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The poplar rust fungus Melampsora larici-populina is part of one
of the most devastating group of fungi (Pucciniales) and causes
important economic losses to the poplar industry. Because
M. larici-populina is a heteroecious obligate biotroph, its spread
depends on its ability to carry out its reproductive cycle through
larch and then poplar parasitism. Genomic approaches have
identified more than 1,000 candidate secreted effector proteins
(CSEPs) from the predicted secretome of M. larici-populina that
are potentially implicated in the infection process. In this study,
we selected CSEP pairs (and one triplet) among CSEP gene fam-
ilies that share high sequence homology but display specific gene
expression profiles among the two distinct hosts. We determined
their subcellular localization by confocal microscopy through
expression in the heterologous plant system Nicotiana benthami-
ana. Five out of nine showed partial or complete chloroplastic
localization. We also screened for potential protein interactors
from larch and poplar by yeast two-hybrid assays. One pair
of CSEPs and the triplet shared common interactors, whereas
the members of the two other pairs did not have common tar-
gets from either host. Finally, stromule induction quantifica-
tion revealed that two pairs and the triplet of CSEPs induced
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stromules when transiently expressed in N. benthamiana. The
use of N. benthamiana eds1 and nrg1 knockout lines showed
that CSEPs can induce stromules through an eds1-independent
mechanism. However, CSEP homologs shared the same impact
on stromule induction and contributed to discovering a new
stromule induction cascade that can be partially and/or fully
independent of eds1.

Keywords: chloroplast, EDS1, effector, host specificity, NRG1, Puc-
ciniales, rust fungi, stromules

Pucciniales, the order of the rust fungi, threatens worldwide
security, as rust fungi infect most of the crops cultivated for food
and bioresources (van Esse et al. 2020). Moreover, economic
exchanges, environmental changes, and global warming will in-
crease the spread of these pathogens (Brasier 2008; Chaloner
et al. 2021). Despite being an important threat, rust fungi are still
understudied because of technical barriers such as their difficult
cultivation on synthetic media or the lack of post-genomic and
post-transcriptomic research tools (Petre and Duplessis 2022).
Melampsora larici-populina is a heteroecious obligate biotroph
that must parasitize larch and poplar to complete its life cycle
(Hacquard et al. 2011). Its spread causes extensive production
loss in poplar cultures. This tripartite pathosystem is a promis-
ing model of study, thanks to the availability of genomic and
transcriptomic resources (Duplessis et al. 2011, 2021; Kuzmin
et al. 2019; Lorrain et al. 2019; Sun et al. 2022; Tuskan et al.
2006). In the past, M. larici-populina showed a high capability
of resistance breakdown in poplar plantations, making produc-
tion of resistant monoclonal poplar inefficient (Persoons et al.
2017; Pinon and Frey 2005). Such an ability to overcome com-
plete resistance may reflect a high diversity of candidate secreted
effector proteins (CSEPs) driven by high and complex selective
pressure caused by its obligate biotrophy. In general, CSEPs
are small proteins that share common characteristics such as a
relatively short size, a signal peptide, and a rather high num-
ber of cysteines. A total of 1,184 CSEPs have been reported in
M. larici-populina (Hacquard et al. 2010, 2012). CSEPs’ func-
tional characterization can contribute to the understanding of
the molecular mechanisms involved in the infection process and
may reveal novel avenues to minimize consequences of poplar
rust and other rust diseases.

The last decade of genomic and post-transcriptomic re-
search on the M. larici-populina–poplar–larch pathosystem con-
tributed to clarification of several molecular stages during the
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infection process (Lorrain et al. 2018; Persoons et al. 2022).
Petre et al. (2020) showed that M. larici-populina expresses
both host-specific and generalist CSEPs in its secretome dur-
ing the infection process of its two host plants. dos Santos et al.
(2021) showed that during in planta expression, unrelated CSEPs
from M. larici-populina can act on overlapping plant functions
such as MAPK signaling pathways. Several M. larici-populina
CSEPs have been reported to promote host susceptibility in
the oomycete pathosystem Hyalonoperonospora arabidopsidis–
Arabidopsis thaliana (Germain et al. 2018). Mlp124478 binds a
TGA1a promoter motif to suppress the expression of genes in-
volved in plant immune response (Ahmed et al. 2018), whereas
Mlp37347 promotes virulence through specific interactions with
glutamate decarboxylase 1 (GAD1) and causes cellular changes,
such as enhancing plasmodesmatal flux and inhibiting callose
deposition (Rahman et al. 2021). The functional characteriza-
tion of more and more CSEPs revealed various targeted cellular
compartments (Germain et al. 2018; Lorrain et al. 2019; Petre
et al. 2016). In general, the CSEP translocation mechanism re-
mains unclear. Notable exceptions are Chloroplast-targeted pro-
tein 1 (CTP1) and CTP2 from M. larici-populina and CTP3 from
Melampsora lini, which use a host transit peptide mimicry to
reach the chloroplast in Nicotiana benthamiana leaf epidermis
(Petre et al. 2016). Interestingly, an increasing number of can-
didate effectors show a putative chloroplast localization, such
as AvrMlp7, Mlp124111, and Mlp72983 (Germain et al. 2018;
Lorrain et al. 2018; Louet et al. 2023). In addition, stromules
were observed in a previous study of CTP1, CTP2, and CTP3
(Petre et al. 2016). These results expand our understanding of the
molecular mechanisms involved in M. larici-populina infection
process and highlight the importance of chloroplast targeting.

Beyond photosynthetic activity and cellular homeostasis,
chloroplasts are also involved in plant immunity. Under abi-
otic or biotic stresses, chloroplasts in N. benthamiana have been
observed to cluster around the nucleus, and several studies sug-
gested that chloroplast-derived reactive oxygen species act as
signal molecules for programmed cell death induction related
to the hypersensitive response (HR) (Caplan et al. 2015; Lukan
et al. 2020; Su et al. 2018). Chloroplast morphology can also
rapidly adapt, particularly by inducing stroma-filled tubule pro-
jections called “stromules” (Brunkard et al. 2015; Caplan et al.
2015; Schattat and Klösgen 2011). Stromules are potentially
involved in transmitting signals from the chloroplast to other
subcellular locations, but the molecular mechanisms remain to
be defined (Brunkard et al. 2015; Caplan et al. 2015; Schat-
tat et al. 2012a, b). Stromule induction seems to be shared
by plastids in response to a wide variety of abiotic and biotic
stresses (Erickson et al. 2018; Holzinger et al. 2008; Lukan et al.
2023). For example, recognition of the bacterial effector XAN-
THOMONAS OUTER PROTEIN Q (XopQ) in N. benthamiana
by the nucleotide-binding leucine-rich repeat resistance (NLR)
protein receptor RECOGNITION OF XOPQ1 (ROQ1) induces
stromules and programmed cell death through ENHANCED
DISEASE SUSCEPTIBILITY 1 (EDS1) and the NLR helpers
N-REQUIRED GENE 1 (NRG1) and ACTIVATED DISEASE
RESISTANCE GENE 1 (ADR1) cascade (Prautsch et al. 2023;
Schultink et al. 2017). Unfortunately, the current lack of diversity
of stromule elicitors, including from different pathosystems, is
one of the limitations to their further characterization (Schultink
et al. 2017).

As a strict heteroecious species, M. larici-populina provided
a unique opportunity to assess protein pairs that are very similar
in terms of amino acid composition but each expressed on a
specific host species. In the present study, we first selected 9 can-
didate effectors out of 1,184 candidates based on host-specificity
transcriptomics and sequence homology. We determined that
despite a high level of sequence homology, their subcellular

localizations could differ. Yeast two-hybrid protein–protein
interaction screening against both host proteomes demonstrated
that some effectors pairs interacted with conserved targets from
the two hosts. Finally, we observed that some effectors induced
stromule formation. Therefore, we quantified the stromules
induced by these CSEPs and characterized the first stromule in-
ducers from a fungal pathogen. Moreover, these quantifications
led to the unveiling of a new stromule-induction cascade as well
as new tools to study stromule-related regulation cascades.

Results
Transcriptomic and homology analyses reveal
host-specific and homologous candidate effectors

Figure 1 displays the selection process criteria to retain host-
specific and homologous effectors. This process was applied for
all candidate secreted effector families reported by Hacquard
et al. (2012) (family 7 is depicted here as an example). In
Figure 1A, urediniospore (USP) and basidiospore (BSD) (which
are considered noninfective spore stages) transcripts show lev-
els of expression lower than in infected poplar leaves (Poplar)
as well as in pycnia and aecia during larch biotrophic infection
stages (Larch). This indicates that CSEPs from family 7 are spe-
cific to the infection process. Mlp52166 is annotated as poplar
specific based on its 16.2 times higher expression during poplar
infection than during larch infection. In a similar way, Mlp72983
is 62.3 times more expressed in larch than in poplar, defining a
larch-specific annotation. Single effectors as well as families
with fewer than three members were not considered. Only 60
CSEPs, segregating in eight families, met our criteria. Figure 1B
demonstrates the second step of the selection process, namely
alignments and similarity scoring based on the CSEP mature se-
quences, which identified the most similar pairs (threshold set at
a minimum of 50% homology). Pairs were then selected if they
had a different host specificity. Figure 1C quantitatively sum-
marizes our selection process. Table 1 lists the three candidate
effector pairs from families 1, 33, and 51, as well as one triplet
from family 7, of CSEPs selected for further analysis. Family 7
was chosen as a triplet based on high similarity scores between
both Mlp52166-Mlp72983 (76.9%) and Mlp52166-Mlp86274
(58.7%) pairs.

Protein–protein interaction screening reveals specific and
homologous interactors

Because members of the selected effector pairs most likely
emerged through divergent evolution, it is tempting to specu-
late that their sequence divergences emerged to adapt to their
target(s) in the hosts in which they are expressed. This pre-
sented the opportunity to investigate whether their targets in
the different hosts were indeed homologous. Larch and poplar
libraries were each built from six RNA replicates isolated from
healthy, fully extended poplar leaves and larch needles. As il-
lustrated in steps 1 and 2 of Figure 2A, each effector was
screened against the library corresponding to its assigned host
specificity (Mlp104486, Mlp51690, Mlp107359, and Mlp52166
against the poplar library; Mlp123281, Mlp53845, Mlp108708,
Mlp72983, and Mlp86274 against the larch library). Then, a
second screen revealed candidate interactors also able to inter-
act with the homologous effector of the investigated pair (steps 3
and 4 of Figure 2A). Despite four screening attempts, Mlp51690,
Mlp107359, and Mlp108708 did not yield any interacting partner
(unique candidate interactors are also available in Supplemen-
tary Table S3). As shown in Figure 2B, family 1 (Mlp104486
and Mlp123281) and family 7 (Mlp52166, Mlp72983, and
Mlp86274) identified 10 and 3 pair/triplet-specific common can-
didate interactors, respectively, supporting that these effectors
could have similar function(s) in both hosts.
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Host-specific and homologous CSEPs localize in several
cell compartments

Subcellular localization of CSEPs has significantly con-
tributed to effector functional characterization (Lorrain et al.
2018). Here we sought to assess whether CSEPs that display sim-
ilar sequences fused with reporter fluorescent proteins localized
to the same cellular organelles in the heterologous system N. ben-
thamiana. Figure 3A depicts the localization of the enhanced
green fluorescent protein (eGFP) as a control. Mlp104486 colo-
calizes with a small interfering RNA (siRNA) body marker
(Fig. 3B). In addition to nuclear accumulation, Mlp123281,

Mlp51690, Mlp107359, Mlp72983, and Mlp86274 colocalize
with chlorophyll autofluorescence, despite belonging to four dif-
ferent families (Fig. 3C, D, F, I, and J). Moreover, Mlp123281,
Mlp51690, and Mlp72983 share a similar colocalization with the
chloroplastic nucleoid marker SWIB6::RFP (Fig. 3C, D, and
I, right panel). As shown in Figure 3G and in Supplementary
Figure S1, Mlp108708 colocalizes with five different cellu-
lar markers along the secretory pathway: endoplasmic retic-
ulum (ER), Golgi, late endosome and multivesicular bod-
ies (LE/MVBs), tonoplast and plasma membrane (Fig. 3G;
Supplementary Fig. S2). Mlp53845 and Mlp52166 (Fig. 3E and

Mlp86274

Family 7 USP Poplar BSD Larch Host 
specificity

Mlp52166 7331 37599 248 2319 Poplar

Mlp72983 581 2109 594 131526 Larch

Mlp85659 221 621 172 14176 Larch

Mlp86274 30 355 235 11687 Larch

Mlp105011 35 1283 86 106 Poplar
Minimum 
expression

Maximum 
expression

CSEPs expression profiling

Highest homology

1184 CSEPs
169 families

60 CSEPs
8 families

9 CSEPs
4 families

A

B

C
Infec�on expression profile

n ≥ 3 family members

Host-specific annotated

Family with host diversity

Selec�on criteria

Mlp105011

Mlp85659

Mlp52166

Mlp72983

Larch specificity
Poplar specificity

Fig. 1. Screening process of host-
specific and homologous candidate
secreted effector proteins (CSEPs).
A, Inter-family screening step aiming
at the host-specificity annotation of
candidate effectors and identifica-
tion of families with more than two
members that have different host
specificity. Heat map of family 7
is shown as an example of a family
with different host specificity. USP,
urediniospores; BSD, basidiospores.
B, Intra-family screening step select-
ing pairs of candidate effectors with
the highest homology score. Phylo-
genetic tree of family 7 is shown as
an example for the selection of ho-
mologs. C, Population of candidate
effector proteins screened though the
process.

Table 1. Characteristics of host-specific and homologous candidate secreted effector proteins (CSEPs) of Melampsora larici-populina

Familya Protein IDb CPG/classc Similarity (%)d Host specificitye Lengthf Cysteine (%)g

1 (111) Mlp104486 Class 1 86.5 Poplar 105 (24) 9.5
Mlp123281 Class 1 Larch 105 (25) 9.5

33 (6) Mlp51690 CPG462 85.4 Poplar 146 (26) 6.8
Mlp53845 CPG462 Larch 147 (26) 6.8

51 (4) Mlp107359 CPG1075 86.2 Poplar 117 (20) 0
Mlp108708 CPG1075 Larch 144 (20) 0

7 (12) Mlp52166 CPG332-333 76.9ᶲ Poplar 196 (24) 4.6
Mlp72983 CPG332-333 55.9ᶷ Larch 195 (26) 4.1
Mlp86274 CPG332-333 58.7ᶱ Larch 223 (22) 4

a Family number annotated by Duplessis et al. (2011) and Hacquard et al. (2012). The number of family members is indicated in parentheses.
b ID based on the M. larici-populina genome 98AG31 version 2.0, available on the Joint Genome Institute MycoCosm web portal (https://mycocosm.jgi.doe.

gov/Mellp2_3/Mellp2_3.home.html).
c CPG, cluster of paralogous genes according to Hacquard et al. (2012).
d Amino acid similarity between family members calculated by EMBOSS matcher explorer https://www.bioinformatics.nl/cgi-bin/emboss/matcher: ᶲsimilarity

between Mlp52166 and Mlp72983; ᶱsimilarity between Mlp52166 and Mlp86274; ᶷsimilarity between Mlp86274 and Mlp72983.
e Host specificity determined by this study selection criteria.
f Length of mature protein in amino acids. Length of the putative signal peptide is in parentheses (identified by SignalP version 4.1).
g Cysteine richness of CSEP mature length.
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H) displayed a similar localization to the eGFP control; such a
localization was therefore deemed inconclusive. These results
illustrate that homologous CSEPs can target different cell com-
partments, while CSEPs with no sequence similarity and belong-
ing to different families can target the same organelles.

Host-specific and homologous CSEPs induce stromules
dependently and independently of EDS1

Through our subcellular localization observations, we noticed
that some CSEPs seemed to induce an unusual number of stro-
mules. To assess whether this was significant, we quantified stro-
mules using XopQ as a positive control. None of the M. larici-
populina CSEPs induced an HR after 10 days postinoculation
(dpi) in N. benthamiana, whereas stromule-inducing XopQ in-
duced the expected HR (Fig. 4A). Family 1 CSEPs did not induce
stromules in wild-type N. benthamiana plants, while members

of families 7, 33, and 51 significantly induced stromule forma-
tion (Fig. 4B). As EDS1 is required for XopQ stromule induc-
tion, we used eds1 knockout N. benthamiana plants to assess its
role in the formation of the CSEP-induced stromules (Fig. 5).
In this context, CSEP still did not induce HR at 10 dpi and,
as expected, XopQ no longer induced HR because of the inter-
rupted effector triggered immunity (ETI) signal pathway in the
eds1 mutant (Prautsch et al. 2023) (Fig. 5A). Interestingly, the
eds1 mutation inhibited stromule induction by family 33 mem-
bers (Mlp51690 and Mlp53845) (Fig. 5B). Also, eds1 plants
showed a significant decrease of induction for Mlp107359 and
Mlp108708 of family 51 and Mlp52166 of family 7, although
not to the basal level. Surprisingly, there were no significant
changes for Mlp72983 and Mlp86274, the two other members
of family 7. Finally, we investigated the requirement for NRG1
downstream in the known stromule induction cascade regard-

Mlp104486 Mlp123281

Mlp52166

Mlp72983

Mlp86274

GQ01311_F01 mRNA sequence
WS0476_D13 unknown mRNA
tRNA 2'-phosphotransferase 1

Type 2 light-harves�ng chlorophyll a/b-binding 
polypep�de (Lhcb2)

BURP domain protein RD22-like
Thiol protease aleurain
Wall-associated receptor kinase-like 10

Type IV inositol polyphosphate 5-phosphatase 11
Sub�lisin-like protease SBT1.7
Pathogen-related protein
Probable leucine-rich repeat receptor-like protein kinase
Cysteine protease RD19A 
Cysteine proteinase 15A-like
WS02726_K09 unknown mRNA
WS0281_F02 unknown mRNA
WS0298_B12 unknown mRNA
Transla�on elonga�on factor-1 alpha 2 (EF1A2)

10

3

4

86.5% 

76.9% 

58.7% 

55.9% 

A

B
Family 1

Family 7

Fig. 2. Melampsora larici-populina
candidate effectors from families
1 and 7 share family-specific can-
didate interactors. A, Four types of
screening were performed for each
family. Step 1: Poplar-specific candi-
date effectors were screened against
poplar library. Step 2: Larch-specific
effectors were screened against larch
library. Step 3: The candidate effec-
tors specific to larch were tested for
their interaction with poplar candi-
date interactors obtained from step 1.
Step 4: The candidate effectors spe-
cific to poplar were tested for their
interaction with larch candidate
interactors obtained from step 2.
B, Blue square lists common
candidate interactors shared by
Mlp104486 and Mlp123281 from
family 1. Orange square groups
common candidate interactors
shared by Mlp52166, Mlp72983,
and Mlp86274 from family 7. Purple
square shows common candidate
interactors shared by Mlp52166 and
Mlp86274 from family 7. Sequence
similarity rate is detailed in between
the two circles. GAL4, transcrip-
tional activation domain from yeast;
BD, binding domain; AD, activator
domain.
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Fig. 3. Candidate effectors target various cell compartments. Confocal microscopy images show the fluorescence of Agrobacterium tumefaciens-infiltrated
abaxial epidermis of Nicotiana benthamiana between 1 and 3 days postinoculation (dpi) depending on maximum signal. CSEP::eGFP, green panels; chloroplastic
autofluorescence, blue panels; potential subcellular markers, red panels. Intensity plots illustrate colocalization results supported by the authors. A, z-Stack
accumulation of free enhanced green fluorescent protein (eGFP). B, Focal plane of Mlp104486::eGFP coexpressed with siRNA body marker RFP::SGS3
(n = 14). C, Focal plane of Mlp123281::eGFP coexpressed with chloroplastic nucleoid marker SWIB6::RFP (n = 12). D, Focal plane of Mlp51690::eGFP
coexpressed with chloroplastic nucleoid marker SWIB6::RFP (n = 9). E, z-Stack accumulation of Mlp53845::eGFP showing localization to the nucleus,
cytosol, and cytosolic bodies (unconclusive) (n = 8). F, z-Stack accumulation of Mlp107359::eGFP showing chloroplastic and cytosolic localization (n = 9).
G, Focal plane of Mlp108708::eGFP coexpressed with vacuole marker mCherry::RAB7 (n = 22). H, z-Stack accumulation of Mlp52166::eGFP showing
nucleus and cytosol localization (unspecific) (n = 5). I, Focal plane of Mlp72983::eGFP coexpressed with chloroplastic nucleoid marker SWIB6::RFP (n = 16).
J, Focal plane of Mlp86274::eGFP, which colocalizes with chloroplastic autofluorescence (n = 11). Arrowhead shows a stromule. Number of independent plant
replicates transiently expressing CSEP::eGFP with or without cellular markers. Orange bars show origin of intensity plot. CSEP, candidate secreted effector
protein; RFP, red fluorescent protein; siB, siRNA bodies; Ch, chloroplast; V, vacuole. Subcellular markers from Nelson et al. (2007), Melonek et al. (2012),
and Ivanov and Harrison (2014).
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ing the requirement for NRG1 (Fig. 6). Figure 6A and Supple-
mentary Figure S2A show that XopQ does not caused an HR
in the two independent plant lines NbFNR::eGFP_nrg1-4 and
NbFNR::eGFP_nrg1-5, similar to Mlp72983 and Mlp86274,
which also did not. Mlp72983- and Mlp86274-triggered stro-
mule induction was significantly reduced but not completely

abolished (Fig. 6B; Supplementary Fig. S2B). From these re-
sults (Figs. 4, 5, and 6; Supplementary Fig. S2), we conclude
that these host-specific and homologous candidate secreted ef-
fectors do not induce HR and shared stromule induction patterns
among families: family 1 did not induce any stromules, family
33 induction is esd1 dependent, family 51 and Mlp52166 from

Fig. 3. (Continued from previous page)
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family 7 induced stromules in a partially eds1-dependent man-
ner, and finally Mlp72983 and Mlp86274 from family 7 induced
stromules in an eds1-independent but partially nrg1-dependent
way.

Discussion
In this study, we identified and characterized homologous

CSEPs that show different host-specificity expression profiles.
The rationale for this selection was that if two effectors have very
close sequence homology in a given CSEP family but preferen-
tial expression in one of the two hosts, then they could potentially
interact with similar proteins in each of both hosts and inter-
fere with similar biological processes. One pair and the triplet
of CSEPs shared common protein interactors between family
members. Interestingly, five out of the nine CSEPs showed
a partial or exclusive chloroplastic subcellular localization in
N. benthamiana. Two of the pairs and the triplet induced stro-
mules in three different ways in N. benthamiana: EDS1 depen-
dent, partially EDS1 dependent, and EDS1 independent but par-
tially NRG1 dependent. These results add to the growing evi-
dence that chloroplasts play a key role in the immune response
(Caplan et al. 2015; Kretschmer et al. 2020; Kumar et al. 2018;
Littlejohn et al. 2021; Serrano et al. 2016).

The main hypothesis driving the present study was that ho-
molog CSEPs may accomplish the same major functions to as-

sist the infection process in a host-specific way. The two se-
lected members from family 1, Mlp104486 and Mlp123281,
have 86.5% sequence similarity. They also share 10 common
candidate host interactors and partially share their subcellular
localization, and both did not induce stromule formation. Sim-
ilarly, the two selected members of family 51, Mlp107359 and
Mlp108708, have high sequence similarity (86.2%); however,
neither interacted with host proteins screened by yeast two-
hybrid assays. Both triggered EDS1-dependent stromule forma-
tion, but they have different cellular localizations: Mlp107359
is chloroplastic, whereas Mlp108708 colocalizes with cellular
markers along the secretory pathway (ER, trans-Golgi network,
LE, vacuole, and plasma membrane). The two selected members
of family 3, Mlp51690 and Mlp53845, have 85.4% sequence
similarity and both induced EDS1-dependent stromules. They,
however, do not share candidate host protein interactors or sub-
cellular localization. Mlp51690 is localized in chloroplast nu-
cleoids, whereas Mlp53845’s localization is inconclusive, as it
is similar to the eGFP alone (i.e., nuclear and cytosolic). Fi-
nally, two of the selected members of family 7, Mlp72983 and
Mlp86274, only share 55.9% sequence similarity, but despite this
relatively low similarity, both translocated to the chloroplastic
compartment, shared common candidate host protein interac-
tors, and induced partially nrg1-dependent stromules.

These results confirmed that homology based on sequence
similarity, as first established by Xiang (2006), may not be a suffi-
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AFig. 4. Melampsora larici-populina
candidate secreted effector pro-
teins (CSEPs) from families 33,
51, and 7 induce stromules in
Nicotiana benthamiana. A, Re-
sponse of NbFNR::eGFP plants
at 10 days postinoculation (dpi).
B, Ratio of stromules per chloroplast
at 72 h postinfiltration (hpi) (n = 36,
3 replicates on 12 plants). Asterisk
shows P ≤ 0.05 significantly differ-
ent based on Mann-Whitney test.
Red bar indicates significant differ-
ences between AIM (Agrobacterium
infiltration medium) and mOrange
negative controls versus CSEPs.
Blue bar indicates significant dif-
ferences between XopQ::mOrange
positive control versus CSEPs.
eGFP, enhanced green fluorescent
protein.
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cient characteristic to predict protein characteristics (dos Santos
et al. 2021; Xiang 2006). Actual protein function prediction soft-
ware combines several parameters such as deep learning, protein
structure, protein sequence, or protein–protein interaction data
to reach better accuracy (Dawson et al. 2017; Waterhouse et al.
2018; Zhang et al. 2017; Zheng et al. 2022). Indeed, it has been
demonstrated that unrelated CSEPs displaying different subcel-
lular localization can trigger similar genes or metabolic dereg-
ulation patterns (dos Santos et al. 2021; Germain et al. 2018).
However, these transcriptomic and metabolomic analyses did
not include the homologous CSEP pairs that were characterized
in the present study and were done in the heterologous plant
A. thaliana. Therefore, it appears that although sequence homol-
ogy is a good tool to group sequences within a family, it should
not be used to infer that two CSEPs will have the same target
or localization. Nevertheless, while the mechanisms of protein
sorting in cells are relatively conserved, it is possible that the
larch effectors did not reach their true subcellular localization
caused by the evolutionary gap between Nicotiana (angiosperm)
and larch (gymnosperm). In this study, sequence homology ap-
pears to be a good proxy to evaluate which cellular processes
are perturbed by effectors, as effectors that share high sequence
homology did not share the same localization but had similar
impact on stromule induction.

Identification of CSEP interactors is an important aspect to
consider in their functional characterization. The poor annota-
tion of the larch proteome was a major hindrance for our study,
and we performed reverse screenings to circumvent this obstacle.
As illustrated in Figure 2A, we studied protein–protein interac-
tions of poplar-specific CSEPs against larch candidate interac-
tors and of larch-specific CSEPs against poplar candidate inter-
actors. Moreover, our low rate of protein interactor identification
mirrors previous findings of Petre et al. (2015), who identified
specific interactors for only 5 out of the 20 M. larici-populina
CSEPs transiently expressed in N. benthamiana and screened
by co-immunoprecipitation followed by liquid chromatography-
tandem mass spectrometry (Petre et al. 2015). In the interac-
tion screen, CSEPs of both families 1 and 7 displayed posi-
tive interaction with several proteins that remain to be anno-
tated, and 7 out of 10 common candidate interactors of family 1
were annotated. Interestingly, Mlp104486 and Mlp123281 inter-
acted with RESPONSE TO DEHYDRATATION 19 A (RD19A)
and a 15A-like cysteine protease, two PAPAIN-LIKE CYS-
TEINE PROTEASE (PLCPs). Several PLCPs are reported to
trigger the immune response and programmed cell death (Dervisi
et al. 2022; Dong et al. 2014; Misas Villamil et al. 2019).
Moreover, RD19 interacts with the bacterial effector PSEU-
DOMONAS OUTER PROTEIN P2 (PopP2) and translocates to
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Fig. 5. The eds1 deletion suppresses,
reduces, or does not change stro-
mule induction of candidate effectors
from families 33, 51, and 7. A, Re-
sponse of NbFNR::eGFP_eds1
plants at 10 days postinoculation
(dpi). B, Ratio of stromules per
chloroplast at 72 h postinfiltration
(hpi) of NbFNR::eGFP_eds1 plants
compared with wild type (n = 24,
3 replicates on 8 plants). Asterisks
show P ≤ 0.05 significantly different
based on Mann-Whitney test. Red
bar indicates significant differences
between AIM (Agrobacterium in-
filtration medium) and mOrange
negative controls versus candidate
secreted effector proteins (CSEPs).
Blue bar indicates significant dif-
ferences between XopQ::mOrange
positive control versus CSEPs. eGFP,
enhanced green fluorescent protein.
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the nucleus (Bernoux et al. 2008). Localization of Mlp104486
and Mlp123281 to the nucleus, cytosol, and cytosolic bodies
is consistent with such an interaction. Putative DNA-binding
sites, predicted by DRNApred (Yan and Kurgan 2017), were
identified in Mlp104486 and Mlp123281 sequences. These ef-
fectors interacted with TRANSLATION ELONGATION FAC-
TOR 1 ALPHA 2 (EF1A2), which contributes to the transla-
tion initiation and elongation steps (Hwang et al. 2015). More-
over, Mlp104486 also interacted with three different types of
RNA polymerase subunits, one ribosomal subunit, and the tran-
scription factor GATA TF5, which is reported to mediate abi-
otic stress responses in poplar (An et al. 2020). The poten-
tial function of M. larici-populina CSEPs interfering with the
plant transcription machinery has already been reported (Ahmed
et al. 2018; dos Santos et al. 2021). Our results here suggest
that CSEPs of family 1 might possibly also act as transcription
modulators.

The triplet of CSEPs from family 7 shares three common
candidate interactors: two unannotated proteins and the TRNA

2′-PHOSPHOTRANSFERASE 1 (TRPT1) enzyme, which con-
cludes the last step of tRNA processing and is involved in
pleiotropic effects on plant growth and immunity when dis-
rupted (Soprano et al. 2018). The multiple TRTP1 subcellu-
lar localizations in nucleus, cytosol, mitochondria, and chloro-
plast partially fit with family 7 CSEP localization (Englert et al.
2007). Recently, the Puccinia striiformis f. sp. tritici effector
Pst_A23 was characterized to suppress plant defense by directly
binding a pre-mRNA splice site (Tang et al. 2022). Mlp72983
is one of the best-characterized M. larici-populina CSEPs. It
was already observed as partially chloroplastic in A. thaliana
stable lines, whereas transient expression in N. benthamiana
revealed chloroplastic nucleoid localization. However, several
replicates also showed nuclear speckle accumulation. More-
over, Mlp72983 is predicted to have a nuclear localization sig-
nal and a DNA-binding site. Triplet partners Mlp52166 and
Mlp86274 do not share those predicted domains. Mlp72983
also downregulates important plant defense-related genes such
as WRKY33, PR1, PDF1.2a, PDF1.2b, PDF1.2c, and RESPI-
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Fig. 6. Mlp72983 and Mlp86274 in-
duce NRG1-dependent stromules.
A, Response of NbFNR::eGFP_nrg1-4 plants
at 10 days postinoculation (dpi). B, Ratio of
stromules per chloroplast at 72 h postinfiltra-
tion (hpi) of NbFNR::eGFP_nrg1-4 plants
compared with wild type (n = 18, 3 replicates
on 6 plants). Asterisks show P ≤ 0.05 signifi-
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between XopQ::mOrange positive control
versus candidate secreted effector proteins
(CSEPs). eGFP, enhanced green fluorescent
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RATORY BURST OXIDASE HOMOLOGS (RBOHD) in A.
thaliana and enhances the growth of the oomycete Hyaloper-
onospora arabidopsidis Noco2 when expressed in planta (dos
Santos et al. 2021; Germain et al. 2018). Arabidopsis halleri
PDF1 is reported to have an antifungal activity against Fusar-
ium oxysporum f. sp. melonis (Shahzad et al. 2013). Mlp72983
may thus directly or indirectly modulate host transcription.

Despite the lack of protein interactor identification for some
of the selected CSEPs, it is staggering that a majority localized to
chloroplast and/or induced stromules. Chloroplasts are more and
more considered to be a stress sensor for cell homeostasis and
are closely related to immune response and HR triggers (Caplan
et al. 2015; Erickson et al. 2018; Kumar et al. 2018; Prautsch
et al. 2023). Petre et al. (2016) highlighted that the M. larici-
populina candidate effector protein CTP1 induced an increasing
number of stromules without precisely quantifying them. Hence,
our study is the first to characterize stromule-inducing fungal
candidate secreted effectors proteins. With the knowledge that
that viral and bacterial effector proteins can trigger stromule for-
mation, our study and the Petre et al. (2016) study support that
stromules act as a general stress-related chloroplastic reaction
in biotic stress conditions (Hanson and Hines 2018). Moreover,
Mlp72983 and Mlp86274 revealed new stromule induction path-
ways: EDS1-independent but partially NRG1-dependent. The
first proposed molecular cascade of stromule induction has been
published (Prautsch et al. 2023). The stromule induction signal-
ing cascade based on XopQ induction is shown in Figure 7A. In
Figure 7B, we added our results to the same cascade. The present
results may enlarge the general role of stromules in a pathosys-
tem. It should be pointed out that XopQ elicits stromule induction
through its recognition by the NLR ROQ1, which in turn trig-
gers ETI. The effectors investigated in this study originate from
M. larici-populina, which is not a pathogen that infects Nico-
tiana, and thus it would be very unlikely that an NLR–effector
recognition occurs; thus, for the M. larici-populina effector, stro-

mule induction is not occurring in the context of ETI. The stro-
mule induction without HR raises the question of whether the
stromule may also benefit the pathogen in a specific context.
Because one role of effectors is to attenuate the immune re-
sponse, and stromules are induced during ROQ1-triggered im-
munity, a more intuitive result would have been a decrease in
stromule production. Therefore, the seven new inducers rep-
resent new tools to study the mechanisms related to stromule
induction.

More efforts will be needed to further characterize stromule
induction and the precise role of stromules during infection in the
M. larici-populina larch–poplar pathosystems. Because M.
larici-populina is a rust fungus, most of its infection cycle occurs
in chloroplast-rich mesophyll cells; therefore the manipulation
of the chloroplast could be a cell type-dependent coevolution,
which could explain why such a large proportion of the effector
studied herein targets the chloroplast (5/9) or induces stromule
formation (7/9). A possible way to further investigate stromule
induction could be to set up a screening based on CSEP–host pro-
tein structure prediction and docking, but sparse host proteomes,
particularly the larch proteome, still limit such approaches. Our
results present additional limitations to take into consideration
when assessing candidate effector function and putative targets
and provide novel tools to dissect the mechanisms related to
stromule induction.

Materials and Methods
Plasmids

Candidate secreted effector sequences (genome JGI Mellp
version 2.0) were synthesized by Gene Universal and ampli-
fied without signal peptide following the Gateway protocol
(Persoons et al. 2022; Supplementary Table S1). Amplicons
were cloned in a pDONR221 entry vector and then in a
pK7FWG2 destination vector (Karimi et al. 2002). Cellular

A

B

Fig. 7. New biological tools to ex-
plore stromule induction pathway(s).
A, The bacterial effector XopQ
pathway contributes to building the
first pathway of stromule induction
(Prautsch et al. 2023). B, Seven out
of nine Melampsora larici-populina
candidate effectors characterized in
this study showed singular patterns
to induce stromules in Nicotiana
benthamiana. ETI and PCD are
shown lighter compared with case
A because they are not induced in
Nicotiana benthamiana with the
studied candidate secreted effec-
tor proteins. They represent seven
possible avenues to understanding
molecular mechanisms involved
in biotic stromule induction. ETI,
effector triggered immunity; PCD,
programmed cell death.
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markers mCherry::HDEL (ER), mCherry::SYP41 (trans-Golgi
network), mCherry::RAB5 (LE/MVBs), mCherry::RAB7
(vacuole), and PIP2a::mCherry are from Ivanov and Harrison
(2014). Stromule controls, XopQ::mOrange and mOrange, are
from Erickson et al. (2018).

Bacterial material and growth conditions
Cloning, and DNA propagation were performed in electro-

competent Escherichia coli DH10B or DH5α strains cultivated
on Luria-Bertani (LB) medium with appropriate antibiotics.
Agrobacterium tumefaciens strain GV3101 (pMP90) was trans-
formed and selected on yeast extract peptone medium containing
rifampicin (100 μg/ml), gentamycin (25 μg/ml), and spectino-
mycin (50 μg/ml) or kanamycin (50 μg/ml). Yeast strains Y187
and Y2HGold were grown on yeast extract peptone dextrose
medium with appropriate selective amino acid deficiency and/or
aureobasidin A (200 ng/ml). Transformed E. coli TOP10 strain
were selected on LB medium with ampicillin (50 μg/ml) to res-
cue and propagate candidate plasmids from the first step of the
yeast two-hybrid assay.

Plant material and growth conditions
N. benthamiana plants were grown in growth chambers

(BioChambers) or greenhouses at 22°C with 16-h day/8-h night,
and 60% humidity. Stromule quantification needed wild-type
and knocked-out N. benthamiana lines with plastid labeled
by constitutive expression of the transit peptide of FERRE-
DOXIN NADP(H) OXIDOREDUCTASE (FNR) fused to eGFP
(Schattat and Klösgen 2011). The eds1-1 plants are homozygous
knockouts (Ordon et al. 2017). Independent knocked-out nrg1-4
and nrg1-5 lines were used (Ordon et al. 2021).

Transcriptome and sequence analysis
M. larici-populina pathotype 98AG31 transcriptomes were

collected from Duplessis et al. (2011) and Lorrain et al. (2018)
(see Guerillot et al. 2021). Transcripts from urediniospores and
basidiospores were considered noninfectious stages. Infection
transcriptomes were respectively extracted from infected poplar
leaves (haustoria-producing stage; poplar specificity) as well as
pycnia and aecia from infected larch needles (larch specificity).
To ensure effector homology, screening focused on pairs of effec-
tors classified in the same CSEP families according to Hacquard
et al. (2012). Selected pairs shared the following criteria: pres-
ence of a signal peptide, sequence of fewer than 300 amino acids,
more than 50% of sequence similarity, expressed in both host
during infectious stage transcriptomes, and having a minimum
of 10-fold ratio in one host versus the other (Guerillot et al.
2021).

cDNA library
Around 100 mg of healthy needles and leaves were used

for RNA extraction following the lithium chloride method
(Chang et al. 1993). Briefly, tissues were crushed in liquid
nitrogen with a mortar and pestle. Then, 750 μl of extraction
buffer (2% cetyltrimethylammonium bromide, 2% polyvinyl
pyrrolidone, 100 mM Tris-HCl pH 8, 25 mM ethylenediamine
tetraacetic acid pH 8, 2 M NaCl, 0.5 g/liter spermidine, and 2%
β-mercaptoethanol freshly added) were added and incubated
10 min at 65°C. On ice, 500 μl of chloroform:isoamyl alcohol
(24:1) were added and centrifuged 7 min at 13,000 rpm and 4°C.
The aqueous phase was transferred and added to an equivalent
volume of LiCl (10 M) for 3 h at –20°C. After centrifugation
(20 min, 13,000 rpm, 4°C), the pellet was washed with 400 μl
of cold 80% ethanol, centrifuged, dried, and resuspended with
40 μl of RNase-free water. All samples showed a minimum
of 8.5/10 RNA Quality Indicator (RQI) estimated by Experion

(Automated Electrophoresis System, Bio-Rad). Six replicates
were pooled for yeast two-hybrid library preparation.

Candidate secreted effector interactor screening
Protein–protein interaction screening was made by yeast

two-hybrid assay technologies provided by Clontech Takara
Bio. Poplar and larch libraries were built by Make Your Own
“Mate & Plate” Library System for Yeast Two-Hybrid Screen-
ing. Then, 4 μg of cDNA was cotransformed with 3 μg of
linearized pGADT7-Rec in Y187 competent cell according to
the Yeastmaker Yeast Transformation System 2 protocol (Clon-
tech Inc.). The poplar library and larch library were harvested
and stored at –80°C at 2.23 × 107 UFC/ml and 1.66 × 107

UFC/ml, respectively. Mature candidate effector sequences were
cloned in pGBKT7 plasmid by digestion-ligation (EcoRI-SalI).
According to the same yeast transformation protocol, each can-
didate secreted effector was transformed in Y2HGold strain.
Screening by yeast mating followed the Matchmaker Gold
Yeast Two-Hybrid System (Clontech Inc.) protocol and quality-
control requirement (2% of mating generating a minimum of
1 × 106 diploids). Candidate targets were amplified by colony-
PCR (Supplementary Table S2) and sequenced (Nanuq, Génome
Québec). Candidate interactors were annotated based on the best
hit on BLAST (tBlastn, v. 2.8.0-α). Hits were considered false
positives if they were: found in negative controls, found in inde-
pendent previous lab work, hits with more than two nonhomol-
ogous candidate secreted effectors, or annotated in a different
subcellular localization than the effector (Rajagopala and Uetz
2011). The putative localization of each prey was determined
with the Protein Databank (https://www.rcsb.org) and TAIR
(https://www.arabidopsis.org). For reverse screening, each plas-
mid was extracted by miniprep (FroggaBio) and tested against
the candidate effector of the alternate host.

Transient protein expression in N. benthamiana
A. tumefaciens GV3101 (pMP90) containing specific plas-

mids for cellular markers or candidate effector was grown
overnight and centrifuged for 5 min at 5,000 rpm. The pellet
was resuspended in MgCl2 10 mM and 150 μM acetosyringone
to reach 0.5 OD600nm for cellular localization or 0.2 OD600nm for
stromule quantification. Candidate secreted effector and cellu-
lar marker were mixed in a 1:1 ratio for the colocalization study
(Ivanov and Harrison 2014). After 1 h of room temperature incu-
bation, Agrobacterium solution was abaxially agroinfiltrated in
the youngest fully expanded leaves of 4- to 6-week old N. ben-
thamiana plants with a needleless syringe. Based on maximal
signal expression, samples were observed either at 48 h or 72 h
postinfiltration. These localizations were observed a minimum
of five times in independent replicates.

Image acquisition and processing
Leaf tissues were vacuum-infiltrated with sterile water before

observation on glass slides. Subcellular localization and nrg1
stromule counting were performed on a Leica TCS SP8 (Le-
ica Microsystems) with oil objectives HC PL APO CS2 40× or
63×. eGFP, RFP/mCherry/mOrange, and far red were excited
and collected at 488/500 to 525 nm, 552/600 to 625 nm, and
638/650 to 700 nm, respectively. Lasers were set at 4% inten-
sity. Images were acquired and processed with LAS AF Lite
software (Leica Microsystems). Wild-type and eds1 stromule
quantifications were performed on the epifluorescence micro-
scope AxioObserver Z1 (Zeiss) equipped with an X-Cite fluo-
rescence light source and an MRm monochrome camera using a
40×/0.75 NA EC PLAN NEOFLUAR lens. eGFP and mOrange
fluorescence were recorded with 38 HE and 43 HE filter cubes,
respectively (Carl Zeiss), and acquired and processed with Zen-
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Blue software. Images and z-stacks were performed on abaxial
epidermis.

The stromule quantification protocol started by combin-
ing each image from a z-stack acquisition (maximum of
20 optical sections through 10-μm depth along the z-axis)
into a single image, as previously described in Schattat and
Klösgen (2009). Stromule quantification was assisted by MT-
BCellCounter, hosted on ImageJ, Java (Franke et al. 2015) and
counted in a semi-automated fashion (Savage et al. 2021).
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