.5 cm2

(Fig. 2a). In contrast to the young leaves, infiltrated mature

leaves did not display any visible cell death in any of the

experiments or replicates conducted here (Fig. 2b). Wild-

type A. tumefaciens strain GV3101, GV3101 carrying the

empty vector—pGWB6 (31::WB6), and A. tumefaciens

strain AGL-1 expressing pCAMBIA2201 (AG::2201) were

similarly tested and used as HR negative controls. When

infiltrated in young grapefruit leaves, none of these strains

triggered an HR-like symptom 4 DAI (Fig. 2c).

AvrGf1 requires full N- and C-terminal

for hypersensitive response in grapefruit

We analyzed young grapefruit leaves transiently trans-

formed with avrGf1-truncated mutants over a 6-day period

following infiltration. First, we analyzed young leaves

expressing truncated versions of the N- and C-terminal

Fig. 2 Expression of AvrGf1 in grapefruit leaves using Agrobacte-
rium-mediated transient expression. a Infiltration of Agrobacterium
cultures, 31::Gf1_2 and 31::GF1_5, in 2-week-old grapefruit leaf.

b Agrobacterium-mediated transient expression in mature leaf.

c Phenotype of grapefruit leaves inoculated with A. tumefaciens
strain GV3101 (GV3101) and A. tumefaciens carrying an empty

vector (AG::2201 and 31::WB6). d AvrGf1 mutants transiently

infiltrated in grapefruit leaves. ND116 and ND13, represents 116 and

13 amino acids deleted from the N-terminal, respectively; CD7 and

CD83, represents 7 and 83 amino acids deleted from the C-terminal,

respectively, and AvrGf1 is the expression of the avrGf1 full length.

*Leaves were photographed at 4 DAI. Similar results were observed

in at least three independent experiments
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domains. The mutant AvrGf1DN13, carrying a deletion in

the first 13 a.a. in the N terminus, and AvrGf1DC7, from

which 7 a.a. were deleted from the C terminus, did not

impair HR elicitation, showing a strong HR 4 DAI

(Fig. 2d). We investigated the effects of deleting more

amino acids in both N- and C-terminal of AvrGf1. Tran-

sient analysis of young grapefruit leaves transformed with

either AvrGf1DN116 or AvrGf1DC83 mutants, where 116

a.a. from the N terminus and 83 from the C terminus were

deleted, respectively, nullified the HR (Fig. 2d).

Evaluation of transient expression in grapefruit

by visualization of GFP

Leaves were infiltrated with 31::Gf1_5 ranging in size from

*0.5 cm2 of the leaf area to the entire leaf. When the

entire leaf was infiltrated, the leaf abscised from the tree

between 2 and 3 DAI and the GFP was not visualized in

these leaves. Optimal GFP expression was visualized at

6 DAI and using an infiltrated area of *0.5 cm2 in

diameter. Analysis of the images revealed that the GFP

fluorescence derived from AvrGf1::GFP strongly accu-

mulated in the stomatal guard cells and less intensely in the

surrounding cells (Fig. 3a).

AvrGf1 targets the plant-cell chloroplast

Subcellular localization of AvrGf1 protein transiently

expressed in grapefruit leaf was examined. The analysis of

the AvrGf1 amino acid sequence by the predictors indi-

cated the presence of a chloroplast transit signal at the N

terminus in the first 87 a.a. After infiltration, the abaxial

epidermis of the grapefruit leaves was viewed by confocal

laser-scanning microscope (CLSM). Infiltrated grapefruit

leaves viewed by CLSM clearly showed GFP expression in

the stomatal cells (Fig. 3b). Comparing the non-infiltrated

leaf with the infiltrated, we observed that the chloroplast

was intact in the non-infiltrated leaf (Fig. 3b), while the

chloroplasts in the infiltrated leaf were not visible. The lack

of intact chloroplasts in infiltrated cells and the strong GFP

signal in the stomata, which are abundant for chloroplasts,

provides evidence that AvrGf1 indeed targets chloroplasts

for destruction.

Discussion

In this study, we present a straightforward Agrobacterium-

mediated transient expression method in attached

Fig. 3 AvrGf1::GFP accumulates in the stomata cells and targets the

chloroplasts. Confocal images of abaxial epidermal leaf cells

expressing GFP fusion protein 6 days after inoculation. a GFP

expression in grapefruit leaves transiently transformed with 35S::GFP

construct (first row), and non-infiltrated grapefruit leaf scanning by

GFP and Red channels (second row) b AvrGf1::GFP targets the

chloroplasts in grapefruit cells. The white arrows indicate the

accumulation of GFP in the area of ‘‘degraded’’ chloroplasts
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grapefruit leaves, which had not been achieved in previous

studies. To develop this method we used the Xcc-Aw

T3-effector avrGf1 gene, which triggers HR in grapefruit,

as a reporter gene. We also explored the requirements of

this HR reaction elicited by AvrGf1 in grapefruit leaves

using the transient expression method developed here. Our

data demonstrated that when only a few amino acids were

deleted from the AvrGf1N- and C-domains, the mutants

AvrGf1DN13 and AvrGf1DC7 induced strong cell death

4 DAI. However, when we increased the number of amino

acids deleted in each domain, the mutants AvrGf1DN116

and AvrGf1DC83 did not trigger HR symptoms, even

10 DAI, suggesting that both domains, N- and C-terminal,

are directly involved with HR elicitation in grapefruit

leaves.

Analysis of ectopic expression of AvrGf1 through Agro-

bacterium-transient transformation showed that AvrGf1

induces an apoptosis-like response when expressed in

grapefruit cells in the absence of any additional bacterial

factor. However, our findings show that transient expression

in mature leaves was impaired. Thus, successful application

of this method in citrus leaves is strongly related to the use of

young leaves. This observation is supported by previous

studies, where young leaves have been shown to be more

responsive to Agrobacterium-mediated transient transfor-

mation (Bhaskar et al. 2009; Li et al. 2009; Folimonov et al.

2007).

Xanthomonas citri subsp. citri strain Aw delivers

AvrGf1 via the type III secretion system causing devel-

opment of strong tissue necrosis in the period of 2–4 DAI

(Rybak et al. 2009). Although Duan et al. (1999) suc-

cessfully demonstrated the phenotype induced by the pthA

gene, the symptoms induced by transient expression of

pthA were considerably reduced compared with X. citri. In

our method, we consistently expressed AvrGf1 in grape-

fruit, with the HR triggered being indistinguishable from

that induced by X. citri—Aw (Rybak et al. 2009).

Based on protein sequence analysis, we determined that

the N terminus region of AvrGf1 resembles a chloroplast-

targeting signal. Although visualization of the chloroplast

in the stomatal cells was simple and straightforward in non-

infiltrated leaves, the visualization of intact chloroplasts in

infiltrated leaf tissue was difficult due to the HR initiated

by the recognition of AvrGf1. The intense fluorescence

observed in the guard cells along with the predicted chlo-

roplast localization signal identified by the neural-network,

PCLR, ChloroP and LOCtree, strongly support the

hypothesis that AvrGf1 carries the chloroplast localization

signal and targets them in grapefruit cells. Likewise, sev-

eral other type III effectors have also been predicted to

have N terminus regions carrying chloroplast-target signals

(Jelenska et al. 2007; Guttman et al. 2002).

Pseudomonas HopL1 effector, which carries an N ter-

minus chloroplast-targeting signal, is a virulence factor

shown to suppress host defenses (Jelenska et al. 2007).

Thus, we also predicted that the N terminus should be

essential for HR elicitation. Indeed, the N terminus plays

an essential role in HR elicitation as shown by the mutant

AvrGf1DN116 not inducing an HR. In agreement with

previous studies demonstrating that the C terminus domain

is involved in HR induction (Catanzariti et al. 2010;

Abramovitch et al. 2003), deletion of 83 a.a. from AvrGf1

coding sequence, also disrupted the elicitation of HR and

GFP expression in grapefruit.

In conclusion, we have demonstrated an Agrobacterium-

mediated transient expression method for citrus leaves and

its applicability in citrus for characterization of gene

function. This technique has been intensively used in our

laboratory to evaluate different protein activity in grape-

fruit leaves through HR assay and b-Glucuronidase activity

by fluorometric measurement (unpublished data). The

method developed here is a more rapid and efficient

alternative to particle bombardment, protoplast transfor-

mation, or virus-based vectors for the transient expression

of foreign proteins in citrus plants. Moreover, we provide

solid evidence that AvrGf1 targets the chloroplast in host

cells, and we highlight the importance of the N- and

C-termini in this incompatible reaction.
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