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Rust fungi are devastating crop pathogens that deliver effector
proteins into infected tissues to modulate plant functions and
promote parasitic growth. The genome of the poplar leaf rust
fungus Melampsora larici-populina revealed a large catalog of
secreted proteins, some of which have been considered candi-
date effectors. Unraveling how these proteins function in host
cells is a key to understanding pathogenicity mechanisms and
developing resistant plants. In this study, we used an effec-
toromics pipeline to select, clone, and express 20 candidate
effectors in Nicotiana benthamiana leaf cells to determine their
subcellular localization and identify the plant proteins they
interact with. Confocal microscopy revealed that six candidate
effectors target the nucleus, nucleoli, chloroplasts, mitochon-
dria, and discrete cellular bodies. We also used coimmuno-
precipitation (colP) and mass spectrometry to identify 606
N. benthamiana proteins that associate with the candidate
effectors. Five candidate effectors specifically associated with
a small set of plant proteins that may represent biologically
relevant interactors. We confirmed the interaction between the
candidate effector MLP124017 and TOPLESS-related protein
4 from poplar by in planta coIP. Altogether, our data enable us
to validate effector proteins from M. larici-populina and reveal
that these proteins may target multiple compartments and
processes in plant cells. It also shows that N. benthamiana can
be a powerful heterologous system to study effectors of obligate
biotrophic pathogens.

Plant pathogens secrete virulence proteins known as effectors
to modulate host functions and sustain colonization (Dodds and
Rathjen 2010). Determining how these effectors function is
a key to understanding pathogenicity mechanisms and im-
proving our ability to protect crops from disease. Accordingly,
the study of these proteins, which is referred to as effector
biology, has become a driving theme of research in molecular
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plant pathology (Hogenhout et al. 2009). Whole-genome se-
quencing has revealed repertoires of hundreds of genes
encoding predicted secreted proteins in fungal and oomycete
plant pathogens (Kamoun 2007; Schmidt and Panstruga 2011).
Many, although not all, of these secreted proteins are thought to
function as effectors, modulating host structure and physiology.
Whereas apoplastic effectors function in the host-pathogen
interface, host-translocated (cytoplasmic) effectors enter plant
cells, where they carry a diverse array of activities in various
subcellular locations (Rovenich et al. 2014; Win et al. 2012).
A key question in effector biology is how effector proteins
function inside host cells. To answer this question, it is critical to
identify the host cell compartment that effectors target and the
host proteins they associate with (Alfano 2009). Host-
translocated effectors of fungal and oomycete plant pathogens
have been reported to target a variety of subcellular compartments,
such as the plasma membrane, tonoplast, vacuole, endoplasmic
reticulum, nuclear compartments, and cytosol (Bozkurt et al. 2012;
Caillaud et al. 2012; McLellan et al. 2013; Rafiqgi et al. 2012).
Bacterial effector proteins also accumulate in these compartments,
but in addition, some Pseudomonas type-1lI effector proteins have
been reported to accumulate in chloroplasts and mitochondria
(Block et al. 2010; Jelenska et al. 2007; Li et al. 2014; Rodriguez-
Herva et al. 2012). In plant cells, effectors can have enzymatic
activities (Djamei et al. 2011) or associate with host molecules, such
as nucleic acids and proteins (Mak et al. 2012). Host proteins that
associate with effectors can be classified as helpers (facilitators) or
targets (Win et al. 2012). Helpers are host factors that enable
effectors to function, e.g., by mediating effector trafficking or
maturation, whereas targets are the molecules modulated by the
effectors to alter host processes (Win et al. 2012). Effectors perturb
host targets in various ways. For instance, many effectors modulate
the stability of their host targets whereas others act as inhibitors of
the target enzymatic activity (Bos et al. 2006, 2010; Caillaud et al.
2013; Park et al. 2012; Wang et al. 2010; Xing et al. 2007). Effectors
from evolutionarily unrelated pathogens can sometimes converge
on the same host target (Mukhtar et al. 2011; Song et al. 2009;
Wefling et al. 2014) but effectors can also disable effector-targeted
pathways at different steps (Boller and He 2009; Win et al. 2012).
The functional investigation of genome-wide catalogs of
candidate effectors requires high-throughput approaches com-
monly referred to as ‘effectoromics.” Given that many effectors
function in plant cells and that it is often not possible to deliver
tagged effectors via the pathogen, a widely used assay consists
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of expressing candidate effectors directly in plant cells. Meth-
ods such as agroinfiltration (Agrobacterium tumefaciens tran-
sient transformation assay) and agroinfection (A. tumefaciens/
virus-mediated transformation) of Nicotiana benthamiana
leaves have been extensively used (Du et al. 2014; Oh et al.
2009; Torto et al. 2003; Vleeshouwers et al. 2008; Wang et al.
2011). Notably, the large pavement cells of the abaxial surface
of the leaves are particularly suitable for subcellular localiza-
tion of fluorescently-tagged effector proteins by confocal mi-
croscopy (Caillaud et al. 2012; Schornack et al. 2010). Another
method amenable to medium-throughput screens is the identi-
fication of interactors of effector proteins in planta, using colP
followed by liquid chromatography-tandem mass spectrometry
(coIP/MS) (Bozkurt et al. 2011; Win et al. 2011).

Rust fungi (Basidiomycetes, Pucciniales) are a large group of
fungal pathogens that collectively infect many plant families
(Duplessis et al. 2012). Among the approximately 7,000 spe-
cies of rust fungi, several are among the most devastating
pathogens of crops and are a constant threat to agricultural
systems and food security (Pennisi 2010). Although the Puc-
ciniales are intensely studied (Dean et al. 2012), their obligate
biotrophic lifestyle and the fact that they do not infect model
plant species have precluded in-depth molecular investigations
of their biology and pathogenicity mechanisms. As a conse-
quence, only a handful of rust fungal effector proteins have
been validated so far (Petre et al. 2014). They consist of small
proteins with N-terminal signal peptides that are expressed in
haustoria and show no sequence similarity to proteins outside
the Pucciniales (Garnica et al. 2014; Kemen et al. 2005; Rafiqi
et al. 2010). These effectors appear to translocate inside host
cells in which they accumulate in the nucleus or cytosol.
However, we still do not know how they function in host cells
and which host proteins they target (Petre et al. 2014).

Melampsora larici-populina causes leaf rust disease on culti-
vated poplars, and annual epidemics lead to considerable damage
in plantations (Duplessis et al. 2009; Hacquard et al. 2011; Major
et al. 2010). The analysis of the M. larici-populina genome re-
vealed a large catalog of 1,184 small secreted proteins defined as
having fewer than 300 amino acids and no transmembrane domains
(Duplessis et al. 2011a). Among these secreted proteins, the most
promising candidate effectors have been identified as lineage-
specific, expressed during the biotrophic phase of leaf colonization,
and having signatures of positive selection (Hacquard et al. 2010,
2012; Saunders et al. 2012). Notably, a set of 73 small secreted
proteins that are expressed in haustoria or display sequence simi-
larity to haustorially-expressed proteins from Melampsora lini is
likely to be enriched in host-cell translocated effector proteins
(Catanzariti et al. 2006; Hacquard et al. 2012; Joly et al. 2010).

In this study, we established an effectoromics pipeline to
select, clone, and express M. larici-populina candidate effec-
tors in N. benthamiana leaf cells to determine their subcellular
localization and association with plant proteins. We highlight
eight candidate effectors that either accumulate in distinct
host subcellular compartments, specifically associate with
N. benthamiana proteins, or both and which are high-priority
proteins for further investigations. To validate the colP/MS
screen, we confirmed the association between one candidate
effector, MLP124017, and the poplar TOPLESS-related protein
4, confirming that N. benthamiana can be a powerful heterol-
ogous system to study pathogen effectors.

RESULTS

Selection of candidate effector proteins
from M. larici-populina.

To identify the most promising candidate effectors of M. larici-
populina, we selected small secreted proteins that fulfill the
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following three criteria: i) expressed in planta and in haustoria but
not in spores, ii) no predicted function and no recognizable do-
main, and iii) no sequence similarity to proteins outside the Puc-
ciniales (Fig. 1). After removing redundant family members, we
obtained 16 genes that fulfill these three criteria. We added to the
list eight proteins: MLP37347, MLP124266, MLP124530, and
MLP123524 that encode homologs of validated effector proteins
from other Pucciniales (AvrL567, AvrP4, AvrP123, and RTP1,
respectively), MLP123731 and MLP106985, because they are
strongly expressed during the biotrophic phase, and MLP124478
and MLP67606, because they belong to gene families with sig-
natures of positive selection (Duplessis et al. 2011b; Hacquard
et al. 2010, 2012) (Table 1). The final list consisted of 24 proteins
that ranged in size from 72 to 256 amino acids (average 147)
with 0 to 11 cysteine residues within the mature form (Table 1).
Interestingly, 13 candidates are classified into protein families
in M. larici-populina but have no sequence similarity to proteins in
other species, suggesting a recent expansion in M. larici-populina.
Only MLP123524, MLP124111, and MLP91075 show sequence
similarity to proteins from Puccinia species.

Candidate effectors accumulate
in distinct subcellular compartments.

To determine where the 24 candidate effectors accumulate in
plant cells, we first cloned the coding sequence matching their
mature form (i.e., without signal peptide) to obtain candidate
effector-green fluorescent protein (GFP) fusions downstream of
a 35S promoter in an Agrobacterium tumefaciens binary vector.
Next, we expressed the fusion proteins in N. benthamiana by
agroinfiltration and determined their level of accumulation in leaf
cells by confocal microscopy and immunoblotting. A total of 20
fusion proteins accumulated at detectable levels in leaves (Fig. 2;
Supplementary Fig. S1). Immunoblotting experiments showed
that 14 fusion proteins displayed a single band at the expected
size, which confirmed their integrity. The six remaining fusion
proteins showed bands that were higher or lower than expected,
suggesting posttranslational or other modifications (Supplemen-
tary Table S1). In contrast, four fusion proteins showed no de-
tectable fluorescent signals and no bands on the immunoblots
(Table 1). Increasing the concentration of infiltrated bacteria only
resulted in weak fluorescent signals, heterogeneously dispatched
in few cells. Based on these data, we discarded these four proteins
and retained only the 20 fusion proteins that accumulated at de-
tectable levels in leaf cells for further investigation.

Of the 20 fusion proteins, six displayed an informative dis-
tribution of the fluorescent signal that markedly differed from
the GFP control (Fig. 2A to F; Supplementary Figs. S2 and S3).
First, MLP109567-GFP and MLP124478-GFP fluorescent signals
accumulated in the nucleus and the nucleoli, respectively (Fig. 2A
and B). Second, MLP124530-GFP and MLP37347-GFP signals
accumulated in small bodies. MLP124530-GFP bodies formed
preferentially in the nucleus (Fig. 2C; Supplementary Fig. S4).
Although the bodies showed regular shapes, their size was vari-
able. MLP37347-GFP bodies preferentially formed in the cytosol
and were very variable in size, number, and shape (Fig. 2D). For
these two fusion proteins, the brightness and irregularity of the
bodies observed suggest that they might be artifactual aggregates.
Third, MLP107772-GFP and MLP124111-GFP signals over-
lapped with chlorophyll, suggesting accumulation in chloroplasts
(Fig. 2E and F). Whereas MLP107772-GFP signal in chloroplasts
was strong, MLP124111-GFP signal was weaker and also accu-
mulated in large, bright, and irregular cytosolic aggregates. For
both proteins, no signal was detected in the cytosol and the nu-
cleus. However, MLP107772-GFP also showed a weak signal in
mobile cytosolic bodies. To investigate this further, we coex-
pressed MLP107772-GFP with ScCOX4-mCherry, a marker of
plant mitochondria (Fig. 3) (Nelson et al. 2007). This revealed



overlapping fluorescent signals indicating that MLP107772-GFP
accumulates in mitochondria in addition to chloroplasts. The
remaining 14 fusion proteins we tested showed an uninformative
subcellular distribution in the nucleoplasm and the cytosol that
was similar to the GFP control (Fig. 2G to T). We conclude that
six of the candidate effectors we tested display an informative
localization in N. benthamiana and accumulate in specific cell
compartments (Table 1). These findings indicate that M. larici-
populina, similar to other plant parasites, is likely to deliver ef-
fector proteins to distinct host cell compartments.

In planta colP assays reveal plant protein interactors.

To complement our cell biology findings and gain further
insight into the role of the candidate effectors in plant cells, we
used colP/MS to identify plant protein interactors. Following

expression of GFP-tagged candidate effectors in N. benthamiana
by agroinfiltration, we immunoprecipitated protein extracts with
anti-GFP antibodies, separated the protein mixtures by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and digested the proteins with trypsin. Tryptic peptides were
identified by mass spectrometry and were matched to a redundant
set of 113,358 protein sequences constituting the predicted pro-
teome of N. benthamiana. After filtering out duplicated or highly
similar proteins, we obtained a final list of 606 nonredundant
N. benthamiana proteins as potential interactors of the assayed
M. larici-populina proteins. On average, a candidate effector as-
sociated with 124 plant proteins, ranging from 14 for MLP102036
to 413 for MLP105684 (Fig. 4A). Conversely, on average, a plant
protein associated with four candidate effectors, ranging from 1 to
20 (Fig. 4B). A total of 138 proteins (23% of the dataset) were
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Fig. 1. Overview of the effectoromics pipeline. A, A total of 24 candidate effectors were mined from a set of 1,184 small secreted proteins (SSPs) with an
automated pipeline (light blue) or manually (light red). B, The coding sequences of the mature form of the candidate effector proteins (blue) were cloned into
a Golden Gate binary vector to obtain in-frame green fluorescent protein (GFP) fusions downstream of a 35S promoter. Golden Gate compatible overhangs and
amino acids introduced are indicated. C, Golden Gate vectors were inserted in Agrobacterium tumefaciens. Twenty protein fusions were successfully expressed
in Nicotiana benthamiana leaves by agroinfiltration. D, The subcellular localization of the fusions in leaf pavement cells was determined by live-cell imaging
with a laser-scanning confocal microscope. The illustration is an overlay image of a free GFP (green) diffusing in the cytosol (c) and the nucleoplasm (n). nu:
nucleolus, blue: chlorophyll (chloroplasts). E, Interaction with plant protein complexes was determined by anti-GFP coimmunoprecipitation (colP) coupled
with liquid chromatography-tandem mass spectrometry, abbreviated colP/MS in the manuscript. F, A poplar homolog of a protein identified by colP/MS was
cloned and coexpressed with its cognate candidate effector to check their accumulation in the same compartments and their association within the same protein

complex.
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specific and associated with only one candidate effector. In con-
trast, 158 (25% of the dataset) proteins were promiscuous and
coimmunoprecipitated with five or more candidate effectors and
are unlikely to be genuine interactors. All the fusion proteins could
be detected after colP by either SDS-PAGE Coomassie blue
staining, mass spectrometry, or both, indicating effective expression
and immunoprecipitation (Supplementary Fig. S5). Biological
replicates of the colP/MS performed with four candidate effectors
yielded overlapping sets of proteins, therefore validating the ro-
bustness of the approach (Supplementary Tables S3 and S4). We
conclude that candidate effectors associate in planta with numerous
plant proteins with a highly variable degree of specificity.

To further discriminate and classify the candidate effector
interactors, we developed a scoring method based on specificity
and peptide count. A high score reflects a higher likelihood for
a plant protein to be a specific interactor and a reliable match (Fig.
5; Supplementary Fig. S6). Interactor protein scores varied from
0.01 to 45, with an average value of 1.49. All but one of the 29
proteins that yielded a score =5 associated with one specific
candidate effector and were robustly identified by mass spec-
tometry with at least five peptides. Five candidate effectors asso-
ciated with at least one plant protein with a score =5 (Table 1; Fig.
6). For instance, the three proteins with the highest score were
TOPLESS-related proteins and exclusively immunoprecipitated
with MLP124017 (Figs. 5 and 6). Also, MLP105684 associated
with several high-scoring myosins and annexins, whereas the
chloroplast-resident candidate effector MLP124111 specifically

associated with a chloroplastic coproporphyrinogen-III oxidase.
All the high-scoring (score =5) proteins have homologs in the
predicted proteome of Populus trichocarpa (Fig. 6). Given their
relative specificity, convincing peptide coverage, and similarity to
poplar proteins, we view these interactors as the most likely to be
biologically relevant. On the other hand, the low-scoring, pro-
miscuous interactors are likely to include immunoprecipitation
false positives (either highly abundant, sticky, or both) or proteins
that associate with heterologously expressed proteins (e.g., trans-
lation machinery, unfolded protein response). Promiscuous plant
proteins in these categories include many rubisco and photosystem
subunits, chlorophyll-binding proteins, and heat shock cognate
70 kDa proteins (Figs. 5 and 6).

The candidate effector MLP124017 associates
with the poplar TOPLESS-related protein 4
(PopTPR4) in planta.

The interactor with the highest score that was revealed by
colP/MS is the N. benthamiana TOPLESS-related protein 4
(NbTPRA4; score: 45), which associates with MLP124017 (Fig.
5). NbTPR4 shows 80% similarity (amino acid identity) to the
poplar TPR4 (PopTPR4) (Supplementary Fig. S7). To test
whether PopTPR4 physically interacts with MLP124017 in
planta, we coexpressed a PopTPR4-mCherry fusion together
with MLP124017-GFP in N. benthamiana leaf cells. The colP
experiments revealed that MLP124017-GFP and PopTPR4-
mCherry associate within the same protein complex in planta

Table 1. Melampsora larici-populina candidate effectors investigated in this study

Homologous proteins

CPG or Puccinia Accumulation Protein
Protein ID®  Family® class®  Length® Cys? Expression® Signature! M. lini¢ spp.t pattern’ interactors’
MLP102036 SSP42 (5) CPG2528 107 (25) 0 H, I, BA - - - Nucleus and cytosol 0
MLP105684 SSP72 (3) CPG1133 255 (30) 3 H, I - 1 - Nucleus and cytosol 9
MLP106985 SSP79 (3) CPG335 185 (20) 7 1 - - - Nucleus and cytosol 0
MLP107772 - - 176 (27) 8 H, I - 1 - Chloroplasts, mitochondria 0
MLP109567 - - 156 (19) 2 H, I - - - Nucleus 0
MLP123227 SSP102 (2) CPG1059 123 (24) 3 H, I, EI - - - Nucleus and cytosol 0
MLP123524 SSP142 (2) CPG3994 216 (26) 6 H, I - 2 2/4 No accumulation 0
MLP123532 SSP146 (2) CPG4557 121 (21) 9 H, 1 - - - Nucleus and cytosol 0
MLP123731 SSP8 (12) CPG423 183 (22) 1 1 - 1 - No accumulation 0
MLP124017 - - 177 (27) 1 H 1 - - — Nucleus and cytosol 3
MLP124111 SSP15 (8) class III 134 (21) 10 H, I - 7 6/8 Chloroplasts, cytosolic 1
aggregates
MLP124266 SSP6 (13) CPG5464 92 (23) 8 1 yes 1 (AvrP4) - Nucleus and cytosol 0
MLP124353 SSP12 (10) CPG4890 91 (22) 8 H yes - - Nucleus and cytosol 0
MLP124371 SSP57 (4) CPG3477 88 (22) 6 H - - - Nucleus and cytosol 0
MLP124478 SSP14 (9) CPG2811 96 (26) 6 1 yes - - Nucleolus 16
MLP124497 SSP3 (32) CPGHI1 76 (21) 5 H, 1 yes - - Nucleus and cytosol 0
MLP124499 SSP3 (32) CPGHI1 72 (21) 4 H 1 yes - - Nucleus and cytosol 0
MLP124530 - - 122 (26) 10 - - 1 (AvrP123) - Nuclear and cytosolic bodies 0
MLP124543 SSP4 (17) CPG510 83 (18) 4 H yes - - Nucleus and cytosol 0
MLP124561 SSP64 (4) CPGH4 134 (24) 3 H, I - - - Nucleus and cytosol 0
MLP37347 - - 151 (23) 2 H, 1 - 4 (AvrL567) - Cytosolic bodies 1
MLP64894 - - 256 (20) 7 H, 1 - 1 - No accumulation 0
MLP67606 SSP54 (4) CPGI1252 107 (22) 0 - yes - - Nucleus and cytosol 0
MLP91075 SSP7 (12) CPG332- 219(18) 10 H, 1 - 13 10/10 No accumulation 0
333

4 Best predicted gene model in the M. larici-populina isolate 98AG31 genome sequence on the Joint Genome Institute website.
b Parentheses indicate the number of members in families; CPG = clusters of paralogous genes. Families, CPG, and classes of small secreted proteins as

described by Duplessis et al. 2011a and Hacquard et al. 2012.

¢ Length of protein followed in parentheses by the length of the signal peptide (SP). Length indicated as number of amino acids.
4 Number of cysteine residues in the mature form of the protein (i.e., without SP).
¢ H = haustoria, I = infected poplar leaves, BA = biotrophic area in infected tissues, EI = early-infected leaves. Data from Joly et al. 2010, Hacquard et al. 2010,

Duplessis et al. 2011a and b, and Petre et al. 2012.
f Signature of positive selection, as described by Hacquard et al. 2012.

2 Isolate CH5 (BLASTYp search performed against the predicted secretome, cut-off: E value < 1. 107) (Nemri et al. 2014).
Y Puccinia striiformis f. sp. tritici, isolate PST-21/Puccinia graminis f. sp. tritici, race SCCL, strain CDL 75-36-700-3 (Cantu et al. 2013).

i Accumulation pattern in Nicotiana benthamiana leaf pavement cells.
J Number of protein interactors with a score >5.
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(Fig. 7A). None of the control proteins we used were able to
immunoprecipitate with PopTPR4 (free GFP, MLP105684-GFP)
or MLP124017-GFP (nuclear mCherry), indicating that the as-
sociation between MLP124017 and PopTPR4 is specific. Con-
focal microscopy showed that PopTPR4-mCherry accumulates
in the nucleus of N. benthamiana leaf cells, whereas
MLP124017-GFP accumulates both in the nucleus and the cy-
tosol, as observed earlier (Figs. 2H and 7B). We conclude that
PopTPR4 and MLP124017 specifically interact in planta, and
that this association probably happens in the nucleus.

DISCUSSION

In this study, we took advantage of the availability of the
genome sequence of the rust pathogen M. larici-populina to
select the most promising candidates among the large predicted
effector complement. We used an in planta effectoromics pipe-
line that combines cellular localization and proteomics-based
protein-protein interaction screens to validate effector proteins.
Our findings indicate that M. larici-populina probably manipu-
lates plant cells by deploying effector proteins that target mul-
tiple compartments and processes. Our study also supports the
view that heterologous plants can provide useful systems for
effectoromics of obligate biotrophs such as rust fungi.

Eight out of the 20 tested candidate effectors yielded in-
formative findings when expressed in plant cells: three

A B
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(MLP124530, MLP109567, and MLP107772) showed a spe-
cific localization, two (MLP124017 and MLP105684) associ-
ated with a high-scoring partner, and three (MLP124478,
MLP124111, and MLP3747) showed both a specific localiza-
tion and a high-scoring partner (Table 1). Direct demonstration
of effector entry into host cells remains technically challenging
for filamentous plant pathogens (Petre and Kamoun 2014).
Therefore, heterologous expression in plant cells is viewed as
an alternative approach to study effectors. Candidates that yield
a particular phenotype, localize to a particular host cell com-
partment, or display specific interaction with plant proteins are
more likely to be genuine cytoplasmic effectors. Therefore, we
conclude that the eight above-mentioned proteins are probable
bona fide host-translocated effectors. Noteworthy, we did not
find any common features within these proteins, either in the
N-terminus or in the entire protein sequence, suggesting that the
primary structure of any potential host-cell targeting sequence is
not conserved.

Twelve of the candidate effectors we tested yielded neither
a specific cellular localization nor a high-scoring plant inter-
actor (Table 1). Two main factors may account for this absence
of informative results. First, the selection pipeline we used may
have yielded false positives, i.e., secreted proteins that do not
function as translocated effectors. Indeed, unlike oomycete
cytoplasmic effectors, which can be readily identified from
secretome databases based on the presence of diagnostic motifs

MLP124478-GFP (nucleolus)

MLP124111-GFP (chloroplasts, aggregates)
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Fig. 2. Candidate effectors accumulate in distinct subcellular compartments. A to F, Representative images corresponding to the six fusion proteins accumulating in the
distinct subcellular compartments indicated in parentheses. White arrowheads indicate nuclei (MLP109567), the nucleolus (MLP124478), small cytosolic bodies
(MLP124530, MLP37347), and chloroplasts (MLP107772, MLP124111). Black arrowheads indicate nuclear bodies (MLP124530), mitochondria (MLP107772), and
large cytosolic aggregates (MLP124111). G to T, Representative images corresponding to the 14 fusion proteins accumulating in the nucleoplasm and the cytosol. The
fusion proteins were transiently expressed in Nicotiana benthamiana leaf cells by agroinfiltration. Live-cell imaging was performed with a laser-scanning confocal
microscope 2 days after infiltration. The green fluorescent protein (GFP) and the chlorophyll were excited at 488 nm. GFP (green) and chlorophyll (blue) fluorescence
was collected at 505 to 525 nm and 680 to 700 nm, respectively. Images present single optical sections of 0.8 pm or maximal projection of up to 15 optical sections
(maximum z-stack of 12 um). Images displayed are overlays of the GFP signal, the chlorophyll signal, and bright field. Scale bars: 10 pm.
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such as RXLR and LXLFLAK (Haas et al. 2009; Raffacle et al.
2010; Whisson et al. 2007), the identification of translocated
effectors in fungi is more problematic (Cantu et al. 2013;
Hacquard et al. 2012; Petre and Kamoun 2014; Saunders et al.
2012). In the rust fungi, haustorial-expression has been used to
predict host-translocated effectors (Catanzariti et al. 2006;
Kemen et al. 2005). Our candidate list was enriched in genes
expressed in haustoria. However, the interface between haus-
toria and host cells is a complex compartment and some of the
secreted proteins that are expressed at that interface may not be
cytoplasmic effectors (Kemen et al. 2013; Rafiqi et al. 2012).
Second, our in silico pipeline may have revealed genuine
effectors that could not be validated experimentally, due to the
limitations of using a heterologous system. For instance, the
lack of specific association between many candidate effectors
and N. benthamiana proteins could result from target di-
versification, with the poplar being too divergent from any
N. benthamiana homologs. Indeed, effector proteins from
parasites with a narrow host range can be specialized to proteins
from their natural hosts (Dong et al. 2014; Win et al. 2012).
Also, many host-translocated effectors function in one or both
the cytosol or the nucleus of host cells (Win et al. 2012). Our
cell biology screen would not have revealed such effectors,
since this pattern of accumulation is noninformative because it
is similar to the free GFP control.

M. larici-populina candidate effectors localized specifically
to plant nuclei, nucleoli, chloroplasts, and mitochondria (Fig.
2). Several effectors of fungi and oomycetes have been pre-
viously reported to localize to host nuclear compartments
(Caillaud et al. 2012; Schornack et al. 2010; Stam et al. 2013),
a seemingly important host cellular compartment for inter-
actions between filamentous pathogens and plants. In contrast,
localization of MLP107772 to chloroplasts and mitochondria is
a novel finding for filamentous plant pathogen effectors. To
date, only bacterial effectors have been linked to these organ-
elles (Block et al. 2010; Jelenska et al. 2007; Li et al. 2014;
Rodriguez-Herva et al. 2012). Accumulation of MLP107772 in

overlay

MLP107772-GFP
>

bright field

chlorophyll (chloroplasts)

Fig. 3. MLP107772-green fluorescent protein (GFP) accumulates in chloroplasts
and mitochondria. Live-cell imaging of MLP107772-GFP and ScCOX4;.,9-
mCherry (mitochondria marker) in Nicotiana benthamiana leaf pavement cells.
Proteins were transiently coexpressed in N. benthamiana leaf cells by agro-
infiltration. Live-cell imaging was performed with a laser-scanning confocal mi-
croscope in a sequential scanning mode 2 days after infiltration. The GFP and the
chlorophyll were excited at 488 nm; the mCherry was excited at 561 nm. GFP
(green), mCherry (red), and chlorophyll (blue) fluorescence was collected at 505 to
525 nm, 580 to 620 nm, and 680 to 700 nm, respectively. Images present a maximal
projection of 12 optical sections (z-stack: 9.6 pm). Black arrowheads indicate
overlapping GFP and mCherry signals in mitochondria. White arrowheads indicate
overlapping GFP and chlorophyll signals in chloroplasts. Scale bar: 10 um.
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Fig. 4. Candidate effectors associate with 606 Nicotiana benthamiana
proteins. A, Number of N. benthamiana proteins associated with each
individual candidate effector. The 20 candidate effectors are sorted from
left to right in descending order, according to the number of interac-
tors identified by coimmunoprecipitation (colP) coupled with liquid
chromatography-tandem mass spectrometry (LC-MS/MS). B, Number of
candidate effectors associated with each individual N. benthamiana
protein. The 606 interactors are sorted from left to right in descending
order, according to the number of candidate effectors they associated
with. The x axis legend indicates (from right to left) the number of
N. benthamiana proteins associated with at least one (606), two (468),
three (328), five (158), and ten (60) candidate effectors. Proteins were
transiently expressed in N. benthamiana leaf cells by agroinfiltration.
Proteins were isolated 2 days after infiltration. Plant protein complexes
associated with the candidate effector—green fluorescent protein (GFP)
fusions were purified by anti-GFP colP, were separated by 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and were digested
with trypsin. Tryptic peptides were processed by LC-MS/MS and col-
lected peaks were used to search a database containing the predicted
proteome of N. benthamiana. After filtering contaminants and clustering
similar N. benthamiana proteins, a total of 606 nonredundant proteins
were retained.
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specific interactors. For each Nicotiana benthamiana protein identified
by coimmunoprecipitation followed by liquid chromatography-tandem
mass spectrometry, a score was calculated as follows: protein score =
maximal peptide count divided by (redundancy) 2. Proteins are sorted from
left to right in descending scores, representing the gradient of likelihood of
being a biologically relevant interactor. Selected proteins are indicated on
the graph.



both chloroplasts and mitochondria is reminiscent of the dual
targeting of numerous plant proteins to these organelles (Carrie
et al. 2009). We noted that MLP107772 carries a predicted
transit peptide of 83 amino acids (ChloroP 1.1 score: 0.533;
cs-score: 1.040) immediately following its signal peptide. Transit
peptides are typically cleaved by processing peptidases after
translocation into the organelles (Teixeira and Glaser 2013).
Accordingly, immunoblots showed a band 8 kDa smaller than
expected for MLP107772-GFP, suggesting in planta processing.
We also noted that the N. benthamiana chloroplastic presequence
protease 1 (Protein ID NICBE_142969.1_TGAC), a protein in-
volved in chloroplast transit peptide processing, associated with
MLP107772-GFP in colP experiments.

The colP screen revealed a potential in planta interactome of
606 plant proteins for the 20 M. larici-populina candidate
effectors. In total, 74% of the identified proteins associated
with more than one of the tested candidate effectors, and 25%
with more than five, suggesting a high rate of promiscuity.
These promiscuous proteins are most probably enriched in false
positives, whereas the more specific interactors are more likely
to be biologically relevant. Affinity purification-mass spectrometry
approaches often yield overlapping sets of false positives, notably
highly abundant and sticky proteins (Mellacheruvu et al. 2013). In
addition, proteins expressed in vivo, as in our case, could be
expected to yield additional false positives related to the translation

machinery and unfolded protein response. Scoring or indexing
systems can be used to highlight the most relevant fraction of the
interactome (Miteva et al. 2013). We developed a scoring system
that helped to flag interactors that are more likely to be biologically
relevant and worthy of further investigation (Figs. 5 and 6). In
addition, this index highlights a list of usual suspects of colP assays
in N. benthamiana, which should prove useful for the community.
Nonetheless, it is difficult to draw a sharp line between such
usual suspects and biologically relevant interactors. An alter-
native hypothesis to explain the redundancy is that M. larici-
populina effectors have evolved to converge on the same target
proteins in plant cells, as reported for other pathogen effectors
(Mukhtar et al. 2011; Song et al. 2009; WeBling et al. 2014).
However, given the relatively high noise rate in protein-protein
interaction assays, it is challenging to distinguish such effector
“hubs” from false positives.

MLP124017 specifically associates with N. benthamiana and
poplar TOPLESS and TOPLESS-related proteins (TPL/TPR)
(Figs. 6 and 7). TPL/TPR were not detected across multiple
colP/MS experiments in N. benthamiana, which reinforces the
specificity of their association with MLP124017. TPL/TPR are
transcriptional corepressors involved in a wide range of pro-
cesses including plant immune responses (Causier et al. 2012).
For instance, A. thaliana JAZ proteins recruit TPL/TPR to re-
press jasmonate signaling (Pauwels et al. 2010). The biological
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Fig. 6. Interactome network with selected low and high-scoring interactors. The 12 plant proteins with the lowest scores (<0.02; called usual suspects) and the
29 plant proteins with the highest scores (=5; called specific interactors) are shown on the left- and right-hand sides, respectively. Black lines indicate the
association with a candidate effector as detected by coimmunoprecipitation followed by liquid chromatography-tandem mass spectrometry. The closest poplar
homologs were identified by protein sequence homology searches against the predicted proteome of Populus trichocarpa v3, using the BLASTp algorithm.
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significance of the association between MLP124017 and
PopTPR4 will be investigated in the future.

MATERIALS AND METHODS

Biological materials and growth conditions.

Escherichia coli (subcloning efficiency DH5a competent
cells; Invitrogen, Carlsbad, CA, U.S.A.) and Agrobacterium
tumefaciens (electrocompetent strain GV3101) were conserved
at —80°C and were grown in L medium at 37 and 28°C, re-
spectively. N. benthamiana plants were grown in greenhouses
at 22°C under 16-h day and 8-h night conditions.

In silico sequence analyses.

Predicted protein sequences were retrieved as follows:
M. larici-populina isolate 98AG31 (Joint Genome Institute
Genome portal) (Duplessis et al. 2011a), M. lini isolate CHS5
(Nemri et al. 2014), N. benthamiana (Sol Genomics Network)
(Bombarely et al. 2012), and P. trichocarpa (Phytozome
P. trichocarpa website) (Tuskan et al. 2006). Protein sequence
analysis was performed with ClustalX and Jalview programs.
Transit peptides were predicted with ChloroP 1.1. BlastP
searches were performed with the BLAST+ program, using the
predicted P. trichocarpa proteome v3.0 (Tuskan et al. 2006) or
the predicted secretome of M. lini (Nemri et al. 2014) as
databases. The set of candidate effectors selected via the
pipeline was manually analyzed to remove redundant family
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members; the family member showing the highest gene ex-
pression during poplar leaf infection was conserved.
MLP124497 and MLP124499, two divergent members of the
small secreted protein family 3, were both highly expressed in
planta and, thus, were both retained (Duplessis et al. 2011a;
Hacquard et al. 2012).

Cloning procedures and plasmids.

The open reading frame (ORF) coding the mature form
(i.e., without the signal peptide) of M. larici-populina small
secreted proteins or coding the full length to poplar TPR4 were
amplified by polymerase chain reaction (PCR) using cDNA
from Beaupré leaves infected by M. larici-populina (isolate
98AG31) (Petre et al. 2012) or were obtained through gene
synthesis (Genewiz, London) with codon optimization for plant
expression and removal of internal Bbsl and Bsal restriction
sites. Primers and synthetic genes were designed to generate
Bbsl AATG/ggTTCG—compatible overhangs to be compatible
with the suite of Golden Gate vectors. For cloning and se-
quencing purpose, DNA fragments were inserted into the
Golden Gate level 0 vector pICSLO1005 (BbsI-compatible
overhangs AATG/ggTTCG) following a digestion and ligation
procedure (Weber et al. 2011) (SynBio@TSL website).
Sequences of DNA fragments obtained by PCR were verified
by sequencing (GATC Biotech, Constance, Germany). To
generate C-terminally tagged proteins, the ORF of the protein
of interest (Bsal-compatible overhangs AATG/ggTTCG) was
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Fig. 7. MLP124017 associates with the TOPLESS-related protein 4 (PopTPR4) from poplar. A, Immunoblots performed with immunoprecipitated protein
mixtures. Proteins were isolated from agroinfiltrated leaves and were immediately used for anti-green fluorescent protein (GFP) or anti-red fluorescent protein
(RFP) immunoprecipitation (IP). Immunoprecipitated protein mixtures were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
were electrotransfered onto polyvinylidene diflouride (PVDF) membranes. Immunodetection was performed with anti-GFP or anti-RFP antibodies, and
immunoblots were revealed with a chemiluminescent imager. Ponceau staining of the PVDF membrane was used as a loading control. Asterisks indicate
specific protein bands. Numbers on the left side of the blots indicate protein size in kilodaltons. B, Live-cell imaging of MLP124017-GFP and PopTPR4-
mCherry in N. benthamiana leaf pavement cells. Live-cell imaging was performed with a laser-scanning confocal microscope in a sequential scanning mode.
The GFP and the chlorophyll were excited at 488 nm; the mCherry was excited at 561 nm. GFP (green), mCherry (red), and chlorophyll (blue) fluorescence was
collected at 505 to 525 nm, 580 to 620 nm, and 680 to 700 nm, respectively. Images show a single optical section. White arrowheads indicate overlapping GFP
and mCherry signals in the nuclei. Black arrowheads indicate GFP signal in the cytosol. Scale bar: 10 um. Proteins were transiently expressed in
N. benthamiana leaf cells by agroinfiltration. Leaves were harvested 2 days after infiltration and were immediately used for protein isolation (A) or live-cell
imaging (B).
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assembled with the ORF of a GFP or a mCherry (Bsal-
compatible overhangs ggTTCG/GCTT) into the Golden Gate
level 1 binary vector pICH86988 (Bsal-compatible overhangs
AATG/GCTT; 35S promoter/ octopine synthase terminator).
Plasmids were multiplied using E. coli. Level 1 vectors were
inserted in A. tumefaciens GV3101, and transformed bacteria
were conserved at —80°C in 20% glycerol for further use
(Fig. 1).

Transient protein expression in . benthamiana leaf cells.
A. tumefaciens GV3101 was used to deliver T-DNA con-
structs into leaf cells of 3-week-old N. benthamiana plants,
following the agroinfiltration method previously described
(Win et al. 2011). Briefly, overnight-grown bacterial cultures
were adjusted to an optical density at 600 nm (ODgqg) of 0.2
into an infiltration buffer (10 mM MgCl,, 150 uM acetosyr-
ingone) 1 h before leaf infiltration. For all cotransformations,
A. tumefaciens strains were mixed in a 1:1 ratio in infiltration
buffer to a final ODggq of 0.2. The leaves were collected 2 days
after infiltration for further protein isolation or microscopy.

Live-cell imaging by laser-scanning confocal microscopy.
Small pieces of leaves were mounted in water between
a slide and a coverslip (inferior face toward the objective) and
were immediately observed. Live-cell imaging was performed
with a Leica DM6000B/TCS SP5 laser-scanning confocal mi-
croscope (Leica Microsystems, Bucks, U.K.), using 10x (air),
40x (air), and 63x (water immersion) objectives. The GFP and
the chlorophyll were excited at 488 nm, whereas the mCherry
was excited at 561 nm. Specific emission signals corresponding
to the GFP, the mCherry, and the chlorophyll were collected
between 505 to 525 nm, 580 and 620 nm, and 680 and 700 nm,
respectively. Scanning was performed in sequential mode when
needed. Each construct gave a similar localization pattern
across at least three independent observations. Image analysis
was performed with Fiji. After observation, leaves were frozen
in liquid nitrogen and were conserved at —80°C for further use.

Total protein isolation.

N. benthamiana leaves were harvested 2 days after infiltration,
were frozen in liquid nitrogen, and were ground into powder with
mortar and pestle. Total protein extraction was performed by
reducing and denaturing proteins from the leaf powder 10 min
at 95°C in a Laemmli buffer (0.5 M Tris-HCI, pH 6.8, 10 mM
dithiothreitol [DTT], 2% SDS, 20% glycerol) in order to avoid in
vitro nonspecific degradation of the fusion proteins. Then, 10 ul
of isolated proteins were separated by 15% SDS-PAGE, and the
protein content was estimated by Coomassie blue staining.

Immunoblot analyses.

Immunoblots aimed at checking the integrity of the fusion
proteins present in total extracts were performed as described
by Pégeot et al. 2014. For immunoblots aimed at detecting
fusion proteins after colP, proteins were separated by SDS-
PAGE and were electrotransferred onto a polyvinylidene
diflouride membrane using a Trans-Blot turbo transfer system
(Bio-Rad, Munich). The membrane was blocked with 3% bo-
vine serum albumin (BSA) in Tris-buffered saline and Tween
20. GFP detection was performed in a single step by a GFP
(B2):5¢-9996 horseradish peroxidase (HRP)-conjugated anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.);
mCherry detection was performed with a rat anti-RFP (red
fluorescent protein) 5F8 antibody (Chromotek, Munich) and
a HRP-conjugated antirat antibody. Membrane revelation was
carried out with an ImageQuant LAS 4000 luminescent imager
(GE Healthcare Life Sciences, Piscataway, NJ, U.S.A.). Pon-
ceau staining of the rubisco was used as a loading control.

Purification of GFP fusions-protein complexes by colP.
The colP protocol described by Win and colleagues (2011)
was adapted for GFP and RFP fusions with the following
modifications. To maximize the recovery of organelle proteins,
leaf mixtures were sonicated for 10 min in an ice-cold water
bath prior to protein isolation. Immunoprecipitation was per-
formed by affinity chromatrography with GFP_ or
RFP_Trap_A beads (Chromotek), and elution of the proteins
from the beads was performed by heating 10 min. at 70°C.

Sample preparation for mass spectrometry.

Samples for liquid chromatography/tandem mass spectrom-
etry (LC-MS/MS) analysis were prepared by excising bands
from one-dimensional SDS-PAGE gels stained with Instant
Blue (Expedeon, Cambridge). The gel slices were destained in
50% acetonitrile (ACN), and cysteine residues modified by
a 30-min reduction in 10 mM DTT, followed by a 30-min al-
kylation with 55 mM iodoacetamide. All the above-mentioned
solutions used 50 mM ammonium bicarbonate (ABC) as
a buffer. After extensive washing with destaining solution
(50:50 [vol/vol] ACN and 50 mM ABC) and 100% ACN, gel
pieces were incubated with trypsin (Promega, Charbonniéres,
France) in 50 mM ABC and 5% ACN in water at 37°C overnight.
Peptides were recovered by triple extraction with 5% formic acid
(FA) and 50% ACN, were evaporated to dryness, and were dis-
solved in 2% ACN, 0.1% trifluoroacetic acid.

LC-MS/MS analysis.

LC-MS/MS analysis was performed using a hybrid mass
spectrometer LTQ-Orbitrap XL (ThermoFisher Scientific,
Waltham, MA, U.S.A.) and a nanoflow-ultra-high performance
liquid chromatography system (nanoAcquity; Waters Corp.)
The peptides were applied to reverse phase trap column
(Symmetry C18, 5 um, 180 pm x 20 mm; Waters Corp., Mil-
ford, MA, U.S.A.) connected to an analytical column (BEH 130
C18, 1.7 um, 75 um x 250 mm; Waters Corp.) in vented con-
figuration using nano-T coupling union in 0.1% ACN in 0.1%
FA (solvent B). Peptides were eluted in a gradient of 3 to 40%
of solvent B of acid over 50 min, followed by gradient of 40 to
60% of solvent B over 3 min at a flow rate of 250 nl per minute
at 40°C. The mass spectrometer was operated in positive ion
mode with nano-electrospray ion source with ID 0.02 mm fused
silica emitter (New Objective; Scientific Instrument Services,
Inc., Ringoes, NJ, U.S.A.). Voltage +2 kV was applied via
platinum wire held in a PEEK T-shaped coupling union.
Transfer capillary temperature was set to 200°C, no sheath gas,
and the focusing voltages in factory default setting were used.
The Orbitrap full mass scan with 60,000 resolution at 400 m/z,
range 300 to 2,000 m/z was used, automatic gain control (AGC)
target set to 1,000,000 counts, and maximum inject time to
1,000 ms. In the linear ion trap, MS/MS spectra were triggered
with data-dependent acquisition method for the five most in-
tense ions. The threshold for triggering collision induced dis-
sociation (CID) was 1,000 counts, normal scan rate, AGC
accumulation target was set to 30,000 counts, and maximum
inject time to 150 ms. A data-dependent algorithm was used to
collect as many tandem spectra as possible from all masses
detected in master scan in the Orbitrap analyzer. Orbitrap
prescan functionality, isolation width 2 m/z, and collision en-
ergy set to 35% were used. The selected ions were then frag-
mented in the ion trap using CID. Dynamic exclusion was
enabled, allowing for one repeat, 60 s, and m/z window + 10 ppm
from measured precursor masses, and with a maximal size of
dynamic exclusion list of 500 items. Chromatography func-
tion to trigger a MS/MS event close to the peak summit was
used with correlation set to 0.9 and expected peak width set to
7s. Charge state screening enabled allowed only charge states
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higher than 2+ to be selected for MS/MS fragmentation.
Monoisotopic mass recognition was on.

LC-MS/MS data processing and peptide identification.

Peak lists in format of Mascot generic files were prepared
from raw data using Proteome Discoverer v1.2 (ThermoFisher
Scientific) that (if required) were concatenated using in
house—developed Perl script. Peak picking settings were as
follows: m/z range set to 300 to 5,000, minimum number of
peaks in a spectrum was set to 1, S/N threshold for Orbitrap
spectra was set to 1.5, and automatic treatment of unrecognized
charge states was used. Peak lists were searched on Mascot
server v.2.4.1 (Matrix Science, Boston) against a Nicotiana
benthamiana database with added constructs and typical pro-
teomics contaminants such as keratins, trypsin, and others.
Tryptic peptides only, up to two possible miscleavages and
charge states +2, +3, +4, were allowed in the search. The
modifications included in the search were oxidized methionine
as variable modification and carbamidomethylated cysteine as
static modification. Data were searched with a monoisotopic
precursor and fragment ions mass tolerance of 10 ppm and
0.8 Da respectively. Mascot results were combined in Scaffold
v.4 (Proteome Software, Inc., Portland, OR, U.S.A.). Peptide
identifications were accepted if they could be established at
greater than 95.0% probability (false discovery rate [FDR] <
0.17) by the Peptide Prophet algorithm with Scaffold delta-
mass correction. Protein identifications were accepted if they
could be established at greater than 99.0% probability (FDR <
0.1) and contained at least two identified peptides. Protein
probabilities were assigned by the Protein Prophet algorithm.
Proteins that contained similar peptides and could not be dif-
ferentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony (Searle 2010).

Filtering and scoring of the M. larici-populina candidate
effector interactome.

LC-MS/MS data were used to generate a draft candidate
effector interactome of 814 N. benthamiana proteins. This list was
filtered by removing non—N. benthamiana proteins (keratin, GFP,
trypsin, BSA) and by clustering together N. benthamiana proteins
sharing at least 80% amino acid identity over a minimum of 80%
of the protein length, following a in-house bioinformatic pipeline
based on the blastclust progamme (J. Win, S. Kamoun, and A. M.
Jones, unpublished). This approach decreased the list to 632
N. benthamiana proteins. Finally, proteins supported by a single
peptide in the dataset were discarded. The final candidate effector
interactome consisted of 606 proteins and is presented in Sup-
plementary Table S2. For each plant protein, a score was calcu-
lated according to the following formula: protein score = maximal
peptide Count/(redundancy)z. The maximal peptide count is the
highest number of peptides (total spectrum count method) iden-
tified with a single candidate effector-GFP fusion. Redundancy is
the number of fusion proteins with which a given plant protein
coimmunoprecipitated.
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