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SUMMARY

The Pseudomonas savastanoi pv. savastanoi NCPPB 3335 type III

secretion system (T3SS) effector repertoire includes 33 candi-

dates, seven of which translocate into host cells and interfere

with plant defences. The present study was performed to investi-

gate the co-existence of both plasmid- and chromosomal-

encoded members of the HopAF effector family, HopAF1-1 and

HopAF1-2, respectively, in the genome of NCPPB 3335. Here, we

show that the HopAF1 paralogues are widely distributed in the

Pseudomonas syringae complex, where HopAF1-1 is most similar

to the homologues encoded by other P. syringae pathovars

infecting woody hosts that belong to phylogroups 1 and 3. We

show that the expression of both HopAF1-1 and HopAF-2 is tran-

scriptionally dependent on HrpL and demonstrate their delivery

into Nicotiana tabacum leaves. Although the heterologous deliv-

ery of either HopAF1-1 or HopAF1-2 significantly suppressed the

production of defence-associated reactive oxygen species levels,

only HopAF1-2 reduced the levels of callose deposition. More-

over, the expression of HopAF1-2 by functionally effectorless P.

syringae pv. tomato DC3000D28E completely inhibited the hyper-

sensitive response in tobacco and significantly increased the

competitiveness of the strain in Nicotiana benthamiana. Despite

their functional differences, subcellular localization studies reveal

that green fluorescent protein (GFP) fusions to either HopAF1-1

or HopAF1-2 are targeted to the plasma membrane when they

are expressed in plant cells, a process that is completely depend-

ent on the integrity of their N-myristoylation motif. Our results

further support the notion that highly similar T3SS effectors

might differentially interact with diverse plant targets, even

when they co-localize in the same cell compartment.
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INTRODUCTION

Bacterial type III secretion system (T3SS) effectors (T3Es) are

considered to be essential tools for the establishment of host

infection. Over the last two decades, the plant immune system

has been recognized as the major target of T3E functions

(Deslandes and Rivas, 2012; Dou and Zhou, 2012; Macho,

2016). Plants display two levels of immune defence: pathogen-

associated molecular pattern (PAMP)-triggered immunity (PTI)

and effector-triggered immunity (ETI). The detection of PAMPs

by pattern recognition receptors (PRRs) incites PTI, which is

often inhibited in a susceptible host by virulence factors,

including T3Es. The co-evolution between plants and patho-

gens has led to the development of ETI, the second defence

level, which is initiated by either the direct recognition of

effectors or the detection of their effects in the plant cell

(Chisholm et al., 2006; Jones and Dangl, 2006; Win et al.,

2012). Moreover, several findings have revealed the existence

of an overlap between PTI and ETI (Jones and Dangl, 2006;

Thomma et al., 2011; Win et al., 2012). Thus, T3E may target

PTI, ETI or both (Boller and Felix, 2009; Katagiri and Tsuda,

2010). The overlap between these two defence levels is

reflected in common immune outputs, including callose deposi-

tion at the infection site and the production of reactive oxygen

species (ROS). Moreover, ETI is associated with the hypersensi-

tive response (HR), which is a localized reaction characterized

by the induction of programmed cell death (PCD) (Mur et al.,

2008).

A detailed study of T3E has been tackled using several

model strains of the plant-pathogenic bacterium Pseudomonas

syringae. As a result of these analyses, the pangenome of P.

syringae has been described to encode over 65 T3E families.

Moreover, the effector repertoires of phylogenetically diverse

strains are today defined by a pool of core effectors targeting

antimicrobial vesicle trafficking and a larger set of variable

effectors targeted to a number of cellular compartments,

where they influence kinase-based recognition complexes (Lin-

deberg et al., 2012). The localization of P. syringae T3Es in



different cellular compartments is associated with the suppres-

sion of immune responses. The compartments targeted by P.

syringae T3Es include the chloroplast (HopI1, HopN1, HopK1

and AvrRps4) (Jelenska et al., 2007; Li et al., 2014; Rodr�ıguez-

Herva et al., 2012), the plant mitochondria (HopG1) (Block

et al., 2010), the trans-Golgi endosomes (HopM1) (Nomura

et al., 2011; Tanaka et al., 2009) and the plant cell plasma

membrane (HopZ1a) (Lewis et al., 2008, 2014).

The T3E repertoire of P. savastanoi pv. savastanoi NCPPB

3335, a tumour-inducing pathogen of olive plants and a model

organism for exploring the bacterial infection of woody hosts,

includes 33 T3Es (Matas et al., 2014; Ramos et al., 2012;

Rodriguez-Palenzuela et al., 2010). Delivery into the plant cell and

interference with early plant defence responses have been demon-

strated recently for seven chromosomally encoded NCPPB 3335

T3Es, including three proteins from two novel families of the P.

syringae complex effector super-repertoire (HopBK and HopBL).

Furthermore, two of these seven T3Es, HopAZ1 and HopBL1,

inhibit ETI (Matas et al., 2014). NCPPB 3335 contains two

plasmid-encoded T3Es, HopAF1-1 and HopAO1 (Bardaji et al.,

2011; Perez-Martinez et al., 2008). In addition, the chromosome

of this strain also encodes a different member of the HopAF family

(HopAF1-2) (Matas et al., 2014; Rodriguez-Palenzuela et al.,

2010).

HopAF family members are widely distributed among

strains belonging to the multi-locus sequence typing (MLST)

groups 1 and 3 of the P. syringae complex (Baltrus et al.,

2011; Berge et al., 2014). Moreover, members of this T3E

family are also present in nearly one-half of MLTS group II

strains, which encode a smaller T3E repertoire (Lindeberg

et al., 2012), highlighting the relevance of the HopAF family

for P. syringae plant infections. The transient expression of the

P. syringae pv. tomato DC3000 HopAF1 in Arabidopsis proto-

plasts reduces, but does not completely abolish, flagellin-

induced NONHOST1 (NHO1) transcription (Li et al., 2005). The

induction of this glycerol kinase, which is required for non-

host P. syringae resistance, is suppressed by the DC3000 T3SS

(Lu et al., 2001). However, the subcellular localization of this

DC3000 T3E is unknown. Functional analysis of other members

of the HopAF family, e.g. those encoded in the genome of P.

savastanoi pv. savastanoi, has not been reported to date.

Here, we show that P. savastanoi pv. savastanoi NCPPB 3335

contains two transcriptionally active hopAF1 paralogues, one of

which is chromosomally encoded. We demonstrate that both

HopAF1-1 and HopAF1-2 are translocated into plant cells through

the NCPPB 3335 T3SS, interfering with early responses associated

with plant defences. However, only HopAF1-2 inhibits ETI-like

responses. Subcellular localization studies of HopAF1-1-GFP and

HopAF1-2-GFP show the plasma membrane localization of both

T3Es, which is dependent on their N-myristoylation (Myr) motif.

RESULTS AND DISCUSSION

Distribution of HopAF among P. savastanoi pv.

savastanoi and related strains

With the purpose of the analysis of the presence of HopAF homo-

logues among strains of the P. syringae complex, a comparative

phylogenetic analysis of HopAF1 was carried out using sequences

available at the Hop database (http://pseudomonas-syringae.org/).

The results revealed that NCPPB 3335 HopAF1-1 and HopAF1-2,

which are 74% identical (100% coverage) (Fig. S1, see Supporting

Information), are separated into different branches of the phyloge-

netic tree (Fig. 1). The plasmid-encoded NCPPB 3335 HopAF1-1 is

most similar to the homologues encoded by other P. syringae

pathovars infecting woody hosts that belong to MLTS groups 1

and 3 (genomospecies 3 and 2, respectively), such as P. syringae

pv. actinidae strains MAFF302091 and LV ICMP 18803 and P.

syringae pv. mori MAFF301020 (Fig. 1A), suggesting that this

hopAF1 allele plays a relevant role in bacterial interactions with

woody plant hosts. A role in the interaction with woody hosts has

also been suggested for other NCPPB 3335 T3Es, such as HopBL1

and HopBL2 (Matas et al., 2014). Nevertheless, NCPPB 3335

HopAF1-1 also clustered with P. syringae pv. lachrymans

MAFF301315 (MLTS group 2, genomospecies 1), which causes

angular leaf spot of cucumber (Bradbury, 1986). Conversely,

HopAF1-2 homologues are found in P. syringae strains isolated

from either herbaceous or woody plants and belong to MLTS

groups 1, 2, 3 and 5 (the latest belonging to genomospecies 9)

(Fig. 1A). The phylogeny of these two members of the HopAF fam-

ily is not congruent with that of the P. syringae complex deduced

from housekeeping genes (Baltrus et al., 2011; Berge et al., 2014;

Nowell et al., 2014), suggesting the existence of horizontal trans-

fer for this T3E family.

To ascertain the distribution of hopAF1-like sequences among

a collection of 31 P. savastanoi pv. savastanoi strains isolated in

different countries and among a selection of P. syringae strains

isolated from either woody or herbaceous hosts (Table S1, see

Supporting Information), a dot-blot hybridization was performed

using a hopAF1 probe. This probe, which is 80% identical to the

sequence of hopAF1-2 and hybridizes with both hopAF1 alleles,

was obtained by polymerase chain reaction (PCR) using the pri-

mers HopAF1 F-237 and HopAF1 R-536 (Table S2, see Supporting

Information). A positive hybridization signal was obtained for 29

of the 31 P. savastanoi pv. savastanoi strains analysed, as well as

for 16 of the 22 P. syringae strains used (Table S1). Strains that

did not hybridize with this probe were discarded from further

analysis.

A collection of six P. savastanoi pv. savastanoi strains, two P.

savastanoi pv. nerii isolates and 10 P. syringae strains hybridizing

with the hopAF1 probe in the dot-blot analysis was selected to

determine the localization of the hopAF1-related sequences in

http://pseudomonas-syringae.org


their replicons. The plasmid preparations and the total DNA iso-

lated from these 18 strains were analysed by a Southern blot

hybridization using the hopAF1 probe. The results revealed that

all P. savastanoi and P. syringae strains analysed encode at least

one copy of the hopAF1 gene in their chromosome (Fig. 1B). In

addition, P. savastanoi pv. savastanoi NCPPB 3335, P. savastanoi

pv. nerii strains 2 and 519, and P. syringae pv. mospronorum

CFBP 2116 also contain a plasmid-encoded copy of this gene (Fig.

1B), which further supports the hypothesis that hopAF1 has been

horizontally transferred among strains of the P. syringae complex.

In agreement with this hypothesis, Bardaji et al. (2011) reported

that, although the overall G 1 C contents of the three plasmid

complements of NCPPB 3335 are close to the 57.12% G 1 C con-

tent of the NCPPB 3335 genome (Rodriguez-Palenzuela et al.,

2010), they contain 22 coding sequences (CDSs) with less than

50% G 1 C that could have been acquired via horizontal gene

transfer, including the hopAF1-1 gene (47.2% G 1 C). Further-

more, these authors also showed that the NCPPB 3335 hopAF1-1

gene could have been captured by a potential mobile element,

designated ISPsy30 (Bardaji et al., 2011). The duplication of T3E

genes within the P. syringae genomes and the association with

mobile genetic elements have been related previously to ongoing

insertions and deletions of T3E genes (Alfano and Collmer, 2004).

Other examples of the duplication of T3E genes include the P.

syringae pv. maculicola M6 hopX1 gene (Rohmer et al., 2003),

the P. syringae pv. phaseolicola 1448A hopW1-1/hopW1-2 and

avrB4-1/avrB4-2 genes (Zumaquero et al., 2010) and the P. syrin-

gae pv. tomato DC3000 hopAA1-1/hopAA1-2 and hopAM1-1/

hopAM1-2 genes (Badel et al., 2002; Fouts et al., 2002). However,

HopAF1 has been identified previously as a highly conserved T3E

across P. syringae pathovars, reflecting a selective constraint more

typical of core genes, suggesting that it plays a central role in P.

syringae infections (Sarkar et al., 2006). Nevertheless, the HopAF

family is not a core member of the P. syringae T3E super-

repertoire, which is restricted to the AvrE, HopAA, HopI and

HopM families (Baltrus et al., 2011; Lindeberg et al., 2012).

Transcription of the P. savastanoi pv. savastanoi

hopAF1-1 and hopAF1-2 genes is HrpL dependent

An identifiable Hrp-box sequence (Fouts et al., 2002) was found

in the 290 nucleotides upstream of the start codon of the P. savas-

tanoi pv. savastanoi NCPPB 3335 hopAF1-1 and hopAF1-2 genes

(Table 1), suggesting that the expression of these two T3Es could

be transcriptionally activated by HrpL. Similar Hrp-box sequences

have been identified previously in the promoter sequences of

Fig. 1 Distribution and phylogeny of the HopAF family in the Pseudomonas syringae complex. (A) Unrooted neighbour-joining tree of the HopAF1 proteins. The

accession numbers of the protein sequences used for the construction of the phylogenetic tree are presented in Table S4. All of the amino acid sequences used are

annotated as HopAF1 homologues, with the exception of P. savastanoi pv. savastanoi NCPPB 3335 HopAF1-2 and P. syringae pv. actinidae LV HopAF1-1 and

HopAF1-2 (http://www.pseudomonas-syringae.org/). The bootstrap percentage values (10 000 repetitions) are shown on the branches, and the evolutionary

distances are given in units of amino acid substitutions per site. (B) The distribution of the P. savastanoi pv. savastanoi NCPPB 3335 type III secretion system (T3SS)

effector (T3E) genes of the hopAF family among a collection of strains of the P. syringae complex isolated from woody and herbaceous plant hosts. A colony-blot

analysis was performed using a hopAF1 probe. The strains are indicated by their pathovar abbreviation (see Table S1). The black and white squares represent the

presence or absence, respectively, of strong hybridization signals for each strain analysed. 1G, group; 2GS, genomospecies; 3Host: W, woody host; H, herbaceous

host; C, chromosomal DNA; P, plasmid DNA.

http://www.pseudomonas-syringae.org


several validated NCPPB 3335 T3Es (Matas et al., 2014). To exam-

ine the HrpL-dependent expression of hopAF1-1 and hopAF1-2,

the transcription of these two genes was analysed using quantita-

tive reverse transcription-polymerase chain reaction (qRT-PCR)

with both the wild-type and an NCPPB 3335 DhrpL mutant

(Matas et al., 2014). The expression analyses were performed

under HrpL-inducing conditions and consisted of cells grown for

6 h in Hrp-inducing medium (HIM) (Huynh et al., 1989) supple-

mented with 5 mM mannitol and 0.0006% ferric citrate (Roine

et al., 1997; Sambrook and Russell, 2001). Specific qRT-PCR

primers, allowing for the differentiation between the hopAF1-1

(primers hopAF1-1F and hopAF1-1R) and hopAF1-2 (primers

hopAF1-2F and hopAF1-2R) genes, were used (Table S2). The

transcription of hopAF1-1 and hopAF1-2 decreased (0.29-fold and

0.14-fold, respectively) in the DhrpL mutant compared with the

wild-type strain, demonstrating an expression dependence on

HrpL (Fig. 2A). Using identical conditions to those reported in this

analysis, Matas et al. (2014) demonstrated that the expression of

the NCPPB 3335 avrPto1, hopBK1, hopBL1 and hopBL2 genes is

also HrpL dependent. However, and in agreement with these

authors, the expression of the iaaM gene (encoding tryptophan

monooxygenase, involved in the biosynthesis of indoleacetic

acid), which was used as a negative control in these analyses,

was not reduced in the DhrpL mutant (data not shown).

HopAF1-1 and HopAF1-2 are translocated through the

P. savastanoi pv. savastanoi T3SS

To determine whether P. savastanoi pv. savastanoi NCPPB 3335

HopAF1-1 and HopAF1-2 are translocated into plant cells via the

T3SS, Bordetella pertussis adenylate cyclase (Cya) fusions to these

two T3Es were constructed as described previously (Matas et al.,

2014). This system, based on the production of cyclic adenosine

monophosphate (cAMP) exclusively in the presence of eukaryotic

calmodulin, has been widely used for the translocation analysis of

several P. syringae (Casper-Lindley et al., 2002; Schechter et al.,

2004; Sory and Cornelis, 1994) and P. savastanoi (Matas et al.,

2014) T3Es. Wild-type NCPPB 3335 and NCPPB 3335-T3 (a T3SS

mutant, Table S1) (Perez-Martinez et al., 2010), expressing each

of the two T3E–Cya fusions (Table S3, see Supporting Informa-

tion), were infiltrated in Nicotiana tabacum leaves. Significant dif-

ferences in cAMP production between the wild-type and NCPPB

3335-T3 mutants were observed for both HopAF1-1 and HopAF1-

2 (Fig. 2B), indicative of their translocation through the NCPPB

3335 T3SS. These results, together with the expression depend-

ence of these two T3Es from HrpL (Fig. 2A), are in accordance

with the characteristics required for the definition of T3Es from

the P. syringae complex (Lindeberg et al., 2005). Thus, HopAF1-1

and HopAF1-2 emerge as validated members of the P. savastanoi

pv. savastanoi NCPPB 3335 T3Es. We have reported previously the

validation of another seven NCPPB 3335 T3Es (Matas et al., 2014).

Fig. 2 Validation of HopAF1-1 and HopAF1-2 as members of the

Pseudomonas savastanoi pv. savastanoi NCPPB 3335 type III secretion

system (T3SS) effector (T3E) repertoire. (A) HrpL-dependent expression of

the hopAF1-1 and hopAF1-2 genes. Quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) with the indicated T3E genes in

NCPPB 3335 versus NCPPB 3335 DhrpL, 6 h after transfer to Hrp-

inducing medium (HIM). The fold change was calculated after

normalization using the gyrA gene as an internal control. The results

represent the means from three independent experiments. The error bars

represent the standard deviation. The asterisks indicate significant

differences (P 5 0.05) between the expression values obtained for NCPPB

3335 and the DhrpL mutant. (B) Translocation assay of HopAF1-1 and

HopAF1-2. Calmodulin- and Bordetella pertussis adenylate cyclase (Cya)-

dependent production of cyclic adenosine monophosphate (cAMP) was

used to measure the translocation of the T3E–Cya fusions into Nicotiana

tabacum cv. Newdel plants. The plants were inoculated with P. savastanoi

pv. savastanoi NCPPB 3335 or NCPPB 3335-T3 (the T3SS mutant)

expressing the indicated Hop–Cya fusions from pCPP3234 derivatives

(Table S3). The values represent the mean and standard error for the

samples obtained in triplicate; similar results were obtained in multiple

experiments. The asterisks indicate significant differences (P 5 0.05)

between the cAMP levels obtained for the NCPPB 3335 and NCPPB

3335-T3 strains.



A translocation and expression analysis, allowing for the validation

of T3Es encoded by other strains of the P. syringae complex isolated

from woody hosts, has not been reported to date.

HopAF1-1 and HopAF1-2 differentially suppress the

physiological processes associated with PTI

The heterologous system Pseudomonas fluorescens 55 (Pf55)

[pLN18], expressing a P. syringae T3SS (Jamir et al., 2004;

Lopez-Solanilla et al., 2004; Matas et al., 2014; Oh et al.,

2010), was used to analyse the effect of the expression of

HopAF1-1 and HopAF1-2 on plant-associated defence

responses, such as ROS production and callose deposition.

These two hallmarks were monitored after inoculation of N.

tabacum leaves with Pf55 [pLN18] derivatives expressing

either HopAF1-1 or HopAF1-2 (Table S3). The ROS levels, as

determined by 3,30-diaminobenzidine (DAB) staining, were sig-

nificantly reduced by the expression of either HopAF1-1 or

HopAF1-2 compared with the control strain Pf55 [pLN18],

which harboured an empty vector (Fig. 3A,C) (Tukey test;

P� 0.01). However, only HopAF1-2 reduced the levels of cal-

lose deposition compared with the control strain (Tukey test;

P� 0.01) (Fig. 3B,D). These two defence markers are associ-

ated with PTI incited on pathogen attack (Boller and Felix,

2009). Although it has been reported that these two

responses are usually associated, they belong to different cat-

egories with regard to the timing of the process, and may

be considered as independent defence markers. Although ROS

production occurs during the early phase of PTI, callose depo-

sition develops within longer periods of time (Henry et al.,

2013; Nicaise et al., 2009). Moreover, both types of response

occur independently of plant resistant responses in some

plant–pathogen interactions (Galletti et al., 2008; Nishimura

et al., 2003; Segonzac and Zipfel, 2011). Our results are in

line with the observed independence of these two processes

and show that HopAF1-1 interferes with early PTI-associated

processes, such as ROS production, whereas HopAF1-2 sup-

press both early and late PTI defence responses. If PTI

involves a perception phase and a response phase (Lindeberg

et al., 2012), these two effectors interfere through a common

activity on separate parts of the same signalling process. The

identification of specific plant targets for these two T3Es

should shed light on the different pathways involved in these

PTI phases.

ETI responses induced by the effectorless polymutant

P. syringae pv. tomato DC3000 are suppressed by

HopAF1-2, but not by HopAF1-1

To further analyse the role of P. savastanoi pv. savastanoi

NCPPB 3335 HopAF1-1 and HopAF1-2 in the interference of ETI

defence responses, these two proteins were expressed individu-

ally from the plasmid pCPP5040 (Table S3) in P. syringae pv.

tomato DC3000D28E (Cunnac et al., 2011). Induction of the HR

by DC3000D28E in N. tabacum and Nicotiana benthamiana, ini-

tially attributed to harpins, unknown effectors or weakly

expressed T3Es whose genes were not deleted (Cunnac et al.,

2011; Kvitko et al., 2007), was later demonstrated to be solely

dependent on HopAD1 (Wei et al., 2015). The DC3000D28E

derivatives expressing HopAF1-1 or HopAF1-2 (Table S3) were

inoculated in N. tabacum leaves. After 48 h, the polymutant

strain stimulated ETI-like responses that were completely inhib-

ited by the expression of HopAF1-2. These results are in line

with the reported involvement of the P. syringae pv. tomato

DC3000 homologue in both the suppression of PTI and the sup-

pression of ETI elicited by HopA1 in tobacco (Cunnac et al.,

2009; Li et al., 2005). However, expression of HopAF1-1, which

clusters in a different branch of the phylogenetic tree than

HopAF1-2 and DC3000 HopAF1 (Fig. 1A), did not inhibit the

ability of DC3000D28E to elicit ETI-associated cell death (Fig.

4A). Collectively, these observations suggest that the basis for

the distribution pattern of HopAF1 shown in Fig. 1 could involve

the ‘masking’ of other effectors (e.g. HopA1 and HopAD1) that

are variably distributed among strains of the P. syringae com-

plex. Masking activity displayed by T3E over the ETI responses

elicited by other effectors has been reported previously (Guo

et al., 2009; Jackson et al., 1999).

To investigate the effect of HopAF1-1 and HopAF1-2 on the

ability of DC3000D28E to colonize N. benthamiana, competition

assays between the polymutant strain and its derivatives express-

ing these T3Es were performed. Mixed inocula (1 : 1) of

DC3000D28E versus each of the derivative strains were made and

inoculated in N. benthamiana leaves. After 6 days, the bacteria

were recovered, and the number of viable cells was determined.

Table 1 Occurrence of consensus Hrp-box sequences upstream of the Pseudomonas savastanoi pv. savastanoi NCPPB 3335 hopAF1-1 and hopAF1-2 genes.

Gene name Location* Hrp-box position† Hrp-box sequence

CONSENSUS‡ BGGAACYHNNNNNNNNNNNNNNCCACNHAG
hopAF1-1 P 2272 to 2243 TGGAACTTTTTCTTGCCCGCTACCACCCAT
hopAF1-2 C 2287 to 2257 TGGAACCGCTGAAGAGTTTTAGCCACTCAG

*Location: C, chromosome; P, plasmid.
†Coordinates are relative to the annotated start codon of the coding sequences.
‡Consensus Hrp-box sequence (Fouts et al., 2002). Conserved sequences are shown in italic type.



The results shown in Fig. 4B are expressed as the competition

indices (CIs) of the derivatives expressing each of the P. savasta-

noi pv. savastanoi T3Es relative to the DC3000D28E strain. Only

the expression of HopAF1-2 produced a significant increase in the

competitiveness of the strain, as reflected by a CI value of 1.24

for HopAF1-2/DC3000D28E (Fig. 4B). This result points to the fact

that the function of HopAF1-2 is sufficient to overcome plant

immunity and partially restore the ability of DC3000D28E to grow

in plants. The restoration of DC3000D28E growth in N. benthami-

ana by the expression of other NCPPB 3335 T3Es has only been

demonstrated for HopBL1 (Matas et al., 2014). Both the inhibition

of the early PTI responses and the suppression of defences elicited

by the T3SS machinery, such as the HR response detected in Nic-

otiana, have been described previously for other effector proteins

and support the overlapping mechanisms between the different

layers of defence (Cunnac et al., 2011). The identification of the

HopAF1-2 target would reveal a key component involved in the

robustness of the plant defence layers.

Localization of HopAF1-1-GFP and HopAF1-2-GFP in

the plant plasma membrane is dependent on an

intact Myr motif

To gain more information on the in planta behaviour of HopAF1-1

and HopAF1-2, green fluorescent protein (GFP) fusions to C-

terminal full-length T3Es were constructed using the pEARLY-

GATE103 Gateway vector (Table S3). Agrobacterium tumefaciens

strains transformed with each of these constructs or with the con-

trol vector expressing GFP were infiltrated in N. benthamiana

leaves and, 48 h after infiltration, abaxial epidermal cells were

analysed using scanning laser confocal microscopy (SLCM). After

the expression of free GFP, the fluorescence emission was visual-

ized circumventing the plant cells, as well as in cytoplasmic

strands and nuclei. Conversely, the GFP fluorescence of HopAF1-

1-GFP and HopAF1-2-GFP was only detected surrounding

the plant cells, suggesting a possible localization in the cell

plasma membrane (Fig. 5A). Several P. syringae T3Es carry Myr

signals that are required for plasma membrane localization.

Fig. 3 Interference with reactive oxygen

species (ROS) production and callose

deposition by the Pseudomonas savastanoi pv.

savastanoi type III secretion system (T3SS)

effectors (T3Es) HopAF1-1 and HopAF1-2. (A,

B) 3,30-Diaminobenzidine (DAB) staining and

callose deposition in Nicotiana tabacum var.

Xhanti leaves. The plants were challenged

with Pseudomonas fluorescens 55 [pLN18]

harbouring the pCPP5040 empty vector or the

vectors expressing P. savastanoi pv. savastanoi

NCPPB 3335 T3Es. The DAB signal was

quantified 4 h after inoculation (A), and

callose deposition was detected by aniline blue

staining and quantified 12 h after infection (B).

(C, D) The quantification of DAB staining (ROS

production) and callose deposition,

respectively. For the histograms, the data are

the means 6 standard error of the mean for at

least five replicates; bars topped with the

same letter represent values that are not

significantly different using a one-way analysis

of variance (ANOVA) and Tukey’s test for

multiple comparisons (P 5 0.01).



Indeed, Myr sites were found at the N-termini of HopAF1-1 and

HopAF1-2 using a bioinformatics Myr predictor (http://mendel.

imp.ac.at/myristate/SUPLpredictor.htm) (Maurer-Stroh et al.,

2002). To further analyse the involvement of these Myr motifs in

the localization of HopAF1-1-GFP and HopAF1-2-GFP, we gener-

ated site-directed mutants of these proteins encoding a substitu-

tion of Gly2 to Ala. The resulting proteins, HopAF1-1G2A-GFP and

HopAF1-2G2A-GFP, displayed a GFP fluorescence pattern similar to

that of free GFP (Fig. 5A), supporting the involvement of the Myr

sites in the subcellular localization of both T3Es. To further exam-

ine the specific subcellular localization of these proteins, plant

cells expressing T3E–GFP fusions were plasmolysed and the plant

plasma membranes were stained with FM4-64. Following plas-

molysis, HopAF1-1-GFP and HopAF1-2-GFP fluorescence was

observed to recede from the cell wall along with the FM4-64 fluo-

rescently stained plasma membrane, confirming that HopAF1-1-

GFP and HopAF1-2-GFP localize in the plant plasma membrane

(Fig. 5B). The fluorescence patterns observed for the expression of

HopAF1-1G2A-GFP and HopAF1-2G2A-GFP after plasmolysis, which

were similar to that observed for free GFP (Fig. 5B), further con-

firmed that the plasma membrane localization of these two T3Es

is fully dependent on their Myr motifs. All of these results are in

accordance with those reported previously for the membrane

association of other P. syringae T3Es, i.e. AvrB, AvrPto, HopF2,

HopZ2 and three different HopZ1 alleles (HopZ1a, HopZ1b and

HopZ1c) (Lewis et al., 2008; Nimchuk et al., 2000; Robert-

Seilaniantz et al., 2006; Shan et al., 2000).

Because the correct function of T3Es is also likely to involve

co-localization with their host cell targets (Alfano and Collmer,

2004), it could be hypothesized that the interference with the

plant defence machinery observed here for P. savastanoi pv.

savastanoi NCPPB 3335 HopAF1-1 and HopAF1-2 (Figs 3 and 4)

might be produced during pathogen perception, which takes place

at the membrane level. This recognition, mediated by PRRs,

includes the formation of protein complexes of different nature

that initiate the transduction signals that trigger the defence

responses (Macho and Zipfel, 2014; Zipfel, 2008). Identification of

the specific events that are interfered with by these two NCPPB

3335 T3Es will require further analysis regarding their biochemical

function, their role in virulence and their plant targets during

pathogen interaction with olive plants.

In summary, we have shown that the hopAF gene family is

widely distributed within the P. syringae complex, including both

P. syringae and P. savastanoi pathovars. Our results demonstrate

that P. savastanoi pv. savastanoi NCPPB 3335 encodes two

paralogues of the HopAF family (HopAF1-1 and HopAF1-2), which

are both confirmed as true members of the NCPPB 3335 T3E rep-

ertoire, yielding a final set of nine validated T3Es of the 33 pre-

dicted for this pathogen. Moreover, we demonstrate that HopAF1-

1 and HopAF1-2, which localize in the host plasma membrane,

differentially interfere with the early responses associated with

plant defence. Collectively, our results further support the notion

that highly similar T3Es, belonging to the same effector family,

might interact with diverse plant targets and broaden the spec-

trum of T3E-associated functions during interference with the

plant immune system.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids, media and growth

conditions

Most of the bacterial strains and plasmids used in this study are described

in Tables S1 and S3, respectively. All of the Pseudomonas strains were

grown in King’s B (KB) medium (King et al., 1954), Lennox-Broth (LB)

medium (Lennox, 1955), HIM (Huynh et al., 1989) or Super Optimal Broth

(SOB) medium (Hanahan, 1983) at 28 �C. The Escherichia coli and A.

tumefaciens strains were grown in LB medium at 37 and 28 �C, respec-

tively. When required, the medium was supplemented with the following:

ampicillin (Ap), 100 mg/mL; gentamicin (Gm), 10 mg/mL; kanamycin (Km),

10 or 50 mg/mL; rifampicin (Rf), 50 mg/mL; tetracycline (Tc), 10 mg/mL;

spectinomycin (Sp), 10 mg/mL.

The expression plasmids (Table S3) were generated using GatewayTM

cloning technology (Invitrogen Corporation, Carlsbad, CA, USA), as sug-

gested by the manufacturer.

Fig. 4 Interference with Nicotiana tabacum cell death by the Pseudomonas

savastanoi pv. savastanoi type III secretion system (T3SS) effectors (T3Es)

HopAF1-1 and HopAF1-2. (A) Cell death response in N. tabacum var. Newdel

leaves 48 h after inoculation with Pseudomonas syringae pv. tomato

DC3000D28E harbouring pCPP5040 (empty vector) derivatives expressing

HopAF1-1 or HopAF1-2. Cell death response: 1, positive; –, negative. The

bacterial cells were adjusted to 2 3 108 colony-forming units (CFU)/mL. Each

experiment was repeated at least three times with similar results. (B)

Competition indices (CIs) between P. syringae pv. tomato DC3000D28E and

each of its transformants expressing HopAF1-1 or HopAF1-2 carried out in

Nicotiana benthamiana leaves. Values are the mean 6 standard error of the

mean of three replicates, demonstrating typical results from three independent

experiments. Asterisks indicate values significantly different from unity.

Statistical analyses were performed using Student’s t-test with a threshold of

P 5 0.05.

http://mendel.imp.ac.at/myristate/SUPLpredictor.htm
http://mendel.imp.ac.at/myristate/SUPLpredictor.htm


Bioinformatics analysis

The accession numbers of the protein sequences used for the construction of

the phylogenetic trees shown in Fig. 1 are given in Table S4 (see Supporting

Information). Phylogenetic tree construction was performed using MEGA5

(Tamura et al., 2011) with the neighbor-joining method, and evolutionary

distance units were computed as amino acid substitutions per site. The

neighbour-joining and maximum-likelihood phylogenetic trees of the individ-

ual protein sequences were generated using MEGA5 with the optimal model

(John–Taylor–Thornton model) and the option of complete deletion to elimi-

nate positions containing gaps. The confidence levels for the branching

points were determined using 10 000 bootstrap replicates.

The Myr sites (Maurer-Stroh et al., 2002) in HopAF1-1 and HopAF1-2

were identified using the NMT programme (http://mendel.imp.ac.at/myris-

tate/SUPLpredictor.htm).

qRT-PCR assays

The RNA extraction and real-time qRT-PCR assays were performed as

described by Matas et al. (2014). The transcriptional data were normalized

to the housekeeping gene gyrA. The qRT-PCRs were performed in

triplicate.

Subcellular localization

The Agrobacterium constructs pEARLYGATE-HopAF1-1-GFP and

pEARLYGATE-HopAF1-2-GFP (Table S3) were obtained by Gateway tech-

nology (Invitrogen Corporation). The mutagenesis of the Myr sites to

change Gly-2 of HopAF1-1 and HopAF1-2 to Ala was carried out in

pEARLYGATE-HopAF1-1-GFP and pEARLYGATE-HopAF1-2-GFP using the

QuickChange II Site-Directed Mutagenesis Kit (Agilent Technologies Inc,

Fig. 5 Subcellular localization of HopAF1-1-GFP and HopAF1-2-GFP in planta. Nicotiana benthamiana leaves were infiltrated by Agrobacterium-mediated gene

transfer with green fluorescent protein (GFP), HopAF1-1-GFP, HopAF1-2-GFP, HopAF1-1G2A-GFP and HopAF1-2G2A-GFP fusions. Confocal laser scanning microscopy

of lower epidermal cells at 48 h post-inoculation. The plant cells were plasmolysed with NaCl2 (1 M) and the plasma membranes were stained with FM4-64. GFP

fluorescence is shown in green and FM4-64 staining in shown in red. Scale bars: 10 lm.

http://mendel.imp.ac.at/myristate/SUPLpredictor.htm
http://mendel.imp.ac.at/myristate/SUPLpredictor.htm


Santa Clara, California, USA) following the manufacturer’s instructions.

The plasmids were transformed into A. tumefaciens strain C58C1 by elec-

troporation (Weigel and Glazebrook, 2002). Transient expression was per-

formed as described previously (Leister et al., 2005). The A. tumefaciens

cultures were infiltrated into four leaves of N. benthamiana plants using a

1-mL syringe and, 48 h after inoculation, the leaves were infiltrated with

20 mM FM4-64 and plasmolysed with NaCl2 (1 M). The images were

acquired using a confocal microscope (Leica SP5, Leica Microsystems,

Wetzlar, Germany). A variable acousto-optical tunable filter (AOTF) was

used for the visualization of GFP and FM4-64 (excitation/emission):

488 nm/500–541 nm for GFP and 488 nm/572–641 nm for FM4-64.
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