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Abstract

Plants interact with microorganisms that can cause diseases and reduce crop productivity. The fungal pathogen Melampsora
larici-populina (Mlp) causes the leaf rust disease of poplar trees by secreting proteins, termed effectors, into host tissues to
promote pathogenesis. In this study, we functionally characterized two homologous Mlp candidate secreted effector proteins
(CSEPs), MIp72983 and MIp52166. Confocal microscopy experiments revealed that MIp72983 has cell type-specific differential
localization. It accumulates in the guard cells’ chloroplast of the epidermis and in the nucleus of the spongy mesophyll of
Arabidopsis thaliana and Populus alba x Populus tremula. MIp52166 has a nucleocytosolic accumulation in the epidermal layer
and has nuclear localization in the mesophyll layer of the two species. Transcriptomic experiments showed that MIp72983
and MIp52166 deregulate plant genes, when constitutively expressed in either Arabidopsis or poplar. The two CSEPs deregulate
genes that encode histones, hydroxysteroid dehydrogenases, and multidrug and toxic compound extrusion proteins, with roles
in DNA repair, methylation, and xenobiotic detoxification. Inoculation assays showed that CSEPs overexpression in poplar
transgenics did not enhance susceptibility to rust infection. Despite being closely related in sequence identity, Mlp72983 and
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MIp52166 have cell type-specific subcellular localization and deregulate mostly unique sets of plant genes.
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Introduction

Rust fungi (Pucciniales order) are one of the largest and
most complex group of plant pathogens, causing significant
losses to crops and bioresources (Dean et al. 2012). Members
of this order can collectively infect a wide range of plants,
ranging from gymnosperms to angiosperms. Despite being
important pathogens, technical barriers, such as the lack of
transformation capacity and obligation to work with living
hosts, impair investigations of the biology of rust fungi (Petre
and Duplessis 2022). However, in the recent decades, the se-
quencing of the first genomes of Pucciniales allowed func-
tional genomics studies and fast-forwarded molecular inves-
tigations (Duplessis et al. 2011). Molecular biologists have
relied on heterologous systems (since rust fungi do not in-
fect model plants) to elucidate the pathogenicity mechanism
and interaction between fungi and host plants (Lorrain et al.
2018a).

Melampsora larici-populina (Mlp) requires two phylogeneti-
cally unrelated hosts, larch and poplar, to complete its life
cycle (Duplessis et al. 2009; Frey et al. 2011). Mlp infec-
tion plagues a variety of poplar cultivars, and high-density
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monoclonal cultivation has led to genetic resistances break-
down (Pinon and Frey 2005; Xhaard et al. 2011; Persoons et al.
2017). To infect poplar and larch, Milp deploys putative effec-
tors within host tissues (Hacquard et al. 2010; Joly et al. 2010).
A study by Duplessis et al. (2011) revealed that the poplar
rust genome encodes approximately 1184 candidate secreted
effector proteins (CSEPs). These candidate secreted effectors
proteins were categorized into protein families based on se-
quence similarity (Hacquard et al. 2012; Saunders et al. 2012).
Understanding the molecular dialogue between Mip and its
hosts is crucial to uncovering its pathogenicity mechanism
and the plant’s susceptibility mechanisms.

Figuring out the role of effectors during the infection pro-
cess implies, as a first step, to identify the site of accumula-
tion of these proteins in the plant cell (Alfano 2009). A pre-
vious study on Milp CSEPs by Germain et al. (2018) showed
that most (11/14) localize to the nucleus and cytosol, whereas
three accumulated at specific cellular compartments in Ara-
bidopsis thaliana. Similarly, Mlp124478 was shown to accumu-
late in the nucleus and nucleolus of A. thaliana (Ahmed et al.
2018). Interestingly, several studies using the heterologous
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system Nicotiana benthamiana have reported the localization of
CSEPs to the chloroplasts (Petre et al. 2015; Petre et al. 2016;
Andac et al. 2020). In recent studies, chloroplast-targeting
fungal effectors were shown to enhance plant susceptibility
to pathogens and play novel roles during pathogenesis (Xu et
al. 2019; Andac et al. 2020).

Plants are composed of tissues, organs, and cell types not
all equally affected by effectors (Henry et al. 2017). It has
been demonstrated that Pseudomonas syringae can secrete AvrB
and AvrPto unequally in diverse cell types and in a tempo-
rally regulated manner (Henry et al. 2017). Coherent with
these findings, it also appears that the plant itself can re-
spond to aggressors with a cell type-specific immune re-
sponse (Delannoy et al. 2023; Tang et al. 2023). This dual het-
erogeneity, of the pathogen effector space-time modulation
and the plant’s uneven immunity complexifies our under-
standing of the plant—pathogen molecular dialog. Moreover,
the widespread use of transient expression in heterologous
systems such as N. benthamiana potentially hides some of that
dynamic.

MIp72983 and MIp52166 belong to the small-secreted pro-
teins (SSP) family Mlp7: they are the two closest members and
share 76.9% identity in amino acid sequence (Letanneur et al.
2024). In addition, transcriptomic analysis of Mlp during in-
fection of both hosts (larch and poplar) showed that these
homologous CSEPs have contrasting host expressions, where
Mip72983 is highly expressed during larch infection (62.3
times more) and MIp52166 expression predominates dur-
ing poplar infection (16.2 times more) (Lorrain et al. 2018b).
Moreover, MIp72983 overexpression in A. thaliana deregulates
over 700 genes, including genes involved in plant immu-
nity (Dos Santos et al. 2021). In addition, our laboratory re-
cently showed that both candidate effectors can induce stro-
mule formation and that M1p52166 does so partially depen-
dently on EDS1, while MIp72983 uses NRG1 (Letanneur et al.
2024). In this study, we have assessed the in planta activity of
Mip72983 and MIp52166 using Arabidopsis and poplar trans-
genics. In epidermal cells, we observed a cell type-specific ac-
cumulation of MIp72983 in the chloroplasts of guard cells
and in the nucleus of spongy mesophyll cells, while MIp52166
showed nucleocytosolic accumulation in pavement cells and
nuclear accumulation in spongy mesophyll cells in both
species. Transcriptomic analyses revealed that transgenics ex-
pressing these CSEPs have several hundreds of deregulated
genes, including a few commonly deregulated genes. There-
fore, our study reveals that similar Mlp CSEPs can have dif-
ferent cell type-specific accumulation in planta and modulate
the expression of unique gene sets.

Materials and methods

Plasmid construction

Mip candidate effector sequences were obtained from JGI
MycoCosm (genome JGI Mellp version 2.0 (Duplessis et al
2011)). CaMV35S::CSEP-GFP constructs were the same as de-
scribed in Letanneur et al. (2024); primers are mentioned
in Table S1. The constructs were sequenced before transfor-
mation into Agrobacterium tumefaciens. The nucleoid marker

SWIB-RFP construct was used as described in Letanneur et al.
(2024)

Growth condition of bacterial material

Escherichia coli DH5« cells were grown in Luria-Bertani me-
dia at 37 °C with spectinomycin (25 pg mL™!). Agrobacterium
tumefaciens strain GV3101 (pMP90) was grown in yeast extract
peptone medium at 28 °C with 50 pgmL~! spectinomycin,
25 pg mL~! gentamycin, and 100 pg mL~! rifampicin.

Production of A. thaliana transgenics

Arabidopsis thaliana Col-0 seeds were stratified for 48 h at
4 °C, then plants were grown in soil (Agromix) in a growth
chamber under 16 h:8 h light:dark conditions at 23 °C and
60% relative humidity. A slightly modified floral dipping tech-
nique was used to transform the plants with A. tumefaciens
strain GV3101 (pMP90) to develop Arabidopsis transgenics
(Mireault et al. 2014). Single insertion homozygous transgen-
ics were selected using Mendelian segregation of the Basta re-
sistance (15 mg L~!)in T1 and T2 generations. Two positive in-
dependent Arabidopsis transgenic lines expressing MIp52166-
GFP (AT2_1_521 and AT_11_521) were selected upon obser-
vation of GFP fluorescence. M1p72983-GFP (AT2_2 729 and
AT2_14_729) were obtained from Germain et al. (2018). The
four Arabidopsis transgenic lines expressing the Mlp candi-
date effectors displayed normal morphology, and each con-
struct, regardless of the line, displayed identical cellular lo-
calization of the fluorescent protein; therefore, confocal im-
ages are shown for only one line per construct in each plant
species. For both subcellular localization assay and transcrip-
tomics, Col-0 expressing GFP (Col_0_GFP) was used as control
(Germain et al. 2018).

Measurements of Photosystem II activity

We measured the Photosystem II (PSII) activity of the stable
Arabidopsis transgenics expressing MIp72983. Three cauline
leaves per transgenic lines (AT2_2_MIp729 & AT2_14 729) of
Arabidopsis were kept in the dark for an hour, the minimal
level (F,) and then the maximum fluorescence level (Fy) was
measured followed by 20 min of light exposure. After pho-
tosynthesis is fully induced, the measurement was done at
830 nm using PAM-101 (Walz) and an emitter detector pair.
The interval between measurement points was 5 min upon
switching the light on and off with an electronic shutter.
Data acquisition system PDA-100 PAM was used to record
the change in light absorption. The experiment was repeated
three times

Production of poplar transgenics

To produce stable poplar transgenics, the hybrid Popu-
lus alba x P. tremula (INRA clone 717-1B4) was used. Poplar
transformation was done using internode co-cultivation pro-
tocol (Leple et al. 1992), using cefotaxime (300 mgL~!) as
modified by Vigneault et al. (2007). The coding sequence
of Mlp candidate effectors and poplar expressing GFP (con-
trol) were cloned into the same vector pK7FWG2 and trans-
formed into A. tumefaciens strain GV3101 (pMP90). Trans-
genic poplars were selected on 2 MS rooting medium
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supplemented with 15 mgL~! of Basta (Table S2). Pos-
itive transgenic lines expressing Mlp CSEP-GFP were se-
lected through confocal microscopy. Two positive poplar
transgenic lines per candidate effector protein (MIp72983:
P1_LINE1_MIp72983 and P1_LINE3_MIp72983; MIp52166:
P1_LINE4_MIp52166 and P1_LINE8 MIlp52166) were used for
further experiments.

Image acquisition by confocal microscopy

Laser scanning confocal microscopy images were acquired
using a Leica TCS SP8 (Leica Microsystems) equipped with an
oil immersion objective HC PL APO CS2 40X/1.30. To stain the
nuclei, leaf discs were vacuum infiltrated in water contain-
ing DAPI (10 pgmL™!) for 10 min at room temperature be-
fore observation. The DAPI, GFP and mCherry fluorophores
were excited in sequential mode at 405, 488, and 552 nm, re-
spectively, and their fluorescence emission was acquired at
444-477 nm for DAPI, 500-525 nm for GFP, and 571-606 nm
for mCherry. Observation of localization was done in three
independent repetitions and post-acquisition image process-
ing was performed with the software LAS-AF Lite (Version
4.0.0.11706).

RNA extraction and transcriptomic analysis
Total RNA was isolated from leaves of Arabidopsis and
poplar with five replicates per transgenic line using RNAeasy
Plant Mini Kit (Qiagen, Inc.) following manufacturer’s speci-
fications, with on column DNase treatment. Quality was as-
sessed using Bioanalyzer 2100 (Agilent), then RNA libraries
were prepared with polyA-enriched stranded system. Se-
quencing was performed with Illumina Novaseq PE100 at
Genome Quebec Center of McGill University, QC, Canada.
The parameters used in the analysis are deposited in
GitHub (https://github.com/SnehiG/Snehi_paper_ 2024/tree[p
atch-1/scripts). Raw read quality control, including adapter
trimming and filtering of low-quality reads was done with
fastp 0.23.4 (Chen et al. 2018; Abdollahi et al. 2021; Chen
2023). Reads were aligned to A. thaliana TAIR10 and Populus
trichocharpa Pop_tri_v4 reference genomes, retrieved from En-
semblPlants (https://plants.ensembl.org/index.html), using the
software STAR version 2.7.9.a (Durinck et al. 2009). Subse-
quent analyses were done using R v4.3.1 and Bioconduc-
tor v3.17 (Durinck et al. 2009). Read counting was done
with the packages Rsamtools v2.160 (Morgan et al. 2017),
GenomicAlignments, and GenomicFeatures (Lawrence et al.
2013). Mapping summary is provided in Fig. S1. Differen-
tial expression analysis was done with DESeq2 v1.42.0 (Love
et al. 2014). For this, genes with TPM values lower than
the mean threshold of expression across the samples (cal-
culated with DAFS (George and Chang 2014)) were filtered
out. Then, normalization factors were calculated on the top
0.5% of genes with the lowest coefficient of variation in ex-
pression level, selected with the CustomSelection v1.1 pack-
age (Dos Santos et al. 2020). We analyzed the variation be-
tween the replicates of the transgenic lines of each species
with principal component analysis (PCA), with the functions
tlog and plotPCA from DESeq2 v1.42.0 (Love et al. 2014). The
PCA analysis revealed that M1p72983 poplar transgenic line
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P1_LINE1_MIp729 was very different compared to the other
samples, shown in Fig. S2 and therefore removed for gene
ontology (GO) term enrichment analysis. When comparing
CSEP::GFP expressing lines with their corresponding controls
(Col_0_GFP, Poplar_GFP), we considered as deregulated genes
those with log; fold change > 2 and adjusted p value < 0.01.
Subsequently, for each CSEP and plant species, we main-
tained only the genes deregulated in both transgenic lines.
GO Term enrichment was calculated with the function en-
richer, with Benjamini-Hochberg p value-correction, and sim-
plify, using Wang similarity measure and cut-off of 0.3, from
ClusterProfiler v4.10.0 (Yu et al. 2012). Only terms with ad-
justed p value < 0.05 and more than 2 genes were considered
as enriched in each gene sets. Networks of enriched terms
were plotted using the packages org.At.tair.db (Carlson 2019),
GoSemSim v2.28.0 (Yu et al. 2010; Yu 2020), igraph v1.6.0
(Csardi and Nepusz 2006; Csardi et al. 2023), ggraph 2.1.0
(Pedersen 2020), ggrepel 0.9.5 (Slowikowski 2024), and scat-
terpie v0.2.1. Venn diagrams were created with the package
ggVennDiagram v1.5.0.

Western blot

Between 100 and 200 mg of flash-frozen poplar leaf tissue
was heated at 95 °C for 10 min in 1x Laemmli buffer. After a
quick centrifugation, proteins were separated on a 12% acry-
lamide gel, then transferred to a Trans-Blot Turbo RTA nitro-
cellulose membrane (Bio-Rad). GFP-tagged proteins were re-
vealed with a 1/1000 dilution of an HRP-coupled anti-GFP an-
tibody (sc-9996 from Santa Cruz Biotechnology) using chemi-
luminescence. Coomassie staining of a parallel gel was used
as a loading control.

Inoculation of poplar transgenics with

Melampsora medusae f. sp. tremuloides

Melampsora medusae f. sp. tremuloides (Mmt) was isolated
from naturally infected Populus tremuloides leaves collected in
Québec City. Urediniospores were scrapped with a stainless-
steel single edge-dissecting needle, resuspended in sterile dis-
tilled water, and filtered on 100 pum BD Falcon cell strainer.
The concentration of the urediniospores in the suspen-
sion was determined with an hemacytometer and adjusted
to 10*5 conidia/mL. Leaves were detached from in vitro
plantlets of wild-type and transgenic lines and placed onto
a piece of Kimberley Clark Wypall L20 saturated with dis-
tilled water covering the surface of 100 mm Petri dishes. The
urediniospores suspension was then spray-inoculated on the
abaxial surface of the leaves with a siphon feed airbrush at
an air pressure of 20 psi. Observation was performed 15 days
post inoculation by counting Mmt uredinia present on the
poplar leaves.

Effector in silico analyses

SignalP  (https://services.healthtech.dtu.dk/services/Sign
alP-6.0/) was used to predict the signal peptide of the Mip
candidate effectors. Subcellular localization for the selected
CSEPs was predicted using Localizer and WolfPSORT (https:
[fwolfpsort.hgc.jp/) (Sperschneider et al. 2017), while nuclear
localization signal (NLS) was predicted with NLStradamus (ht
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Fig. 1. M1p72983 and MI1p52166 are two similar CSEPs from Mlp. (A and B) Schematic representation of MIp72983 and MIp52166
proteins (in grey) indicating signal peptides and nuclear localization signal in the native proteins, and the localization of the
GFP (in green) in the mature fusion proteins (without signal peptide). Host expression specificity is denoted by the larch tree
(A) and poplar tree (B). (C) Full length amino acid alignment of MIp72983 and MIp52166 using Clustal Omega in R Studio.
Identical amino acid sequence between both Mlp CSEPs in colored boxes.
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tp:[/www.moseslab.csb.utoronto.ca/NLStradamus|), presence
of chloroplast transit peptide was assessed with TargetPv2.0
(https://services.healthtech.dtu.dk/services/TargetP-2.0/),

and protein sequences were aligned using Clustal Omega
(https:/fwww.ebi.ac.ukfjdispatcher/) with R v4.3.1.

Results

MIp72983 and MIp52166 are two similar CSEPs
from Mip

MIp72983 and Mlp52166 comprise a predicted signal pep-
tide and 220 and 221 residues, respectively (Figs. 1A and
1B), and their sequences share 76.9% identity at the amino
acid level (Fig. 1C). The analysis of the mature sequences
(without signal peptide) with Localizer, TargetP, and WolfP-
SORT predicted neither chloroplast nor mitochondrial tran-
sit peptides (Table S3). Unlike MIp52166, MIp72983 car-
ries an eight amino-acid long monopartite NLS (amino
acids 68-76). To elucidate the distinctions between these
homologous CSEPs, we first assessed their localization in
planta.

In Arabidopsis cells, Mlp72983 displays a cell
type-specific localization, whereas M1p52166

accumulates in the nucleus and the cytosol

We assessed the localization of each CSEP in stable A.
thaliana transgenic lines. In epidermal cells, the GFP con-
trol plant displays nucleocytosolic localization (Fig. 2A).
Mi1p72983-GFP shows cell type-specific accumulation de-
tected exclusively in the chloroplast of the guard cells (Fig.
2B). Interestingly, MIp72983-GFP fluorescence was detected
in the chloroplasts of guard cells, but the signal was absent
in the pavement cell. Surprisingly, M1p72983-GFP signal was
absent in pavement cells and only present in guard cells.
Moreover, we observed MIp72983-GFP signal in the nucleus
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of the spongy mesophyll cells (Fig. 2C). In contrast, transgen-
ics expressing M1p52166-GFP showed a fluorescent signal in
the nucleus and the cytosol in the abaxial epidermal layer
(Fig. 2D) and strictly to the nucleus of the spongy mesophyll
cells (Fig. 2E). We detected no phenotypical difference be-
tween the Arabidopsis transgenics overexpressing M1p72983-
GFP or MIp52166-GFP, and the control line (Col-0-GFP) (Sup-
plementary Fig. 3). Because we observed the accumulation of
MIp72983 in chloroplasts, we investigated whether it affected
the activity of Photosystem II in the Arabidopsis transgenics.
We measured the ratio of maximum chlorophyll fluorescence
yield (Fv/Fm) that indicates the photosystem activity in dark
relaxed state. In both lines of Arabidopsis transgenics overex-
pressing M1p72983, Fv/Fm showed similar photosystem activ-
ity compared to the control (Col-0-GFP) (Fig. S4). Based on
these results, we concluded that despite their amino acid
similarities, MIp72983 and MIp52166 have distinct subcellar
localization patterns. More specifically, MIp72983 has a cell
type-specific localization and its chloroplastic localization
did not perturb global photosynthetic activity in Arabidopsis
plants.

In poplar cells, M1p72983 and MIp52166

localize as in Arabidopsis

We also assessed the subcellular accumulation pattern of
Ml1p72983 and MIp52166 in poplar transgenics. As in Ara-
bidopsis, the poplar-GFP control, here referred to as GFP,
showed the expected fluorescence in the cytosol and nu-
clei (Fig. 3A). Figure 3B shows that MIp72983-GFP accumu-
lates specifically in the chloroplasts of guard cells. In the
spongy mesophyll layer, fluorescence of Mlp72983-GFP colo-
calized with DAPI in the nuclei (Fig. 3C). In the epider-
mis, MIp52166 showed nucleocytosolic localization as ob-
served in A. thaliana (Fig. 3D), and colocalized with DAPI
in the nuclei of the spongy mesophyll layer in poplar
leaves (Fig. 3E). While performing the assessment of poplar
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Fig. 2. MIp72983 displays a cell type-specific localization, whereas MIp52166 accumulates in nucleus and cytosol in Arabidopsis
transgenics. Confocal images (A) Col-0 expressing GFP (used as control). (B) MIp72983 fused with GFP in abaxial epidermal
layer. (C) Spongy mesophyll layers showing fluorescence of M1p72983. (D) MIp52166 fused with GFP in epidermal layer. (E)
Accumulation of Mlp52166-GFP fusion. Green fluorescent protein (green panel), chlorophyll autofluorescence (blue panel),
DAPI (blue panel), merge of panels, fluorescence intensity of the overlap of fluorophores shown in the panels (right). Scale—

10 pm.

transgenics, we did not observe morphological differences
with wild type (Fig. S5A). To rule out that the nucleocytoso-
lic localization of MIp52166-GFP was not a cleavage artifact,
we performed a Western blot of the four transgenic lines.
MIp52166-GFP was detected at the expected molecular weight
(48 KDa) in both lines, while M1p72983-GFP was below the
detection threshold in P1_LINE1_729 but detected at the ap-
propriate molecular weight (48 KDa) in P1_LINE3_729 (Fig.
S5B). We concluded that MIp72983 has cell type-specific ac-
cumulation where it is restricted to guard cells in the epider-
mis, more precisely in the chloroplasts of guard cells, and the
nucleus of spongy mesophyll layers. For its part, Mlp52166
shows a nucleocytosolic localization in epidermal layer and
is strictly nuclear in spongy mesophyll layers. This local-
ization is identical as observed in independent Arabidopsis
transgenics.
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Ml1p72983 and MIp52166 deregulated sets of
genes in Arabidopsis and poplar transgenics
Given that a previous study reported massive gene deregu-
lation of plant immunity genes in Arabidopsis transgenics ex-
pressing MIp72983 (Dos Santos et al. 2021), we further inves-
tigated the impact of MIp72983 and MIp52166 on gene ex-
pression in both Arabidopsis and poplar. Two transgenic lines
for each CSEP, in both Arabidopsis and poplar, were used for
transcriptomic analysis. We compared transgenic lines over-
expressing Mlp CSEP against GFP expressing control lines; the
genes with log2 fold change > 2 and adjusted p value < 0.01
were considered deregulated. In poplar, we found 7793 differ-
entially expressed genes (DEGs), whereas Arabidopsis showed
2131 genes deregulated by either Mlp CSEP (Fig. 4A). Plants ex-
pressing M1p72983-GFP showed 539 and 689 downregulated
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Fig. 3. Poplar transgenics showed identical localization of the two Mlp CSEPs as observed in Arabidopsis transgenics. (A) Poplar
717-1B4-GFP (control). (B) M1p72983-GFP in the epidermis (the lower line was used for colocalization). (C) Spongy mesophyll
layer showing fluorescence of M1p72983-GFP. (D) MIp52166-GFP in epidermal layer. (E) Accumulation of MIp52166-GFP fusion
in mesophyll. Green fluorescent protein (green panel), chlorophyll autofluorescence (blue panel), DAPI (blue panel), merge of
panels, fluorescence intensity (right). Scale—10 pm.
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genes in Arabidopsis and poplar transgenics, respectively. On
the other hand, MIp52166 downregulated 825 genes in poplar
and 231 in Arabidopsis transgenic lines. The list of common
deregulated genes by Milp CSEPs in each species can be found
in Table S4.

We further determined the biological processes affected by
Mlp72983 and M1p52166 in the transgenic plants through GO
term enrichment analysis. Figure 4B shows that, in poplar,
the sets of genes downregulated by the two CSEPs are mostly
enriched in processes such as DNA replication initiation, ATP
biosynthesis, lignin catabolism, and signaling of mitotic spin-
dle assembly. On the other hand, in Arabidopsis, the down-
regulated genes are related to response against biotic stress,
signal transduction, negative regulation of innate immune
response, and lipid biosynthesis.

chloroplast

iﬁk\

chloroplast
oy

|||T“k \1
I |

i\ i M

T 3

nucleus

A { A
NPT S Y | SO gl " AN

nucleus

To compare the deregulated genes between the two ho-
mologous CSEPs and between Arabidopsis and poplar, we
used the Ensembl annotations for A. thaliana and Populus tri-
chocarpa to find the orthologs between the two species. In
the Venn diagram (Fig. 4C), the ellipses indicate that the
genes deregulated in each species and by each CSEP, where
upregulated and downregulated genes are indicated, respec-
tively, in red and blue. Interestingly, we found that both
CSEPs downregulate four common genes in each transgenics,
namely AT3G53650 and Potri.010G231300 (histone superfam-
ily), AT2G04050 and Potri.017G120400 (multidrug and toxic
compound extrusion), as well as two genes with similar func-
tions: AT3G47350, Potri.008G030600, and AT3G47360 and
Potri.016G048800 (hydroxysteroid dehydrogenase). In con-
clusion, the two studied candidate effectors deregulate very
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Fig. 4. M1p72983 and MIp52166 deregulated common sets of
genes in Arabidopsis and poplar transgenics. (A) Heatmap of
differential expressed genes (DEGs) in stable transgenics ex-
pressing Mlp CSEPs. The total number of deregulated genes
in each plant species are indicated at the top of the heatmap.
Up- and downregulated genes are represented, respectively,
in red and blue (on the right), while two independent trans-
genics lines from each Mlp CSEPs are annotated on the left. (B)
Cytoscape representation of downregulated genes involved
in biological process in both the transgenics expressing Mlp
CSEPs. (C) Identification of common homologous deregulated
genes in both the stable transgenic species by MIp72983 and
MIp52166 shown in Venn diagram. Here, upregulated (red)
and downregulated (blue) genes are written as found in Ara-
bidopsis followed by ortholog in poplar, respectively.
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different gene sets while also deregulating a handful of com-
mon genes.

Poplar transgenics overexpressing Mip CSEPs
have normal infection levels of Melampsora

medusae f. Sp. Tremuloides

As effectors commonly assist pathogen infection, we inves-
tigated the impact of Mip CSEPs overexpression on poplar
susceptibility to a rust fungal infection. As the poplar variety
amenable to transformation (INRA clone 717-1B4) cannot be
infected by Mlp, we infected our transgenic lines with Melamp-
sora medusae f. sp. tremuloides (Mmt), a close relative of Mip. In
the infection assay, poplar transgenic leaves were inoculated
with Mmt urediniospores and uredia was quantified 15 days
later. A representative image of the Mmt pustules present on
the poplar leaves is shown in Fig. 5A. Quantitative analysis
indicated that in planta overexpression of the CSEPs did not
promote the growth of Mmt on transgenic poplar (Fig. 5B).

Discussion

In this study, we have demonstrated that Mlp CSEPs have
cell type-specific accumulation in planta and deregulates sev-
eral genes in stable transgenics, including four common
downregulated genes in two stable transgenic of the two stud-
ied CSEPs.

Our study revealed that MIlp72983 strictly targets the
chloroplast of the guard cells in the epidermal pavement
cells, and the nucleus of the spongy mesophyll cells in both
poplar and Arabidopsis transgenics (Figs. 2 and 3). The cell
type-specific accumulation suggests a dual role, one in the
chloroplast of the guard cell and one in the mesophyll cells.
Additionally, the nuclear localization of MIp72983 is sup-
ported by the in silico prediction of an NLS in its amino acid
sequence (Fig. 1A). The fact that M1p72983 localizes to the
chloroplasts (that has its own DNA) along with the nucleus in
the studied stable transgenics could be due to the possible in-
teraction of this candidate effector with DNA or DNA-binding
proteins in planta. We also observed that M1p72983 did not
impair the photosynthetic activity of Arabidopsis transgenics
(Supplementary Fig. 4). However, we cannot exclude an im-
pact on photosynthesis of the guard cells since it could have
been masked by the photosynthesis of the mesophyll cells.

The bioinformatic prediction tools did not identify
compartment-specific addressing motifs in M1p52166 (Figs.
2C and 3C). Mlp52166 also displayed cell type-specific local-
ization as it is nucleocytosolic in pavement cells and nu-
clear in mesophyll cells. Interestingly, AvrB and AvrPto were
shown to accumulate at different levels in diverse cell types
and in a temporally regulated manner (Henry et al. 2017). In
Mip, the temporal regulation of effectors has been demon-
strated previously (Hacquard et al. 2010). Although laser-
dissection assisted transcriptomic had yielded insight the cell
type-specific accumulation of effector’s transcript (Hacquard
et al. 2010), our results bring another level of understanding
into the protein accumulation and cell-specific subcellular lo-
calization of Mlp effectors.
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Fig. 5. Milp CSEPs have normal infection levels to Melampsora medusae f. sp. tremuloides (Mmt). (A) Representation of pres-
ence of Mmt pustules on poplar leaves expressing Mlp CSEPs (i) Poplar-GFP, (ii) Poplar-717-1B4, (iii) P1_LINE1_72983, (iv)
P1_LINE3_72983, (v) P1_Line4_52166, and (vi) P1_LINE8_52166. (B) Number of Mmt rust pustules per cm? on poplar leaves
at 15 days post inoculation. No statistical differences were found using ANOVA analysis.
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The two studied Mlp CSEPs deregulated 7793 genes in
poplar and 2131 genes in Arabidopsis transgenics. The dif-
ference in the total number of deregulated genes between
the species is likely due to the genome size and gene num-
ber. Indeed, P. trichocharpa has almost 520 megabases of DNA
and 45 000 annotated coding genes, compared with the 125
megabases and 25 000 annotated genes of A. thaliana (Meinke
et al. 1998; Tuskan et al. 2004). As MIp52166 is expected to
exhibit activity in poplar but not necessarily in Arabidopsis,
which is not a host for the rust, this may contribute to the
larger number of deregulated genes in poplar. Simply put, the
effector may have more success exerting its full activity in its
natural host. Among the genes downregulated by MIp72983
in poplar, the top enrichment of the GO terms are in DNA
replication initiation, plant-type secondary cell wall biogen-
esis, microtubule-based movement, chitin catabolic process,
and regulation of cyclin-dependent serinefthreonine kinase
activity (Fig. 4B). The deregulated genes enrichment in GO
categories of biological process in both Arabidopsis and poplar
is shown in Figs. S6A and S6B. Interestingly, we identified the
gene ID of four genes commonly downregulated among all
the transgenic lines in both species (Fig. 4C). They encode for
a histone superfamily protein, two hydroxysteroid dehydro-
genases, and a multidrug and toxic compound extrusion pro-
tein. This common deregulation of genes may indicate that
these Mlp CSEPs have similar indirect targets in the plant cells
and, hence, modulate the expression of similar genes in both
Arabidopsis and poplar species.

We did not detect enhanced susceptibility of Populus ex-
pressing either CSEPs to the poplar leaf rust fungus Melamp-
sora medusae f. sp. tremuloides. This result differs from Germain
et al. (2018), where stable Arabidopsis transgenics overexpress-
ing M1p72983 were more susceptible to oomycete infection.
The lack of enhanced Mmt susceptibility caused by these two
Mip CSEPs could be due to a lack of sensitivity in the response
variable we measured (uredia count), the requirement for a
helper effector or the fact that Mmt already expresses can-
didate effector homologous to Mip52166 and MIp72983. The
lack of genetic tools prevents the knock down or knock out of
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these candidate effectors in the Mlp or Mmt pathogen, which
limits the assessment of their role during infection.

Taken together, our results show that these two Mlp CSEPs,
despite having relatively high amino acid similarity, have dif-
ferent localization patterns. Interestingly, despite the exten-
sive use of effector-GFP fusion in effectoromics experiments,
cell-type specific subcellular accumulation has not been ex-
tensively reported. This may be due to the extensive use of
the N. benthamiana transient expression system in which al-
most exclusively the pavement cells are imaged and guard
cells do not express the transgene. Our results suggest that us-
ing stable transgenic provides an added value over transient
expression for a better understanding of effector mechanis-
tic.
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