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Rust fungi, such as the soybean rust pathogen Phakopsora pachyr-
hizi, are major threats to crop production. They form specialized
haustoria that are hyphal structures intimately associated with host-
plant cell membranes. These haustoria have roles in acquiring nu-
trients and secreting effector proteins that manipulate host immune
systems. Functional characterization of effector proteins of rust
fungi is important for understandingmechanisms that underlie their
virulence and pathogenicity. Hundreds of candidate effector pro-
teins have been predicted for rust pathogens, but it is not clear how
to prioritize these effector candidates for further characterization.
There is a need for high-throughput approaches for screening ef-
fector candidates to obtain experimental evidence for effector-like
functions, such as the manipulation of host immune systems. We
have focused on identifying effector candidates with immune-related
functions in the soybean rust fungus P. pachyrhizi. To facilitate the
screening of many P. pachyrhizi effector candidates (named PpECs),
we used heterologous expression systems, including the bacterial
type III secretion system, Agrobacterium infiltration, a plant virus,
and a yeast strain, to establish an experimental pipeline for identi-
fying PpECs with immune-related functions and establishing their
subcellular localizations. Several PpECs were identified that could
suppress or activate immune responses in nonhost Nicotiana ben-
thamiana, N. tabacum, Arabidopsis, tomato, or pepper plants.

Plant pathogens deploy effector proteins to manipulate host-
plant cell functions in order to establish and maintain their
infections (Dodds and Rathjen 2010). Unraveling the functions
of effectors in plants is necessary for understanding the mech-
anisms that control virulence and pathogenicity and is expected
to aid in the development of plant disease resistance (Dangl
et al. 2013). Many successful transcriptome and genome

sequencing projects have led to the discovery of thousands of
predicted secreted effector candidates in filamentous plant path-
ogens (Cantu et al. 2013; Kamoun 2007; Nemri et al. 2014; Petre
et al. 2015; Saunders et al. 2012; Schmidt and Panstruga 2011).
These successes present the new challenge of identifying effector
proteins and establishing their functions that determine the out-
comes of interactions between crop plants and their pathogens.
One major function of effectors is suppression of host immu-

nity to promote virulence (Dou and Zhou 2012; Jones and Dangl
2006). This is necessary because plant defenses are activated
upon recognition of conserved molecules or specific effector
proteins produced by pathogens (Chisholm et al. 2006; Jones and
Dangl 2006; Thomma et al. 2011). Pathogen-associated molec-
ular patterns (PAMPs) are conserved molecules that are detected
by pattern recognition receptors on the plant cell surface and trig-
ger the basal defense response known as PAMP-triggered im-
munity (PTI) (Ade et al. 2007; Zipfel et al. 2004, 2006). Some
responses associated with PTI are callose deposition, reactive
oxygen species (ROS) burst, and increased expression of defense
genes (Schwessinger and Zipfel 2008). Successful pathogens over-
come PTI by interfering with immune responses through the
action of secreted effector proteins (Jones and Dangl 2006). In
response to effector proteins, host plants have evolved a second,
more specific defense response known as effector-triggered im-
munity (ETI), which is frequently associated with hypersensitive
cell-death responses (HR) (Dangl et al. 2013). HR is elicited
upon recognition of effector proteins or their actions by corre-
sponding resistance proteins of the nucleotide binding site leucine-
rich repeat class, and it is particularly effective against biotrophic
pathogens (Gill et al. 2015; Glazebrook 2005).
Phakopsora pachyrhizi is an obligate biotrophic fungal path-

ogen that causes soybean rust. Based on transcriptomic studies,
the P. pachyrhizi in planta secretome is currently estimated to
comprise at least 851 proteins (de Carvalho et al. 2017), a size
that falls within the range of secretomes predicted for other rust
fungi (Petre et al. 2014). Like other rusts, it is currently not
possible to use bioinformatics to predict which of these 851
proteins might be effectors. During infection, rust fungi pro-
duce specialized hyphal structures, so-called haustoria, within
the cell walls but outside of the cytoplasm of their host plants.
The haustoria of rust pathogens interact intimately with host cells
and they are thought to be a site enriched for the production and
secretion of effectors (Catanzariti et al. 2007). Two studies have
focused on sequencing the haustorial transcriptome of P. pachyrhizi,
with the goal of identifying haustoria-expressed secreted proteins.
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Link et al. (2014) identified 156 unique mRNA transcripts encoding
proteins with predicted signal peptides that were greater than 50 aa
in length (named P. pachyrhizi effector candidates [PpECs]), and
Kunjeti et al. (2016) identified 35 haustoria-expressed candidate
secreted effector proteins (CSEPs) ranging in size from 55 to 357 aa.
Of the 35 CSEPs identified by Kunjeti et al. (2016), 31 were present
in the Link et al. (2014) transcriptome, but, of these, only 15 were
annotated as secreted, suggesting that many sequences were most
likely not full-length. de Carvalho et al. (2017) found that 101 of
their 851 in planta–expressed secreted proteins overlapped with the
156 PpECs identified by Link et al. (2014). A reference genome
combined with these transcriptomic data sets would provide a more
comprehensive prediction of the P. pachyrhizi secretome, but the
complexity of the P. pachyrhizi genome has prohibited sequencing
and assembly of a high-quality genome (Loehrer et al. 2014).
Nevertheless, the proteins predicted to bear signal peptides and
shown to be present in haustoria provide a large number of potential
effectors.
The obligate biotrophic lifestyles of rust fungi constrain

molecular and genetic studies that are needed to identify ef-
fectors and determine their functions in immune suppression or
activation. An approach to overcome this limitation is to use
surrogate effector delivery systems and nonhost plants that fa-
cilitate rapid and reproducible screens for effector-like functions.
The bacterial type III secretion system (T3SS) has become a
widely used tool for delivering candidate effector proteins into
host cells (Fabro et al. 2011; Sohn et al. 2007). A T3SS signal
peptide is fused to the amino terminus of the candidate effectors
minus their own signal peptides, enabling their secretion out of
bacteria into plant cells. Agrobacterium infiltration requires clon-
ing the candidate effectors plus or minus signal peptide into a
T-DNA expression vector, and viral expression requires cloning
the candidate effectors into a viral genome and infecting the ex-
perimental plants.
Recently, several studies with the goal of characterizing candi-

date effectors from a variety of rust pathogens have taken advan-
tage of surrogate expression systems coupled withN. benthamiana
as a substitute for the natural hosts (Cheng et al. 2017; Dagvadorj
et al. 2017; de Carvalho et al. 2017; Kunjeti et al. 2016; Liu et al.
2016; Petre et al. 2015, 2016a and b; Qi et al. 2016; Ramachandran
et al. 2017). In each of these studies, a handful of candidate
effectors of the pathogens causing wheat rusts (stem, leaf, and
stripe), poplar rust, or soybean rust were screened for immune
suppression functions. With respect to P. pachyrhizi, Kunjeti
et al. (2016) agroinfiltrated constructs expressing four CSEPs into
N. benthamiana leaves and found that two promoted the virulence
of Phytophthora infestans and de Carvalho et al. (2017) identified
six predicted secreted proteins that suppressed bacterial-induced
HR inN. benthamiana. Green fluorescent protein (GFP) tags fused
to the candidate effector proteins have been used to determine their
subcellular localization when expressed within N. benthamiana
cells (de Carvalho et al. 2017; Petre et al. 2015, 2016a and b; Qi
et al. 2016; Sperschneider et al. 2017), and epitope tags have also
been used to facilitate pull-down assays that were combined with
mass spectrometry to identify interacting plant proteins (Petre
et al. 2015, 2016b). Arabidopsis thaliana has also proved useful
as a surrogate plant for expression of GFP fusions and identifi-
cation of immune suppression functions (Germain et al. 2016).
Our primary goal was to use approaches that enabled us to

screen a large number of PpECs to determine if any of them
possess effector-like functions related to suppressing or acti-
vating plant immune responses. We cloned the coding se-
quences of 82 of 156 PpECs (Link et al. 2014) into a variety of
vectors that enable delivery into plants through the T3SS,
Agrobacterium infiltration, or virus-based expression. These
expression systems enabled the application of a variety of as-
says designed to identify effectors that suppress or activate PTI

or ETI in N. benthamiana, N. tabacum, A. thaliana, tomato, or
pepper. Expression in yeast enabled the identification of PpECs
that could suppress BAX-induced cell death. The potential lo-
calization of PpECs in planta was investigated by transiently
expressing GFP fusions in N. benthamiana. We describe a
large-scale effector biology pipeline that led to the identifica-
tion of 17 PpECs that suppress plant immunity, and we present
data that lay the foundation for future studies to investigate
mechanisms underlying P. pachyrhizi virulence and pathogenicity.

RESULTS

Cloning PpECs from the LA04-1 isolate of P. pachyrhizi.
Link et al. (2014) identified 156 PpECs, based on haustorial

expression, presence of a signal peptide, and lack of protein
domains, expected to retain the predicted proteins within the
fungal cell. We were interested in further characterizing this set
of PpECs for potential functions associated with immune re-
sponses and to determine their localizations within plant cells.
The first step was to use 96 primer pairs, designed from the se-
quences of the Link et al. (2014) contigs, to amplify the coding
regions minus the predicted signal peptides of the 96 longest
open reading frames (ORFs) (Supplementary Fig. S1; Supple-
mentary Tables S1 and S2). For simplicity, the polymerase chain
reaction (PCR) products and corresponding clones were assigned
arbitrary names based on size, beginning with PpEC1 as the
largest and ending with PpEC96 as the smallest. The template
used for PCR reactions was cDNA synthesized from RNA
extracted from soybean leaves at 14 days postinfection (dpi) with
P. pachyrhizi (isolate LA04-1). From these reactions, 82 ORFs
minus the signal peptides were successfully cloned into the pCR8
Gateway entry vector. The 82 clones were re-sequenced to con-
firm their authenticity and to determine if the sequences of isolate
LA04-1 deviated from the sequences of isolate Thai1 of Link et al.
(2014). The cloned PpEC amino acid sequences are identical or
differ by just one or two residues, with the exception of PpEC69,
which differs by five residues between the two isolates. Sub-
sequently, Gateway cloning was used to move the 82 PpEC ORFs
into bacterial, T-DNA, viral, and yeast expression vectors for use
in the immune suppression and activation assays or localization
studies described below (Fig. 1).

PpECs that suppress HR and basal defense identified
via T3S from bacteria.
To express PpEC ORFs minus their signal peptides from bac-

teria, their sequences weremobilized into the bacterial T3SS vector
pEDV6 (effector detector vector 6), which previously has been
used to deliver nonbacterial proteins into plants (Fabro et al. 2011;
Sohn et al. 2007; Upadhyaya et al. 2014). These constructions
created a fusion of the AvrRPS4 T3SS signal peptide to the amino
terminus of each PpEC (Fig. 1A). These 82 plasmids plus the
empty pEDV6 were introduced into Pseudomonas syringae pv.
tomato DC3000, CUCPB5115 (Pseudomonas syringae pv. tomato
DC3000 DCEL, a nonvirulent DC3000 mutant lacking key effector
proteins), and Pseudomonas fluorescens EtHAn (a nonpathogen
engineered to carry the T3SS) (Fig. 1A) (Thomas et al. 2009). The
resulting strains were blunt syringe–inoculated into leaves of
Glycine max cv. Williams 82, the host of P. pachyrhizi, and the
nonhost plants Nicotiana tabacum cv. Xanthi, N. benthamiana,
or A. thaliana ecotype Col-0.
To test for suppression of HR, Pseudomonas syringae pv.

tomato DC3000 strains carrying the 82 PpECs were inoculated
into leaves of N. tabacum, N. benthamiana, and soybean to
screen for HR suppressor activities. Pseudomonas syringae pv.
tomato DC3000 carries the effectors HopQ1-1 and AvrD, which
elicit HR in Nicotiana spp. and soybean, respectively (Kobayashi
et al. 1989; Wei et al. 2007). As reported recently, PpEC23 was
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able to suppress the HR caused by Pseudomonas syringae pv.
tomato DC3000 on all plants (Qi et al. 2016). All other strains
maintained the ability to cause robust HR in planta similar to the
empty vector control, indicating that the 81 remaining PpECs
cannot suppress HR elicited by HopQ1-1 or AvrD (Table 1).

Two assays were employed to screen for suppressors of basal
defense. First, it was previously shown that inoculation of non-
pathogenicPseudomonas fluorescensEtHAn induces basal defenses
in N. benthamiana leaves that suppress the ability of Pseudomonas
syringae pv. tomato DC3000 to induce macroscopic HR when

Table 1. Properties of 17 Phakopsora pachyrhizi effector candidates (PpECs) showing evidence for immune suppression–related phenotypes

PpEC
no. Annotation Lineage specificitya Localizationb

DBasal
defensec

DCallose
depositionc DHRc

Yeast cell-death
suppression

HR inductiond

Tomato

Pepper

CM ECW

PpEC3 Fumarate reductase
flavoprotein subunit

No C + + No Negative _ _ _

PpEC6 Protein disulfide isomerase No C +++ + No Medium + _ _

PpEC7 Unknown No C + ++ No Negative _ _ _

PpEC9 Unknown Pucciniales C+N ++ ++ No Negative _ + +
PpEC10 Unknown No Nucleolus +/_ _ No Negative _ + _

PpEC14 Glycoside hydrolase No N ++ ++ No Medium _ _ _

PpEC15 Aspartic proteinase No N ++ +++ No Medium _ _ _

PpEC16 Unknown P. pachyrhizi /orphan C +/_ ++ No Negative _ + +
PpEC17 Unknown No C+N ++ + No Negative _ _ _

PpEC23 Unknown Pucciniales C* +++ +++ Yes Negative _ _ _

PpEC35 Anthranilate
phosphoribosyltransferase

No C ++ + No Weak _ _ _

PpEC36 Rust transferred protein Pucciniales C+N + _ No Negative _ _ _

PpEC49 Unknown Pucciniales C +++ +++ No Strong _ _ _

PpEC77 Unknown No C+N* ++ ++ No Weak _ _ _

PpEC81 Unknown P. pachyrhizi C+N* + ++ No Weak _ _ _

PpEC82 Unknown Pucciniales C+N* +++ +++ No Strong _ _ _

PpEC86 Unknown No C+N +++ +++ No Medium _ _ _

a No means no apparent lineage specificity; Pucciniales, lineage specificity to the rust fungi; P. pachyrhizi, specific to Phakopsora pachyrhizi; and orphan, no
clustering possible with the protein.

b Subcellular localization: C, cytoplasmic; N, nuclear; and *, strong protein aggregation.
c D indicates suppression; HR, hypersensitive response.
d CM, pepper cultivar CM334; and ECW, pepper cultivar ECW-30R.

Fig. 1. Experimental pipeline for identifying Phakopsora pachyrhizi effector candidates (PpECs) with immune related functions and establishing their subcellular
localizations. The open reading frame (ORF) of PpECs without their signal peptides is represented by PpECns, the Pseudomonas fluorescens effector to host analysis by
P. fluorescens EtHAn, Pseudomonas syringae pv. tomato DC3000 by Pst DC3000, Pseudomonas syringae pv. tomato DC3000 carrying a deletion of the conserved
effector locus byDCEL. pGBKT7-GWis a Gateway-compatible yeast expression vector that creates a fusion of the Gal4 DNA-binding domain to the amino terminus of
PpECns, pYL254 is the infectious clone ofPotato virus X in a T-DNAvector (PpECns were cloned into the viral genome at a duplicated coat protein site), pSITEII-3C1 is
a Gateway-compatible T-DNA vector in which the green fluorescent protein is fused to the amino terminus of the PpECns. The primary purpose for the materials
generated for this work are indicated to the left, but they may also be used for other kinds of assays.
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subsequently inoculated into the same area 7 h later (Oh and
Collmer 2005) (Fig. 2A). In a control experiment, we con-
firmed that EtHAn carrying empty pEDV6 suppresses HR in-
duced by Pseudomonas syringae pv. tomatoDC3000 as expected
(Fig. 2B). EtHAn strains carrying each PpEC were then in-
oculated in N. benthamiana leaves, and, 7 h later, overlapping
sites were inoculated with Pseudomonas syringae pv. tomato
DC3000. Of the 82 PpECs, 17 enabled DC3000-induced HR to a
varying extent (Table 1). The HR observed in the overlapping
areas was placed into three categories: +, scattered cell death; ++,
cell death occupied approximately half the overlapping area; and
+++, cell death occupied most of the overlapping area (Fig. 2C to
E). Among the 17 positive PpECs, five (PpEC6, PpEC23,
PpEC49, PpEC82, and PpEC86) were placed in the +++ cate-
gory, which we interpret as the strongest suppressors in this assay.

In the second basal defense suppression assay, we screened each
PpEC for suppression of callose deposition. The Pseudomonas
syringae pv. tomatoDC3000 DCEL strain lacks some key effectors
and, as a result, induces extensive callose deposition in A. thaliana
Col-0 leaves (Fig. 2F), which contrasts with wild-type Pseudo-
monas syringae pv. tomato DC3000, which induces relatively little
callose deposition (Fig. 2F) (DebRoy et al. 2004). Leaves of Col-0
plants were inoculated with Pseudomonas syringae pv. tomato
DC3000 DCEL expressing individual PpECs and, at 1 day after
inoculation, leaves were stained for callose. Fifteen of the PpEC
clones significantly suppressed callose deposition to varying ex-
tents (Table 1). Interestingly, the PpEC clones identified in these
two assays were consistent, with just two exceptions, PpEC10 and
PpEC36, which were relatively weak suppressors of basal de-
fenses and did not suppress callose deposition. These data suggest

Fig. 2. Examples of results from basal defense suppression assays. A to E, Suppression of basal defense caused by Pseudomonas fluorescens EtHAn expressing
Phakopsora pachyrhizi effector candidates (PpECs).A,Diagram of the assay. The question mark (?) indicates the region of overlap that was monitored for response to
bacterial infiltrations. B to E, Different levels of hypersensitive cell-death responses were consistently observed in the overlapping areas of EtHAn strains and
Pseudomonas syringae pv. tomato DC3000, representing the different phenotypes of basal defense suppression. This assay was repeated three times. F, Suppression of
callose deposition induced by inoculation of Pseudomonas syringae pv. tomato DC3000 DCEL expressing PpECs in Arabidopsis leaves. Callose deposition in 36 leaf
regions was analyzed and averaged. The error bars indicate the standard deviations of the numbers of callose deposits. Wild-type Pseudomonas syringae pv. tomato
DC3000 is shown as a positive control for suppression of callose deposition. A _ symbol means negative; +, weak; ++, medium; and +++, strong.
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that P. pachyrhizi delivers a set of effectors into plants to suppress
induced basal defenses associated with PTI.

Suppression of BAX-induced cell death in yeast.
The 82 PpEC sequences minus signal peptide were cloned into

pGBKT7-GW and the resulting plasmids (pGBKT7-GW-PpEC)
were introduced into yeast strain BF264-15Dau to test if any of
them suppressed yeast cell death caused by BAX (Fig. 1B).
BF264-15Dau carries the plasmid YEp51-bax, which expresses
the BAX protein in the presence of galactose (Zha et al. 1996).
BAX causes cell death in yeast with pleiotropic effects, including
ROS production, cytochrome c release, and DNA fragmentation
(Abramovitch et al. 2003). Surprisingly, 54 of 82 PpECs were
able to suppress yeast cell death to various extents, and, based
on growth of the yeast strains, they were placed into four groups

(strong, medium, weak, and negative) (Table 1). The 14 PpECs
classified as strong suppressors of BAX-induced cell death grew at
a rate comparable to the positive control (Fig. 3A). Of the re-
maining PpECs, 28 and 12 were classified as moderate and weak
suppressors of BAX-induced cell death, respectively, and 28 dis-
played no growth at all, demonstrating that they had no ability to
suppress cell death in this assay. We divided the 82 PpEC se-
quences into two groups containing the 41 largest predicted pro-
teins (207 to 670 aa) and the 41 smallest predicted proteins (89 to
206 aa). Interestingly, the ability to suppress BAX-induced cell
death is not distributed evenly among these groups (P < 0.0001,
Fisher’s exact test) (Fig. 3B). The group of small PpEC clones
contains over twice as many proteins that suppress yeast cell death
in this assay, with disproportionate numbers in the strong and me-
dium categories. These data suggest that the smaller PpEC proteins

Fig. 3. Examples of results from the yeast BAX-induced cell-death suppression assays. A, Growth phenotypes of serial dilutions of yeast strains grown on cell
death induction medium. Phakopsora pachyrhizi effector candidates (PpECs) with representative phenotypes were chosen for display. Strong suppressors were
defined by growth detected at the 10

_4 dilution, medium suppressors were defined by growth detected to the 10
_3 dilution, weak suppressors grew at the 10

_1 or
10

_2 dilution, and negatives did not grow at any dilution. The number of PpECs assigned to each phenotypic class are shown in parentheses. This assay was
repeated two times. B, Distribution of the different positive phenotypes among the 41 larger and 41 smaller PpECs.
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may be more likely to have roles in interfering with broadly con-
served cell-death processes.

Subcellular localization of PpECs in N. benthamiana.
To determine where PpEC proteins localize when they are

expressed inside plant cells, we cloned the 82 PpEC sequences
minus their signal peptides into pSITEII-3C1 (Martin et al. 2009),
to fuse the GFP reporter to their amino termini (Fig. 1D). These
plasmids were transformed into Agrobacterium tumefaciens so
that the GFP fusion proteins could be transiently expressed in
N. benthamiana leaves following agroinfiltration. To determine
the subcellular localization of the 82 GFP-PpEC fusions, we
visualized GFP fluorescence by epifluorescence microscopy in
N. benthamiana epidermal cells. We coexpressed the unfused
mCherry protein to provide a control for protein expression and
background fluorescence in the cells, due to its distribution in both
nuclei and cytoplasm. There were four basic patterns of GFP
distribution in the cells, cytoplasmic, nuclear, nucleolar, and
cytoplasmic + nuclear (Table 1).We selected five of the GFP-PpEC

fusion proteins representative of the distribution patterns for con-
focal microscopy, to gain a more detailed view of the localization
(Fig. 4). Of the 82 GFP-PpEC fusion proteins tested, 33 appeared
to be evenly distributed in both the nucleus and the cytoplasm (Fig.
4A to D). Another 16 GFP-PpECs also were observed in both
cytoplasm and nuclei, but, in the cytoplasm, the fusion proteins
appear to be located mainly in small bodies, which could be or-
ganelles, other subcellular compartments, or artifacts of protein
aggregation (Fig. 4E to H). Of the remaining 30 GFP-PpECs, 12
were present in the cytoplasm and excluded from the nucleus (Fig.
4I to L), 17 were located in the nucleus and not the cytoplasm
(Figure 4M to P), and a single GFP-PpEC fusion protein was
localized nearly exclusively to the nucleolus (Fig. 4Q to T). For the
five GFP-PpEC fusions localized in Figure 4, we confirmed that
the intact GFP-PpEC fusion proteins were expressed in N. ben-
thamiana leaves, using a Western blot assay with a GFP antibody
(Supplementary Fig. S2). We did not detect fluorescence signals
for three of the GFP-PpEC fusion proteins in this system, sug-
gesting that these were expressed weakly or not at all, for unknown

Fig. 4. Examples of in planta subcellular localization of Phakopsora pachyrhizi effector candidates (PpECs). Subcellular localizations of PpECs with an amino-
terminal green fluorescent protein (GFP) fusion were determined by confocal microscopy. All GFP-PpEC fusions were transiently coexpressed with mCherry
in Nicotiana benthamiana, using agroinfiltration, and leaves were stained with 49,6-diamidino-2-phenylindole (DAPI) to detect nuclei. Cells were imaged
using filter sets that allowed detection of GFP, DAPI, and mCherry. A to D, PpEC49, representing localization in both the nucleus and cytoplasm. E to H,
PpEC81, representing localization in the nucleus and small cytoplasmic bodies. I to L, PpEC33, representing the localization in cytoplasm only. M to P,
PpEC15, representing the localization in nucleus only.Q to T, PpEC10, representing localization in the nucleolus. The bar = 20 µm, except in Q to T, in which
the bar = 5 µm. This assay was repeated three times.
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reasons. These findings indicate that P. pachyrhizi, similar to other
rust fungi, may deliver effector proteins to a variety of distinct host
cell compartments.

PpECs that induce HR in tomato and pepper.
We were interested in identifying nonhost plants that could

express HR in response to one or more of the PpECs, as an ap-
proach to identify novel sources of resistance. In all experiments in
which we infiltrated N. benthamiana with Pseudomonas fluo-
rescens EtHAn or Agrobacterium strains in order to deliver the
PpEC or GFP-PpEC proteins, respectively, we never observed HR.
These observations suggest that none of the PpEC proteins could
be recognized in N. benthamiana to induce a nonhost HR. To
further investigate if any PpEC could induce HR in nonhost plants,

we transiently expressed them in tomato (Solanum lycopersicum
cv. VF36) via agroinfiltration of the GFP-PpEC constructs used
for the localization experiments (Fig. 1D). GFP-PpEC6 was the
only construct that induced HR in tomato in this assay (Fig. 5A).
We also used a screening system established in pepper plants

for identifying effector candidates that induce nonhost HR (Fig.
1C) (Lee et al. 2014). The PpECs were cloned into the Potato
virus X (PVX) expression vector pYL254 (Liu et al. 2002). The
PVX-PpEC clones were first agroinfiltrated into N. benthamiana
leaves to produce infectious virions for rub-inoculation onto
pepper plants (Capsicum annuum cvs. CM334 and ECW-30R).
In this assay, five PpECs induced cell death in CM334 and 14
induced cell death in ECW-30R (Fig. 5). Interestingly, only two
PpEC clones, PpEC9 and PpEC16, caused cell death on both

Fig. 5. Cell-death induction in tomato and pepper. A, Phakopsora pachyrhizi effector candidate 6 (PpEC6) induced cell death when transiently expressed by
agroinfiltration in tomato cultivar VF36. This assay was repeated three times. B, PpEC9 and PpEC16 induced cell death in pepper cultivars ECW-30R and
CM334 when expressed from Potato virus X. C, The Venn diagram displays the number of PpECs inducing cell death in pepper cultivars CM334 and ECW-
30R, with the total number shown in parentheses.

Vol. 31, No. 1, 2018 / 169

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-07-17-0173-FI&iName=master.img-004.jpg&w=312&h=499


pepper cultivars, suggesting that there is a common mechanism
for recognizing them in these two cultivars. These findings also
indicate that there is differential recognition of several PpEC
proteins by the pepper immune system.

DISCUSSION

Our goal was to use a variety of approaches that enabled rela-
tively large-scale screens of P. pachyrhizi haustoria–expressed se-
creted proteins, which we previously termed PpECs, for functions
expected of effectors. Toward this end, we cloned the ORFs minus
signal peptide of 82 PpECs from isolate LA04-1 of P. pachyrhizi
into a Gateway entry vector and re-sequenced them. The ORFs
were readily mobilized from the entry vector into four different
vectors for expression in bacteria, plants, and yeast, namely,
pEDV6 (bacterial T3S signal fused to amino termini), pSITEII-
3C1 (T-DNAvector for in planta expression of N-terminal GFP
fusions), pYL254 (transient in planta expression from PVX),
and pGBKT7-GW (constitutive expression in yeast with N-
terminal Gal4 binding domain fusions). These vectors enabled
a variety of assays in N. benthamiana, N. tabacum, A. thaliana,
soybean, tomato, pepper, and yeast that allowed us to associate
17 PpECs with activities consistent with immune suppression
in planta (Table 1), 18 PpECs with activities suggesting im-
mune activation in nonhosts, and 54 PpECs that suppressed
BAX-induced cell death to various extents in yeast.
The identification of effectors from rusts and other fungi is

complicated by the fact that there are, as yet, no tell-tale signatures
that enable prediction of effector proteins with high confidence
(Bakkeren et al. 2016). This is in contrast with bacterial and oomy-
cete pathogens for which T3S signals and RxLR or CRINKLER
motifs, respectively, can be used to reliably identify effector pro-
teins. Nevertheless, several groups have developed bioinformatic
pipelines for predicting rust effector candidates from genomes,
transcriptomes, or both (Bakkeren et al. 2016; Lorrain et al. 2015;
Petre et al. 2014; Sperschneider et al. 2016). Characteristics that are
used in some or all these pipelines include i) the presence of a signal
peptide and no other targeting sequence or transmembrane domain,
ii) size of the predicted protein <300 aa, iii) no annotation for
predicted protein, iv) lineage specificity (e.g., not found outside of
order Pucciniales), v) high cysteine content, vi) expression in
haustoria or at least in planta, and vii) signatures of rapid evolution.
Following these analyses, a few hundred to several hundred can-
didate effector proteins remain, creating a new problem of how to
prioritize them for further analyses (Petre et al. 2014). Programs
such as EffectorP and LOCALIZER were developed to refine
predictions about proteins most likely to share common features
with known effectors or to be localized to an interesting compart-
ment within the target host cell (Sperschneider et al. 2016, 2017).
Despite some limitations to predict the full complement of

P. pachyrhizi secreted proteins, there are still plenty of candidates
to choose from, creating the need for a large-scale effectoromics
approach. To discover P. pachyrhizi effectors, we used the 156
PpECs identified by Link et al. (2014) as our starting point,
making no assumption about protein size, annotation, lineage
specificity, cysteine content, or signatures of rapid evolution. In-
stead, we elected to cast a wide net by using assays that allowed us
to screen a relatively large number of PpECs for effector-like
functions and their localizations. The 82 cloned PpEC ORFs
ranged in size from 89 to 684 aa, and, although we did not use a
size cut-off, 62 of these PpECs were smaller than 300 aa, reflecting
an inherent bias toward smaller proteins. We included the larger
PpECs because some known effectors, such as AvrM, are larger
than 300 aa (Petre et al. 2014). Arguments for including proteins
with functional annotation comes from examples of effectors
identified in other plant-pathogenic fungi, such as BEC1019, a
CSEP from the barley powdery mildew pathogen, or Cmu1 from

Ustilago maydis. BEC1019 is a broadly conserved protein that is
present in pathogenic and nonpathogenic fungi, it suppresses host
cell death and is required for full virulence (Whigham et al. 2015).
Cmu1 is a chorismate mutase, an enzyme that can be found in other
microbial pathogens and in plant-parasitic nematodes (Gao et al.
2003; Huang et al. 2005; Noon and Baum 2016). It is required for
full U. maydis virulence (Djamei et al. 2011). Only 12 of our
PpECs possessed functional annotation, indicating an inherent bias
toward unannotated proteins.
Our strategies to screen the 82 PpECs for effector-like functions

and localization relied heavily on heterologous plants and effector
delivery systems for several reasons. From the plant perspective, all
assays involving bacterial delivery (Pseudomonas spp. or Agro-
bacterium tumefaciens) require consistent and reproducible in-
filtration of the leaves, which is difficult on this scale in soybean.
Therefore, we relied primarily on N. benthamiana, for many of the
initial assays, because its leaves are very easy to infiltrate. The use
of heterologous plant systems may raise concerns that the same
functions may not be observed in the host plant. However, evidence
is accumulating that validates such effector screens. In the case of
PpEC23, we have previously shown that the immune suppression
functions in Nicotiana spp. also occur in soybean (Qi et al. 2016).
PpEC23 suppresses HR caused by Pseudomonas syringae pv. to-
mato DC3000 in soybean, N. benthamiana, and N. tabacum, al-
though a different effector-resistance gene pair is responsible for
activating HR in soybean and Nicotiana spp. These immune
suppression functions may occur through interaction with a tran-
scription factor belonging to the SQUAMOSA PROMOTER-
BINDING-LIKE (SPL) family (Qi et al. 2016). PpEC23 was also
tested by Kunjeti et al. (2016) (CSEP-35) for an ability to promote
Phytophthora infestans virulence on N. benthamiana, but no effect
was observed. However, they did observe that transient expression
of CSEP-07 and CSEP-09 promoted Phytophthora infestans
growth. CSEP-07 was not among our cloned PpECs, but CSEP-
09 corresponds to PpEC59, which did not alter plant immune
responses in the assays we performed. None of the six effector
candidates shown by de Carvalho et al. (2017) to suppress
Pseudomonas syringae pv. tomato DC3000–induced HR were
among our cloned PpECs, but interestingly, PpEC23 shares a ten-
cysteine motif with three of the effector candidates that were
members of their Tribe 3. This observation provides additional
evidence that the family of candidate effectors including PpEC23
play important roles in P. pachyrhizi virulence.
Puccinia striiformis f. sp. tritici effector candidate PEC6 com-

promises PTI inN. benthamiana, A. thaliana, and wheat (Liu et al.
2016). PEC6 was one of six randomly selected effector candidates
that possess a signal peptide and are highly expressed in haustoria.
Host-induced gene silencing (HIGS) to downregulate expression
of PEC6 decreased the number of Puccinia striiformis f. sp. tritici
pustules, further supporting its role in virulence. Another Puccinia
striiformis f. sp. tritici effector candidate, PSTha5a23, suppresses cell
death induced byBAX, INF1,MKK1, andNPK1 inN. benthamiana
(Cheng et al. 2017). HIGS of PSTha5a23 had no effect on fungal
growth, but its overexpression in wheat plants suppressed callose
deposition associated with PTI and promoted fungal infection.
This effector candidate was selected for analysis because it was
unique to Puccinia striiformis f. sp. tritici, exhibited a low level of
intraspecies polymorphism, and had high expression in planta.
Shr7, also from Puccinia striiformis f. sp. tritici, was identified as
one of nine effector candidates that suppress ETI inN. benthamiana
out of a total of 18 candidate effectors screened (Ramachandran
et al. 2017). Shr7 was unique among these nine effector candi-
dates in its ability to also suppress flg22-induced ROS production.
When Shr7 was introduced into wheat, using the Pseudomonas
fluorescensEtHAn strain, it was also observed to suppress HR that
is normally induced by Pseudomonas syringae pv. tomato
DC3000.
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Although the P. pachyrhizi host range is limited to legumes
(Goellner et al. 2010), 17 PpECs could suppress immunity in
N. benthamiana and A. thaliana. One reason why functions for
some effectors may be observed in heterologous plants is that ef-
fectors encoded by organisms as different as bacterial and oomy-
cete pathogens converge on a limited set of host target proteins
(Mukhtar et al. 2011). This suggests that there are conserved
components of plant immune protein networks that are important
targets for diverse pathogens. It is not unexpected that we were
unable to detect an effector-like function for 65 of the PpECs. Pos-
sible reasons for this include a requirement for specific interaction
between PpECs and one or more of their host targets, artifacts of
expression (e.g., misfolding, mislocalization, addition of GFP or
epitope tags, presence of Gateway linkers, lack of posttranslational
modifications that would be added in the fungus, or improper
timing), inappropriate defense suppression, or activation assay, or
they may possess other functions related to pathogenicity and
virulence, such as nutrient acquisition, that we did not test for or
some may not be bona fide effectors. Another interesting possi-
bility is that the activity of some effectors may be influenced by
others (Ma et al. 2017; Wei et al. 2015), which we could not test by
expressing the PpECs individually.
Besides immune suppression, we were also interested in the

ability of PpECs to activate plant immune responses, particularly in
nonhost plants. Other groups have focused on understanding factors
that contribute to nonhost resistance to P. pachyrhizi in A. thaliana
and Medicago sativa (Campe et al. 2016; Ishiga et al. 2015;
Langenbach et al. 2013; Loehrer et al. 2008). We tested whether
any PpEC could induce HR in tomato cultivar VF36 and pepper
cultivars CM334 and ECW-30R. PpEC6 inducedHR in tomato and
it also suppressed basal defense to Pseudomonas fluorescens
EtHAn in N. benthamiana and callose deposition in A. thaliana.
Although PpEC6 was identified in our original bioinformatic
analyses as a potentially secreted protein, closer inspection of its
amino acid sequence indicates that it possesses a C-terminal HDEL
motif that could cause it to be retained in the fungal endoplasmic
reticulum (Pelham et al. 1988). Therefore, we have elected not to
further pursue its characterization. In pepper, 17 PpECs induced
HR in at least one cultivar, but there were only two PpECs that
induced HR in both cultivars. Interestingly, these two PpECs also
suppressed PTI responses, whereas only one of the 15 PpECs that
induced cultivar-specific HR in pepper also suppressed PTI re-
sponses. These data suggest that there is specificity for recognizing
the presence of PpECs in pepper, and these differential responses
could be useful in the future for mapping and cloning potentially
new soybean rust resistance genes. In a previous study, 36 of 54
RXLR effectors from Phytophthora infestans caused HR in at least
a subset of 100 pepper cultivars screened by agroinfiltration, and, of
these, pepper responses were verified for 17, using the PVX ex-
pression system in a subset of four cultivars (Lee et al. 2014). Some
pepper genotypes were able to broadly recognize RXLR effectors,
while others weremore specific. Genetic analyses indicated that the
responses segregated in ratios consistent with recognition of ef-
fectors by one or two dominant genes. Some secreted proteins may
also induce immune responses similar to PTI. Puccinia striiformis
f. sp. trititici effector candidate PSTha2a5 (PstSCR1) acti-
vated immunity when expressed in N. benthamiana. This induced
immunity required the signal peptide and the plant coreceptor
protein BAK1, and it reduced infection by Phytophthora infestans
andPeronospora hyoscyami f. sp. tabacina (Dagvadorj et al. 2017).
Because the signal peptide was removed in our assays, we would
not have been able to identify immune activation at the cell surface.
Yeast is amenable to high throughput screens, and hallmarks of

cell death are conserved among yeast and plants (Chen et al. 2004).
We tested for the ability of PpECs to suppress BAX-induced cell
death. BAX is a mammalian proapoptotic protein that interferes
with yeast mitochondrial functions and causes ROS accumulation

and cell death (Priault et al. 2003), which bears similarity to HR in
plants (Lacomme and Santa Cruz 1999).We reasoned that studying
cell death suppression in yeast could lead to insights into effector
function and immune suppression in plants. AvrPtoB is an example
of a bacterial type III effector that functions across kingdoms by
suppressing cell death in both plants and yeast (Abramovitch et al.
2003). The Avr1b and Avh331 RXLR effectors from Phytophthora
sojae can weakly suppress BAX-induced cell death in yeast
(Wang and Huang 2011). Here, a surprising number of PpECs
could suppress BAX-induced cell death to one extent or another
and, as such, it is currently difficult to interpret our results. If we
focus on the strong suppressors of BAX-induced cell death,
which are all well under 300 aa, then PpEC49 and PpEC82 stand
out, because they also are strong suppressors of PTI responses. It
would be interesting to test if randomly selected proteins with
similar properties but not predicted to be secreted could suppress
BAX-induced cell death to a similar extent, but this would re-
quire considerable effort and time. Nevertheless, these results
suggest that yeast could be a suitable system in which to explore
the mechanisms of PpEC function in the future.

Concluding remarks.
The current challenges of determining the functions of ef-

fectors produced by obligate biotrophic fungi have necessitated
approaches using heterologous plants and expression systems.
The use of bacterial, viral, and yeast expression systems and
nonhost plants (i.e., N. benthamiana, N. tabacum, A. thaliana,
tomato, and pepper) enabled us to interrogate PpECs on a rela-
tively large scale. Previous work by ourselves and others dem-
onstrates that studies initiated in surrogate systems can often
translate directly to the functions of effector proteins in the crop
host. The 17 PpECs that suppress PTI coupled with insight into
their potential localizations form an important foundation for
future studies geared toward understanding howP. pachyrhizi and,
potentially, other rusts colonize their hosts. The properties of these
17 PpECs demonstrates that if our assays had been biased toward
small proteins high in cysteine content and lacking functional
annotation, we would have ignored several potentially interesting
PpECs. These PpECs are good targets for HIGS studies, to de-
termine their roles in pathogenicity, expression in soybean,
identification of one or more host protein targets, biochemical
characterization, and more detailed localization analyses during
fungal infections. The screens performed are not exhaustive and,
therefore, we are also interested in employing other types of as-
says that can provide insight into other facets of effector functions
that influence P. pachyrhizi pathogenicity and virulence.

MATERIALS AND METHODS

Bacterial strain and plasmid mobilizations.
Bacterial strains used in this study are listed in Table 2.

Escherichia coli and Agrobacterium tumefacienswere grown in
Luria-Bertani (LB) broth at 37�C (E. coli) or 28�C (Agro-
bacterium tumefaciens), using either liquid or solid media.
Pseudomonas strains were grown in either LB or King’s B (KB)
medium at 28�C. Plasmids were mobilized from E. coli to
Pseudomonas strains by standard triparental mating using
E. coli HB101 (pRK2013) as a helper strain.

Plant materials.
N. benthamiana, N. tabacum cv. Xanthi, soybean (Glycine

max cv. Williams 82), tomato (Solanum lycopersicum cv.
VF36), and pepper (Capsicum annuum cv. CM334 and ECW-
30R) plants were grown in controlled environment chambers at
an average temperature of 24�C (range 20 to 26�C), with 45 to
65% relative humidity under long-day conditions (16 h of light).
A. thaliana plants were grown in controlled environment chambers
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at an average temperature of 22�C (range 18 to 24�C), with 45 to
65% relative humidity under short-day conditions (10 h of light).

Cloning PpEC ORFs from the LA04-1 isolate
of P. pachyrhizi.
Leaf tissue was collected from cv. Williams 82 soybean plants 7

dpi with P. pachyrhizi isolate LA04-1 (Baysal-Gurel et al. 2008)
and were immediately frozen in liquid nitrogen and were stored at
_80�C. Infected leaf tissue was ground in liquid nitrogen and RNA
was extracted, using the Qiagen plant RNeasy kit (Qiagen, Valencia,
CA, U.S.A.), and was treated with Turbo DNase (Ambion, Thermo
Fisher Scientific, Waltham, MA, U.S.A.). Complementary DNA
(cDNA) was synthesized using oligo dT primer and Superscript
III reverse transcription according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA, U.S.A.). The PpEC ORFs were PCR
amplified from the cDNA of P. pachyrhizi isolate LA04-1 without
signal peptide. The PCR products were cloned into the Gateway
entry vector pCR8/GW/TOPO (Invitrogen).

Bacterial inoculation and growth in planta.
Nicotiana plants used in this study were between five and six

weeks old, A. thaliana plants were between four and five weeks
old, tomato plants were four weeks old, and soybean plants were
14 days old. For expression of PpECs via the bacterial T3SS, the
PpEC ORFs were recombined into the Gateway destination vector
pEDV6 (Table 2), using LR clonase II (Invitrogen). All plant assays
were performed by infiltrating a bacterial suspension into plant
leaves with a needleless syringe. Agrobacterium strains were
resuspended in the induction buffer (100 µM acetosyringone,
10 mMMES, pH 5.6, and 10 mMMgCl2) and were kept at room
temperature for 3 h before infiltration, all other strains were
resuspended in inoculation buffer (10 mM MgCl2). The areas of
bacterial infiltration weremarked lightly with a Sharpie permanent

marker. Levels of bacterial inoculum used in experiments are
noted in the figures and legends. Bacterial levels in planta were
determined by cutting leaf disks with a cork borer (inner diameter
0.5 cm) and completely homogenizing them in 500 µl of in-
oculation buffer. The resulting suspension containing the bacteria
was diluted and plated on KB plates with appropriate antibiotics.

Callose staining and microscopic analysis.
A. thaliana leaves were harvested 12 h after bacterial in-

filtration and were cleared and stained with aniline blue for cal-
lose, as described (Adam and Somerville 1996). Leaves were
examined with a Zeiss Axioplan II microscope with an A4 fluo-
rescence cube. The numbers of callose deposits were determined
with ImageJ software (NIH). Six adjacent fields of view along the
length of the leaf (avoiding the midvein, leaf edge, or the syringe-
damaged area) were analyzed and averaged. The values shown in
Figure 2F are the average and standard deviation of more than six
independent leaves for each treatment.

Agroinfiltration-mediated transient expression
in N. benthamiana and PVX inoculation of pepper.
To create GFP-PpEC constructs, the PpEC ORFs cloned into the

Gateway entry vector pCR8/GW/TOPO were recombined into the
Gateway binary destination vector pSITEII-3C1 (Table 2), using
LR clonase II (Invitrogen). To create PVX-PpEC constructs, the
same set of PpEC ORFs without signal peptides were inserted into
pYL254. All binary vectors were introduced into Agrobacterium
tumefaciens GV3101 using the freeze-thaw method (An et al.
1988). GFP was detected in agroinfiltrated N. benthamiana leaves
using a Leica SP5 X MP confocal/multiphoton microscope sys-
tem at 48 h after infiltration. PVX-PpEC-infected systemic
N. benthamiana leaves after agroinfiltration were collected, ground,
and rub-inoculated with 400-mesh Carborundum on pepper

Table 2. Strains and plasmids

Strain or plasmid Genotype or relevant phenotypea Source or reference

Escherichia coli
DH5a F

_
endA1 glnV44 thi-1 recA1 relA1 gyrA96

deoR nupG F80dlacZDM15 D (lacZYA-
argF)U169 hsdR17(rK

_
mK

+ ) l_

Invitrogen

TOP10 F
_
mcrA D (mrr-hsdRMS-mcrBC)

F80lacZDM15 DlacX74 nupG recA1
araD139 D (ara-leu)7697 galE15 galK16
rpsL(Spr) endA1 l_

Invitrogen

Pseudomonas syringae pv. tomato
DC3000 Wild type, Rifr S. Y. He lab
CUCPB5115 DCEL::WSp/Smr, Rifr Spr Badel et al. 2003

Pseudomonas fluorescens
EtHAn Pseudomonas fluorescens Pf0-1 carrying a

working TTSS from Pseudomonas syringae
pv. syringae, Cmr

Thomas et al. 2009

Agrobacterium tumefaciens
GV3101 Carries Vir plasmid encoding T-DNA

transfer machinery, Rifr, Gmr
Lab stock

Saccharomyces cerevisiae
BF264-15Dau MATa ade1 his2 leu2-3,112trp1-1a ura3 M. G. Mitchum lab

Plasmids
pCR8 ∕GW∕ TOPO Gateway-compatible entry vector, Spr Invitrogen
pEDV6 Gateway-compatible version of pEDV3, Gmr Sohn et al., 2007
pGBKT7-GW Gateway-compatible version of pGBKT7, Kmr M. G. Mitchum lab
pYEp51-bax bax expression controlled by GAL10

promoter, Ampr, LEU2
M. G. Mitchum lab

pSITEII-3C1 Gateway-compatible binary vector for
transient overexpression of enhanced green
fluorescent protein–fused in planta, Spr

Martin et al., 2009

pYL254 Gateway-compatible Potato virus X–based
expression vector, Kmr

Liu et al. 2002

a Antibiotics were used at the following concentrations (µg/ml): rifampicin (Rif) 100, gentamycin (Gm) 50, kanamycin (Km) 100, spectinomycin (Sp) 50,
chloramphenicol (Cm) 30, and ampicillin (Amp) 100.
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leaves. At 7 to 8 dpi, inoculated leaves were harvested and
characterized for cell-death phenotypes by destaining chloro-
phyll with 100% ethanol for 3 to 5 days.

Yeast cell-death assays.
Yeast cell-death assays were performed following the procedure

previously described (Laloux et al. 2010), with some modifica-
tions. Yeast strain BF264-15Dau carrying the plasmid YEp51-bax,
which is inducible by galactose to express BAX protein, and
Gateway-compatible pGBKT7-GW containing PpEC ORFs was
cultured in liquid SD/–Leu/–Trpmedia at 30�C for overnight before
the yeast cells were resuspended in liquid YNB/Gal/–Leu/–Trp
media (yeast nitrogen base 6.7 g per liter, galactose 2%,
–Leu/–Trp DO supplement 0.64 g per liter) for 6-h induction.
Yeast cells were collected by centrifugation, were washed in liquid
YNB/Gal/–Leu/–Trp media for at least four times and were ad-
justed to an optical density at 600 nm of 1. The resulting yeast
inoculum was serially diluted and was placed on YNB/Gal/
–Leu/–Trp plate. The plates were photographed on the fourth day
after culturing at 30�C. Nematode effector 4F01 (M. G. Mitchum,
personal communication) and empty vector were included in each
plate as positive and negative control, respectively.
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