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e The establishment and development of plant-microorganism interactions involve impressive
transcriptomic reprogramming of target plant genes. The symbiont (Sinorhizobium meliloti)
and the root knot-nematode pathogen (Meloidogyne incognita) induce the formation of new
root organs, the nodule and the gall, respectively.

e Using laser-assisted microdissection, we specifically monitored, at the cell level, Medicago
gene expression in nodule zone Il cells, which are preparing to receive rhizobia, and in gall
giant and surrounding cells, which play an essential role in nematode feeding and constitute
the typical root swollen structure, respectively.

e We revealed an important reprogramming of hormone pathways and C1 metabolism in
both interactions, which may play key roles in nodule and gall neoformation, rhizobia endo-
cytosis and nematode feeding. Common functions targeted by rhizobia and nematodes were
mainly down-regulated, whereas the specificity of the interaction appeared to involve
up-regulated genes.

e Our transcriptomic results provide powerful datasets to unravel the mechanisms involved in
the accommodation of rhizobia and root-knot nematodes. Moreover, they raise the question of
host specificity and the evolution of plant infection mechanisms by a symbiont and a pathogen.
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Introduction

Plants have to deal with different microorganisms living in the rhizo-
sphere, including devastating pathogens and growth-promoting
symbionts. Mutualistic and parasitic biotrophic microorganisms
develop stable compatible associations with their hosts, involving a
sophisticated exchange of signals. A common feature in biotrophy is
the development of specialized interfaces between the microorganisms
and the plant cell, over which nutrients are transferred (Harrison,
1999). The development and physiology of these interactions are
specific and differ according to the type of microorganism. Never-
theless, the relationships occurring between plants and symbiotic
nitrogen-fixing bacteria (such as Sinorhizobium meliloti) or root-knot
nematodes (RKNs; Meloidogyne spp.) both lead to the formation of
new root structures: nodules and galls, respectively (Fig. 1).

Rhizobia interact strictly with Fabaceae, with the remarkable
exception of Parasponia (Lafay et al., 2006). An understanding of
nodule formation and functioning is of considerable interest,
because it is the zone of atmospheric nitrogen fixation, reducing
the need for nitrogen fertilizers for agriculturally important crops
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(e.g. soybean and alfalfa). During this interaction, the cortical
and pericycle root cells reinitiate cell divisions, leading to the for-
mation of a nodule primordium. In the case of indeterminate
nodules (such as alfalfa and pea), a persistent apical meristem
(zone I) develops and gives rise to cells entering the nodule differ-
entiation program, characterized by division arrest, endoredupli-
cation phenomena accompanied by increased cell size (zone II).
These cells are infected by bacteria (interzone II-III) which dif-
ferentiate into a nitrogen-fixing form, called bacteroids. In fixing
zone 11, bacteroids convert atmospheric nitrogen into ammonia,
which is exported to the plant in exchange for carbohydrates
(Gibson et al., 2008). This root nodule is indispensable for the
nitrogen-fixing symbiont, providing carbon sources and an
appropriate environment with a low oxygen pressure required for
nitrogenase functioning (Fischer, 1994).

RKNs are obligate sedentary endoparasitic pathogens able to
infest thousands of plant species, including monocotyledonous
and dicotyledonous herbaceous and woody plants. This wide host
range is associated with a worldwide distribution in all temperate
and tropical areas, making them extremely successful and damag-
ing parasites (Trudgill & Blok, 2001). During a compatible
interaction, mobile RKN larvae penetrate the root and perform a
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942 gene probes
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Fig. 1 Transcriptional reprogramming in Medicago truncatula nodule zone Il (N2) cells, giant cells (GC) and surrounding cells (SC). (a) Laser microdissected
cells of N2 and root control (Ctl). Nodule meristematic zone | and fixation zone Il are indicated. (b) Laser microdissected GC and SC induced by
Meloidogyne incognita 7 d post-infection. Bars, 200 pm. (c) Venn diagram showing the differential distribution of 2222 plant gene probes identified as

differentially expressed in GC, SC and/or N2 cells. Bars, 200 um.

nondestructive migration between cells to reach the root apex
and then enter into the vascular cylinder. Once in the stele,
RKNs select root parenchyma cells and induce their redifferentia-
tion into multinucleate and hypertrophied feeding cells, termed
giant cells (GC). These GC result from repeated nuclear division
without complete cytokinesis and isotropic cell growth. In addi-
tion, their nuclei may undergo extensive endoreduplication
events. The GC cytoplasmic content increases greatly and wall
ingrowths develop in contact with the xylem elements. An exten-
sive wall labyrinth forms, increasing the exchange surface area at
the associated membrane. These feeding cells function as special-
ized sinks supplying the nematode with nutrients throughout its
life cycle. GC ontogenesis is accompanied by division of the
vascular cylinder cells surrounding the GC and the nematode,
called surrounding cells (SC). To our knowledge, SC have been
given little attention, even though their nematode-induced re-
differentiation gives rise to the typical swollen structure of galls, a
symptom of nematode infection.

In addition to differences in the invasion process and final
structure of these new organs, both are initiated in the differenti-
ated root zone and involve dedifferentiation of specialized cells
with a reactivation of the cell cycle followed by redifferentiation
(Grunewald ez al., 2009). Molecular approaches, including
genome-wide expression profiling, have been undertaken to reveal
altered gene expression in legume nodules (Benedito ez al., 2008;
Moreau ez al., 2011) and Arabidopsis and tomato galls (Hammes
et al., 2005; Jammes et al, 2005; Fuller et al, 2007; Barcala
et al., 2010). More recently, material from GCs has been cap-
tured using laser microdissection at early stages following
infection, showing the molecular distinctiveness of GCs within
the gall (Fosu-Nyarko ez al., 2009; Barcala er al., 2010). These
analyses show that the neoformation of nodules and galls, with
their unique morphology and functions, requires extensive
changes in gene expression in infected root cells, and highlights
that both microorganisms manipulate, for their own purposes,
plant host molecular and physiological pathways. Key plant pro-
cesses, such as hormone balance, defence response, cell wall and
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cytoskeleton organization and plant metabolism, are affected
(Gheysen & Fenoll, 2002; Benedito e 4/, 2008; Caillaud et al,
2008; Escobar ez al., 2011). Therefore, it is quite conceivable that
interactions with rhizobia and nematodes might have evolved cer-
tain common core components with an impact on cellular func-
tions (Parniske, 2000; Lipka & Panstruga, 2005). Indeed, certain
nodulin-expressed genes, such as ENOD40 and ENODI1, and
two transcription regulators have been shown to be expressed in
response to both rhizobia and RKN infections (Koltai ez 4/, 2001;
Favery et al., 2002; Boisson-Dernier ez al., 2005). A larger scale
comparison using macroarrays has revealed that, of 192 nodule-
expressed genes, only two, NODULIN26 and CYCLIN D3, were
found to be up-regulated on RKN infection (Favery ez al., 2002).
Moreover, Lotus japonicus nodulation mutants barl and nfr have
been found to be hyperinfected and not infected by RKN, respec-
tively (Lohar & Bird, 2003; Weerasinghe ez /., 2005).

To delve into the comparative study of rhizobia and RKN inter-
actions, we focused specifically on cells directly involved in the
microorganism’s accommodation. Thus, we performed a direct
genome-wide comparison using laser-capture microdissected
nodule zone IT (N2) cells, GC and SC in Medicago truncatula. We
chose to compare N2 cells, which harbour differentiating bacteria
at 7 d post-infection (dpi) GC and SC, which are maturing
dedifferentiated plant root cells. These cell types, even though
harbouring different functions, can be considered to be at a com-
parable developmental stage because of their reprogramming fate.
This approach allowed us to identify new genes differentially
expressed in these tissues and to highlight commonalities and
specificities of the processes involved in accommodating rhizobial

symbionts and RKN pathogens.

Materials and Methods

Plant growth and infection

Seeds from Medicago truncatula Gaertn. cv Jemalong A17 were
scarified in 96% H,SO4 (8 min), then in 6% bleach solution
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(4 min), and rinsed with sterile distilled water. Germination was
carried out at 16°C for 3 d on 0.4% agar plates in the dark. Seed-
lings were transferred to modified Fahreus medium-containing
plates covered with cyg seed germination pouches (Mega
International, Moline, IL, USA) and grown in a climatic cham-
ber (16 h photoperiod, 23°C : 16°C, day: night).

For nematode infection in vitro, 100 surface-sterilized freshly
hatched Meloidogyne incognita second-stage juveniles (J2) were
added to each 1-wk-old seedling apex. Galls were harvested
1 wk post-infection (wpi). For symbiotic interaction, S. meliloti
2011 lac-Z strain (Ardourel ez al., 1994) was grown on Luria—
Bertani medium, supplemented with 2.5 mM MgSOy,
2.5 mM CaCl, and 20 pM tetracyclin, at 30°C. One ODyq
culture was rinsed twice with sterile water; 1-wk-old seedlings
were inoculated with 200 pl of 0.1 ODggo bacterial culture.
Nodules were harvested at 3 wpi for analysis. Three indepen-
dent biological replicates comprising 50 plants were grown for
each interaction.

Sample preparation for laser capture microdissection

Tissue fixation, dehydration and paraffin embedding methods
were adapted from Kerk ez al. (2003). Nodules and galls were
collected with a razor blade into ice-cold Farmer’s fixative
(ethanol : acetic acid, 3 : 1 v/v), vacuum infiltrated for 15 min
in fresh Farmer’s fixative on ice and kept for 2 d at 4°C, under
shaking conditions, with fixative solution renewed three times a
day. Fixed tissues were dehydrated at room temperature in a
graded series of ethanol dilutions (3 h each; 70%, 80%, 90%,
100%, 100%, 100%) and impregnated progressively in Histo-Clear™
(National Diagnostics, Atlanta, GA, USA) (3 h each, 25%,
50%, 75%, 100% three times, v/v in ethanol). A few flakes
of Paraplast® embedding medium (McCormick Scientific,
Richmond, IL, USA) were then added to the final step at room
temperature. Once the flakes had dissolved, more flakes were
added and vials were transferred to a 60°C oven. Three times a
day, during 3 d, the embedding medium was replaced by melted
Paraplast®. Samples were positioned in moulds containing melted
Paraplast® and blocks were kept at 4°C in dry conditions. Sections
of 10-13 um were cut from embedded nodules and galls on a
rotary microtome. Ribbons were floated in diethylpyrocarbonate
(DEPC)-treated water on polyethylene naphthalate (PEN) mem-
brane slides (Zeiss) and dried overnight. To remove paraffin, slides
were immersed in Histo-Clear® for 1 min, followed by ethanol
100% for 1 min, and dried under the low-hood.

Laser capture microdissection, RNA extraction and
amplification

The PALM® MicroBeam (Zeiss) was used to microdissect cells
from control root (Ctl), N2, GC and SC at X10 magnification.
Power settings were adjusted to specifically capture cells of inter-
est without contamination by neighbouring cells. At least 20 galls
and nodules were sectioned and an average of 700 and 200 sec-
tions, respectively, were dissected for each replicate. Cells were
catapulted directly into the adhesive cap of a tube (Zeiss) and
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kept at —=20°C in 5 pl of extraction buffer. RNA extraction and
DNase treatment were performed following the instructions of
the manufacturer with the PicoPure extraction kit (Molecular
Devices, Sunnyvale, CA, USA) and RNase-Free DNase Set
(Qiagen, Hilden, Germany). RNA quality and quantity were
assessed using an RNA 6000 Pico kit on an Agilent 2100 Bioana-
lyzer according to Agilent Technologies (Waldbroon, Germany).

Microarray experiments, data processing and deposition

Total RNA was used for amplification following the manufac-
turer’s recommendations with a WT-Ovation™ Pico RNA
Amplification System (NuGEN, Bemmel, The Netherlands).
Five micrograms of cDNA were used to generate fragmented and
labelled single-stranded ¢DNA targets with the FL-Ovation™
c¢DNA Biotin Module V2 (NuGEN). Microarray hybridization
was carried out during 16 h at 45°C at URGV (Evry, France)
using the Affymetrix GeneChip® Medicago genome. This array
represents over 61 200 probe sets: 32 167 M. truncatula
EST/mRNA-based probe sets; 18 733 M. truncatula IMGAG
and phase 2/3 BAC prediction-based probe sets; 1896 M. sativa
EST/mRNA-based probe sets; and 8305 S. meliloti gene predic-
tion-based probe sets. After hybridization, the arrays were washed
with stringent (6 X Saline Sodium Phosphate EDTA (SSPE),
0.01% Tween-20) and nonstringent (100 mM 2-(N-morpholino)
ethanesulfonic acid (MES), 0.1 M [Na'], 0.01% Tween-20)
buffer, and stained with a solution including streptavidin R—
phycoerythrin conjugate (Invitrogen/Molecular Probes) and
anti-streptavidin  biotinylated antibody (Vector Laboratories,
Burlingame, CA, USA). The washing and staining steps were
performed in a GeneChip® Fluidics Station 450 (Affymetrix,
Santa Clara, CA, USA). The arrays were finally scanned with the
GeneChip® Scanner 3000 7G piloted by the GeneChip®
Operating Software.

The raw CEL files were imported into R software for data
analysis. All raw data were normalized with the gcrma algorithm
(Irizarry et al, 2003), available in the Bioconductor package
(Gentleman et al., 2004). To determine differentially expressed
genes between two samples, a two-group #test that assumes equal
variance between groups was performed. The variance of the gene
expression per group is assumed to be homoscedastic; thus, genes
displaying extreme variations were excluded from the analysis.
The percentages of genes detected as expressed in the Affymetrix
GeneChip® in our conditions are given in Supporting
Information Table S1. The raw P values were adjusted by the
Bonferroni method, which controls the family-wise error rate
(Ge eral, 2003). A gene was declared to be differentially
expressed if the Bonferroni P value was < 0.05. Pearson correla-
tion between biological replicates was calculated (Table S2). For
Affymetrix ~ GeneChip® annotation, the mapping file
‘Mt_AFFY_M1t3.0_0510" was downloaded from the MapMan
store (http://mapman.gabipd.org/web/guest/mapmanstore). Ratios
were expressed on a log, scale. Data from 4-, 10-, 14- and 28-dpi
nodules were downloaded from the M. truncatula gene atlas
(MtGEA, http://mtgea.noble.org/v2/) (Benedito et al., 2008). A

hierarchical cluster analysis with Pearson correlation and average
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linkage was performed using Cluster and Java tree view software
programs.

All raw and normalized data are available through the CATdb
database (AFFY_pathogen_Medicago) (Gagnot er al., 2008) and
from the Gene Expression Omnibus (GEO) repository at the
National Center for Biotechnology Information (NCBI) (Barrett
et al., 2007): accession number GSE19872.

Transcriptome validation by quantitative reverse
transcription-polymerase chain reaction (qQRT-PCR)

qRT-PCRs were performed using a DNA Engine Opticon 2 Con-
tinuous Fluorescence Detection system (M] Research, ESCO,
Singapore) and a qPCR MasterMix Plus for SYBR® green I
(Eurogentec, Angers, France). For each reaction, 5 pl of diluted
cDNA (50 ng ™ and 0.3 uM primers (Table S3) were used.
The PCR conditions were 50°C for 5 min and 95°C for 10 min,
followed by 40 cycles of 95°C for 30 s and 60°C for 1 min. The
specificity of the amplification was confirmed by a single peak in a
dissociation curve at the end of the PCR. Data were analysed using
Opticon Monitor 2 Software (M] Research) and normalized
with the 2724€T method (Livak & Schmittgen, 2001). The two
most stable housekeeping genes, MTC27 (TC106535) and
Mir23778.1.51_at probe set (Van de Velde et al., 2006), were val-
idated by the GeNorm VBA applet for MS Excel (Vandesompele
et al., 2002) and used as endogenous controls (Vandesompele
et al., 2002; Van de Velde et l., 2006). PCRs for each of the three
biological replicates were performed in technical triplicate.
Transcriptomic profiles were considered to be validated when

qRT-PCR replicate ratios had the same tendency.

Promoter:GUS constructs and B-glucuronidase (GUS)
detection in planta

Genomic DNA fragments of 1.5 kb upstream of the ATG of
NIPI-2 and SPKI genes were PCR amplified using promoter-
specific primers (Table $3) and cloned using Gateway technology
(Invitrogen) in the pPKGWES7-GUS vector (Karimi ez al., 2002).
The resulting plasmids, pNIP1-2:GUS and pSPKI1:GUS, were
introduced into Agrobacterium rhizogenes Arqual (Quandt er al.,
1993) and M. truncatula plants (Al7) were transformed as
described previously (Boisson-Dernier ez al., 2001). Transgenic
roots were selected through resistance to kanamycin. The compos-
ite plants were transferred onto modified Fahracus media plates
containing 1.4% agar and inoculated 3—4 d after transfer. Galls
and nodules were collected at 1 and 3 wpi from RKNs and rhizo-
bia, respectively, and fixed in acetone 90% (v/v) for 1 hat —20°C.
GUS activity was assayed histochemically at 2—4 h at 37°C as
described previously (Favery et al., 2002). Stained nodules were
embedded in 4.5% (w/v) agarose and sliced at 70 pm using a
Vibratome (HM560V, Microm, Walldorf, Germany). Stained
galls were fixed in 1% glutaraldehyde, 4% formaldehyde in 50 mM
sodium phosphate buffer, pH 7.2, for 5 h, followed by dehydration
and embedding in Technovit 7100 (Heraeus Kulzer, Wehrheim,
Germany). Vibroslices and 5-pm gall sections were visualized
using dark-field optics in an Axioplan2 microscope (Carl Zeiss).
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Results

Transcriptional reprogramming induced by microbes at the
site of infection

To study the plant processes targeted by rhizobia and RKNs to
aid the interaction, cells from M. truncatula root nodules and
galls were laser-assisted microdissected (Figs 1, S1). To specifi-
cally unravel the molecular changes allowing symbiotic bacteria
to colonize and differentiate inside plant cells, we isolated N2
cells from 3-wpi mature nodules, in which rhizobia are endocyto-
sed and become bacteroids (Figs 1a, Sla,b). Three-week-old
nodules were chosen because they possess a very well-defined
characteristic zone II which can be easily microdissected. In order
to minimize cell type variation, root tissues near the nodule emer-
gence zone, corresponding mainly to cortex cells, were dissected
from the same sections and used as a control (Ctl) (Figs 1a,
Slc,d). To highlight the molecular mechanisms required for
RKN' establishment, two different cell types constituting the
galls, GC and SC, were collected at 7 dpi (Figs 1b, Sle,f). In
Medicago, 7 dpi is a relatively early time point considering that
3 wk are required to obtain mature galls, and 7 wk are needed to
complete the nematode life cycle. At this stage, GC and SC are
still under differentiation, but the dedifferentiation process of
plant root cells has already occurred, such as in N2 cells. Genome-
wide transcriptional changes at the cellular level were monitored
for all four microdissected cell types using an Affymetrix Medicago
Genome Array®. Of the 61 200 probe sets contained in the
array, an average of 16.2% were detected as expressed in our
experimental conditions (varying from 11.48% to 22.32% for
the Ctl and N2 samples, respectively; Table S1). We compared
the transcriptomes of N2 cells, GC and SC with the Ctl, and the
gene expression profiles of GC to SC directly; 2329 differentially
expressed Medicago probe genes, including 99 from M. sativa,
were selected by statistical analysis using a cut-off Bonferroni-
adjusted P value of 0.05, as described in the Materials and Meth-
ods section. Fold changes (gene expression ratios) were expressed
on a log, scale and fell in the range —10.25 to 11.82 (Table S4).
A Venn diagram showed that 261 (23%), 168 (28%) and 1038
(61%) gene probes were specifically deregulated in GC, SC and
N2 cells, respectively, when compared with Ctl cells (Fig. 1c).
The number of probe sets (401) responding to both rhizobia and
RKNG, for all three types of cell, represented 42%, 54% and 34%
of the deregulated genes in GC, SC and N2 cells, respectively.
The 2222 deregulated genes, when compared with Ctl cells, were
classified according to their expression profiles in N2 cells, GC
and SC. Fifteen major classes explained 98% of the variations
observed (Fig. 2). Only 17% of these genes were regulated in all
three types of cell (profiles la, b and c), whereas 23% were
affected specifically in galls (profiles 2, 4 and 6) and 47% were
differentially expressed specifically in N2 cells. Furthermore,
these patterns showed that genes behaved in the same way,
except that 107 genes were up-regulated in N2 cells and
down-regulated in GC and SC. The majority of the deregulated
genes in GC and SC were down-regulated: 68% and 70%,
respectively. Nevertheless, GC- and SC-specific genes were
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mainly up-regulated. In N2 cells, the proportion of up- and
down-regulated genes was more balanced, with 59% being
up-regulated.

To validate our data, we performed a qRT-PCR analysis on
microdissected N2, GC, SC and Ctl samples for eight genes, cho-
sen as representative of the whole range of expression levels
observed on the arrays (Fig. 3a). These genes belong to various
functional categories, such as biotic and abiotic stress response
(EDSI and MLP, encoding an enhanced disease susceptibility
and a major latex protein, respectively), transport (AM7, encod-
ing an ammonium transporter), protein synthesis (RP-L2, encod-
ing a ribosomal protein), detoxification (GSTU and FD3,
encoding a glutathione-§ transferase and a nonphotosynthetic
ferredoxin, respectively) and nodulins (NCR00I and NCR333,
encoding two nodule-specific cystein rich peptides). The qRT-
PCR study verified 81% of the DNA array hybridization results.
Moreover, the expression patterns of known marker genes were
checked for each tissue (Gamas ez al, 1998; Maunoury ef 4l.,
2010; Moreau et al., 2011) (Table S5). The zone II-expressed
genes MiRR4, MtENODII, MtN1 and SPP were effectively
up-regulated in N2 cells, whereas MzN13, specifically expressed
in zone I, was not differentially expressed. In addition, 70% of
the deregulated genes in Arabidopsis microdissected GC from
young galls (Barcala ¢z a/., 2010), and having a homologue in the
Medicago Affymetrix gene chip, shared the same expression pro-
file with our samples (Table S6). To further confirm the identity
of microdissected cells, we produced composite transgenic
Medicago reporter lines expressing promoter: GUS constructs for
genes encoding an aquaporin (NIP1-2) and a protein kinase-like
(SPK1) (Fig. 3). GUS expression was detected in N2 cells and
also in nodule zone I (Fig. 3a,b), but not in GC or SC
(Fig. 3c,d). Thus, these three different strategies validated our
microarray results and confirm the purity of laser capture micro-
dissected samples.

Characteristics of gene expression in nodule infection
zone Il

We identified 708 down- and 988 up-regulated genes in N2 cells.
The expression profiles of these 1696 genes were investigated in
whole-nodule transcriptome studies at 4 (bumps corresponding

Profiles

to nodule emergence), 10 (mature nodules), 14 and 28 dpi
(nitrogen-fixing nodules) from the M. truncatula gene atlas
(MtGEA) (Benedito ez al., 2008) (Table S7). A hierarchical clus-
ter analysis with Pearson correlation and average linkage showed
that the transcriptome of N2 cells represents an original set of
data more closely related to 10-, 14- and 28-dpi nodules than to
4-dpi nodule bumps (Fig. 4a). Interestingly, we identified a new
pool of genes differentially expressed in zone II and not yet
detected in whole nodules, including 257 down- and 288
up-regulated genes. A functional classification of these genes,
combined with a statistical analysis using the MapMan Wilcoxon
rank sum test (Thimm er al, 2004), showed that the main
processes impaired specifically in zone II were glycolysis, mito-
chondrial electron transport/ATP synthesis, secondary metabo-
lism and protein-related functions (Table S8). Nevertheless,
among them, 233 were of unknown function. A detailed analysis
of common features between N2 cells and 10-, 14- and 28-dpi
whole nodules showed that 172 and 501 genes were down- and
up-regulated, respectively, in all conditions tested. These deregu-
lated genes belong to metabolic pathways already described by
Benedito er al. (2008) as affected during nodule development,
such as the induction of glycolysis, carbon fixation, nitrogen
metabolism and repression of secondary metabolism. Only six
genes behaved in an opposite way in zone II relative to all devel-
opmental stages of the whole nodules considered (Table S6).
Special attention was paid to nodulin genes and, in particular, to
NCR genes, which are nodule specific and involved in nodule for-
mation (Mergaert et al., 2003) (Table S9). One hundred and
twenty-two of the 328 characterized NCRs (Mergaert et al.,
2003) were up-regulated in N2 cells. All the probe sets related to
nodulin and NCR, deregulated in zone II, have been shown to be
up-regulated in whole-nodule transcriptomes. We also detected
N2 up-regulation of the DNFI gene (Mtr.43876.1.51_at), which
encodes a member of the nodule-specific signal peptidase
complex (SPC) required for NCR targeting and essential for
bacteroid differentiation and symbiosome development (Van de
Velde et al., 2010).

Classification of the 1696 deregulated genes in N2 cells using
MapMan showed the metabolic processes that were altered in
zone II (Fig. 4b). Most categories have a higher number of up-
regulated genes, except for the photosystem, stress, transport, cell

GC SC N2 Gene probe number
250

107 GC & SC & N2

GC & SC

SC & N2

Fig. 2 Major expression profiles identified in Medicago
truncatula nodule zone Il (N2) cells, giant cells (GC) and
surrounding cells (SC). The 15 major expression profiles
describe 98 % of the 2222 differentially regulated genes.
Down-regulated genes are indicated in green,

SC specific

GC & N2

GC specific

N2 specific

up-regulated genes in red and no differentially expressed
genes in grey.
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(a) N2 vs Ctl GCvs Ctl SCvs Ctl GCvsSC  Valid
Affymetrix ID Gene name Annotation Affy qgPCR Affy gPCR Affy qPCR Affy qPCR
Mtr.12287.1.51_at GSTU Glutathione S-transferase -0.56 0
Mtr.10380.1.51_at NCR0OO1 Nodule-specific cysteine-rich 1
Mtr.3244.1.51_at NCR333 Nodule-specific cysteine-rich 1
Mtr.10572.1.51_at MLP Major latex protein -1.55 0.74 3
Mtr.10531.1.51_at EDS1 Enhanced disease susceptibility 1 117 0.66 4
Mtr.16296.1.51_at RP-L2 Ribosomal protein L2 4
Mtr.10556.1.51_at AMT Ammonium transporter 0.34 1.32 0.21 3
Mtr.40420.1.51_at Ferredoxin 2

Fig. 3 Validation of microarray data. (a) Quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) experiments. Validated comparisons

between microarray and qRT-PCR results are shown in the same colour. Down-regulated genes are indicated in green, up-regulated genes in red and no

differentially expressed genes between the two conditions in grey. N2, nod

ule meristematic zone II; Ctl, root control cells; GC, giant cells; SC, surrounding

cells. (b—e) Composite transgenic Medicago truncatula reporter lines expressing promoter:GUS constructs. Dark-field micrographs of root sections after p-
glucuronidase (GUS) staining of 3-wk post-infection nodules (b,c) and 7-d post-infection galls (d,e). (b) and (d) correspond to the promoter of aquaporin
NIP1-2 (Mtr.2246.1.51_at), and (c) and (e) to the promoter of the protein kinase-like SPK7 (Mtr.16214.1.51_at). Nodule meristematic zones |, Il and Il are

indicated. *, giant cells; N, nematode. Bars, 200 pum.
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Fig. 4 Gene clusters and main functional classes affected in nodule zone I

(N2) cells. (a) Hierarchical cluster analysis of genes differentially expressed in N2

cells and in Medicago truncatula whole nodules at different time points. Data from nodules at 4, 10, 14 and 28 d post-infection (dpi) were obtained from
the M. truncatula gene atlas (MtGEA) and compared with root control or denodulated root, respectively. The hierarchical analysis was carried out with
Pearson correlation and average linkage. (b) Main functional classes affected in N2 cells. The y-axis represents the number of probe sets deregulated in
N2 cells relative to control root cells. Red and green correspond to up- and down-regulated genes, respectively. *, P < 0.05 as calculated by MapMan

Wilcoxon rank sum test according to the MapMan gene ontology.

wall and amino acid, secondary and hormone metabolisms. In
addition to the expected decrease in stress/defence-associated
responses, pathways statistically affected support the needs for
metabolic changes and preparation to an anaerobic environment
for good functioning of the nodule. Thus, we observed the
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up-regulation of the mitochondrial/electron transport and
ATP synthesis machineries, and RNA and protein-related
processes. Interestingly, 12 of the 15 up-regulated genes
annotated as ‘Mitochondrial electron transport/ATP synthesis’
were not detected as deregulated in whole nodules. MapMan
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representation of the mitochondrial electron chain confirmed the
original pattern of gene expression in N2 cells, which could
reflect mitochondrial adaptation to the decrease in oxygen partial
pressure (Fig. S2).

Characteristics of gene expression in GC and SC of the gall

Transcript profiling of isolated GC and SC induced by RKNs at
7 dpi revealed 942 and 740 deregulated genes in GC and SC,
respectively, relative to Ctl cells. Four hundred and ninety-four
probe sets were commonly affected in GC and SC. A direct com-
parison between GC and SC transcriptomes showed 190 down-
and 95 up-regulated genes, including 129 deregulated genes not
differentially expressed when either GC or SC were compared
with the Cd (Table S4). Among the 651 genes down-regulated
in GC, 63% were also down-regulated in SC, whereas 36%
were not differentially expressed in SC. Only 28% of the 287 up-
regulated genes in GC were also up-regulated in SC (Fig. 5a).
Previous genome-wide microarray studies on the plant—RKN
interaction have concerned mainly A. thaliana (Jammes ez al.,
2005; Barcala ez al, 2010), making the comparison with our
microarray data difficult. According to the Medicago Affymetrix
gene chip annotation, 471 putative Arabidopsis orthologous genes
were found among the 942 GC deregulated genes in Medicago
galls, and only 58 were differentially expressed in GC at 3 dpi
(Barcala et al., 2010) (Table S6).

Classification of the deregulated genes in GC and SC using
MapMan showed the main functional classes that were affected.
In contrast with N2 analysis, most categories had a higher num-
ber of down-regulated genes in GC and SC (Fig. 5b, arrows).
Pathways statistically affected were different between GC and

(a) (b)

SC. GC showed an up-regulation of protein, DNA and C1
metabolism and also a down-regulation of secondary metabolism.
If we consider the subclasses of the ‘protein’ functional category,
protein synthesis was highly increased in GC, whereas other
classes, such as protein modifications or degradation, were mainly
down-regulated (Fig. S3). Such an impact on protein synthesis
was not detected in SC, where a statistical up-regulation of ‘cell’,
‘signalling” and ‘cell wall’-related pathways was shown.

Common features and specificities

The establishment of these symbiotic and pathogenic interactions
led to the regulation of mainly specific and some common genes
(Fig. 1c). Of the 401 probe sets deregulated in all three types of
cell already mentioned (Fig. 1¢), 33 and 249 were up- and
down-regulated, respectively, and 118 behaved in opposite ways,
between N2 cells and GC or SC. N2 cells shared more regulated
genes with GC (183) than with SC (74) (Figs 1c, 2). According
to a MapMan Wilcoxon rank sum test, the ‘protein synthesis’
functional class was statistically affected in response to both nem-
atode and rhizobium infections.

Legume-specific genes, with no sequence homology to publicly
available sequences of nonleguminous plants (Graham e al,
2004), represent 5842 probe sets on the Medicago gene chip
(Benedito ez al., 2008). Among them, 457 were deregulated in at
least one of the cell types considered in this study, including 210
in galls (Table S10). The functions of these gene products are
quasi-exclusively unknown.

Particular attention was paid to transcription factors (TFs),
because of their role in determining the specific cell fate. Among
the TF coding genes depicted by Benedito er 2/ (2008) and

Transport

Giant cells (GC) Surrounding cells (SC)

Development

651 gene probes 487 gene probes

Cell

Signalling

Protein
DNA

RNA

Misc.

C1 metabolism

Nucleotide metabolism

287 gene probes 249 gene probes

Stress

Hormone metabolism

Secondary metabolism

Amino acid metabolism

Lipid metabolism

Cell wall

80

60 40 20 0 20 40
Probe sets number

Fig. 5 Transcriptome comparison of giant cells (GC) and their surrounding cells (SC) in Medicago truncatula galls induced by Meloidogyne incognita. (a)
Venn diagrams showing the distribution of down-regulated (green) and up-regulated (red) genes in GC and SC. (b) Main functional classes affected in GC
and SC. The y-axis represents the number of probe sets deregulated. Red and green correspond to up- and down-regulated genes, respectively, and red
arrows to functional classes with more up- than down-regulated genes. *, P < 0.05 as calculated by MapMan Wilcoxon rank sum test according to the

MapMan gene ontology.
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Moreau ez al. (2011), 101 were deregulated in at least one of our
comparisons, including 87, 45 and 38 in N2 cells, GC and SC,
respectively (Table S11). Interestingly, TF coding genes were
mainly down-regulated in all three types of cell, with only two
up-regulated in GC. N2 cells, GC and SC share a large propor-
tion of down-regulated TF genes. For example, 79% and 67% of
the GC down-regulated probe sets were also repressed in SC and
N2 cells, respectively. Meanwhile, there were no commonly regu-
lated TFs between all three GC, SC and N2 cells. Interestingly
the orthologue of WOX4 (Mtr.23994.1.51_at), encoding a
WUSCHEL-related homeobox TF, was shown to be specifically
up-regulated in SC.

Finally, we focused our comparisons on hormone pathways
and responses (Table S12). Although only the down-regulation
of genes related to auxin was detected in N2 cells (encoding two
auxin-responsive proteins and one related to auxin signalling),
one gene was induced in galls (GC and SC). This gene encodes
an influx carrier, named AUXIl-like or LAX (Arabidopsis
corresponding orthologue At2g38120). The N2 transcriptome
revealed three genes involved in cytokinin signalling, which
respond to rhizobia, as already shown in whole nodules (Benedito
et al., 2008), but which were not affected following nematode
infection. One gene was down-regulated in N2 cells, whereas two
were up-regulated, including the zone II MtRR4 marker men-
tioned above. The probe set encoding the last enzyme of the eth-
ylene biosynthesis pathway, 1-aminocyclopropane-1-carboxylate
oxidase (ACC oxidase, Mtr.43104.1.S1_at), was down-regulated
in N2 cells, GC and SC. This down-regulation was accompanied
by a decrease in expression of an ethylene-response factor encod-
ing gene (Mtr.38122.1.51_at) in the three types of cell. This ten-
dency for a decrease in the ethylene response was confirmed in
N2 cells and GC through the down-regulation of seven and four
other probe sets, respectively (including three in common). In
addition to this reduction, in N2 cells, five genes related to the
ethylene response were up-regulated. Three genes related to the
gibberellin (GA) response were also increased: one in N2 cells
(Mtr.9046.1.51_at) and two in SC (Mrtr.43746.1.S1_at and
Mtr.48768.1.S1_at), but not in GC. We also observed the
down-regulation of various genes encoding repressors of the GA
response (DELLA proteins), proteins involved in GA catabolic
processes and a GA receptor. This decrease was verified in all
three types of cell, but it had an impact on distinct genes in N2
cells, GC and SC, which could reflect the different developmen-
tal processes involved. Genes involved in the synthesis of jasmon-
ic acid (JA) and its derivatives were down-regulated in N2 cells,
GC and SC. Lipoxygenases (LOXs) encoding probe sets were
classified into the JA-related category, even though it was unclear
which members of this multigene family were effectively involved
in this pathway.

Discussion

Features of pathogenic and symbiotic relationships have led to
the proposed concept of ‘variations on a common theme’ (Baron
& Zambryski, 1995). Indeed, although there are also a number

of unique attributes to each category of interaction, symbiosis
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and pathogenesis clearly appear to be two sides of the same coin
(Ausubel & Bisseling, 1999), and microbes can transition
between the trophic states of pathogenesis and symbiosis
(Newton et al., 2010). To address the question of the conserva-
tion of target plant genes and the functions deregulated following
interaction with a symbiont and a pathogen, a large-scale compari-
son was performed using microdissected tissues in M. truncatula.
This leguminous plant has proven to be a model of choice
because it is able to develop a nitrogen-fixing symbiotic inter-
action with rhizobia and is a host for RKNs. Taking into account
the complexity of the new root structures induced by S. meliloti
and M. incognita, that is, nodules and galls, respectively, our
original approach at the cellular level allowed us to specifically
unravel the genome-wide transcriptome changes involved in the
establishment of the microorganisms. Our analysis revealed the
hitherto unexplored gene expression patterns of N2, where plant
cells are preparing to receive rhizobia. In parallel, the divergent
gene expression profiles observed between GC and their SC pro-
vided novel data on the molecular events occurring in these
highly specialized cells, reflecting their specific functions during
the interaction. Laser capture microdissection allowed us to high-
light the genes expressed in GC, SC and N2 cells, even those
which were weakly expressed and thus could not be detected
when the transcriptome concerned the entire organ. This state-
ment is in accordance with the dilution of GC transcripts
observed in Arabidopsis galls (Barcala ez al., 2010). In addition to
a common core, we report the specificity of both interactions,
reflecting the main purpose of the microorganism infection.
Thus, 1038, 261 and 168 genes were specifically deregulated in
N2 cells, GC and SC, respectively. Furthermore, this genome-
wide analysis showed a significant number of common target
genes of rhizobium and RKN infections; 250 and 33 genes were
down- and up-regulated, respectively, in the three types of cell,
compared with the ¢. 10 genes already reported (Favery et al.,
2011). Taken together, our data strongly suggest that down-
regulation mechanisms are more conserved than those involved
in the induction of genes between a symbiotic and a pathogenic
interaction. Thus, the specificities of each interaction seem to be
related more to the up-regulation of specific pathways or gene
family members.

This was first illustrated by the massive down-regulation of
genes involved in plant stress and defence — especially the
phenylpropanoid/flavonoid pathways — in good agreement with
previous reports on entire nodules (Maunoury et al, 20105
Moreau ez al., 2011), Arabidopsis galls (Jammes et al., 2005) or
dissected GC at 3 dpi (Barcala ez al., 2010). We further showed
that there was a greater decrease in secondary metabolism and
stress-related genes in GC than in SC. This localized repression
of plant defence genes in cells in direct contact with the micro-
organisms is in accordance with an effective suppression of
defences by secreted effectors of nematode or symbiotic bacteria.
The JA pathway, which has been associated with pathogen
resistance, also appeared to be down-regulated in N2 cells, GC
and SC (Table S12). Furthermore, the down-regulation of LOX
genes in N2 cells, GC and SC was in accordance with their
putative role in plant defence, knowing that a reduction in
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LOX activity increases plant susceptibility (Ibrahim e al,
2011). Ethylene also plays a role in the plant biotic stress
response, growth and development. Transcripts encoding pro-
teins involved in ethylene synthesis, ACC synthase and ACC
oxidase, have been shown to be decreased in soybean roots
infected by a cyst nematode relative to a noninfected root
(Puthoff et al., 2007). This decrease in ethylene metabolism has
also been described during the Medicago—rhizobium interaction
(Oldroyd et al., 2001). In agreement with these data, we found
a decrease in transcripts encoding proteins involved in ethylene
synthesis in gall GC and SC, as well as in N2 cells. We also
observed the down-regulation of an ethylene-responsive TF
RAP2-4 in N2 cells and GC, which binds to pathogenesis-
related promoter elements and may be involved in the regula-
tion of gene expression by stress factors and by components of
stress signal transduction pathways (Lin ez al., 2008).

Interestingly, our statement with regard to the down- vs
up-regulated gene conservation was further confirmed by the
case of TFs, which were mainly down-regulated in all three
types of cell, with none being up-regulated in common
(Table S11). An interesting example of an up-regulated TF
gene specific to one interaction is the orthologue of WOX4,
encoding a WUSCHEL-related homeobox TF. It was specifi-
cally increased in SC. We hypothesize that WOX4 would regu-
late proliferation in SC, as shown in vascular stem cells. By
contrast, its repression in differentating GC highlights the loss
of the vascular cell identity in this novel cell type induced by
RKNs. Other striking examples are genes encoding remorins,
which are part of a multigene family potentially involved in
plant defence (Jarsch & Ott, 2010). Two members of this fam-
ily (Mtr.37637.1.51_at and Mtr.43807.1.51_at) were shown to
be down-regulated in the three types of cell in our microarrays,
whereas one remorin encoding gene, MtSYMREM 1, was specifi-
cally up-regulated in N2 cells. MtSYMREMI1 has been shown
to favour bacterial release from infection threads into plant cells
(Lefebvre er al, 2010). This gene was not deregulated in
gall GC and SC, indicating that it does not play a role in
allowing RKNs to develop a compatible pathogenic interaction
with Medicago. Taken together, these data confirm that
MSYMREMI function is specifically involved in rhizobium
infection and nodule development. Interestingly, two probe sets
of MtIPD3 were up-regulated in N2 cells only, which is in
agreement with recent results indicating that MAPD3 is
required for the correct expression of nodule-specific remorin
(Limpens et al., 2011).

We also observed a large modulation of plant hormone bal-
ance, which is known to play a role in the integration of internal
and external stimuli to regulate various aspects of plant growth
and development (Table S12). Auxin is essential for plant organ-
ogenesis through the regulation of embryogenesis, meristem for-
mation, cell division and elongation, and should play a key role
in nodule and gall initiation and/or development (Grunewald
et al., 2009). In indeterminate nodules, following a local and
transient auxin transport inhibition, an increase in auxin response
was reported in early dividing cells in the pericycle and inner
cortex, leading to nodule primordium (Mathesius ez al., 1998;
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van Noorden ez al., 2007). During later stages of nodule develop-
ment and differentiation, the expression of auxin response genes
was decreased. As supported by these experiments, we found the
down-regulation of auxin signalling and response genes in N2
(Table S12), where division had already stopped. The down-
regulation of JARI, an auxin-induced gene involved in the
catalysis of the formation of jasmonyl-isoleucine conjugates, in
all three types of cell is consistent with the decrease in the auxin
pool. Although only down-regulated auxin-related genes were
detected in N2 cells, one gene was induced in both GC and SC,
encoding an AUXI-like auxin influx carrier, as reported previ-
ously in response to RKNs and cyst nematodes (Mazarei et al.,
2003; Hammes et al., 2005; Jammes et al., 2005; Barcala ez al,
2010). In addition, we observed an increase in the expression of
the A-type response regulator primary response cytokinin gene
(MrRR4) only in N2 cells, which further supports a role for this
phytohormone in nodule cell differentiation (Moreau et al,
2011; Plet et al., 2011). Furthermore, we revealed that another
member of the two-component system, the response regulator
ATRR3, involved in transduction of the cytokinin signal, may
play a similar role in N2 cells. Thus, both genes seem to have the
same regulation in nodulation, in addition to their described
opposing cytokinin response in Arabidopsis shoot and callus
(Osakabe ez al., 2002). By contrast, no impact on the cytokinin
pathway could be detected in GC or SC, which may be consistent
with an initial transient need for cytokinin during GC initiation
(Goverse & Bird, 2011). Few ethylene-related genes were up-
regulated in N2 cells, including MBFI, a transcriptional co-
activator gene involved in the regulation of the cross-talk between
ethylene, abscisic acid (ABA) and stress signalling pathways (Arce
et al., 2010).

The transcriptional reprogramming revealed in our micro-
arrays also affects the functioning of organelles, as shown by
enhanced expression of pentatricopeptide repeat PPR genes in
zone II, which are known to play a role in post-transcriptional
processes in organelles (Saha er al, 2007). Interestingly, other
probe sets encoding PPRs are up-regulated in metabolically active
GC which contain a dense cytoplasm with an increased number
of organelles (Jones, 1981). Thus, such an impact on protein syn-
thesis, as revealed in our microarray experiment in GC but not in
SC, seems obvious. The up-regulation of specific genes belonging
to amino acid metabolism is consistent with the role of GC in
nematode nutrition. ‘Protein synthesis’ in N2 cells was less
affected than in GC, but the subcategory ‘protein targeting’ was
strongly increased, probably to support and allow rhizobium
endocytosis and/or differentiation.

Furthermore, an impact of rhizobia or RKN infection on
Medicago primary metabolism was also observed. As an example,
the up-regulation of genes encoding a phosphoenol pyruvate car-
boxylase (PEPc) and a plant neutral invertase, in N2 cells, could
be necessary to support the need for carbon skeletons as a result
of the endocytosis of rhizobia, which are becoming energetically
dependent on plants. This hypothesis is reinforced by the absence
of the deregulation of these genes in whole nodules (Table S7).
By contrast, this plant neutral invertase and a sucrose syn-
thase encoding transcript were down-regulated in GC, which is
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consistent with the sucrose increase found in Medicago galls
(Baldacci-Cresp ez al., 2011) and the presence of a putative
invertase encoding gene in the M. incognita genome (Abad ez al.,
2008). Thus, the accumulation of sucrose following nematode
infection may serve as a carbon source, complementary to starch,
for RKNs. Indeed, in contrast with the vast majority of animals,
Meloidogyne spp. possess the enzymatic machinery to metabolize
sucrose. In addition, sucrose may support the modification of the
cell osmotic status with GC differentiation. However, the nema-
tode feeding function of GC is also supported by a significant
increase in C1 metabolism. These data help to complete our lim-
ited knowledge on the metabolic processes responding to the
nematode demand in plant cells (Grundler & Hofmann, 2011).
For example, a gene encoding a dihydroneopterin aldolase, an
enzyme of the folate biosynthesis pathway (Goyer ez al., 2004),
was up-regulated in GC (Table S4). Previous reports have indi-
cated that helminths are not able to synthesize de novo folate
(Weinstein & Jaffe, 1987), similar to higher animals, which lack
a complete folate synthesis pathway, and therefore need a dietary
supply. In the nematode Caenorhabditis elegans, the FOLT-1
transporter is involved in the uptake of exogenous folate, and its
mutation causes nematode sterility (Austin et /., 2010), confirm-
ing the need for the nematode to use an external source of folate.
Such an impact on the folate biosynthesis pathway was not
detected in N2, which is not supposed to have a feeding function
for the symbiont.

Legumes, because of their ability to form a symbiotic interac-
tion with soil bacteria, are set apart from other plant families.
They possess specific features, such as genes termed ‘legume-
specific’, which show no sequence homology with any of the
publicly available sequences. Their regulation following RKN
infection (Table S10) raises the question of host specificity and
evolution, because these nematodes are able to develop a compat-
ible interaction with a wide range of hosts, but, at the same time,
can modulate legume-specific genes. We can hypothesize that this
gene deregulation is either an indirect consequence of the inter-
action, or RKNs are able to specifically recognize their host and
adapt to their specificity. Taken together, all of these data clearly
show that the infection zone acts as a transition zone between
root-type and nodule-type tissues. Moreover, they reveal new
pathways necessary for the development of the plant—nematode
interaction and provide new information on the specific role of
GC and SC. Thus, new targets for pest control, whilst favouring
nitrogen enrichment, could be defined on the basis of these new
datasets.
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Fig. S1 Laser microdissection of infected root tissues.

Fig. S2 MapMan representation of deregulated genes belonging
to the ‘Mitochondrial electron transport’ functional category,
using the mapping ‘Mt_AFFY_Mt3.0_0510.m02’.

Fig. 83 Number of probe sets deregulated in giant cells and
surrounding cells classified into subcategories of the BIN class
‘Protein’ from the mapping ‘Mt_AFFY_Mt3.0_0510.m02’.
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