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Summary

e Oomycete plant pathogens secrete effector proteins to promote disease. The damaging
soilborne legume pathogen Aphanomyces euteiches harbors a specific repertoire of Small
Secreted Protein effectors (AeSSPs), but their biological functions remain unknown. Here we
characterize AeSSP1256.

¢ The function of AeSSP1256 is investigated by physiological and molecular characterization
of Medicago truncatula roots expressing the effector. A potential protein target of
AeSSP1256 is identified by yeast-two hybrid, co-immunoprecipitation, and fluorescent reso-
nance energy transfer—fluorescence lifetime imaging microscopy (FRET-FLIM) assays, as well
as promoter studies and mutant characterization.

e AeSSP1256 impairs M. truncatula root development and promotes pathogen infection. The
effector is localized to the nucleoli rim, triggers nucleoli enlargement and downregulates
expression of M. truncatula ribosome-related genes. AeSSP1256 interacts with a functional
nucleocytoplasmic plant RNA helicase (MtRH10). AeSSP1256 relocates MtRH10 to the perin-
ucleolar space and hinders its binding to plant RNA. MtRH10 is associated with ribosome-
related genes, root development and defense.

o This work reveals that an oomycete effector targets a plant RNA helicase, possibly to trigger

nucleolar stress and thereby promote pathogen infection.

Introduction

Plant pathogens alter host cellular physiology to promote their
own proliferation by producing effector proteins that interact
with plant molecular targets. Previous studies have indicated large
variations in the effector repertoire of plant pathogens, suggesting
that a large number of molecular mechanisms are targeted by
these effectors (He ez al., 2020).

Oomycetes constitute a large phylum and include important
filamentous eukaryotic pathogens, many of which cause disease
in plants or animals (van West & Beakes, 2014; Kamoun ez 4/,
2015). The presence of conserved motifs in some oomycete
sequences has allowed the computational prediction of many can-
didate effectors in the oomycete genome (Haas er al, 2009;
McGowan & Fitzpatrick, 2017; Tabima & Griinwald, 2019).
There is increasing evidence that the plant nucleus is an impor-
tant compartment for effector function, mainly because of the
large portfolio of putative nucleus-targeting effectors predicted in
oomycete genomes (Schornack ez al, 2010; Stam ez al., 2013;
Song et al, 2015; Zhang et al, 2015; Wang er al, 2019).
Accordingly, different mechanisms of action at the nuclear level
have been reported, including alteration of gene transcription
(Song et al., 2015; Wirthmueller et al., 2018; He et al., 2019),
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mis-localization of transcription factors (McLellan ez al, 2013),
suppression of RNA silencing by inhibition of siRNA accumula-
ton (Xiong et al, 2014; Qiao et al, 2015), and plant DNA
damage (Ramirez-Garcés er al., 2016; Camborde ez al., 2019).
However, only a small number of oomycete effectors have been
assigned a specific function.

Aphanomyces euteiches, the causal agent of pea root rot disease,
is a major pathogen that affects crop and forage legumes and nat-
urally infects the model legume Medicago truncatula (Gaulin
et al., 2007). The severity of symptoms observed upon exposure
of natural M. truncatula lines to the pathogen showed a continu-
ous gradient, indicating that the interaction is quantitative, rang-
ing from a relative resistance phenotype to a high susceptibility
phenotype (Djébali ez al., 2009; Jacquet & Bonhomme, 2020).
Among M. truncatula, the susceptible F83005.5 line developed
symptoms within a few days and commonly died within 3 wk,
whereas the Al7-Jemalong partially resistant line displayed
retarded growth and a delay in the appearance of symptoms
(Djébali er al., 2009; Jacquet & Bonhomme, 2020). Partial resis-
tance to A. euteiches in M. truncatula and in pea has been shown
to be controlled by numerous quantitative trait loci (QTLs)
whose effects on the disease range from minor to major (Hamon
et al., 2013; Bonhomme et al, 2014, 2019; Desgroux et al.,
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2018). No fully resistant lines have been reported, and the
observed partial resistance is commonly linked to the develop-
ment of a large number of roots and lateral roots (Bonhomme
et al., 2014, 2019; Badis ez al., 2015; Desgroux et al., 2018).

In our recent work, we have combined transcriptomics and
genomics analyses to identify A. euteiches pathogenic determi-
nants. We identified a new class of effectors of > 290 Small
Secreted Proteins (AeSSPs) specifically found in A euteiches
(Gaulin ez al., 2018). These AeSSPs contain a predicted N-
terminus signal peptide, are < 300 residues in length, and are
devoid of any functional annotations. Many AeSSPs contain a
predicted nuclear localization signal (NLS), suggesting that these
are probably active within the host nucleus. Screening to identify
plant nuclear-localized A. euteiches effectors that can promote
Phyrophthora  capsici infection led to the identification of
AeSSP1256. This effector, which is upregulated during early col-
onization of M. truncatula roots, presented a predicted signal
peptide followed by a bipartite nuclear localization signal (NLS).
The idea that AeSSP1256 targets the plant nucleus has been con-
firmed by its transient expression with or without its signal pep-
tide, both in Nicotiana benthamiana and Al7
M. truncatula roots (Gaulin ez al., 2018).

In this study, to gain further insight into the role of
AeSSP1256, we have investigated its activity in M. truncatula. We
found that AeSSP1256 promotes pathogen infection of the A17
partially resistant line and restricts root development. Our micro-
scopic studies and whole-transcriptome approaches in A17 M.
truncatula roots expressing the effector showed that AeSSP1256
triggers nucleolar stress and downregulates host ribosome-related
genes. Using yeast-two hybrid (Y2H), co-immunoprecipitation
and FRET-FLIM assays, we identified that AeSSP1256 binds a
nucleocytoplasmic DExD-box RNA-Helicase (RH) in M. zrun-
catula (MtRH10). This interaction leads to the re-localization of
MRHI0 to the perinucleolar space, and it is thus diverted away

leaves

from its RNA target. Imaging studies using promoter:GUS and
MtRH10:GFP constructs reveal the exact expression and localiza-
tion of MtRH10 in the meristematic cells of the A17 root apex.
Silencing of the corresponding gene delays root growth and
affects expression of ribosome-related genes, while its overexpres-
sion counteracts this phenotype. In contrast to its overexpression,
silencing of MtRH10 modifies the outcome of the infection,
making the tolerant A17 roots susceptible to A. euteiches infec-
tion. This study demonstrates that soil-borne oomycete effectors
possibly trigger nucleolar stress to promote infection by targeting
host RHs, which contribute to root development and defense
through the ribosome biogenesis pathway.

Materials and Methods

Plant material, microbial strains, and growth conditions

All experiments were carried out using the partially resistant line
M. truncarula Jemalong-Al17. Seeds were cultured 77 vitro and
transformed as described by Boisson-Dernier ez 2l (2001); Djébali
et al. (2009). Aphanomyces euteiches (ATCC 201684) zoospore
inoculum was prepared as described by Badreddine er 2l (2008).
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Root infection was performed using 10> zoospores as described by
Ramirez-Garcés et al. (2016). Nicotiana benthamiana plants were
grown under a 16 h : 8 h, 24°C : 20°C, light : dark photoperiod
at 70% humidity. Escherichia coli (DH5a, DB3.1), A. tumefaciens
(GV3101:pMP90) and A. rhizogenes (ARQUA-1) strains were
grown on LB medium using the appropriate antibiotics.

Construction of plasmid vectors and Agrobacterium-
mediated transformation

The green fluorescent protein (GFP) control plasmid
(pPK7WGEF2), and the 3585:4eSSP1256:YFP, 358:AeSSP1256:
GFP, 355:SP-AeSSP1256:GFP (AeSSP1256 sequence with its
own signal peptide) and minus or plus signal peptide 35S:
AeSSP1256:GFP:KDEL constructs are described in Gaulin ez /.
(2018). The primers used in this study are listed in Supporting
Information Table S1. Medicago truncatula candidates sorted by
Y2H assay (Table S2) were amplified using Pfx Accuprime poly-
merase (12344024; Thermo Fisher, Waltham, MA, USA) and
introduced into the pPENTR/D-TOPO vector by TOPO cloning
(K240020; Thermo Fisher) and then transferred into the
pK7WGEF2, pK7FWG2 (http://gateway.psb.ugent.be/), pAM-
PAT-35S:GTW:CFP and pAM-PAT-35S::CFP:GTW binary
vectors. The cloning of the MmRHIO gene (Legoo:
MtrunA17_Chr5g0429221) into pK7WGF2 produced the GFP:
MtRHI0 construct.

Using pENTR/D-TOPO:AeSSP1256, as described previously
(Gaulin er al., 2018), AeSSP1256 was transferred by LR recom-
bination into pAM-PAT-35S:GTW:3HA to create an
AeSSP1256:HA construct for co-immunoprecipitation and
Western blot experiments, and into pUBC-RFP-DEST (Grefen
et al., 2010) to obtain the AeSSP1256:RFP construct for confocal
analyses. For RNAi of MtRH10, a 328 nucleotide sequence in
the 3'UTR was amplified by polymerase chain reaction (PCR;
Table S1), introduced into the pPENTR/D-TOPO vector and LR
cloned into the pK7GWiWG2(II)-RedRoot binary vector to
obtain the RNAi MtRH10 construct. This vector allows hairpin
RNA expression and contains the red fluorescent marker DsRED
under the constitutive Arabidopsis Ubiquitinl0 promoter. For
MtRH10 promoter expression analyses, a 1441 nucleotide region
downstream of the start codon of the MtRHI0 gene was ampli-
fied by PCR (Table S1), fused to the f-glucuronidase gene (using
the pICH75111 vector (Engler ez al, 2014)) and inserted into
the pCambia2200:DsRED derivative plasmid (Fliegmann ez al.,
2013) by Golden Gate cloning to generate the Pro-
moterMtRH10:GUS vector.

Medicago truncatula composite plant hairy roots were gener-
ated as described elsewhere (Boisson-Dernier ez al., 2001) using
the ARQUA-1 Agrobacterium rhizogenes strain. Agrobacterium
tumefaciens-transformed strains were syringe-infiltrated into V.
benthamiana as described by Gaulin et a/. (2002).

RNA-Seq experiments
For 358:GFP and 355:SP-AeSSP1256:GFP RNA-Seq analysis,

the total RNA of four biological replicates of transformed roots
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were extracted. Before harvest, roots were checked for GFP-
fluorescence by live macro-imaging (Axiozoom; Zeiss) and the
GFP-positive roots were excised from the plants. Four replicates
were prepared for each condition, with one replicate correspond-
ing to the pool of transformed roots excised from 20—40 trans-
genic plants. Total RNA was extracted using the E.Z.N.A.® total
RNA kit (Omega Bio-tek, Norcross, GA, USA) and purified
using the Monarch® RNA Cleanup Kit (NEB, Ipswich, MA,
USA). cDNA libraries were produced using the MultiScribe™
Reverse Transcriptase kit using a mix of random and poly-T
primers under standard conditions for real-time polymerase chain
reaction (RT-PCR). Library preparation was performed using the
GeT-PlaGe genomic platform (https://get.genotoul.fr/en/) and
sequenced using a HiSeq3000 sequencer (Illumina, San Diego,
CA, USA). The raw data were trimmed with TRIMGALORE
(v.0.6.5) (https://github.com/FelixKrueger/TrimGalore) with cu-
TADAPT and FasTQC options, and mapped to M. truncatula cv
Jemalong A17 reference genome v.5.0 (Pecrix et al., 2018) using
Hisat2 (v.2.1.0) (Kim ez al., 2019). SamTOOLS (v.1.9) algorithms
‘fixmate’ and ‘markdup’ (Li ez 4/, 2009) were used to clean align-
ments from duplicated sequences. Reads were counted with
HTsEQ (v.0.9.1) (Anders ez al., 2015) using the reference GFF
file. The count files were normalized and differentially expressed
genes (DEGs) were identified using the DESEQ2 algorithm (Love
et al., 2014); false-positive hits were filtered using a high-
throughput sequencing (HTS) filter (Rau ez 4/, 2013). The thresh-
old of the adjusted P-values was set to 1 X 107 (Pugj < 1 X 107).
Gene ontology (GO) enrichment of DEGs was performed using
ToPGO (Alexa & Rahnenfuhrer, 2020) software. RNA-Seq
experiments on susceptible F83005.5 (F83) plants infected by A.
euteiches are described in Gaulin ez 2/ (2018).

RNA extraction and quantitative qRT-PCR

Total RNA was extracted using the E.Z.N.A.® Plant RNA kit
(Omega Bio-tek). For reverse transcription, 1 ug of total RNA
was used, and reactions were performed with the High-Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Quantitative reverse transcription polymerase
chain reaction was performed using SYBRGreen (Applied Biosys-
tems) on a QUANTSTUDIO 6 (Applied Biosystems) device. The
primers used are listed in Table S1.

To estimate the extent of infection by A. euteiches, the expres-
sion of the a-tubulin coding gene (Ae_22AL7226 (Gaulin ez al.,
2008)) was analyzed. The Histone 3-like and EFIa genes of M.
truncatula (Rey et al., 2013) were used to normalize A. euteiches
RNA abundance during infection. For Aphanomyces quantifica-
tion within AeSSP1256-expressing roots, five technical replicates
and three biological replicates were performed for each time
point. A technical replicate is a pool of three to five root systems
from distinct composite plants’ hairy roots from one M. truncat-
ula transformation. Biological replicates correspond to infection
assays performed on independent M. truncatula transformation
assays. Thus, for each time point and construct, 45-75 trans-
formed root systems were analyzed. For MtRHI0 gene quantifi-
cation, four technical replicates and two biological replicates were
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performed for each time point (3040 root systems analyzed per
time point). For missense MtRH10 experiments, cDNA from five
samples was used, given that a sample was a pool of five plants (n
= 25 plants for each construct). For A. euteiches quantification in
infected roots transformed by GFP:MtRH10, RNAi MRH10
constructs or in GFP control roots, three technical replicates and
two biological replicates were performed each time (¢. 50 root
systems for GFP:MtRH10 or RNAi MtRH10, and 91 for GFP
control plants). The relative expression of Ae a-tubulin and
MtRHI0 helicase genes was calculated using the 2744¢ method
(Livak & Schmittgen, 2001). For reverse transcription poly-
merase chain reaction (QRT-PCR) validation of RNA-Seq experi-
ments, cDNA were derived from five technical replicates, and
two biological replicates. The relative expression levels of 17

ribosome-related genes (Table S3) were calculated using the
2722C method.

Yeast two-hybrid assays
An ULTImate Y2H™ assay was carried out by Hybrigenics Ser-

vices (https://www.hybrigenics-services.com) using the mature
form of AeSSP1256 (20-208 aa) as bait against a library prepared
from M. truncatula roots infected by A. euteiches. The library was
prepared by Hybrigenics Services using a mixture of RNA isolated
from uninfected M. truncatula F83005.5 (£12%), M. truncatula
infected with A. euteiches ATCC201684 harvested 1 d post-
infection (£46%), and M. truncatula infected with A. euteiches
harvested 6 d post-infection (£42%). This library is now available
to other customers at Hybrigenics Services. For each interaction
identified during the screen performed by Hybrigenics (65 million
interactions tested), a ‘Predicted Biological Score (PBS)’ was given,
which indicates the reliability of the identified interaction. The
PBSs range from ‘A’ (very high confidence of interaction) to ‘F
(experimentally proven technical artifacts). In this study, we kept
candidates with PBS values from ‘A’ to ‘C’ for validation.

Analysis of the amino acid sequence of MtRH70

MtRHI10 (MtrunA17_Chr5g0429221) putative nuclear localiza-
tion signal (NLS) motifs were predicted by cNLS MAPPER with a
cut-off score of 4.0 (Kosugi et al., 2009). The putative nuclear
export signal (NES) motifs were predicted using NES FINDER
v.0.2 (http://research.nki.nl/fornerodlab/NES-Finder.htm) and
the NetNES 1.1 Server (la Cour et 4l., 2004). Conserved motifs
and domains of DExD-box R were found using the SCANPROSITE
tool on the ExPASy website (https://prosite.expasy.org/scanprosite/).

For the phylogenetic tree, 29 sequences were selected based on
BrastP results (cut off e-value < 107°9) using MtRH10 on the
Medicago truncatula genome portal (Mt5.0 version, hetps://
medicago.toulouse.inra.fr/). Three sequences with an align-
ment length < 30% (MtrunA17_Chrlg0155691; MtrunAl7_
Chr8g0349951; MtrunA17_Chrlg0155211) were removed from
the dataset. The phylogenetic tree was constructed and visualized
using the CLC Workbench (Qiagen), with CLusTALW alignment
and the neighbor-joining (NJ) method with default parameters
and a bootstrap value of 1000.
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Immunoblot analysis

For N. benthamiana protein analyses, at least three independent
agroinfiltration assays were performed for each construct. Each
assay represents the infiltration of three plants on two distinct
leaves per plant. A technical replicate is a pool of the two leaves
from the same plant (three technical replicates per assay). Each
blot was performed with technical replicates from one assay, and
blots were repeated using the replicates from the independent
assays. For M. truncatula protein analyses, each blot was repeated
using proteins extracted from the different biological replicates.
Immunoblots were performed as described in Ramirez-Garcés
et al. (2016) using 30 pg of total protein separated on 10%
Stain-Free SDS-PAGE gels (1610173; Bio-Rad). For GFP detec-
tion, an anti-GFP from mouse IgGlk (clones 7.1 and 13.1;
11814460 001, Roche) was used. A monoclonal anti-
hemagglutinin (HA) antibody produced in mouse (H9658,
Sigma-Aldrich) was used for HA detection. An anti-mouse sec-
ondary antibody coupled to horseradish peroxidase (BioRad;
170-6516) was used with an ECL Clarity Kit (BioRad; 170-
5060) for visualization.

Co-immunoprecipitation assay

Co-immunoprecipitation was performed using N. benthamiana
infiltrated leaves. Biological and technical replicates were
harvested 24 h after treatment, and total proteins (50 ug) were
incubated for 3 h at 4°C with 30 pl of GFP-Trap Agarose beads
(gta-20; Chromotek, Planegg, Germany). After the washing
steps, the GFP-beads were boiled in SDS loading buffer (Merck;
S3401) and immunoblotting was performed.

Confocal microscopy

Scanning was performed on a TCS SP8 confocal microscope
(Leica, Microsystems, UK). For GFP and GFP variant recombi-
nant proteins, the excitation wavelength was 488 nm, with emis-
sion absorbance between 500 nm and 550 nm, whereas an
excitation wavelength of 543 nm was used for RFP variant pro-
teins, with emission absorbance between 560 nm and 600 nm.
Images were acquired with a X40 or X20 water immersion lens
and correspond to Z projections of the scanned tissues (c. 5 pm
depth). All confocal images were analyzed and processed using
the IMAGE] software package (http://rsb.info.nih.gov/ij/).

Cytological observations of transformed roots

Roots of composite plants were prepared as described previously
(Ramirez-Garcés et al., 2016). For each construct, a total of nine
roots from three independent transformation experiments were
used. NDPVIEW2 software was used to observe longitudinal root
sections of GFP or missense MtRH10 plants and to measure the
root apical meristem (RAM) was used for all other measure-
ments. Average RAM cell sizes were estimated by measuring all
the cells from the same layer from the quiescent center to the
RAM boundary. Mean values were then calculated from
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> 200 cells. In the elongation zone (EDZ) of GFP, AeSSP1256:
GFP or missense MtRHI10 roots, cell area and cell perimeter were
measured in a rectangular measuring ¢ 300 X 600 um (two
selections per root). To obtain a normalized cell perimeter, each
cell perimeter was proportionally recalculated for a 500 um? area
standard cell. To estimate cell shape differences, considering that
cortical cells in the EDZ of GFP control roots are mostly rectan-
gular, we measured the perimeter bounding rectangle (PBR),
which represents the smallest rectangle enclosing the cell. We
then calculated the perimeter : PBR ratio. Rectangular cells have
a perimeter : PBR ratio close to 1.

Measurement of nucleolar surface

Ten roots from two independent M. rruncatula transformations
were fixed for 2 h under vacuum in fixation buffer 4%
paraformaldehyde (15710; Electron Microscopy Sciences), 50
mM sodium cacodylate (12300; Electron Microscopy Sciences),
0.1% Triton X-100 (T'8787; Merck) diluted in TBS 1x (ET220;
Euromedex, Souffelweyersheim, France) and incubated overnight
at 4°C. After washing in TBS 1X, roots were stained with 4 6-
diamidino-2-phenylindole (DAPI; D8417; Merck) for 30 min
under vacuum before confocal imaging using the GFP channel
(excitation 488 nm; emission 500—550 nm), DAPI channel (ex-
citation 405 nm; emission 415-450 nm) or bright field (BF).
The nucleolar surface was estimated using IMAGE] software by
combining measurements based on the three channels (GFP,
DAPI, BF).

Fluorescent resonance energy transfer (FRET)/fluorescence
lifetime imaging microscopy (FLIM) measurements

For protein—protein interactions, V. benthamiana agroinfiltrated
leaves were analyzed as described previously (Tasset et al., 2010).
For protein—nucleic acid interactions, samples were prepared as
described in (Camborde et al, 2017; Escouboué et al., 2019).
Nucleic acid staining was performed by vacuum infiltrating a
5 uM Sytox Orange (§11368; Thermo Fisher) solution. Samples
were observed on an inverted microscope (Eclipse TE2000E;
Nikon, Tokyo, Japan). For RNase treatment, foliar discs were
incubated for 15 min at room temperature with 0.5 mg ml™'
RNase A (R6513; Merck) before nucleic acid staining. Fluo-
rescence lifetime measurements were performed in the time
domain using a streak camera as described by Camborde ez
al. (2017). The fluorescence lifetime of the donor (GFP) was
experimentally measured in the presence and absence of the
acceptor (Sytox Orange). FRET efficiencies (E) were calcu-
lated by comparing the lifetime of the donor in the presence
of the acceptor (Tpa) to that in the absence of the acceptor
(tp): E= 1 - (tpa)/(tp). Statistical comparisons between
control (donor) and assay (donor + acceptor) lifetime values
were made using Student’s #test. For each experiment, nine
leaf discs collected from three agroinfiltrated leaves were used,
and at least two independent infiltration assays were per-
formed. A minimum of 30 nuclei were scanned to ensure the
statistical significance of the data.
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www.newphytologist.com


http://rsb.info.nih.gov/ij/

Results

AeSSP1256 impairs Medicago truncatula root development
and promotes pathogen infection

To investigate the function of AeSSP1256 in the host plant, we
expressed the AeSSPI1256 gene in M. truncatula Al7-Jemalong
roots (358:5P-AeSSP1256:GFP). In these ‘composite” plants gen-
erated using Agrobacterium rhizogenes, only the root system is
transformed (Boisson-Dernier ez al., 2001). The presence of
AeSSP1256 in the plant strongly affects root development, as
shown in the photographs in Fig. 1(a). The total number of roots
and primary root length per plant are significantly lower in
AeSSP1256-expressing roots than in GFP control roots (Fig. 1b).
The presence of the GFP-tagged AeSSP1256 protein (expected
size 46.5 kDa) was confirmed by Western-blot analysis using
anti-GFP antibodies on total proteins extracted from the trans-
formed Medicago truncatula roots (Fig. 1c). A slight cleavage of
the AeSSP1256-fusion protein was observed thanks to the pres-
ence of a GFP-band at ¢. 26 kDa. To check if the observed aber-
rant root development is due to the GFP-tag, we confirmed the
phenotype on Al7 roots expressing a HA-tagged version of
AeSSP1256 (Fig. 1c,d).

To evaluate whether AeSSP1256 modifies the outcome of the
infection, AeSSP1256:GFP-expressing roots were inoculated
with A. euteiches zoospores. We observed browning of the roots,
indicating root rot symptoms due to A. euteiches, from 7 to 21 d
after inoculation of the pathogen in both the control GFP-roots
and in AeSSP1256-expressing roots, but with greater severity in
roots expressing the effector (Fig. 1le). We carried out RT-qPCR
analyses at 7-, 14- and 21 d post-inoculation to monitor
pathogen development and compared them with infected GFP-
control roots. Our results showed that the presence of the effector
rendered the partially resistant A17 Medicago roots more suscep-
tible to the pathogen (1.5-5 times higher accumulation of the
pathogen with time) (Fig. 1f). Thus, expression of AeSSP1256

alters root development and enhances host root infection.

AeSSP1256 localizes to the nucleolus rim and triggers
nucleoli enlargement in M. truncatula root cells

The Medicago composite plant hairy roots were used to confirm
the subcellular localization of the effector in the host. As depicted
in Fig. 2(a), confocal analyses showed a fluorescent circle around
the nucleolus for AeSSP1256 GFP-fusion protein in Medicago
hairy roots cells. The nucleolus rim is not observed in GFP-
transformed hairy roots (355:GFP). We next found evidence that
supports the subcellular localization of AeSSP1256 through con-
focal imaging of N. benthamiana leaves agroinfiltrated with 35S:
SP-AeSSP1256:RFP in combination with 35S:GFP:H2B (His-
tone 2B). An RFP-fluorescence pattern at the nucleolus rim
which surrounds the nucleolar GFP fluorescence pattern of GFP:
H2B proteins was detected (Fig. S1), thus demonstrating the
presence of AeSSP1256 at the nucleolus rim 7z planta.

We noticed that the peri-nucleolus localization of AeSSP1256
in Medicago roots seems to be correlated with enlarged nucleoli,

New Phytologist (2022) 233: 2232-2248
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as revealed in DAPI-stained samples (Fig. 2b). Measurements of
nucleoli size from image analysis confirmed a variation from
4.5 um*> (£1.9) for control roots to 6.6 um*> (£3) for
AeSSP1256:GFP-expressing roots (Fig. 2c). Changes in mor-
phology and nucleolus size are linked to nucleolar activity
(Ohbayashi & Sugiyama, 2018). Perturbation of the nucleolar
structure ultimately impairs ribosome biogenesis and triggers so-
called nucleolar/ribosomal stress (Ohbayashi & Sugiyama, 2018).
Thus, the enlargement of Medicago nucleoli in the presence of
AeSSP1256 suggests that the effector induces nucleolar stress by
interfering with the ribosome biogenesis pathway.

To find out whether the effect of AeSSP1256 on Medicago
roots is linked to the peri-nucleolar localization of the effector, a
KDEL-endoplasmic reticulum (ER) retention signal was added
to the 358:5P-AeSSP1256:GFP construct (Fig. S2a). The
observed GFP fluorescence pattern in these transgenic roots is
similar to that detected in roots transformed with the mCherry-
ER marker (ER-r6-CD3-960 construct) (Fig. S2a,b). As
expected, this points to the retention of the effector in the endo-
plasmic reticulum. By contrast, a nuclear fluorescence pattern is
detected when Medicago roots are transformed with a 35S:
AeSSP1256:GFP:KDEL construct (Fig. S2a,b). In each of these
situations, the fluorescence pattern is distinctly different from
that detected in GFP control roots. The presence of the different
versions of the effector in transgenic roots was investigated using
Western-blot analysis (Fig. S2¢). As illustrated in Fig. S2(d) and
quantified in Fig. S2(e), abnormal root development was
observed only when the AeSSP1256 effector accumulated in the
nuclei of Medicago. Taken together, our results demonstrate that
the localization of the effector to the nucleolus rim is important
for its biological activity.

AeSSP1256 affects the expression of genes related to
ribosome biogenesis

We performed comparative whole-genome transcriptomic analy-
sis using paired-end sequencing of four biological replicates of
358:GFP and 358:SP-AeSSP1256:GFP transformed roots. In all,
we identified 4391 DEGs, 2129 of which were upregulated
and 2262 of which were downregulated (adjusted P-value
<1 % 107>; Table S3a). To identify the function of the DEGs,
we performed gene set enrichment analysis using the TorGO
software package for the three main GO categories (Fig. 3a;
Table S3b): biological process, cellular component, and molecu-
lar function. The upregulated DEGs corresponded mainly to
the ‘photosynthesis’ GO term. In the downregulated DEGs, we
identified ‘ribosome biogenesis’, ‘organonitrogen compound
biosynthesis’ and ‘cellular amide metabolic processes’ GO terms
to be among the most represented, all of which were strikingly
downregulated. We next selected 17 M. truncatula genes for
qRT-PCR analysis to confirm the effect of AeSSP1256 on the
ribosome biogenesis pathway of the host. First, we chose ten
Arabidopsis genes that control plant development (i.e. mutants
with shorter root phenotypes) (Table S3¢) by BLAST searches (>
80% identity) in the Al7 line r5.0 genome portal (Pecrix ez al.,
2018). We also selected seven genes coding for ribosomal
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Fig. 1 AeSSP1256 perturbs Medicago truncatula root development and increases its susceptibility to Aphanomyces euteiches. Plants of the tolerant M.
truncatula A17 line were transformed using Agrobacterium rhizogenes with 35S:GFP or 355:SP-AeSSP1256:GFP constructs to generate composite plants
in which only the root system was transformed. (a) Representative 355:GFP and 35S:SP-AeSSP1256:GFP M. truncatula plants grown over 21 d. Note the
reduced growth of the roots expressing AeSSP1256:GFP compared those expressing free green fluorescent protein (GFP). Bar, 1 cm. (b) Quantification of
root number (upper panel) and primary root length (in cm; bottom panel) of transformed roots of control and 35S:SP-AeSSP1256:GFP plants at 21 d after
transformation (DAT). Results were obtained from five independent experiments for a total of 126 GFP-transformed plants and 79 AeSSP1256:GFP-
transformed plants. The boxes indicate the interquartile range (25" to the 75% percentile). The central line within the boxes represents the mean value.
The whiskers indicate the minimum and maximum values. The jittered data points were superimposed onto the box plot to show the underlying
distribution of the data. The asterisks indicate significant differences (Student's t-test; **, P < 0.001). (c) Representative M. truncatula roots transformed
with the 355:GFP or 355:5P-AeSSP1256:HA constructs at 21 DAT. Note the reduction in the development of the root system. Bar, 1 cm. (d) Western-blot
analysis using total proteins extracted from transformed M. truncatula roots at 21 DAT and anti-GFP or anti-HA antibodies. Protein loading was verified by
stain-free imaging of polyacrylamide gel. The representative blot (from three independent analyses) shows a band at c. 28 kDa for the free GFP expressed
from a pK7WGF2 vector in control roots. The GFP-tagged effector expressed from the pK7FWG2 vector is probably cleaved, with an expected band at

. 46.5 kDa and an additional band for the free GFP. (e) Representative root rot disease symptoms observed in 35S:GFP and 35S:SP-AeSSP1256:GFP M.
truncatula plants at 14 d post-inoculation with A. euteiches. Transformed-roots (21 DAT) were inoculated with 10 pl of A. euteiches zoospores

(10° spores mI™"). Bar, 1 cm. (f) Relative quantification of the A. euteiches tubulin gene in transformed roots treated by the pathogen, as analyzed by
quantitative polymerase chain reaction (qPCR). 35S5:GFP- and 35S:SP-AeSSP1256:GFP-transformed roots were inoculated with 10 pl of A. euteiches
zoospores (10° spores ml™"). Data were collected from three to five different pools of roots for a total of 45 to 75 plants per time point at 7, 14 and 21 d
post-infection. Bars represent the mean values (+SE). Asterisks indicate significant differences (Student's t-test; *, P < 0.05).
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Fig. 2 AeSSP1256 localizes to the nucleolus rim and triggers nucleoli size enlargement in Medicago truncatula roots. Hairy root transformation of M.
truncatula A17 line, using Agrobacterium rhizogenes to generate composite plants where only the root system was transformed. (a) Representative
confocal analysis images of M. truncatula roots 21 d after Agrobacterium transformation (DAT) with 355:GFP or 355:SP-AeSSP1256:GFP constructs. Note
that the free green fluorescent protein (GFP) shows a nucleocytoplasmic localisation, while AeSSP1256:GFP is localized as a ring around the nucleolus.
Dashed lines indicate the nucleus. Bar, 5 um. (b) Roots were fixed and nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Note the
enlargement in the nucleoli surface where AeSSP1256:GFP proteins are present, as compared to cells expressing free GFP. BF, bright field. Bar, 5 um.

(c) Nucleoli surface measurements (in um?) for root cells expressing 355:GFP or 355:SP-AeSSP1256:GFP at 21 DAT. The boxes indicate interquartile range
(25™ to the 75" percentile). The central line within the boxes represents the mean value. The whiskers indicate the minimum and maximum values. The
jittered data points were superimposed onto the box plot to show the underlying distribution of the data n = 108 nuclei for GFP, and 124 nuclei for
AeSSP1256:GFP, using a total of 10 different roots for each construct. Independent experiments were conducted for a total of 126 GFP-transformed plants
and 79 AeSSP1256:GFP-transformed plants. Asterisks indicate significant differences (Student's t-test; ***, P = 1.51 x 107).

proteins and related to ‘ribosome biogenesis’ in M. truncatula
for expression analysis based on the KEGG pathway
map (https://www.genome.jp/kegg-bin/show_pathway?ko03008)
(Table S3c). As shown in Fig. 3(b), all of the seventeen selected
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genes from M. truncatula are downregulated in the presence of
AeSSP1256. At this point, our results pointed to a perturbation
of the ribosome biogenesis pathway of the host plant by the
AeSSP1256 effector.
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Fig. 3 Transcriptomic analyses reveal downregulation of genes related to ribosome biogenesis in both AeSSP1256-expressing roots and Aphanomyces
euteiches-infected roots. (a) Top five enriched gene ontology (GO)-terms of downregulated and upregulated genes, obtained using classical gene set
enrichment analysis (GSEA) with Fischer's exact test. Expected, enrichment threshold; Significant, number of differentially expressed genes (DEGs); Total,
number of genes of the category in the genome. (b) Comparison of RNA-Seq (n = 4) and quantitative reverse transcription polymerase chain reaction
(gRT-PCR) (n = 5, different samples of the RNA-Seq) analysis of selected ribosome biogenesis-related genes in AeSSP1256-expressing roots. Bars represent
the mean values (+SE). (c) Upper panel: Venn diagram of DEGs for two RNA-Seq experiments (number of genes) in susceptible Medicago truncatula
F83005.5 roots infected with A. euteiches at 9 dpi (data from Gaulin et al., 2018) and the tolerant M. truncatula A17 line expressing the AeSSP1256:GFP
effector (this study). Bottom panel: DEGs that are specific or common to the F83-infected line and the AeSSP1256-expressing roots (downregulated (blue)
and upregulated (red)). Lower panel: Pie charts depicting the number of common DEGs associated with a GO term. Only GO terms associated with > 10
genes are represented. GO terms related to ‘translation and ribosome-biogenesis’ are the most represented in the downregulated category.
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Fig. 4 AeSSP1256 associates with and relocalizes a nucleocytoplasmic host RNA helicase (MtRH10) to the nucleolus rim in Nicotiana benthamiana cells.
Four-week-old N. benthamiana leaves were inoculated or co-inoculated with Agrobacterium tumefaciens harbouring the 355:AeSSP1256:YFP or 355:CFP:
MTtRH10 constructs. For each construct, three independent replicates were performed; per repetition, two leaves from two distinct leaf stages and three
independent plants were agroinfiltrated. (a) Representative fluorescence images obtained using confocal laser scanning microscopy 1 d after transient
expression in leaves. Samples were randomly selected for fluorescence detection. MtRH10 shows a nucleocytoplasmic localization (left panel), while the
presence of AeSSP1256 re-localizes MtRH10 to the peri-nucleolar space around the nucleolus (right panel) where the effector is localized. BF, bright field.
The white dashed lines indicate the nuclear membrane. Bar, 10 um. (b) Representative immunoprecipitation (IP) of protein extracts from agroinfiltrated
leaves using GFP-Trap beads, confirming that AeSSP1256 associates with MtRH10. Expression of constructs in the leaves is indicated by ‘plus’ symbols (+).
Protein size markers are indicated in kDa and protein loading is verified by stain-free imaging of polyacrylamide gel. Protein fusion bands are indicated by
arrows. Upper panel: anti-GFP and anti-HA blots to confirm the presence of fusion proteins in the input fractions. Lower panel: anti-GFP and anti-HA blots
on output fractions to reveal the presence of the corresponding protein. (c) Cyan fluorescent protein (CFP) lifetime distribution of the 355:CFP:MtRH10
construct when expressed alone or in combination with the 355:AeSSP7256:YFP construct in transiently transformed N. benthamiana leaves. Histograms
show the distribution of nuclei (%) according to classes of CFP:MtRH10 lifetime in the absence (blue bars) or presence (green bars) of AeSSP1256:YFP.
The arrows represent the CFP lifetime distribution range. Statistical analyses are provided in Table 2. The significant decrease in fluorescence lifetime

indicates a close association between AeSSP1256 and MtRH10.

We next investigated if the effector by itself mimics responses
observed during pathogen infection of M. truncatula. This was
done by mining the RNA-Seq experiment that we previously
developed on the susceptible F83005.5 (F83) M. truncatula line
(Gaulin ez al., 2018). As shown in the Venn diagram depicting
both specific and common upregulated and downregulated genes
in AeSSP1256:GFP-expressing roots and in susceptible F83-
infected roots 9 d after infection, 735 are common DEGs (Fig.
3¢; Table S3d). A number of the common upregulated DEGs are
associated with ‘oxido-reduction and photosynthesis’ GO terms,
while the downregulated DEGs are associated with ‘ribosome
biogenesis’ and ‘translation” GO terms. With regard to the total
DEG analysis, these two categories mostly consist of
New Phytologist (2022) 233: 2232-2248
www.newphytologist.com

downregulated genes, which occupy, respectively, 92% and 84%
of the common DEGs (Fig. 3¢; Table S3d,e). These results show
that expression of AeSSP1256 within the host root cells mimics
some of the effects induced by the pathogen when it infected the
susceptible Medicago line.

AeSSP1256 associates with a nucleocytoplasmic host RNA
helicase (MtRH10) and relocalizes it to the nucleolus rim

A yeast two hybrid (Y2H) library composed of cDNA from
M. truncatula roots infected with A. euteiches was screened with
the effector to identify AeSSP1256 protein targets. Through
screening, we identified eight M. truncatula coding genes, seven
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Table 1 Fluorescent resonance energy transfer-fluorescence lifetime
imaging microscopy (FRET-FLIM) measurements of a Medicago
truncatula cyan fluorescent protein (CFP)-tagged RNA helicase (MtRH10)
in the presence or absence of the AeSSP1256:YFP effector, to detect
protein—protein interactions.

Donor Acceptor i SEMP ¢ [ P-value®
CFP:MtRH10 - 286 0.023 50 - -
CFP:MtRH10  AeSSP1256: 253 0.031 31 11.1 256 x 107"

YFP

#Mean lifetime in nanoseconds (ns).

bStandard error of the mean.

“Total number of measured nuclei.

9FRET efficiency in %: E = 1 — (tDA/zD), where tDA is the lifetime of the
donor in the presence of the acceptor, and tD is the lifetime of the donor
in the absence of the acceptor.

€P-value (Student's t-test) for the difference between the donor lifetimes
in the presence or absence of the acceptor.

Table 2 Fluorescent resonance energy transfer-fluorescence lifetime
imaging microscopy (FRET-FLIM) measurements for GFP:MtRH10 with or
without Sytox Orange, to detect protein-nucleic acid interactions.

Donor Acceptor t* SEMP  n¢  F P-value®
GFP:H2B - 245 0.025 30 - -

Sytox 1.89 0.072 30 23 2.88 x 107°
GFP:H2B (+RNase) - 236 0.032 32 - -

Sytox 1.92 0.056 31 19 1.12 x 107
GFP - 229 0034 35 - -

Sytox 230 0037 36 O 0.94
GFP:MtRH10 - 232 0.020 60 - -

Sytox 2.08 0027 60 103 1.30x107°
GFP:MtRH10 - 1.94 0.028 46 - -

(+RNaSe) Sytox 195 0.035 39 O 0.83

#Mean lifetime in nanoseconds (ns).

bStandard error of the mean.

“Total number of measured nuclei.

9FRET efficiency in %: E = 1 — (tDA/tD), where tDA is the lifetime of the
donor in the presence of the acceptor, and tD is the lifetime of the donor
in the absence of the acceptor.

¢P-value (Student's t-test) for the difference between the donor lifetimes
in the presence or absence of the acceptor.

of which corresponded to putative nuclear proteins (Table S2).
After testing six candidates for co-localization by transient expres-
sion in N. benthamiana (Fig. S3) we focused on a DExD-box
ATP-dependent RH encoded by the MtrunAl7_Chr5g0429221
gene (Mt5.0 version). Indeed, co-expression in Nicotiana leaves
of the nucleocytoplasmic GFP-RH with a CFP-tagged
AeSSP1256 triggered a redistribution of the RH to the perinucle-
olar space (Fig. 4a). The redistribution of the RH to the nucleo-
lus rim in N. benthamiana cells was also confirmed using a HA-
tagged version of the effector and Western-blot analysis
(Fig. S4a,b).

BLAST analysis revealed that the closest plant orthologs of the
RH are AtRH10 in Arabidopsis thaliana (UniProtKb: Q8GY84)
and OsRH10 in Oryza sativa (UniProtKb: A2XKG2) (%
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Table 3 Fluorescent resonance energy transferfluorescence lifetime
imaging microscopy (FRET-FLIM) measurements for GFP:MtRH10 with or
without Sytox Orange, in the presence of AeSSP1256:HA, to detect
protein—nucleic acid interactions.

Donor + AeSSP1256:HA  Acceptor SEMP n® E¢ P-value®

GFP:MtRH10 (Relocalized) -
GFP:MtRH10 (Relocalized)  Sytox

230 0.023 60 - -
230 0.020 60 O 0.789

Mean lifetime in nanoseconds (ns).

bStandard error of the mean.

“Total number of measured nuclei.

dFRET efficiency in %: E = 1 — (tDA/zD), where tDA is the lifetime of the
donor in the presence of the acceptor, and D is the lifetime of the donor
in the absence of the acceptor.

€P-value (Student's t-test) for the difference between the donor lifetimes
in the presence or absence of acceptor.

similarity 51.2% and 49.2% at the amino acid level), while there
is no close ortholog in V. benthamiana. These two nucleolar RHs
are involved in ribosome biogenesis (Matsumura ez al., 2016; Liu
& Imai, 2018) and rRNA homeostasis, respectively (Wang ez al.,
2016). Accordingly, the target Medicago protein of AeSSP1256
was named MtRH10. MtRH]10 is related to the human nucleolar
RH DDX47 (UniProtKb: QIHO0S4) (Sekiguchi ez af., 2006) and
the yeast nuclear RH RRP3 (UniProtKb: P38712) (O’Day,
1996). MtRH10 harbors predicted putative NESs (positions 7—
37; 87-103; 261-271), an NLS (position 384-416) and
conserved functional domains, as inferred from its sequence
alignment with DDX47, RRP3, ActRH10 and OsRH10 proteins
(Fig. S5a).

BrasTP analysis of the M. mruncatula proteome (htps://
medicago.toulouse.inra.fr/) revealed that MtRH10 has the highest
identity at the amino acid level with MtrunA17_Chr6g0483491
and MeorunA17_Chr7g0236841 (> 62%) and ¢. 53% amino acid
identity with MtrunA17_Chr1g0155201. The phylogenetic tree
using full amino acid sequences from M. truncatula (cut off
e-value < 107°°) showed that the four sequences are classified
within the same group, subdivided into two distinct classes and
related to the RH10 family from different species (Fig. S5b).
The other M. truncatula sequences are less similar and are related
to other known DExD-box proteins such as AtRH36 from
Arabidopsis.

Interaction between AeSSP1256 and MtRH10 was assessed
using co-immunoprecipitation and FRET-FLIM experiments.
Following immunoprecipitation with GFP beads at 24 dpi, we
searched for the presence of the corresponding proteins by
Western-blotting. The AeSSP1256:HA proteins were detected in
the GFP:MtRH10 immunoprecipitated fraction but not with
free GFP (Fig. 4b). We performed a FRET-FLIM analysis on
N. benthamiana leaves to detect protein—protein interactions. At
24 hpi, we found that the fluorescence lifetime of CFP-MtRH10
was shifted to lower values in the presence of the effector (Fig.
4c). As listed in Table 1, the change in the mean CFP lifetime
within the CFP:MtRH10-expressing nuclei from 2.86 ns (in the
absence of the effector) to 2.53 ns (in the presence of the YFP-
tagged effector) reveals association 77 planta. These data indicate
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that the effector interacts with MtRH10 i% vivo and causes its
redistribution to the nucleoli rim.

MtRH10 binding to RNA is disrupted by AeSSP1256

To test whether MtRH 10 is functionally active for RNA binding,
we examined its interaction with nucleic acids by FRET-FLIM
(Forster, 1948; Camborde et al., 2017). The donors were GFP:
MRH10, GFP:H2B or GFP transiently expressed in N. ben-
thamiana leaves. Agroinfiltrated samples were collected 1 d after
treatment and labelled with Sytox Orange to convert nucleic
acids to FRET acceptors. In the absence of Sytox Orange the
mean lifetime of GFP:H2B was 2.45 ns, and it decreased to 1.89 ns
in the presence of the dye, indicating the association of GFP:
H2B with nucleic acids (Table 2). On the other hand, no signifi-
cant difference in GFP lifetime was observed for free GFP sam-
ples (2.29 ns to 2.30 ns), in the absence or presence of Sytox
Orange. Values for control samples are in accordance with our
previous reports (Ramirez-Garcés et al., 2016; Camborde ez al.,
2017). We monitored the association of GFP:MtRH10 with
nucleic acids by following the decrease in GFP lifetime in the
presence of Sytox Orange. A significant decrease from 2.32 ns to
2.08 ns was observed, as noted in Table 2. Samples were further
treated with RNase to check the specificity of the association of
MtRH10 with nucleic acids. The results given in Table 2 show
that RNase treatment of the GFP:H2B agroinfiltrated samples
does not modify the significant decrease in GFP lifetime in the
presence of Sytox Orange dye, indicating that GFP:H2B control
proteins were associated with DNA. By contrast, there is no sig-
nificant difference in GFP lifetime in the absence (1.94 ns +
0.028) or presence of Sytox Orange (1.95 ns + 0.035) in
RNase-treated GFP:MtRH10 samples (Table 2). These results
indicate that MtRH10 binds plant nuclear RNA.

To determine whether MRHI10 relocalization by
AeSSP1256 to the nucleoli rim affects its binding capacity,

New
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we performed FRET-FLIM assays to evaluate nucleic acid
interactions. A 35S8:GFP:MtRHI10 construct and a 358S:
AeSSP1256:HA construct were co-expressed in N. benthami-
ana leaves, and the recovery of GFP fluorescence lifetime was
monitored 1 d after treatment. Measurements made in nuclei
where both tagged-proteins were detected indicated that the
GFP lifetime of GFP:MtRHI10 remained unchanged, with or
without the Sytox Orange acceptor (2.30 ns under both con-
ditions) (Table 3). This assay shows the inability of MtRHI10
to bind nucleic acids in the presence of the effector in
planta.

MtRH10 is expressed in root meristematic tissue and is
involved in the development of M. truncatula roots

To decipher the function of MtRH10, we first considered its
expression by mining public transcriptomic databases PHYTOZOME
(https://phytozome.jgi.doe.gov/pz/portal.html), MT ExpressV1
(hteps://lipm-browsers.toulouse.inra.fr/pub/expressionAtlas/app/)
and MEDICAGOEFP BROWSER (http://bar.utoronto.ca/efpmedicago/
cgi-bin/efpWeb.cgi). No significant variations were detected
among the conditions tested in the databases, and no transcrip-
tional changes were detected in our RNA-Seq data generated
from M. truncatula roots infected by the pathogen, or in qRT-
PCR using AeSSP1256-expressing roots (Fig. S6).

By using a MtRH10 promoter-driven GUS (B-glucuronidase)
chimeric construct, we detected GUS activity mainly in meris-
tematic cells at the root tip or in lateral emerging roots (Fig. 5a).
We then overexpressed a GFP-tagged version of MtRH10 in M.
truncatula roots. Confocal imaging confirmed the nucleocyto-
plasmic localization of MtRH10 when compared with GFP-
control roots. We observed the accumulation of MtRH10 as
brighter dots in the nucleolus of M. truncatula cells (Fig. 5b),
probably corresponding to the fibrillar centers of nucleoli con-
taining IDNA. No developmental defects were detected in roots

Fig. 5 MtRH10 is expressed in meristematic cells of Medicago truncatula, and its deregulation impacts root system architecture (RAS). (a) A 1.44 kb region
of the MtRH10 promoter fused to a GUS-encoding gene was transformed into M. truncatula roots using Agrobacterium rhizogenes. Transformed roots
(21 d old) were stained with X-Gluc for 2 h, after which blue colouring, corresponding to MtRH10 promoter expression, was observed. Photographs were
taken of the root tip (top panel) and emerging lateral root (bottom panel). Arrows indicate the blue cells. Bar, 100 um. (b) Representative fluorescence
images taken using confocal laser scanning microscopy, of M. truncatula roots with a 355:GFP (top panel) or 355:GFP:MtRH10 construct (bottom panel)
21 d after A. rhizogenes-mediated root transformation. Note the nucleocytoplasmic localization of GFP:MtRH10, with some brighter dots in the nucleolus
(arrows). Lower panels represent the corresponding nucleus enlargements. n, nucleus. Bar, 10 um. Left panel: 488 nm excitation wavelength; right panel:
overlay (488 nm + bright field). (c) Representative photographic images of M. truncatula plants transformed at the root level with a 355:GFP, 355:GFP:
MLtRH10 or 355:RNAi MtRH10 construct at 21 d after transformation. No particular phenotype distinguished the control GFP roots from those that
overexpress MtRH10. Developmental delay was observed in roots compromised for MtRH10 expression (missense MtRH10). Bar, 1 cm. (d) Quantification
of root number (top panel) and primary root length (cm; bottom panel) of transformed control roots, 355:MtRH70 and 355:RNAi MtRH10 roots at 21 d
after transformation. The boxes indicate the interquartile range (25 to the 75'" percentile). The central line within the boxes represents the mean value.
The whiskers indicate the minimum and maximum values. The jittered data points were superimposed onto the box plot to show the underlying
distribution of the data. Results were obtained from three independent experiments for a total of 80 GFP-transformed plants, 55 MtRH10-transformed
plants and 45 RNAi:MtRH10-transformed plants. The lowercase letters (‘a’ and 'b’) indicate significant differences according to Student'’s t-test (where
data belong to different classes if P < 0.01). (e) Representative longitudinal section of M. truncatula root tips transformed with a 355:GFP (left) or 35S:
RNAi MtRH10 (right) construct. Root apical meristem (RAM) size is determined from the quiescent center (dot line) up to the elongation/differentiation
zone (EDZ), defined by the first elongated cortex cell of the second cortical layer (arrowhead). Note the reduced RAM size and the modified shape of EDZ
cells in roots in which MtRH10 expression is compromised. Bar, 100 um. (f) Histograms of total RAM size and mean RAM cortical cell size of the
corresponding transformed roots. Note that the RAM of roots in which MtRH10 expression is compromised are smaller than those of GFP control roots,
but the average cell size of cortical cells in the RAM is not significantly different. Bars represent mean values and the error bars represent SD. Asterisks
indicate a significant difference according to Student's t-test (***, P < 0.0001; ns, not significant).
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overexpressing MtRH10 (Fig. 5c,d). By contrast, in silenced qRT-PCR primers that amplified transcripts of MtrunAl7_
MtRH10 roots, obtained with a specific 3UTR region of the Chr1g0155201 and MtrunA17_Chr6g0483491 in combination
MtRH10 sequence (Fig. S7a), we detected a smaller number of ~ with MtrunA17_Chr7g0236841, we confirmed the reduced
roots and a reduced primary root length (Fig. 5¢,d). Using  expression of MtRH10 (by a factor of 3-5) in these transgenic
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roots at 21 d post transformation (Fig. S7b), while the expression
of MtRH10-related genes was maintained (Fig. S7¢).

The reduced expression of MtRH10 triggers nucleoli enlarge-
ment in M. truncatula root cells, as depicted in Fig. S8(a) and
quantified in Fig. S8(b). Longitudinal sections revealed a reduced
RAM size in MtRH10 silenced cells, due to a decrease in cortical
cell number rather than a smaller cell size (Fig. 5e,f). The cells in
the EDZ of these transgenic roots lost their rectangular shape,
and their sizes were decreased by a factor of two compared to
control roots (Fig. §9). The same developmental defects were
detected in roots expressing the AeSSP1256 effector (Fig. S9).
The data show that in cell division zones, MtRH10 is associated
with M. truncatula root development, and AeSSP1256 may affect
its activity.

MtRH10 is associated with the ribosome biogenesis
pathway and promotes M. truncatula tolerance to
pathogen infection

To assess whether an impaired MtRH10 initiates nucleolar stress,
as suggested by the presence of enlarged nucleoli in silenced
MRHI10 roots, we performed qRT-PCR using the same set of
primers to confirm this effect in AeSSP1256-expressing roots. As
shown in Fig. 6(a), in silenced MtRH10 roots, all 17 ribosome-
related genes were downregulated, indicating that MtRH10 is
associated with the ribosome biogenesis pathway. Hence, we
investigated whether MtRH10 contributes to M. truncatula root
resistance to the soil-borne pathogen A. euteiches. MtRH10 over-
expressing and MtRH10-silenced roots were inoculated with
zoospores of A. euteiches. Western-blot analysis confirmed the
presence of MtRH10 at all times of pathogen infection in
MtRH10-overexpressing roots (Fig. S10). A reduced amount of
mycelium was seen after 7, 14 and 21 d of infection in roots
overexpressing MtRH10, compared to GFP-control roots, as
shown by qPCR (Fig. 6b). By contrast, transgenic roots in which
MRHI10 expression was compromised contained ¢. 5-10 times
larger quantities of the pathogen at 7, 14 and 21 d post-infection
(Fig. 6¢). These assays show that MtRH10 is implicated in basal
resistance to A. euteiches infection in M. truncatula.

Discussion

To modulate host cell processes and facilitate infection, filamen-
tous plant pathogens secrete an array of effector proteins which
target various plant components. Here we report that the small
protein AeSSP1256 secreted by A. euteiches can potentially
induce nucleolar stress to promote infection by targeting a host
nucleocytoplasmic DExD-box RH (MtRH10) associated with
ribosome biogenesis and root development.

Our experiments revealed that transient expression of
AeSSP1256 in M. truncatula hairy roots triggers developmental
defects and facilitates pathogen infection of the partially resistant
Al7-Jemalong line. This modification to the output of infection
is highly relevant, since the quantitative resistance of M. truncat-
ula to A. euteiches is correlated with root development, and this
indicator is strongly correlated with other infection markers such

New Phytologist (2022) 233: 2232-2248
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as the death of the plant or the necrosis of cotyledons (Jacquet &
Bonhomme, 2020). We have also demonstrated that the detri-
mental effect of the effector necessitated a localization to the
nucleoli rim, showing that the plant nucleolus plays a key role in
pathogen resistance.

The nucleolus is a membrane-free subnuclear compartment
that is essential for the highly complex process of ribosome bio-
genesis. The sizes and morphologies of nucleoli are linked to
nucleolar activity (Shaw & Brown, 2012). We observed that
AeSSP1256 promotes nucleolar expansion of M. truncatula root
cells. Similar enlargement of the nucleolus, together with exces-
sive accumulation of pre-rRNA processing intermediate has been
reported in several Arabidopsis ribosome-related mutants
(Ohbayashi & Sugiyama, 2018). Moreover, defects in root devel-
opment and retarded growth are typical characteristics of Ara-
bidopsis ribosomal protein mutants (Wieckowski & Schiefelbein,
2012; Ohbayashi ez 4/, 2017). In animals, perturbation of any of
the steps of ribosome biogenesis in the nucleolus can cause nucle-
olar stress that is associated with modification of the size and
shape of the nucleolus. This in turn stimulates specific signaling
pathways, leading, for example, to arrested cell growth (Pfister,
2019).

Considering the localization of AeSSP1256 to the nucleoli rim
in combination with nucleoli hypertrophy, we hypothesize that
AeSSP1256 most likely causes nucleolar stress by interfering with
the host ribosome biogenesis pathway. RNA-Seq experiments
showed that within Al7-roots, AeSSP1256 downregulated
numerous ribosome-related genes. This effect was also detected
in susceptible F83005.5 M. truncatula lines infected by
A. euteiches.

AeSSP1256 targets a nucleocytoplasmic DExD/H box RH in
M. truncarula (MtRH10). The DExD/H box protein family
includes the largest family of RHs (Fuller-Pace, 2006). These
proteins participate in all RNA processes, including RNA export
and translation, and splicing. However, the most common func-
tion of these proteins is in ribosome biogenesis, including the
assembly process (Jarmoskaite & Russell, 2011). MtRHI10 is
related to the rice nucleolar RH OsRH10 (TOGR1), which is
involved in rRNA homeostasis (Wang ez al., 2016), and the Ara-
bidopsis nucleolar RH AtRH10, which is involved in ribosome
biogenesis (Matsumura ez al., 2016; Liu & Imai, 2018). The
human nucleolar RH DDX47 (Sekiguchi ez al., 2006) and yeast
nuclear RH RRP3 (O’Day, 1996) orthologs are parts of a large
ribonucleoprotein complex (SSU) that mediates 18S rRNA bio-
genesis in eukaryotes (Martin ez 4/, 2013; Vincent ez al., 2018).
Like DDX47, MtRH10 possesses a bipartite nuclear transport
domain that can function as an NLS, and two NESs. MtRH10
probably shuttles between the cytoplasm and the nucleus/nucleo-
lus, as has been reported for many other RHs that are involved in
rfRNA biogenesis and splicing (Sekiguchi et a/, 2006; Wang
et al., 2009).

Plant genomes encode a large variety of DExD/H RH families,
and several are associated with plant development, hormone sig-
naling or responses to abiotic stresses (Liu & Imai, 2018). We
show that MtRHI10 expression is restricted to the root apical
meristematic zone where cells divide. MtRH10 regulates primary
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Fig. 6 MtRH10 is a DExD-box RNA helicase that is associated with the ribosome biogenesis pathway and is required for Medicago truncatula resistance to
soil-borne pathogens. (a) Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analyses for selected ribosome biogenesis-related genes
in compromised MtRH10 (RNAi MtRH10) expressing roots compared to green fluorescent protein (GFP) control roots. Note that all these genes were also
downregulated in AeSSP1256:GFP expressing roots as reported in Fig. 3(b). Bars and error bars represent, respectively, mean and SE values for two
independent experiments. In total, n = 30 for GFP roots, and n = 30 for RNAi MtRH10 roots. Significant differences were observed for all genes (Student's
t-test; P < 0.05). (b, c) Twenty-one days after root transformation by Agrobacterium rhizogenes with 35S:GFP, 35S:GFP:MtRH10 or 35S:RNAi:MtRH10
constructs, infection assays were performed using 1000 zoospores of Aphanomyces euteiches per plant. Expression analyses were conducted at 7, 14 and
21 d post-inoculation. Expression values (log, fold change) were estimated for A. euteiches tubulin or MtRH10 genes in M. truncatula infected plants at 7,
14 and 21 d post-inoculation in plants overexpressing GFP:MtRH10 (b), and in MtRH10-compromised (RNAi MtRH10) (c) plants, compared to GFP
control roots. Note the enhanced susceptibility to A. euteiches infection in roots in which MtRH10 expression is compromised, as well as the reduced
incidence of the pathogen in roots in which MtRH10 is overexpressed. Asterisks indicate significant differences according to Student's ¢-test (*, P < 0.05;
** P < 0.01). Bars and error bars represent, respectively, mean and SE values for three independent experiments. In total, n = 91 for GFP roots, n = 50
for GFP:MtRH10 roots and n = 50 for RNAi MtRH10 roots.
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and lateral root development, similar to its orthologs AtRH10
and OsRH10 (Matsumura ez al., 2016; Wang et al., 2016). In
view of the reduced expression of ribosome-related genes in
silenced MtRH10 roots, and enlarged nucleoli, we propose that
MtRH10 may be part of the nucleolar stress response in M. zrun-
catula.

There have been few reports on how DExD/H RHs are
involved in plant responses to pathogens. One example is that of
OsBIRH1, which enhances disease resistance against Alternaria
brassicicola and Pseudomonas syringae by activating defense-
related genes (Li ez al., 2008). Another report concerns the PSR1
effector of Phytophthora sojae, which targets a putative plant
nuclear DExD/H RH and promotes pathogen infection by sup-
pressing small RNA biogenesis of the plant (Qiao e 4f, 2015).
Here we have shown the involvement of MtRH10 in M. sruncat-
ula resistance to A. euteiches.

This work has revealed that microbial effectors possibly pro-
mote infection by triggering plant nucleolar stress, but the precise
mechanisms linking the MtRH10-mediated signaling pathway
and M. truncatula susceptibility require further clarification.
How plant cells sense perturbations of the ribosome biogenesis
pathway and nucleolar problems also remains unclear (Sdez-
Visquez & Delseny, 2019). However, it seems that AeSSP1256
may act as a stimulus of nucleolar disorder. It is worth bearing in
mind that MtRH10 may have functions other than the modula-
tion of nucleolar stress, as exemplified by its ortholog TOGRI1 in
rice (OsRH10), which mediates adaptation of the primary
metabolism required for plant growth at high temperatures by
acting as an RNA chaperone (Wang ez al., 2016). In addition,
the phenotypes of MtRH10-silenced mutant plants and
AeSSP1256-expressing plants are very similar to those of auxin-
related mutants (Ohbayashi ez al, 2017), suggesting that
MtRH10 could be directly linked to auxin-regulated morpho-
genesis in M. truncatula roots. Further clarification of which
ribosome-related genes, hormones and metabolites cause aberrant
root phenotypes would improve our understanding of how
defects in the MtRH10-mediated signaling pathway promote
A. euteiches infection.

In conclusion, we found that soil-borne oomycetes promote
disease via small secreted effectors which inhibit plant nuclear
DExD/H RHs associated with the ribosome biogenesis pathway
and resistance to pathogens. This work provides new insights into
plant—root oomycete interactions and also highlights the need for
the fine-tuning of plant ribosome biogenesis pathways to success-
fully combat pathogen infection.
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