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The genome of the pathogenic oomycete Hyaloperonospora 
arabidopsidis is predicted to encode at least 134 high-confi-
dence effectors (HaRxL) carrying the RxLR motif impli-
cated in their translocation into plant cells. However, only 
four avirulence genes (ATR1, ATR13, ATR5, and ATR39) 
have been isolated. This indicates that identification of 
HaRxL effectors based on avirulence is low throughput. 
We aimed at rapidly identifying H. arabidopsidis effectors 
that contribute to virulence by developing methods to de-
tect and quantify multiple candidates in bacterial mixed 
infections using either Illumina sequencing or capillary 
electrophoresis. In these assays, referred to here as in 
planta effector competition assays, we estimate the contri-
bution to virulence of individual effectors by calculating 
the abundance of each HaRxL in the bacterial population 
recovered from leaves 3 days after inoculation relative to 
abundance in the initial mixed inoculum. We identified 
HaRxL that enhance Pseudomonas syringae pv. tomato 
DC3000 growth in some but not all Arabidopsis accessions. 
Further analysis showed that HaRxLL464, HaRxL75, 
HaRxL22, HaRxLL441, and HaRxL89 suppress pathogen-
associated molecular pattern-triggered immunity (PTI) and 
localize to different subcellular compartments in Nicotiana 
benthamiana, providing evidence for a multilayered sup-
pression of PTI by pathogenic oomycetes and molecular 
probes for the dissection of PTI. 

Plant pathogens have evolved sophisticated mechanisms to 
subvert the resistance response mounted by the plant immune 
system and to acquire nutrients. In the first layer of plant 

immunity, pattern recognition receptors recognize microbe-asso-
ciated molecular patterns or pathogen-associated molecular 
patterns (PAMPs) (Jones and Dangl 2006; Zipfel and Robatzek 
2010). This recognition triggers a response known as PAMP-
triggered immunity (PTI) that is associated with changes in ion 
influx or efflux over the plasma membrane, generation of reac-
tive oxygen species, deposition of callose, and induction of mi-
togen-activated protein kinase signaling cascades and defense-
related genes (Jones and Dangl 2006; Zipfel and Robatzek 
2010). Pathogens counteract PTI by delivering effector proteins 
that either block the recognition of PAMPs or target PTI down-
stream signaling components (Gohre and Robatzek 2008). Some 
effectors are recognized by a second layer of immunity con-
ferred by intracellular resistance (R) proteins that perceive 
them (directly or indirectly), mounting a response known as 
effector-triggered immunity (ETI) that typically culminates in 
the hypersensitive response (HR) (Klement and Goodman 
1967). Effectors recognized by cognate R proteins are often 
called avirulence proteins (Mansfield 2009). In response to 
ETI, pathogens have evolved effector proteins that either avoid 
recognition by R proteins or suppress the downstream signal-
ing associated with ETI (Jones and Dangl 2006). 

Hyaloperonospora arabidopsidis is an obligate biotrophic 
oomycete pathogen of Arabidopsis that causes downy mildew 
(Holub 2008). Only four H. arabidopsidis effector genes (Arabi-
dopsis thaliana recognized [ATR]1, ATR5, ATR13, and ATR39) 
(Allen et al. 2004; Bailey et al. 2011; Goritschnig et al. 2012; 
Rehmany et al. 2005) have been cloned and confirmed as bona 
fide effectors because of their recognition by the cognate resis-
tance genes. This low number emphasizes the necessity to un-
dertake alternative approaches to identify and validate bona 
fide effectors. ATR1, ATR13, and ATR39 carry an RxLR (Arg, 
any amino acid, Leu, Arg) motif that is also present in effector 
genes from other oomycete plant pathogens such as Phytoph-
thora infestans and P. sojae (Birch et al. 2006; Jiang et al. 
2008). RxLR effectors are modular proteins characterized by 
an N-terminal signal peptide, an RxLR motif that has been 
implicated in translocation into the plant cell (Bhattacharjee et 
al. 2006; Dou et al. 2008b; Grouffaud et al. 2008; Whisson et 
al. 2007), and a C-terminal effector domain that is under posi-
tive selection (Win et al. 2007). 

Genome analysis of H. arabidopsidis race Emoy2 revealed 
134 high-confidence effector candidates (HaRxL genes) (Baxter 
et al. 2010). However, it is necessary to validate bioinformatics 
assessments experimentally. High-throughput screens for in 
planta effector function are therefore necessary to identify bona 
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fide effectors from pools of HaRxL. Because methods for H. 
arabidopsidis transformation have not yet been developed, 
oomycete effector screens have been conducted with heterolo-
gous systems (Dou et al. 2008a; Oh et al. 2009; Sohn et al. 

2007). Notably, although most of these studies have shown in-
tracellular recognition of effectors, the contribution of HaRxL 
to virulence and their role in suppressing PTI responses can be 
studied using a bacterial effector delivery system (EDV) (Bailey 
et al. 2011; Cabral et al. 2011; Fabro et al. 2011; Sohn et al. 
2007). In this system, the effector of interest is fused to the 
type III secretion signal of the Pseudomonas syringae effector 
AvrRps4 for its delivery directly into the plant cell. The AvrRps4 
portion is cleaved from the chimera in planta between the 
second and third G in its GGGKRVY sequence, releasing the 
effector to play its role (Sohn et al. 2007). 

In this study, we set out to rapidly identify HaRxL that con-
tribute positively to pathogen fitness. We first developed meth-
ods to rapidly detect their abundance in complex mixed bacte-
rial infections (Beuzon and Holden 2001; Macho et al. 2007) 
using effector delivery from P. syringae pv. tomato (Sohn et al. 
2007) and medium- to high-throughput methods of effector de-
tection. We designed two methods referred to here as in planta 
effector competition assays (IPECA) that allowed us to identify 
Emoy2 HaRxL that enhance bacterial multiplication in planta or 
show differential interactions with Arabidopsis accessions. We 
validate the predictions of IPECA for several of these effectors 
and provide evidence that they contribute to PTI suppression 
and localize to different plant subcellular compartments. 

RESULTS 

Development of a mixed infection assay. 
We established an IPECA by inoculating complex mixtures 

of P. syringae pv. tomato lux strains each expressing an indi-
vidual HaRxL in the EDV system (Baxter et al. 2010; Fabro et 
al. 2011; Sohn et al. 2007). For detection and quantification of 
individual HaRxL in complex mixtures, we designed medium- 
to high-throughput methods by using restriction endonuclease 
digestion coupled with capillary electrophoresis (RENCAP) or 
restriction endonuclease digestion coupled with Solexa/Illu-
mina multiplexed sequencing (RENSOL) (Fig. 1). 

IPECA-RENCAP: capillary electrophoresis of effectors  
in mixed infections detects contribution to virulence  
and differential interaction with Arabidopsis accessions. 

We first determined the resistance or susceptibility of the 
founders of the multiparent advanced generation inter-cross 
(MAGIC) lines (Kover et al. 2009) to Emoy2 infection at 7 
days postinoculation (dpi) (Holub 2006). These MAGIC lines 
allow rapid mapping of quantitative trait loci (QTL) associated 
with traits of interest (i.e., enhanced susceptibility). A set of 527 
recombinant inbred lines that descended from the 19 founders is 
already available. These MAGIC lines and the 19 founders 
were already genotyped with 1,260 single-nucleotide polymor-
phisms and phenotyped for development-related traits (Kover 
et al. 2009). We then selected Col-0, Ws-0, Mt-0, Sf-2, Ler-0, 
Edi-0, and Bur-0 that show different resistance phenotypes, as 
well as the susceptible accession Tsu-0 to conduct IPECA-
RENCAP (Supplementary Table S1). We syringe infiltrated 
these accessions with a mixture at equal numbers of P. syrin-
gae pv. tomato lux strains, each expressing a different effector: 
19 HaRxL that show different DNA fragment sizes after diges-
tion with a restriction enzyme mix. As controls, we included 
AvrRps4-AAAA, in which the KRVY motif is replaced by 
AAAA and that causes no change in bacterial multiplication in 
planta (Sohn et al. 2009); and HaRxL89-nls that carries the de-
letion of a direct repeat that allows its expression in P. syrin-
gae pv. tomato lux and does not cause any change in bacterial 
multiplication in planta (Figs. 2 and 3D; Supplementary Tables 
S2 and S3). We could not investigate the effect of full-length 
HaRxL89 in P. syringae pv. tomato lux because we were 

Fig. 1. Diagrammatic representation of in planta effector competition assays
(IPECA). A, Bacterial strains are grown individually, mixed, and syringe
infiltrated at 104 CFU/ml into leaves of 4- to 5-week-old Arabidopsis
plants. B, Effector delivery system plasmids are recovered from input (ap-
proximately 5,000 CFU) and output samples (2,000 to 5,000 CFU/plate in
IPECA–restriction endonuclease digestion coupled with capillary electro-
phoresis [RENCAP]; infected leaves in IPECA—restriction endonuclease
digestion coupled with Solexa/Illumina multiplexed sequencing [RENSOL]).
C, In IPECA-RENCAP, the high-confidence effectors (HaRxL) are ampli-
fied from samples by emulsion PCR using a 5′ 6-carboxyfluorescein (FAM)-
labeled primer, and the amplicons digested with an enzymatic cocktail
containing AlwNI, XmaI, and PmlI. D, Digested amplicons are quantified
using capillary electrophoresis. E, In IPECA-RENSOL, the HaRxL are 
PCR amplified using a 3′ biotynilated primer, are bound to streptadivin
beads, are cut with AciI; an adaptor containing an MmeI site was ligated to 
the 5′ ends and digested with MmeI; and a barcoded adaptor was ligated to
the 3′ ends. F, Sandwiched HaRxL tags are sequenced using Solexa/Illu-
mina. G, Relative abundance of each effector in the IPECA is estimated by 
calculating the output/input (O/I) ratio.  
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unable to mobilize it despite repeated triparental matings and 
electrotransformation attempts. We also included the type-
III-deficient mutant P. syringae pv. tomato hrcC expressing 
HaRxL143 to control for P. syringae pv. tomato growth in the 
absence of any type III effector. Expression of HaRxL143 
allows detection and quantification of the hrcC mutant in the 
bacterial mixtures. 

To compare effector abundance in planta, we isolated plas-
mid DNA from bacterial colonies recovered from leaf samples 
collected at 3 dpi, generated 6′-carboxyfluorescein (6-FAM)-
labeled HaRxL fragments, and capillary electrophoresis was 
used to estimate their relative abundance and to calculate their 
output/input (O/I) ratios. We tested whether the observed 
ratios were significantly different from 1.00 using a Student’s 
t test and adjusted the P values for multiple testing using the 
Benjamini and Hochberg test (1995). In addition, to determine 
whether a particular HaRxL was reproducibly enriched in the 
output sample, we introduced the two additional variables f > 1 
and f < 1 that indicated the number of plants out of the total 
inoculated that showed O/I ratios higher than 1.00 and the 
number of plants out of the total inoculated that showed O/I 
ratios lower than 1.00, respectively. Finally, we classified the 
O/I ratio, f > 1, and f < 1 values into arbitrary ranks in a heat 
map to determine the strength of growth reduction or increase 
caused by each HaRxL (Fig. 2). 

As expected, AvrRps4-AAAA (Sohn et al. 2009) and 
HaRxL143 expressed in P. syringae pv. tomato hrcC were not 
significantly enriched or depleted in the output sample from 

any Arabidopsis accession (Fig. 2). Statistical analysis showed 
that HaRxLL148 in Ws-0, HaRxL62 in Ler-0 and Bur-0, 
HaRxL14 in Sf-2, HaRxL68 in Bur-0, HaRxL73 in Bur-0, and 
HaRxL79 in Edi-0 had O/I ratios significantly higher than 
1.00. HaRxL62 had mean ratios higher than 1.00 in the output 
sample of all other Arabidopsis accessions (Fig. 2), suggesting 
that, consistent with Fabro and associates (2011), it enhances 
bacterial multiplication in all accessions tested. However, the 
O/I ratios were significantly higher than 1.00 only for Ler-0 
and Bur-0. Five other HaRxL were among the most enriched 
in the output samples of some accessions, as indicated by their 
mean O/I ratios: HaRxL4 and HaRxL73 in Edi-0, HaRxL75 in 
Tsu-0, HaRxLL464 in Col-0 and Sf-2, and HaRxL68 in Col-0 
(Fig. 2). However, their O/I ratios were not statistically differ-
ent from 1.00 and the results for HaRxLL464 and HaRxL68 in 
Col-0 were somewhat variable, as indicated by their f > 1 and 
f < 1 values (Fig. 2). HaRxL106 showed mean O/I ratios lower 
than 1.00 in all Arabidopsis accessions but statistical signifi-
cance was not observed for Ler-0, Tsu-0, Mt-0, and Bur-0. The 
mean O/I ratio for HaRxL106 was also significantly lower than 
1.00 in the output sample of Ws-0 using IPECA-RENSOL (Fig. 
4A; Supplementary Table S4). HaRxL89-nls was not statistic-
ally different from 1.00 in any output sample, except for a 
depletion observed in Edi-0 (Fig. 3). 

Because the mean O/I ratio and the f > 1 and f < 1 suggested 
that HaRxL75 was enriched in the output sample of Tsu-0, we 
decided to validate this IPECA-RENCAP prediction using 
standard growth assays, the rationale being that P value adjust-

Fig. 2. Output/input (O/I) ratios for high-confidence effectors (HaRxL) in eight Arabidopsis accessions after in planta effector competition assay (IPECA)-
restriction endonuclease digestion coupled with capillary electrophoresis (RENCAP). Heat map depicting the mean O/I ratios, f > 1, and f < 1 values for 20 
HaRxL and AvrRps4-AAAA (AAAA) recovered from eight Arabidopsis accessions at 3 days after inoculation with the bacterial mixture. The f >1 and f <1 
values indicate the number of plants out of the total inoculated that showed O/I ratios > 1.00 and the number of plants out of the total inoculated that showed 
O/I ratios < 1.00, respectively. Color codes represent O/I ratios, f > 1, and f < 1 values calculated for three independent experiments with three biological repe-
titions. Effector names are indicated using a simplified nomenclature without the initial HaRx. 
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ment for multiple testing often results in false negatives. As 
predicted by IPECA-RENCAP, HaRxL75 caused enhanced 
bacterial multiplication in Tsu-0 in standard growth assays 
(Fig. 3A). Expression of HaRxL75 in P. syringae pv. tomato 
lux also caused an enhancement of disease symptoms in Tsu-0 
as compared with those caused by the strains carrying 
AvrRps4-AAAA (Fig. 3B). HaRxL75 also caused reductions 
in Col-0 when tested in standard growth assays (Fig. 3A). We 
also observed that, in Col-0, HaRxLL464 had O/I ratios sig-
nificantly higher than 1.00 using IPECA-RENSOL (Fig. 4A) 
and caused enhanced growth in Col-0 (Fig. 4C) and Sf-2 but 
not in Tsu-0 or Edi-0 (Fig. 3C). Consistent with IPECA-
RENCAP prediction, HaRxL89-nls did not cause significant 
changes in P. syringae pv. tomato lux growth in any of the four 
accessions (Fig. 3D). To further scrutinize the predictions 
obtained with IPECA-RENCAP, we compared mean O/I ratios 
with mean ratios (luciferase activity of the effector)/(luciferase 
activity of control strain) calculated from data reported by 
Fabro and associates (2011) (Supplementary Fig. S1). Although 

a high positive correlation between the two methods is not 
necessarily expected because detection of the contribution to 
virulence of some effectors has been shown to depend on the 
inoculation method (Badel et al. 2002; Brooks et al. 2004; 
Mittal and Davis 1995; Munkvold et al. 2009), we found that 
most Emoy2 effectors that show high O/I ratios in IPECA-
RENCAP also show enhanced luciferase activity. The results 
of these comparisons with single-strain inoculation assays 
indicate that IPECA-RENCAP provides a good indication of 
the relative contribution of individual effectors to bacterial 
multiplication in planta. 

IPECA-RENSOL: multiplex tag sequencing  
of mixed infections identifies effectors that contribute  
to pathogen multiplication. 

Because the number of strains that can be assayed in IPECA-
RENCAP is constrained by the detection based on HaRxL 
sizes, we sought to detect and quantify the HaRxL inserts based 
on their unique sequences using Illumina tag sequencing. We 

Fig. 3. Enhanced bacterial multiplication caused by HaRxL75 in Tsu-0 and HaRxLL464 in Sf-2. Multiplication of Pseudomonas syringae pv. tomato lux
strains expressing A, HaRxL75; C, HaRxLL464; and D, HaRxL89-nls in Col-0, Sf-2, Tsu-0, or Edi-0. B, Disease symptoms caused by P. syringae pv. tomato lux
strains expressing HaRxL75 or AvrRps4-AAAA (AAAA, negative control) in Tsu-0. Arabidopsis plants (4 to 5 weeks old) were syringe infiltrated with P. 
syringae pv. tomato lux at 105 CFU/ml delivering AvrRps4-AAAA (blue bars) or the high-confidence effectors (HaRxL) (red bars). Bacterial growth was 
measured in leaves at 3 days postinoculation by colony counting on selective medium. Vertical bars represent standard errors of mean bacterial counts from
three replicates. Asterisks indicate statistically significant differences between HaRxL and control strains (Student’s t test P values ≤ 0.04). Similar results 
were obtained in three independent experiments with three biological repetitions. 
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syringe infiltrated Arabidopsis Col-0 and Ws-0 leaves with a 
mixture of equal numbers of 27 randomly chosen P. syringae 
pv. tomato lux carrying different HaRxL in the EDV system, a 
subset of strains with little overlap with that used in IPECA-
RENCAP. We also included P. syringae pv. tomato lux strains 
expressing β-glucuronidase (GUS) or yellow fluorescent pro-
tein (YFP) or carrying an empty pEDV to control for normal 
P. syringae pv. tomato lux growth, and P. syringae pv. tomato 
hrcC expressing HaRxL67. Expression of HaRxL67 in the 
hrcC mutant allows its detection and quantification in the bac-
terial mixture using the effector sequence as a tag. Plasmid 
DNA was isolated from input and output samples, and 3′ bar-
coded HaRxL tags were generated and sequenced using Solexa/ 
Illumina technology. 

There was considerable variation between the tag counts from 
output Col-0, Ws-0, and the input P. syringae pv. tomato lux 
samples. The P. syringae pv. tomato input sample accounted for 
79.526% of the 3,851,930 tags, whereas tags from Col-0 and 

Ws-0 samples accounted for 0.005 and 0.200% tags, respec-
tively (Fig. 4A). As expected, HaRxL67, which was expressed in 
the P. syringae pv. tomato hrcC mutant, was among the lowest-
abundance sequence tags in both Col-0 and Ws-0. In fact, we 
could not detect any HaRxL67 tags in the output samples from 
Col-0. The O/I ratio for controls expressing EVD5, GUS, and 
YFP were not significantly different from 1.00, except for an O/I 
ratio of 6.82 for YFP significantly different from 1.00 in Col-0. 
Therefore, we arbitrarily established a cut-off O/I ratio of 10.00 
to predict a major positive effect on P. syringae pv. tomato lux 
growth. The O/I ratios for HaRxLL441 in both Ws-0 (51.96; P = 
0.00008) and Col-0 (23.35; P = 0.00451) and for HaRxLL464 in 
Col-0 (63.94; P = 0.00618) were significantly higher than 1.00 
(Fig. 4A). These results suggested that HaRxLL441 enhances 
bacterial multiplication in both Ws-0 and Col-0 and 
HaRxLL464 does so in Col-0. We also noticed that the O/I ratio 
for HaRxL22 was high in Ws-0 (29.65) but its statistical signifi-
cance was lost after correction for multiple testing (unadjusted 

Fig. 4. In planta effector competition assay (IPECA)-restriction endonuclease digestion coupled with Solexa/Illumina multiplexed sequencing (RENSOL)
detects high-confidence effector (HaRxL) contributions to bacterial multiplication and their differential interaction with Ws-0 and Col-0. A, Correlation be-
tween the output/input (O/I) ratios for 28 HaRxL, yellow fluorescent protein, and β-glucuronidase (GUS) controls recovered from Ws-0 and Col-0 leaves at 
3 days after inoculation with the bacterial mixture at 104 CFU/ml. Labels indicate HaRxL that are enriched in the output sample of at least one Arabidopsis
accession using a simplified nomenclature without the initial HaRx. Arrow indicates that the mean O/I ratio for HaRxL89-nls was close to 1.00 in both 
accessions. B to D, Multiplication in Col-0 and Ws-0 of Pseudomonas syringae pv. tomato lux expressing B, HaRxLL441; C, HaRxLL464; and D, 
HaRxL22. For B–D, 4- to 5-week-old Arabidopsis plants were syringe infiltrated with P. syringae pv. tomato lux at 105 CFU/ml delivering GUS (negative 
control, blue bars) or the HaRxL (red bars). Bacterial growth was measured in leaves at 3 days postinoculation by colony counting on selective medium. 
Vertical bars represent standard errors of mean bacterial counts from three replicates. Asterisks indicate statistically significant differences between HaRxL 
and control strains (Student’s t test P values ≤ 0.01). Similar results were obtained in three independent experiments with three biological repetitions. 
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P = 0.0150; adjusted P = 0.0581). Inoculation of Arabidopsis 
plants with HaRxLL441 and HaRxLL464 in standard growth 
assays mirrored the results from the mixed infection. Compared 
with a control expressing GUS, HaRxLL441 enhanced growth 
by 10-fold in both Col-0 and Ws-0 (Fig. 4B), and HaRxLL464 
caused a 10-fold increase in P. syringae pv. tomato lux growth in 
Col-0 but not in Ws-0 (Fig. 4C). We also inoculated HaRxL22 
in both Col-0 and Ws-0 plants in order to rule out the possibility 
that the Benjamini and Hochberg adjustment had resulted in a 
false negative, a common effect of corrections for multiple test-
ing. HaRxL22 caused a fivefold growth increase only in Ws-0 
(Fig. 4D). Taken together, the results show that IPECA-
RENSOL of mixed infections using the EDV system can predict 
effectors that enhance bacterial multiplication in planta. 

The enhanced growth in planta caused by HaRxLL464, 
HaRxLL441, HaRxL22, and HaRxL75 is not the result  
of an intrinsic enhanced bacterial growth. 

We observed a reproducible retardation in the growth of 
bacterial cells expressing HaRxL compared with those ex-
pressing AvrRps4-AAAA when strains were grown in axenic 
liquid culture (Supplementary Fig. S2). Similar results were 
obtained when the bacterial strains were grown on solid me-
dium and their growth assayed using luciferase activity. These 
results indicate that the enhanced growth caused by HaRxL22, 
HaRxLL441, HaRxL75, and HaRxLL464 is specific to their 
role during the interaction with the plant but also that any de-
crease of growth in planta caused by the effector must be inter-
preted cautiously and may not be associated with a strong rec-
ognition by the plant immune system. Indeed, we were unable 
to detect any significant difference between the tissue collapse 
elicited by P. syringae pv. tomato lux strains expressing 
HaRxL75 and AvrRps4-AAAA at 24 to 72 h after infiltration 
into Col-0 leaves. The frequency of tissue collapse caused by 
P. syringae pv. tomato lux expressing HaRxL75 was similar in 
both Tsu-0 and Col-0, suggesting no differential recognition in 
the two accessions. Similar results were obtained when the 
effectors were expressed in P. fluorescens EtHan (Thomas et 
al. 2009) (data not shown). 

Some selected effectors show amino acid  
sequence similarities to other predicted effectors or  
contain motifs conserved in proteins of predicted function. 

We then investigated possible biochemical functions of the 
select group of HaRxL based on amino acid sequence com-
parisons. We found that the HaRxL89-predicted protein shares 
52% amino acid identity with HpAvh341. The highest similar-
ity between the two predicted proteins extends from the start 
site until a putative RxLR motif (RQLR), after which the two 
proteins diverge considerably. Interestingly, the region of 
homology in HpAvh341 has been shown to be functional in 
translocating Phytophthora sojae Avr1b (Dou et al. 2008b). 
HaRxL75-predicted protein shows 35% amino acid identity 
with a predicted RxLR effector from P. infestans T30-4 
(XP_002898703.1), and 43, 41, and 41% amino acid identity 
to the P. sojae PsAvh7a, PsAvh7b1, and PsAvh7c, respec-
tively. Most of these similarities also reside toward the N-ter-
minal portion of the proteins (Supplementary Fig. S3). The C-
terminus of HaRxLL441 shows sequence similarity to micro-
bial proteins involved or predicted to be involved in redox 
reactions, such as dehydrogenases, dehydratases, and epimer-
ases, and to members of the NmrA family (Supplementary Fig. 
S4). Furthermore, HaRxLL441 is predicted to contain a NADB 
Rossmann superfamily fold present in NAD(P)H/NAD(P)+ 
binding proteins, including dehydrogenases or reductases. 
Nonetheless, HaRxLL441 is most similar to a conserved hypo-
thetical protein from P. infestans T30-4 (66% identity). 

HaRxL22 shows significant sequence identity to many pre-
dicted RxLR effectors from P. infestans and P. sojae (Supple-
mentary Fig. S5). Multiple sequence alignment using AlignX 
and motif searches using MEME revealed the presence of 
three conserved motifs in members of the HaRxL22 protein 
family; each motif can be present in up to five copies in a fam-
ily member. We did not find any significant sequence similar-
ity of HaRxLL464 or HaRxL89 to any protein from other 
organisms in the databases, suggesting that these HaRxL are 
specific to Hyaloperonospora spp. 

Five selected HaRxL suppress callose deposition caused by 
Pseudomonas syringae pv. tomato ΔCEL  
in Col-0 and restore ETI suppressed  
by P. fluorescens in Nicotiana benthamiana. 

The enhanced bacterial multiplication in planta caused by 
HaRxLL464, HaRxL75, HaRxLL441, and HaRxL22 prompted 
us to investigate whether they could suppress PTI using assays 
previously shown for bacterial, fungal, and oomycete effectors 
(DebRoy et al. 2004; Hauck et al. 2003; Kelley et al. 2010; 
Underwood et al. 2007; Zhang et al. 2007). We also included 
HaRxL89-nls expressed in P. syringae pv. tomato ΔCEL and 
full-length HaRxL89 in P. fluorescens EtHan. We first con-
firmed expression of these five HaRxL during Emoy2 infec-
tion by reverse-transcriptase polymerase chain reaction (PCR) 
(Supplementary Fig. S6). Sequence tags for these effectors 
were found in a large screening for HaRxL expressed during 
the interaction of Emoy2 with Arabidopsis (Fabro et al. 2011). 
We tested the five effectors and the control strains expressing 
ATR13 or HopM1 and its customary chaperone, SchM1 
(Badel et al. 2003, 2006), for their ability to suppress callose 
deposition elicited by P. syringae pv. tomato ΔCEL PAMPs 
(DebRoy et al. 2004; Sohn et al. 2007). Consistent with previ-
ous reports, compared with P. syringae pv. tomato ΔCEL, 
expression of HopM1-SchM1 and ATR13 caused 85 and 68% 
reduction, respectively, in callose deposition (Fig. 5A) (DebRoy 
et al. 2004; Sohn et al. 2007). Expression of all five HaRxL in 
P. syringae pv. tomato ΔCEL caused reduction in the number 
of callose deposits ranging from 27% (HaRxL22) to 46% 
(HaRxL75) (Fig. 5A). 

The tissue collapse associated with the ETI response elicited 
by pathogenic bacteria in a nonhost is suppressed if the same 
area is previously infiltrated with nonpathogenic bacteria. Elic-
itation of PTI by the nonpathogenic bacterium restricts the 
translocation of TTSS effectors by the pathogenic bacterium 
and this restriction results in suppression of tissue collapse 
(Crabill et al. 2010; Nguyen et al. 2010; Oh et al. 2010). If the 
nonpathogenic bacterium expresses an effector and the tissue 
collapse associated with the ETI response is observed, the 
effector is a suppressor of PTI. In contrast, if the tissue col-
lapse is not observed, the effector does not suppress PTI 
(Crabill et al. 2010; Nguyen et al. 2010; Oh et al. 2010). We 
infiltrated P. fluorescens EtHan into Nicotiana benthamiana, 
allowed for development of the PTI response during 7 h, and 
then infiltrated P. syringae pv. tomato DC3000 in an overlap-
ping area and looked for the development of tissue collapse at 
72 h. P. fluorescens EtHan abolished elicitation of HR in the 
area overlapping the secondary P. syringae pv. tomato DC3000 
infiltration, indicating that P. fluorescens EtHan elicited the 
PTI response in N. benthamiana (Fig. 5B). Expression of 
AvrRps4-AAAA in P. fluorescens EtHan did not restore elici-
tation of HR by P. syringae pv. tomato DC3000 in the overlap-
ping area, indicating that it does not suppress the PTI response 
elicited by P. fluorescens EtHan in N. benthamiana; therefore, 
we used this nonfunctional bacterial effector allele as a nega-
tive control (Fig. 5B). Expression in P. fluorescens EtHan of 
AvrPtoB308-553 (Abramovitch et al. 2003), a derivative of 
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AvrPtoB expressing amino acids 308 to 553 of AvrPtoB, did 
not elicit an HR in N. benthamiana at a high inoculum dose 
and restored the tissue collapse elicited by P. syringae pv. 
tomato DC3000 in the overlapping area, indicating that it sup-
presses the PTI response elicited by P. fluorescens EtHan in 
N. benthamiana (Fig. 5B). Therefore, we used AvrPtoB308-553 
as a positive control in experiments aimed at investigating 
whether HaRxLL464, HaRxL75, HaRxLL441, HaRXL22, and 
HaRxL89 can suppress the PTI response elicited by P. fluo-
rescens EtHan in N. benthamiana. Expression of all five HaRxL 
in P. fluorescens EtHan restored the HR elicited by P. syringae 
pv. tomato DC3000 in the overlapping area, indicating that 
they can restore the ability of P. syringae pv. tomato DC3000 
to translocate bacterial effectors into N. benthamiana cells and, 
hence, suppress the PTI response elicited by P. fluorescens 
EtHan in N. benthamiana. The magnitude of restoration of the 
HR in the overlapping area caused by the HaRxL varied within 
and between experiments (Fig. 5B). 

Five Emoy2 HaRxL localize to different  
subcellular compartments in N. benthamiana. 

We then investigated where in the plant cell these HaRxL are 
targeted. We delivered all five effectors as N- and C-termini in-
frame fusions with green or red fluorescent protein (GFP or 
RFP, respectively) into N. benthamiana using Agrobacterium-
mediated transient expression. We also delivered GFP as con-
trol. As expected, GFP showed nuclear-cytoplasmic localization 
with exclusion from the nucleolus. Our results indicate that 
these five effectors localize to different subcellular compart-
ments. HaRxL75 localizes exclusively to the plasma membrane 
(Supplementary Fig. S7); HaRxL89 localizes to the nucleus and, 
preferentially, in the nucleolus; and HaRxLL441 and HaRxL22 
show nuclear-cytoplasmic distribution with nucleolar exclusion 

(Fig. 6). We made four different fusions for each HaRxL: C-ter-
minal fusion with GFP, N-terminal fusion with GFP, C-terminal 
fusion with RFP, and N-terminal fusion with RFP. We transi-
ently expressed at least three different constructs of each fusion 
in N. benthamiana and did not observe any difference in the 
subcellular localization pattern for any HaRxL. We checked the 
stability of transiently expressed GFP-tagged effector chimeras 
using Western blots in order to exclude any misinterpretation of 
the effector localization. All full-length GFP-tagged effectors 
were detected (Supplementary Fig. S8). However, for some 
effectors, we observed site-specific cleavage of the GFP:HaRxL 
chimeric protein. This is the case for GFP:HaRxLL464, whose 
nuclear-cytoplasmic localization could be explained by free dif-
fusion of released GFP after cleavage of the chimera. Therefore, 
we could not obtain conclusive evidence for the subcellular lo-
calization of HaRxLL464. GFP:HaRxL89 also showed cleav-
age, which could explain the nucleoplasmic localization of the 
GFP signal. GFP:HaRxL75 showed some partial degradation, 
which may be due to the protein extraction method, given its 
plasma membrane localization. GFP:HaRxL22 and GFP: 
HaRxLL441 did not show cleavage or degradation but they are 
expressed at very low levels. The localization of a different 
subset of Emoy2 HaRxL to these and other subcellular compart-
ments was reported recently (Caillaud et al. 2012). These results 
suggest that oomycete effectors are able to suppress the PTI 
response by different molecular mechanisms in different subcel-
lular compartments. 

DISCUSSION 

In order to identify H. arabidopsidis effectors that contribute 
to pathogen fitness, we developed IPECA for medium- to 
high-throughput screening using heterologous expression in 

Fig. 5. Five selected high-confidence effectors (HaRxL) suppress pathogen-associated molecular pattern-triggered immunity  in Arabidopsis and Nicotiana ben-
thamiana. A, Callose deposits elicited in Col-0 leaves at 12 h after infiltration with suspensions at an optical density at 600 nm (OD600) = 0.05 of Pseudomonas 
syringae pv. tomato ΔCEL expressing HopM1-ShM1, ATR13 (positive controls), or HaRxL. Bacteria were infiltrated into the abaxial side of leaves of 5-week-old 
plants and callose deposits were counted on 20 leaf discs collected from different plants. Values indicate the percentage of callose deposition as compared with P. 
syringae pv. tomato ΔCEL. B, Restoration of effector-triggered immunity suppressed by P. fluorescens in N. benthamiana. Suspensions at OD600 = 0.2 of P. fluo-
rescens EtHan strains expressing AvrRps4-AAAA (AAAA, negative control), AvrPtoB308-553 (positive control), or the HaRxL were infiltrated into the abaxial 
side of N. benthamiana leaves (black dotted circle) and, 7 h later, a suspension at OD600 = 0.02 of P. syringae pv. tomato DC3000 was infiltrated in an overlap-
ping area (red dotted circle). Top panel, pictures taken at 3 days postinoculation. Lower panel, the same leaves stained with Trypan blue. Values indicate the
number of times suppression of tissue collapse was observed out of the total number of leaves infiltrated in three independent experiments. The number of partial 
suppressions of tissue collapse is indicated in parenthesis. Effector names are indicated using a simplified nomenclature without the initial HaRx. 
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and delivery by P. syringae pv. tomato lux, bacterial mixed in-
fections, and effector detection and quantification using either 
capillary electrophoresis or Illumina sequencing. These assays 
allowed us to identify four HaRxL that enhance bacterial mul-
tiplication in some Arabidopsis accessions but not in others. 
Our screening serendipitously also revealed an effector that 
shows signatures of being secreted, translocated, and localized 
to the plant nucleus. 

We applied IPECA to founders of the MAGIC lines in order 
to open possibilities to rapidly map QTL for plant susceptibil-
ity genes. In order to undertake QTL mapping studies, the 
appropriate combination of Arabidopsis accessions should be 
chosen, taking into account their resistance to P. syringae pv. 
tomato. For example, if a susceptibility target for HaRxL75 
were to be looked after, the combination Tsu-0xSf-2 sounds 
more appropriate than Tsu-0xEdi-0, given the level of resis-
tance exhibited by Edi-0 toward P. syringae pv. tomato (Fig. 
3). This resistance could hinder the possibility to detect en-
hanced or reduced bacterial multiplication caused by effectors. 
Therefore, IPECA predictions must be validated using stand-
ard methods to individual effectors. IPECA have the potential 
to be applied to any host microbe as well as to microbial diver-
sity and evolution studies. 

Although direct comparison between the study conducted by 
Fabro and associates (2011) and ours is difficult because of 
differences in the inoculation method (spray inoculation versus 
syringe infiltration) and in the nature of the assay (enhanced 
luciferase activity caused by a particular effector in single-
strain inoculations versus competitiveness of the same effector 
in complex mixed infections), it is worth discussing common 
and contrasting findings. It is remarkable that most Emoy2 
effectors that show high O/I ratios in IPECA-RENCAP also 
show enhanced luciferase activity in single-strain inoculation 
assays. This verifies a selected subset as strong candidates for 

further studies aimed at understanding oomycete effector func-
tion. We observed that HaRxL62 was a good competitor in 
competition assays conducted in all Arabidopsis accessions 
tested in IPECA-RENCAP. These results are consistent with 
the HaRxL62 enhancement of luciferase activity and bacterial 
multiplication in planta reported by Fabro and associates 
(2011) for all accessions included in their study. Consistent with 
its poor competition in Col-0, Fabro and associates (2011) 
reported that expression of HaRxL106 in P. syringae pv. to-
mato lux causes an overall decrease in both luciferase activity 
and bacterial growth in this accession. Notably, HaRxL106 
suppresses immunity when expressed as a transgene in Col-0 
(Fabro et al. 2011), indicating that different effector delivery 
systems can lead to different outcomes. Fabro and associates 
(2011) further reported an overall increase of luciferase 
activity caused by HaRxL106 in Ler-0, Tsu-0, and Ws-0 using 
luciferase activity as a measure of bacterial growth in planta, 
which contrasted with poor competition of HaRxL106 on these 
accessions in our assays, where bacteria were infiltrated into 
the apoplast. These observations suggest that HaRxL106 may 
play a role in promoting host colonization early during infec-
tion (Melotto et al. 2006). Further characterization of HaRxL62 
and HaRxL106, as well as other effectors that enhance bacte-
rial multiplication in some ecotypes, will be published else-
where. 

Consistent with our results, Fabro and associates (2011) de-
tected enhanced luciferase activity caused by expression of 
HaRxLL464 in Col-0 but not significant enhancement in Ws-0 
and by expression of HaRxL75 in Tsu-0 but not in Col-0. More-
over, the contribution of HaRxLL464 to virulence was verified 
by stably expressing this HaRxL in Col-0 plants (Fabro et al. 
2011). These results suggest that HaRxLL464 and HaRxL75 
play their roles during the P. syringae pv. tomato lux and Arabi-
dopsis interaction at a stage later than epiphytic growth. How-

Fig. 6. Five selected high-confidence effectors (HaRxL) localize to different subcellular compartments in Nicotiana benthamiana. Suspensions at an optical 
density at 600 nm = 0.2 of Agrobacterium tumefaciens strains expressing N- or C-terminal fusions with green fluorescent protein (GFP) or red fluorescent 
protein (RFP) fused in frame to the HaRxL were syringe infiltrated into the abaxial side of 3- to 4-week-old N. benthamiana leaves and fluorescence was 
observed after 2 to 3 days with a Leica confocal microscope. Top panel, fluorescence image; middle panel, brightfield image; bottom panel, merged image. 
Localization patterns: GFP, nucleus and cytoplasm with nucleolar exclusion; HaRxL75, plasma membrane; HaRxL89, nucleus and nucleolus; HaRxLL464,
HaRxL22, and HaRxLL441, nuclear-cytoplasmic with nucleolar exclusion. At least three independent constructs of both GFP and RFP fusions to the C and
N terminus of each effector were tested, with similar results. 
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ever, Fabro and associates (2011) reported reduced luciferase 
activity caused by HaRxLL441 in Ws-0 but no effect in Col-0, 
suggesting that its contribution to virulence depends upon bac-
teria reaching the apoplast. Also contrasting with our observa-
tions, Fabro and associates (2011) reported enhanced luciferase 
activity in Col-0 and no effect in Ws-0 caused by HaRxL22. It 
is tempting to speculate that the magnitude of the contribution 
to virulence of a particular effector in a particular plant species 
or accession depends on its affinity for the plant target. The 
contribution to virulence by these HaRxL in some accessions 
but not in others suggests allelic variations in the plant suscep-
tibility targets and that HaRxL are under selection pressure to 
co-evolve with them. Our results indicate that HaRxL75, 
HaRxL441, and HaRxL22 are conserved in Phytophthora spp., 
suggesting that they could play key roles for oomycete bio-
trophic lifestyle. In contrast, HaRxLL464 and HaRxL89 may 
contribute to adaptations specific to Hyaloperonospora spp. 
Further analysis of these HaRxL orthologs in H. arabidopsidis 
and other oomycete species will shed light into the mecha-
nisms that shape HaRxL evolution. 

We observed that expression of HaRxL75 in P. syringae pv. 
tomato lux caused reduction of bacterial multiplication in Col-0. 
However, we could not detect any increase in either the magni-
tude of cell death or the frequency of macroscopic or micro-
scopic cell death caused by P. syringae pv. tomato lux or P. 
fluorescens EtHan expressing HaRxL75 as compared with 
control strains. These results could be explained in two ways: 
i) the recognition of HaRxL75 in Col-0 is not associated with 
the development of HR, supporting the notion that HR is not 
always required for resistance (Gassmann et al. 1999; Yu et al. 
1998), or ii) the reduced growth of P. syringae pv. tomato lux 
carrying HaRxL75 is the result of its effect on delaying P. sy-
ringae pv. tomato lux multiplication. It is remarkable that 
HaRxL75 can cause a significant increase of P. syringae pv. 
tomato lux multiplication in Tsu-0, suggesting a functional 
susceptibility target to be present in this accession but not in 
Col-0. Similar observations for HaRxL22 and HaRxLL441 in 
Ws-0 and Col-0 suggest that the identification of plant proteins 
that interact with HaRxL in planta will shed light on the mecha-
nisms by which they contribute to virulence only in some acces-
sions. In addition, the analysis of the variability of these plant 
proteins among Arabidopsis accessions will provide insights 
into the mechanisms that shape the arms race between oomy-
cete effectors and their susceptibility targets. 

We found that HaRxL75, HaRxL89, HaRxLL441, 
HaRxLL464, and HaRxL22 suppress callose deposition elic-
ited by P. syringae pv. tomato ΔCEL in Arabidopsis and 
restored ETI suppressed by P. fluorescens EtHan in N. ben-
thamiana, pointing to their contribution to virulence by sup-
pression of PTI, as already shown for bacterial effectors (Hann 
and Rathjen 2007; Zhang and Zhou 2010). The suppression of 
PTI in N. benthamiana and Arabidopsis by HaRxL suggests 
that their plant targets are conserved between these two spe-
cies. Alternatively, they could suppress PTI via more than one 
mechanism. PTI suppression in Col-0 was not necessarily cor-
related with an enhanced bacterial multiplication caused by the 
HaRxL in the same accession. Notably, the ability of an effec-
tor to suppress plant defense responses is not always correlated 
with a detectable enhancement of bacterial multiplication in 
planta using standard growth curve assays. For example, 
HopM1 is able to suppress callose deposition in Arabidopsis 
leaves (DebRoy et al. 2004) and basal resistance in N. bentham-
iana (Oh and Collmer 2005) but its deletion in P. syringae pv. 
tomato DC3000 does not cause any reduction in bacterial 
growth in tomato (Badel et al. 2003). In addition, the majority 
of P. syringae pv. tomato DC3000 effectors are able to sup-
press plant defense responses (Guo et al. 2009) but a clear 

positive contribution of most of these effectors to bacterial 
multiplication in planta remains to be shown. It is also possible 
that the contribution of these HaRxL to virulence in some 
accessions is so subtle that it cannot be detected using the tra-
ditional bacterial counting methods (e.g., HopAA1-1) (Badel 
et al. 2002). Finally, it is also possible that they just do not con-
tribute to bacterial multiplication in planta, yet they suppress 
defense responses in order to contribute to other components 
of parasitism (Badel et al. 2003). 

The ability of oomycete effectors to suppress PTI elicited by 
bacterial PAMPs suggests the existence of common signaling 
pathways used by the plant surveillance system to mount the 
resistance response against pathogens of diverse taxonomic 
groups. In line with this notion, it was recently shown that the 
receptor-like kinase SERK3/BAK1 is required for basal resis-
tance against P. infestans in N. benthamiana (Chaparro-Garcia 
et al. 2011), and the bacterial effector AvrPtoB targets the 
LysM receptor kinase CERK1 to promote virulence (Gimenez-
Ibanez et al. 2009). CERK1 and two other lysin-motif proteins, 
LYM1 and LYM3, have recently been shown to mediate bacte-
rial peptidoglycan sensing and immunity to bacterial infection 
(Willmann et al. 2011). Notably, HaRxL75, HaRxL89, 
HaRxLL441, and HaRxL22 localize to different subcellular 
compartments of the plant cell, suggesting that PTI suppres-
sion by oomycetes is multilayered, as reported for bacterial 
pathogens (Hann and Rathjen 2007; Zhang and Zhou 2010). For 
instance, the P. syringae pv. tomato effectors AvrPtoB and 
HopM1 suppress callose deposition by targeting different lay-
ers of PTI; namely, AvrPtoB targets receptor kinases such as 
BAK1 and CERK1 whereas HopM1 targets vesicle trafficking 
by regulating the levels of AtMin7 (Zhang and Zhou 2010). 

Based on the plasma membrane localization of GFP-tagged 
HaRxL75, it is tempting to speculate that HaRxL75 suppresses 
PTI by interfering with activities of the plant immune response 
associated with the plasma membrane, perhaps by interfering 
with the function of receptor-like kinases, receptor-like proteins, 
or co-receptors. The subcellular localization of GFP-tagged 
HaRxL22 and HaRxLL441 begs the questions of how they 
might interfere with PAMP recognition. HaRxLL441 is pre-
dicted to contain an NADB-Rossmann superfamily fold 
involved in NAD(P)H/NAD(P)+ binding (Rossmann et al. 1974) 
and shows amino acid sequence similarity to members of the 
NmrA family. NmrA is a negative transcriptional regulator 
involved in nitrogen metabolite repression through the post-
translational modulation of AreA, a GATA-type transcription 
factor in Aspergillus nidulans (Andrianopoulos et al. 1998). 
Transcriptional regulators that use cofactors such as NAD+ and 
NADP+ are noteworthy because they might function as direct 
sensors of the metabolic state of the cell (Shi 2004). These co-
factors are essential molecules in energy metabolism and are 
also involved in signaling pathways that regulate processes such 
as gene transcription and apoptosis (Ying 2006). These obser-
vations point toward a possible function for HaRxLL441 in 
modulating host transcriptional regulation. Our subcellular lo-
calization studies suggest that HaRxLL441 might shuttle be-
tween the cytoplasm and the nucleus. HaRxL22 and members of 
this protein family possess amino acid motifs that are present 
one to five times in their predicted protein sequences, overlap 
with W-Y-L motifs described for Phytophthora effectors (Jiang 
et al. 2008), and may play important structural roles (Boutemy 
et al. 2011; Yaeno et al. 2011). Remarkably, like some other 
HaRxL, GFP-tagged HaRxL89 accumulates in the nucleolus 
(Caillaud et al. 2012), suggesting a role for HaRxL89 in modu-
lating some nucleolar functions such as ribosomal biogenesis, 
regulation of mitosis, cell-cycle progression or proliferation, or a 
role in modulating RNA turnover or the generation of regulatory 
RNAs (Boisvert et al. 2007; Hernandez-Verdun et al. 2010). 
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As a result of our experiments on the subcellular localiza-
tion of the five selected effectors, we observed a cleavage 
that seems to be site specific in fluorescently tagged 
HaRxLL464 and HaRxL89, because a unique band was ob-
served in the Western blot in addition to the band corre-
sponding to the full-length chimeric protein. Although the 
fluorescent signal is not informative about the subcellular 
localization of HaRxLL464, the Western blot is suggestive of 
a specific processing by a plant protease. For HaRxL89, be-
cause we did not observe any change in the subcellular lo-
calization pattern between N- and C-terminal fusions (they 
all localized to the nucleus and the nucleolus), we speculate 
that the cleavage site resides between the two direct repeats 
that coincide with a bipartite nuclear localization sequence 
(NLS), and we interpret our results to mean that the one NLS 
remaining attached to GFP drives GFP to the nucleus. Fur-
ther characterization of these HaRxL using biochemical and 
cell biological approaches will shed additional light on their 
functions. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. 
The P. syringae pv. tomato lux strains expressing HaRxL 

from Emoy2 used in this study were previously described by 
Fabro and associates (2011). The EDV-HaRxL constructs were 
propagated in Escherichia coli DH5α or DH10B (Life Tech-
nologies, Carlsbad, CA, U.S.A.) and transferred by triparental 
mating into P. syringae pv. tomato lux (Fan et al. 2008), P. sy-
ringae pv. tomato ΔCEL (Badel et al. 2003), P. syringae pv. to-
mato hrcC (Yuan and He 1996), or P. fluorescens EtHan 
(Thomas et al. 2009). E. coli cells were grown in Luria-Bertani 
(LB) medium (Sambrook et al. 1989) at 37°C and Pseudomo-
nas cells were grown in King’s B (KB) medium (King et al. 
1954) at 28°C. 

Plant materials and growth. 
Arabidopsis accessions were either obtained from the Not-

tingham Arabidopsis Stock Centre or provided by P. Kover, 
University of Bath, U.K. Plants were grown in Scotts and Lev-
ington F1 modular compost in controlled environment rooms 
under short day cycles (10 and 14 h day and night, respec-
tively, and 150 to 200 μE/m2s) at 22°C and 60% relative hu-
midity and watered every day from below. 

Inoculum preparation and plant inoculations. 
For IPECA, suspensions of individual P. syringae pv. tomato 

strains were prepared in 10 mM MgCl2 and strains were mixed 
in equal proportions, pelleted, and then resuspended to the de-
sired final concentration. Leaves of 4- to 5-week-old plants 
were infiltrated with 1 × 104 CFU/ml using a needleless sy-
ringe. Aliquots of the P. syringae pv. tomato inoculum were 
stored at –80°C to serve as the input sample. Infected leaves 
collected at 3 dpi served as the output sample. For in planta 
growth assays, leaves of 4- to 5-week-old plants were inocu-
lated with 5 × 105 CFU/ml and bacteria counted at 3 dpi as 
previously described (Glazebrook and Ausubel 1994). Three 
completely independent experiments with at least three biolog-
ical repetitions were conducted. For HR elicitation, P. syringae 
pv. tomato cell suspensions at an optical density at 600 nm 
(OD600) = 0.2, 0.02, and 0.002 were infiltrated into Arabidop-
sis leaves. For HR elicitation using P. fluorescens EtHAn, as-
says were conducted essentially as described by Thomas and 
associates (2009). At least three completely independent ex-
periments infiltrating 24 leaves of each Arabidopsis accession 
with a particular P. syringae pv. tomato or P. fluorescens 
EtHAn strain were conducted. 

Sample preparation and HaRxL detection. 
For IPECA-RENSOL, plasmid DNA was isolated from in-

put and output samples according to Llop and associates 
(1999) and the HaRxL inserts amplified and biotin tagged by 
PCR with 20 cycles of 95°C for 20 s, 66°C for 30 s, and 72°C 
for 3.5 min using primers MPF1 and 5’-biotin-MPR2 (Supple-
mentary Table S5). The biotinylated HaRxL were bound to 
streptavidin beads (Promega Corp., Madison, WI, U.S.A.), 
washed three times with 0.1× SSC (1× SSC is 0.15 M NaCl 
plus 0.015 M sodium citrate), and digested with AciI (New 
England Biolabs, Ipswich, MA, U.S.A.) for 1.5 h at 37°C. The 
beads were again washed three times with 0.1× SSC, resus-
pended in a 200 μl of ligation reaction containing 5 U of T4 
DNA ligase and 10 pmol of annealed adapter I, and incubated 
at 20°C for 3 h. The beads were washed three times with 0.1× 
SSC, and the adapter I-HaRxL fragments were released from 
the beads by digestion with MmeI and precipitated overnight at 
–20°C. The pelleted adapter I-HaRxL fragments were resus-
pended in a 20-μl reaction containing 1 U of T4 DNA ligase 
and 10 pmol annealed adapter II and incubated at 20°C for 3 h. 
Adapter I-HaRxL fragment-adapter II constructs were ampli-
fied using the Phusion PCR kit (Finnzymes, Espoo, Finland) 
and primers GenX1 and GenX2 with 20 cycles of 98°C for 20 
s, 65°C for 30 s, and 72°C for 15 s. The PCR products were 
purified from a 8% polyacrylamide gel, diluted to 10 nM in 
0.1% Tween-20, and sequenced with a Solexa/Illumina GA-1 
Genome Analyzer (Illumina, San Diego, CA, U.S.A.) using 
primer ADPT_GenX_seq1. 

For IPECA-RENCAP, leaf samples were ground in 10 mM 
MgCl2 and serial dilutions were plated on KB solid medium 
containing antibiotic selection. Tiny bacterial colonies (2,000 
to 5,000 CFU/plate) were recovered from the plates after 2 
days by washing with 10 mM MgCl2. Plasmid DNA was iso-
lated from input and output samples by alkaline lysis using the 
Qiagen spin miniprep kit (Qiagen, Valencia, CA, U.S.A.) and 
the HaRxL inserts were amplified using primers MPF1 and 5′-
6-FAM-MPR2 with Taq polymerase and 30 cycles of 95°C for 
2 min, 95°C for 30 s, 66°C for 30s, and 72°C for 2 min by 
emulsion PCR (Williams et al. 2006). The 5′-6-FAM-labeled 
amplicons were digested during 4 h with 5 U each of AlwNI, 
XmaI, and PmlI in a total volume of 15 μl, and then, subjected 
to capillary electrophoresis in an Applied Biosystems 3730xl 
apparatus. 

Quantification of HaRXL and calculation of the O/I ratio. 
For IPECA-RENSOL, tags were sorted into sample groups 

based on their barcode sequences and aligned against the 
HaRxL reference sequences using the matching algorithm 
SSAHA (Ning et al. 2001). Total tag matches per HaRxL in 
each sample were tallied and then normalized by dividing by 
the number of all HaRxL tag matches in that sample to obtain 
fi (frequency of an HaRxL in the input sample) and fo (fre-
quency of an HaRxL in the output sample). Changes in HaRxL 
tag counts were represented as the O/I ratio = fo/fi. For 
IPECA-RENCAP, data were obtained with collection software 
v3.0. The abundance of each HaRxL in the sample was esti-
mated as the area under each peak in the electropherogram 
using GeneMapper v4.0, then normalized by dividing by the 
total area of all HaRxL to obtain the fi and fo values. The O/I 
ratio was then calculated as indicated for IPECA-RENSOL. 

Bacterial growth in axenic culture. 
For growth in liquid medium, 100 μl of a bacterial suspen-

sion at OD600 = 0.1 in 10 mM MgCl2 was inoculated into 10 ml 
of KB amended with appropriate antibiotics, the culture was 
incubated at 28°C with shaking at 220 rpm, and absorbance 
was measured at different times. For growth on solid medium, 
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serial dilutions of the bacterial suspensions at OD600 = 0.1 
were prepared with 10 mM MgCl2, 20 μl were spotted onto 
solid KB amended with appropriate antibiotics, and the plates 
were incubated at 28°C. The luminescence of each spot was 
measured 56 h later using a Photek camera and the number of 
CFU was counted. 

PTI suppression assays. 
For suppression of PTI elicited by P. fluorescens EtHan in 

N. benthamiana, bacterial suspensions at OD600 = 0.2 in 10 
mM MgCl2 were infiltrated into fully expanded leaves of N. 
benthamiana using a needleless syringe. PTI was allowed to 
develop during 7 h, after which a P. syringae pv. tomato 
DC3000 suspension at OD600 = 0.02 was infiltrated into an 
overlapping area. Tissue collapse in the overlapping area was 
evaluated at 3 days postinfiltration and leaves were stained 
with Trypan blue. Suppression of callose deposition elicited by 
P. syringae pv. tomato ΔCEL in Arabidopsis was conducted 
essentially as described by Fabro and associates (2011). 

Subcellular localization in N. benthamiana. 
Agrobacterium tumefaciens GV3101(pMP90) cells express-

ing HaRxL as N- or C-terminal fusions with GFP in pK7WGF2 
or pK7FWG2, respectively, or N- or C-terminal fusions with 
RFP in pH7WGR2 or pB7RWG2, respectively (University of 
Gent Gateway vectors), were grown overnight in liquid LB 
medium containing appropriate antibiotics. Cells were washed 
once with 10 mM morpholineethanesulfonic acid (pH 5.6) and 
10 mM MgCl2 and resuspended at OD600 = 0.2. Acetosyrin-
gone was added to a final concentration of 200 μM and incu-
bated with shaking for 2 h. Leaves of 3- to 4-week-old N. ben-
thamiana were syringe infiltrated and fluorescence was 
observed after 2 days in a Leica DM6000B/TCS SP5 confocal 
microscope (Leica Microsystems, Milton Keynes, U.K.) with 
laser excitation for GFP at 488 nm and for RFP at 561 nm. At 
least three independent constructs of both GFP and RFP 
fusions to the C and N terminus of each effector were tested, 
with similar results. Plasmolysis experiments were performed 
by syringe-infiltration of 2 M sucrose into leaf samples ex-
pressing GFP-tagged HaRxL75. Pictures were taken 5 to 15 
min after sucrose treatment. 

Protein extractions and analyses. 
Immunoblot analyses were performed on protein extracts pre-

pared by grinding leaf samples in liquid nitrogen and resuspend-
ing in extraction buffer (5% [vol/vol] glycerol, 150 mM Tris [pH 
7.5], 5 mM EDTA, 150 mM NaCl, 1% [vol/vol] Triton X-100, 
10 mM dithiothreitol, 2% [wt/vol] polyvinylpolypyrrolidone, 
and 1× protease inhibitor cocktail [Sigma-Aldrich, St. Louis]). 
Protein extracts were mixed and spun at full speed (16,000 × g) 
at 4°C, and supernatants were separated from pellets. Samples 
were loaded onto and separated in standard sodium dodecyl sul-
fate polyacrylamide gel electrophoresis gels (10% acrylamide) 
and blotted using standard procedures. Blots were blocked at 
room temperature using Tris-buffered saline (TBS)-Tween 20 
(TBST)-milk (5% wt/vol) for 1 h and then the α-GFP antibody 
(Roche) was added to the TBST-milk (1:3,000, 5%) for 1 h. 
Blots were washed three times in TBST for 10 min before being 
probed with HRP-conjugated α-rabbit polyclonal antibody 
(Sigma-Aldrich). Blots were washed three times in TBST fol-
lowed by three times in TBS before being developed using the 
Pierce horseradish peroxidase detection kit (Thermo Scientific, 
Sugarland, TX, U.S.A.) and exposed for 5 min. 

Effector expression during Emoy2 infection. 
Four-week-old Arabidopsis thaliana Ws eds1-1 plants were 

spray inoculated with Emoy2 at 5 × 104 spores/ml, and 20 

leaves from five different plants were collected at 0, 12, 24, 48, 
72, and 168 h postinoculation. Total RNA was extracted using 
the TRI-REAGENT (Sigma-Aldrich). cDNA was synthesized 
from 2 μg of high-quality RNA with the oligo dT 3′ primer 
CDSIII/3′ (SMART Technology, Clontech, CA, U.S.A.). Inter-
nal fragments of the effectors were amplified from cDNA at 10 
ng/μl using high-fidelity Phusion polymerase (Finnzymes) and 
gene-specific primers, and amplicons were sequenced. 
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