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Introduction

Root-knot nematodes (RKNs) establish an intimate interaction
with their hosts, transforming four to seven differentiated root
vascular cells into giant cells (GCs) that undergo mitoses without
complete cytokinesis, followed by endoreduplication (Caillaud
etal., 2008a; De Almeida & Favery, 2011). Although the molec-
ular basis of this transformation is not yet well understood,
nematode secretions injected into the plant cells may trigger sig-
nals for GC differentiation and maintenance, some mimicking
plant peptides that control proliferation/differentiation balances
of stem cells from the vascular bundles, for example, the CLE-
like peptides (reviewed in Rosso & Grenier, 2011) or 16D10

Summary

e Root-knot nematodes (RKNs) induce giant cells (GCs) from root vascular cells inside the
galls. Accompanying molecular changes as a function of infection time and across different
species, and their functional impact, are still poorly understood. Thus, the transcriptomes of
tomato galls and laser capture microdissected (LCM) GCs over the course of parasitism were
compared with those of Arabidopsis, and functional analysis of a repressed gene was
performed.

¢ Microarray hybridization with RNA from galls and LCM GCs, infection—reproduction tests
and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) transcriptional
profiles in susceptible and resistant (Mi-17) lines were performed in tomato.

e Tomato GC-induced genes include some possibly contributing to the epigenetic control of
GC identity. GC-repressed genes are conserved between tomato and Arabidopsis, notably
those involved in lignin deposition. However, genes related to the regulation of gene expres-
sion diverge, suggesting that diverse transcriptional regulators mediate common responses
leading to GC formation in different plant species. TPX1, a cell wall peroxidase specifically
involved in lignification, was strongly repressed in GCs/galls, but induced in a nearly isogenic
Mi-1 resistant line on nematode infection. TPX1 overexpression in susceptible plants hindered
nematode reproduction and GC expansion.

e Time-course and cross-species comparisons of gall and GC transcriptomes provide novel
insights pointing to the relevance of gene repression during RKN establishment.

from RKN juveniles that interacts #nwvitro with a SCARE-
CROW:-like plant transcription factor (TF) (Huang et al., 2006).

Drastic changes in plant gene expression occur in GCs and sur-
rounding cells (reviewed in Gheysen & Fenoll, 2002; Escobar
eral., 2011; Hewezi et al., 2012). Transcriptional profile changes
in Arabidopsis (Hammes ezal., 2005; Jammes ez al., 2005) and
tomato galls (Bar-Or eral, 2005; Schaft eral, 2007) reveal
differences as a function of the infection time. Transcriptomic
analyses during feeding cell development have only been
performed in Arabidopsis and soybean for microaspirated and
laser capture microdissected (LCM)-isolated syncytia in compati-
ble interactions at early-medium infection points, revealing
differences as a function of the infection stage in soybean, but not
in Arabidopsis (Ithal ezal, 2007; Klink eral., 2007; Szakasits
et al., 2009). However, similar analyses are still lacking for GCs.

*These authors contributed equally to this work.
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Likewise, comparisons of transcriptional profiles from excised
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infected roots with their correspondent isolated syncytia are lim-
ited to Arabidopsis and soybean (Klink ez 4/, 2005, 2007; Ithal
etal., 2007). Only one study has compared expression patterns of
galls with LCM GCs at 3d post-inoculation in Arabidopsis,
identifying many differentially expressed genes (DEGs) in GCs,
but not in galls; thus, both structures show distinct gene expres-
sion profiles (Barcala ¢z al., 2010).

GC content isolation has been performed in mature tomato
GCs (Bird & Wilson, 1994; Wang ez al., 2001, 2003) and also,
at very early infection points (48-72h), using LCM followed by
microarray hybridization (Portillo ez /., 2009) and followed by a
cDNA library construction (Fosu Nyarko ez 4., 2009). However,
cross-species comparisons of transcriptomic data from galls/GCs
or syncytia have not been reported, in spite of their potential
to identify unique or conserved plant responses during plant—
nematode interactions (Escobar ez al, 2011).

Extensive down-regulation of gene expression has been
described in Arabidopsis (GCs and galls) and in tomato galls after
nematode establishment, particularly of stress-related genes
(Schaff etal., 2007; Caillaud ez al, 2008b; Barcala ez al, 2010),
suggesting the participation of putative nematode suppressors of
plant defense (reviewed in Smant & Jones, 2011). For example,
peroxidase-coding genes are repressed in the compatible interac-
tion, but up-regulated in tomato Mi (Bar-Or ez al., 2005; Schaff
etal., 2007) and in soybean resistant plants (Klink ezal, 2009,
2010). The repression of particular gene subsets, such as those
involved in defense and secondary metabolism, occurs in patho-
genic and symbiotic interactions (Maunoury ez al., 2010; Schlink,
2010 Moreau et al., 2011; Damiani ez al., 2012), but also during
cell differentiation (Sawa et al, 2005; Ito & Sun, 2009). In this
respect, GCs have been suggested to derive from developing
tracheary elements (Bird, 1996; Barcala ez al., 2010) through an
as yet undefined nematode-triggered cell differentiation process.

To gain insight into GC and gall differentiation, we compared
the differential transcriptomes of tomato LCM GCs and whole
galls formed by Meloidogyne javanica over the course of parasit-
ism, as well as the transcriptomes of tomato and Arabidopsis
LCM GCs in the same conditions. Distinct pathways, such as
those leading to lignin deposition, were highly conserved between
Arabidopsis and tomato during GC development. By contrast,
genes involved in the regulation of gene expression were distinct.
The overexpression of a peroxidase involved in tomato lignifica-
tion, TPX1, repressed in the compatible and induced in the
incompatible interaction (Mi-1), impaired nematode feeding site
development, suggesting the importance of gene repression
during nematode establishment.

Materials and Methods

Plant material, nematode infections and gall sections

Seeds from tomato (Solanum lycopersicum Mill, cv Moneymaker)
were germinated iz vitro in Petri dishes (125 mm) on Gamborg
B5 medium (Gamborg ez al., 1968) supplemented with 20 g1~
sucrose and 1.5% agar. Each primary tomato root was inoculated
just behind the root tip with sterile freshly hatched M. javanica
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(20-30 second-stage juveniles (J2s); Portillo ez al., 2009; Fig. 1).
Equivalent sampling and biological materials were used for all
experiments, including gall hand-dissection and cryosectioning

before GC LCM (Portillo et al., 2009).

/ Control
1 dpi

Fig. 1 Collected material and monitoring of the infection with
Meloidogyne javanica second-stage juveniles (J2s) for expression analysis.
At the top, the images on the right correspond to hand-dissected tomato
galls and, on the left, their corresponding transverse Araldite® resin
sections. (a—d) Tomato (Solanum lycopersicum) hand-dissected galls at 1,
3,7 and 14 d post-infection (dpi) were collected. (a) The typical initial gall
swelling was evident at 1 dpi (24 h post-infection; hpi). Identical
experimental conditions were used to obtain giant cells (GCs) during their
initiation and differentiation process: (b) at 3 dpi, the first developmental
stages of GCs are clearly identified; (c) at 7 dpi, GCs are expanding and
show an increase in cytoplasmic density with multiple nuclei. Section bars,
100 pum,; gall bars, 1 cm. (e) As nematode penetration is not synchronous,
the gall formation and position relative to the root tips were strictly
monitored every 24 h. (f) Equivalent primary root tissues (in age and
position) of uninfected seedlings were used as controls for the gall
transcriptomic analysis and laser capture microdissection (LCM) of control
tissue; the positions of the root tips were labeled every 24 h. (g) Infected
root segments with necrotic areas (black arrows) from resistant

S. lycopersicum cv Motelle (Mi-1/Mi-1) were collected for quantitative
reverse transcription-polymerase chain reaction (qQRT-PCR) 2 d post-
inoculation. Equivalent root segments were also collected as controls (not
shown). Asterisks in sections indicate GCs.
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Seedlings of two isogenic tomato lines, susceptible Money-
maker (mi/mi) and resistant Motelle (Mi-1/Mi-1) genotypes,
were grown in small clay pots with 10 ml of quartz sand at
25 4 2°C, 18 h light. Twenty-one-day-old plants were inoculated
with 100 freshly hatched M. javanica J2s per plant; noninoculat-
ed plants were kept as controls (see legend to Figs 1, 7).

Transgenic Solanum lycopersicum cv Pera plants overexpressing
the cell wall peroxidase TPX1 driven by the 35S promoter were
homozygous for a single T-DNA insertion (TP3 line; El Mansouri
eral., 1999; Figs 7, 8). Statistical analysis of infection and repro-
duction parameters after ANOVA was set to a significance level of
P < 0.05 using the The SPSS statistics package, IBM (Armonk,
NY, USA). Control wild-type plants were nontransformed plants
from the same cultivar.

Galls at 3 and 7 dpi from 358::7PX1 plants and controls were
hand-dissected, fixed and embedded as in Barcala ezal (2010).
Sections were stained with 1% toluidine blue in 1% borax solu-
tion (TAAB). The TrakEM2 plug-in from FIJI was used to mea-
sure the GC area (Cardona ez al., 2012). Two representative galls
from each genotype were entirely sectioned into 2-pm slices and
the areas were quantified (Fig. 8).

Gall and GC RNA isolation, amplification and aRNA probe
preparation

Independent RNA extractions from 100 mg of hand-dissected
galls or equivalent, uninfected controls at 1, 3, 7 and 14 dpi
(Fig. 1) were performed, and the quality was assessed as in Portillo
etal. (2006). More than 12 (uninfected plants) or 18 (infected
plants) plates, each containing eight individuals, were used for
each independent experiment and time point. A total of six inde-
pendent experiments was performed (i.e. 3000 hand-dissected
galls and 4400 uninfected root fragments). RNA from two inde-
pendent experiments was pooled in equimolar ratios to obtain one
‘independent biological replicate’ per infection time analyzed. In
total, three ‘independent biological replicates’ were processed. A
single round of linear amplification using a MessageAmp™ 11
aRNA Amplification Kit (Casson ez al., 2005) was performed.
RNA isolation and aRNA probe preparation from LCM GCs
at 3 and 7 dpi and from control vascular cells from cryosections
were performed as described by Portillo ez al. (2009). Gene anno-
tation and putative functions for expressed sequence tags (ESTs)
are described on the Solanaceae Genomics Network (SGN),
heep://www.sgn.cornell.edu/index.pl.

Microarray analysis

Microarray hybridization, normalization and statistical analysis
of the expression data were performed as described by Portillo
etal. (2009) and Barcala ezl (2010). Three or four slides were
hybridized independently with aRNA from three to four inde-
pendent biological replicates, including one dye-swap for both
analyses: galls and LCM GGCs. Two independent time points
were assayed for GCs (3- and 7-dpi GCs vs their respective con-
trol cells from vascular cylinders of noninfected tissue at an
equivalent developmental stage to that of the infected plants); for
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galls, four independent time points were examined (1, 3, 7 and
14 dpi vs their respective noninfected root segments at an equiva-
lent developmental stage to that of the infected plants; Fig. 1;
samples and labeling in Supporting Information Table S12).
Data were collected in the Cy3 and Cy5 channels. Background
correction and normalization of the expression data were per-
formed using LIMMA, as described by Adie ezal. (2007). First,
the dataset was filtered based on spot quality. A strategy of adap-
tive background correction was used that avoids exaggerated vari-
ability of log ratios for low-intensity spots; for local background
correction, the ‘normexp’ method in LIMMA was used to adjust
the local median background. The resulting log ratios were print-
tip loess normalized for each array to have a similar distribution
across arrays and to achieve consistency among arrays, and log
ratio values were scaled using the median absolute value as scale
estimator (Smyth & Speed, 2003). Linear model methods were
used to determine DEGs. Each probe was tested for changes
in expression over replicates by an empirical Bayes moderated
tstatistic (Smyth, 2004). To overcome the problem of multiple
testing, corrected P values (g values) were calculated following
Benjamini & Hochberg (1995). Gene expression differences
(always between galls or GCs vs their corresponding controls) were
considered to be significant with ¢<0.05.When several immobi-
lized spots (IDs) corresponded to the same unigene (SGN-U), the
representative probe with the highest differential expression level,
among those with ¢<0.05, was used for further analysis. Data
from TOM1 microarray spots were downloaded from the Tomato
Functional Genomics Database: http://ted.bti.cornell.edu/. Hier-
archical clustering (HCL) was calculated using MultiExperiment
Viewer (MeV4.1; http://www.tm4.org/mev; Saeed ez al., 2006)
with Pearson uncentered metric distance and a complete linkage.
For clustering analyses, we selected those genes with ¢<0.05 atany
of the developmental stages assayed (1, 3, 7, 14 dpi). Functional
categories of DEG were obtained from the Solanaceous Mapman
ontology for TOMI chip. A gene was considered to be ‘distinctive’
of a particular developmental stage, or of galls or GCs, when it was
only differentially expressed in one of the situations, but not in the
other, considering a threshold of < 0.05.

Real-time quantitative reverse transcription-polymerase
chain reaction (QRT-PCR) and in situ RT-PCR

qRT-PCR was carried out as in Portillo ezal. (2009) (primers in
Table S12). Statistical analysis after ANOVA was set to a signifi-
cance level of P < 0.05 using the the SPSS statistics package,
IBM (Armonk, NY, USA) package.

Insitu RT-PCR was performed in single 3- and 7-dpi galls
(primers in Table S12). Fixation and PCR-SYBR reaction were
as described in Gal ezal. (2006). Two adjacent sections for each
gall were used, one as a control PCR without primers, and
repeated twice (Fig. 6). Tissues were immediately observed using
a confocal microscope (Olympus IX81, Tokyo, Japan) to record
the fluorescence signal (excitation and emission wavelengths of
578 and 603 nm, respectively). The BA505I filter and the argon
488-nm laser beam were modified for no fluorescence back-
ground signal in the controls.

© 2013 The Authors
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Identification and analysis of tomato—Arabidopsis
homologs

TBLASTN analysis to identify the tomato—Arabidopsis homologs
was performed using, as query, AGI protein sequences of DEG
from Arabidopsis 3-dpi GCs induced by M. javanica ]2s, down-
loaded with ‘Sequence Bulk Download and Analysis’
from TAIR10 (http://www.arabidopsis.org/tools/bulk/sequences/
index.jsp). The output sequences were confronted to the database
TOMI1 re-sequences from the “Tomato Functional Genomics
Database’  (http://ted.bti.cornell.edu/cgi-bin/TEGD/array/blast.
cgi; Fei eral., 2011). From zero to five TOM1 probe sequences
producing statistically significant alignments (£value < 0.01) were
retrieved for each Arabidopsis protein. To confirm TBLASTN
matches, a reciprocal BLASTX was performed, confronting trans-
lated tomato probes with the Arabidopsis TAIR10 protein data-
base. When the same Arabidopsis protein as in the TBLASTN
analysis was matched in the BLASTX with a statistically significant
value (E-value <0.01), the genes were considered to be homologs
(Table $3). It is important to note that the great majority of the
considered homologs (94.4%) showed E-values <1E-05. Only
2.7% of the considered homologs were chosen with E-values
between 1E-02 and 1E-03.The log, ratios relative to their own
controls of tomato and Arabidopsis DEG were used to obtain co-
regulated and contrastingly regulated genes. The over-representa-
tion of Mapman categories within the shared genes between both
species was contrasted with the chi-squared test setat < 0.05.

Results

Unique gene expression profiles during tomato GC
development

Transcriptomic analysis of LCM GCs at 3 and 7 dpi vs control
vascular cells from uninfected roots revealed that 12% of the
8500 genes represented in the TOM1 chip were DEGs (false dis-
covery rate cut-off, 4<0.05). Most genes with 4<0.05 also
showed a fold change (FC)>1.9. For simplicity, the terms
induced/up-regulated and repressed/down-regulated are used
throughout the text to mean transcript levels higher or lower than
the corresponding controls, respectively.

At 3dpi, 307 DEGs were identified, most of them down-
regulated (86%). By contrast, at 7 dpi, a larger number of DEGs
(1000) was obtained and the percentages of up- and down-
regulated genes were similar (43.5% and 56.5%, respectively;
Fig. 2a). At 3 dpi, only 51 genes were DEGs (i.e. were distinctive
for this stage; see Materials and Methods). Of these, 42 (82.3%)
were down-regulated. By contrast, 744 DEGs were distinctive at
7dpi, 53.6% were up-regulated and 46.4% were repressed
(Fig. 2b; Table S1).

Biologically functional information for the two GC develop-
mental stages was obtained from Solanaceous Mapman ontology
(Urbanczyk-Wochniak ez al., 2006; Fig. 3). In both GC stages, a
large proportion of DEGs (323) were classified in the ‘Not assigned
function’ category (including genes with No ontology” and
‘Unknown function’). At 3 dpi, most DEGs in all categories were

© 2013 The Authors
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Fig.2 Global changes in differential gene expression during tomato
(Solanum lycopersicum) giant cell (GC) differentiation. (a) Number of
differentially expressed genes (DEGs; g <0.05) in laser capture
microdissected (LCM) GCs at 3 and 7 d post-infection (dpi) with respect to
LCM cells from the vascular cylinder of noninfected roots. (b) Venn
diagrams showing temporal changes in DEGs. The intersections of the
diagrams represent genes co-regulated in both infection stages. Genes
that did not display a uniform expression pattern as a function of the
infection time are not included in the Venn analysis, but are listed in
Supporting Information Table S13. Data have been deposited at GEO,
www.ncbi.nlm.nih.gov/geo (accession no. GSE30048).

clearly repressed. In the ‘Stress’, ‘DNA’, ‘Cell wall’ and “Transport’
categories, no induced genes were found. Similarly, at 3 and 7 dpi,
most genes from the ‘RNA’ category (WRKY, bHLH and NAC
TF families, among others) were repressed, as were ‘Stress” and
‘Miscellaneous’ (over-represented with < 0.05; Fig. 3; Table S2).

At 7 dpi, the number of DEGs increased considerably and the
‘Protein’ (‘Protein synthesis’) and ‘DNA’ (‘DNA synthesis/Chroma-
tin structure’ and ‘Histones’) categories showed more induced than
repressed genes (over-represented, £<0.05; Fig. 3). Interestingly,
genes encoding 40, 50 and 60S ribosomal proteins were up-regu-
lated exclusively at 7 dpi. Most induced distinctive DEGs at 7 dpi
(11 of 12) encoded histones, such as H3 and H4, together with genes
encoding a histone deacetylase, a WID-40 repeat protein (MS]) puta-
tively involved in nucleosome assembly, and a DEAD/DEAH box
helicase (Dicer-like) (TableS2). Thus, the expression of genes
related to chromatin remodeling, maintenance and protein synthesis
is associated with particular GC developmental stages.

Conserved and nonconserved gene expression patterns in
Arabidopsis and tomato GCs

The observed trends in global expression, such as large numbers of

repressed genes in early developing GCs, were similar in tomato

New Phytologist (2013) 197: 1276-1290
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Fig. 3 Overview of differentially expressed genes in tomato (Solanum
lycopersicum) giant cells classified into functional categories (Mapman).
Bars indicate the number of genes per category. Asterisks mark categories
over-represented with a statistical significance (P <0.05) using the
Wilcoxon Rank Sum test with Benjamini-Hochberg correction (Benjamini
& Hochberg, 1995), indicative of significant differential expression profiles
in comparison with the rest of the categories. Infection time points in
colors as indicated.

and Arabidopsis (Barcala ez al., 2010; this work). Thus, we exam-
ined their putatively conserved expression patterns. We retrieved
protein sequences for the 1161 Arabidopsis DEGs in LCM GCs
(Barcala ez al., 2010) from TAIR and confronted them against the
six putative open reading frames (ORFs) of the tomato database
TOMI1 re-sequences from the “Tomato Functional Genomics
Database’ (see the Materials and Methods section) by TBLASTN
(Table S3). Eight-hundred and sixty-six Arabidopsis genes
matched homologous sequences in tomato. Thus, 74.6% of the
Arabidopsis GC DEGs had a putative homolog protein counter-
part in tomato (77% from the up-regulated and 75% from the
repressed Arabidopsis DEGs). Of these, 43% were DEGs in both
tomato (at 3 and 7 dpi) and Arabidopsis (at 3 dpi) GCs. Interest-
ingly, from the 132 DEGs at 3 dpi in both species, 101 were

Table 1 Giant cell differentially expressed gene (DEG) homologs
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coordinately down-regulated (76.5%), but only one of 21 was up-
regulated (0.7%; Table 1a). Similar results were observed at 7 dpi
for repressed genes, whereas half of the up-regulated genes showed
opposite regulation (Table 1a). In addition, a reciprocal BLASTX
to confront the 482 significant counterparts found between Ara-
bidopsis and tomato validated 93.4% (450) as the percentage of
translated nucleotide sequences from tomato matching the same
Arabidopsis  protein  sequence  (F-value<0.01; Table 1b;
Table S3). An interactive spread sheet is provided to simplify
searches for corresponding homologous DEGs in GCs from
tomato and Arabidopsis (Table S4).

Although some caution in interpretation must be taken because
of the lower unigene representation in the TOM1 microarray rela-
tive to that of Arabidopsis, genes down-regulated in early develop-
ing GCs are robustly conserved between the two species. The
phenylpropanoid pathway within the ‘Secondary metabolism’ cat-
egory was significantly over-represented among repressed genes in
both tomato and Arabidopsis, particularly genes involved in lignin
biosynthesis, a group of peroxidases from the category ‘Miscella-
nea’ and genes in a small biotic stress subcategory encoding prote-
ase inhibitors. These results were confirmed by an independent
analysis based on different categorizations, both being highly coin-
cident for the phenylpropanoid pathway (Table2, Mapman;
Fig. 4a, GeneOntology (GO)). When the same group of genes
was placed in KEGG, all were included in the lignin biosynthesis
and cross-linking routes (Fig. 4b). Thus, the down-regulation of
genes encoding proteins in the lignin monomer synthesis and lig-
nin cross-linking pathways was consistently conserved between
the two species. Other over-represented categories in the GO anal-
ysis for commonly regulated genes were found, notably genes
related to auxin signaling, stress responses and transport, which
were also mostly down-regulated (Fig. 4a).

However, a large number of genes (Table 1a) were distinctly
regulated and were not shared by tomato and Arabidopsis GCs,
particularly those related to the regulation of gene expression and
to housekeeping metabolic processes (Fig. 4a). In agreement with

(a) TBLASTN analysis from the Arabidopsis DEGs in laser capture microdissected (LCM) giant cells (GCs) confronted to the tomato database

Homologs in tomato*

3dpi 7 dpi 3+7dpi

Up-regulated genes in Arabidopsis

Down-regulated genes in Arabidopsis

Same regulation in tomato
Different regulation in tomato
Same regulation in tomato

1(0.7%)
20 (15.1%)
101 (76.5%)

49 (13.0%)
55 (14.6%)
206 (54.8%)

50 (12.7%)
57 (14.5%)
218 (55.6%)

Different regulation in tomato 10 (7.6%) 66 (17.5%) 67 (17.1%)
(b) BLASTX reciprocal analysis from tomato to the Arabidopsis database
E value range'
<Ixe?” 1xe?/1xe” >1xe? No hit Total significant counterparts
TBLASTN 454 (94.2%) 28 (5.8%) - - 482
BLASTX 436 (90.4%) 14 (2.9%) 10 (2.1%) 22 (4.6%) 450 (93.4% from those found in TBLASTN)

*Percentages and absolute data from the up- and down-regulated homologs are shown.
+An E-value <0.01 was considered for significant homology.

dpi, days post-inoculation.
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Table 2 Mapman functional categories of common repressed genes from
the tomato and Arabidopsis giant cell transcriptomes; over-represented
categories and subcategories inferred from P < 0.05 of the 2 are shown in
bold

Mapman Bin Category x P value
6 Gluconeogenesis 1.076  0.300
/Glyoxylate cycle
8 TCA/Org. transformation ~ 0.160  0.689
9 Mitochondrial electron 0.000  0.983
transport/ATP synthesis
10 Cell wall 1.105 0.293
11 Lipid metabolism 0.002 0.962
13 Amino acid metabolism 1.067  0.302
15 Metal handling 0.317 0.574
16 Secondary metabolism 3.136  0.077
16.1 Secondary metabolism. 1.068  0.301
Isoprenoids
16.2 Secondary metabolism. 6.303  0.012
Phenylpropanoids
16.2.1  Secondary metabolism. 7.220  0.007
Phenylpropanoids.
Lignin biosynthesis
16.5 Secondary metabolism. 0.057 0.811
Sulfur-containing
16.8 Secondary metabolism. 2.816  0.093
Flavonoids
16.10 Secondary metabolism. 0.308 0.579
Simple phenols
17 Hormone metabolism 3.687 0.055
20 Stress 0.310 0.578
21 Redox 0.291 0.590
24 Biodegradation of 0.614  0.433
xenobiotics
26 Miscellanea 5.727  0.017
26.2 Miscellanea.UDP 2563  0.109
glucosyl and
glucuronyl transferases
26.7 Miscellanea.Oxidases 0.286  0.593
26.8 Miscellanea.Nitrilases 0.286  0.593
269 Miscellanea.Glutathione 1.701 0.192
S transferases
26.12 Miscellanea. 6.218  0.013
Peroxidases
26.13 Miscellanea.Acid and 2.331 0.127
other phosphatases
26.16 Miscellanea. 0.308 0.579
Myrosinases-lectin-
jacalin
26.21 Miscellanea.Protease 4.251 0.039
inhibitor/seed storage
/lipid transfer protein
(LTP) family protein
27 RNA 0.001 0.976
29 Protein 0.058 0.810
30 Signaling 2966  0.085
31 Cell 0.155  0.694
33 Development 2463 0117
34 Transport 0.953  0.329

this, some TF groups, such as the b-zip, a TF family with a
DNA-binding domain including a single C(2)-C(2) zinc finger
(C2C2 (Zn) DOF) and another family of zinc finger TFs
containing the GATA domain (GATA), or homeobox families,

© 2013 The Authors
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did not show any gene commonly regulated between tomato and
Arabidopsis (yellow label in Table S5). In addition, all TF fami-
lies have either tomato or Arabidopsis homologs noncommonly
regulated. However, all DEGs from lateral organ boundaries
(LBDs), a transcription regulator acting as repressor of auxin-
inducible gene expression (AUX/IAA) and CONSTANS like zinc
finger TFs (C2C2 (Zn) CO-like) were co-regulated (Table S5).

Comparative expression profiles in tomato GCs and galls at
different developmental stages

A complete transcript profile using the TOM1 microarray in galls
from migration/establishment (1 dpi) to gall/GC differentiation
(3 dpi) and maturity (7-14dpi; Fig. 1) identified 2414 ESTs
with significant differences (¢<0.05) to uninfected controls at
one or more infection stages. These represent 1839 (22%) unig-
enes of the 8500 in the array. An interactive searching sheet is
supplied that extracts gall and GC transcriptional profiles of any
particular tomato ID, or from a list of IDs, at all infection stages
(galls: 1, 3,7, 14 dpi; GCs: 3, 7 dpi; Table S6).

Marked expression pattern differences as a function of the
infection time were observed in galls (Fig. S1). At very early
stages, most genes were down-regulated, notably at 1 dpi (71%),
but also at 3 dpi (60%). As infection progressed (7 and 14 dpi),
the proportion of up- and down-regulated genes was balanced
(46% up, 54% down and 46% up, 54% down, respectively) and
the DEG number was considerably higher than at early stages.
This agrees with HCL, revealing that global transcriptional pro-
files between 1 and 3 dpi were more similar than those at 7 and
14 dpi, sorted in a separate cluster (Fig.5a). At 1dpi, 99 were
exclusively DEGs, mostly down-regulated, whereas, at later
stages, similar proportions of distinctive up- and down-regulated
genes were observed (47-50%; Fig. S1; Tables S6, S7). A small
number were DEGs during all infection stages (Fig. S1).

Significant differential expression profiles (£<0.05) were
encountered in the ‘Cell wall’ category, as the induced gene num-
ber increased over the infection course. By contrast, the percent-
age of repressed genes in the ‘Stress’ category (23%) was
markedly high at 1 dpi, but lower at later time points (Fig. S2).
Hence, of the 99 distinctive genes at 1 dpi (Table S7), 66 were in
the ‘Stress’ category. DEGs with expression level variations at dif-
ferent infection points are listed in Table S8.

To study differences between gene expression changes in GCs
and galls, we compared their differential transcriptomes in sam-
ples obtained with equivalent biological sampling, using the same
microarray platform, at the same developmental stages (3 and
7 dpi) and with the same data analysis tools. Each time point was
compared independently, but cross-comparisons between analy-
ses were also considered. Less than half of GC DEGs at 3 and
7 dpi were also detected as gall DEGs (148 of 307 and 469 of
1000, respectively). This indicates that many DEGs were GC dis-
tinctive (Fig. 5; Table S9). Distinctive GC DEGs at 3 dpi were
predominantly down-regulated, whereas, at 7 dpi, the proportion
of up- and down-regulated GC-distinctive genes was balanced
(Fig. 5). When all co-expressed GC and gall DEGs were com-

pared, the log, values of their expression values were generally
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lower in galls than in GCs (Table §9). A group of distinctive GC
genes (eight at 3 dpi and 276 at 7 dpi) was obtained when all
DEGs from galls at 1, 3, 7 and 14 dpi were compared with those
of 3- and 7-dpi LCM GCs (Table S10).

Functional classification of distinctive gall and GC genes
expressed at the same developmental stage revealed differences in
the predominant biological processes altered. The largest number
of distinctive genes was classified in the ‘Not assigned’ category
(Fig. S3; Table S9). At 3 dpi, GC-distinctive genes were mostly
repressed (grouped in ‘Stress’, ‘RNA’, ‘Protein’, ‘Secondary metab-
olism’ and ‘“Transport’), whereas gall-distinctive genes were mostly
induced (Fig. S3), essentially for the categories ‘RNA: regulation
of transcription’ and ‘Protein: protein degradation’. Interestingly,
the ‘Stress’ category contained a high proportion of induced genes
in galls in contrast with GCs. ‘Miscellaneous’ was the group with
the largest number of distinctive up-regulated genes in galls and
down-regulated genes in GCs, encoding proteins such as glucos-
yltransferases and peroxidases, among others (Fig. S3).

New Phytologist (2013) 197: 1276-1290
www.newphytologist.com

At 7 dpi, ‘Protein’, ‘Metabolism’, ‘RNA’ and ‘Miscellaneous’
categories showed the highest number of distinctive GC and
gall genes. Eleven members of the histone family were solely
induced in 7-dpi GCs, none being differentially expressed in
either 7-dpi galls or 3-dpi GCs. Other genes putatively involved
in chromatin structure maintenance or remodeling, such as
SNF2, seem to be distinctive of 3-dpi GCs (Fig. S4; Table §9).
The subcategory ‘Protein synthesis’, containing genes encoding
ribosomal proteins, included a large number of DEGs, in both
galls and GCs, but encoded different proteins (Table S9). One
of the major categories of distinctive genes in GCs and galls at
both developmental stages was ‘RNA’, containing mainly TFs
that could be key regulators of cell differentiation. A detailed
analysis of the ‘Regulation of transcription’ subcategory showed
all members of TFs containing the WRKY domain,
WRKYGQK, (WRKY) and the basic helix-loop-helix (b HLH)
families repressed in GCs, but not in galls. Most AP2
(APETALA2) and EREBDPs

(ethylene-responsive  element

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust



New

Phytologist
Hand-dissected
(@
alls
87 88
2 o o 2
© © ©
8 &8 & 2
3 8 8 3
- o ~ -
C —
-2 +2
(b)
350 3dpi
300 | Il Total GC DEGs
[ Common
2D 250
c
@
D 200
k]
g
2 150
£
F3 100
(55 @6 (@-6) (-3 (-5 >S5
7 dpi
o [ Total GC DEGs
| Common
3
3
c
@
D 200
k)
L)
€
S
ol— |

ol
(Fe)>5  (3)-(5)  (1-(3) (-1)~(-3) (-3)-(-5) >-5

Fig.5 Time course of transcript profiles of tomato (Solanum lycopersicum)
galls and comparison between differentially expressed genes (DEGs) of
giant cells (GCs) and galls. (a) Hierarchical cluster analysis of tomato gall
DEGs at 1, 3, 7 and 14 d post-infection (dpi). The numbers within the tree
correspond to the bootstrap values after 1000 iterations. (b) Total DEGs in
GCs and those common to galls. The number of ‘GC-distinctive genes’
increased in the lower fold change (FC) ranges.

binding proteins), AP2/EREBP, and all members of a TF
family containing the no apical meristem, NAM, domain
(NAC) were repressed in galls and GCs at both stages. Some
members of the homeobox domain TFs (HB), C2C2 (Zn)
DOF and GATA zinc finger families, among others, were up-
regulated in galls, but not in GCs. Interestingly, repression lev-
els were less pronounced in galls than in GCs, suggesting that
GCs contribute strongly to the gene repression found in galls
(Fig. S4).

Another category showing clear differences between GCs and
galls was ‘Metabolism’. All genes associated with lipid, amino
acid and secondary metabolism were repressed in GCs at 3 and
7 dpi, but most were either induced or not DEGs in galls. Simi-
larly, most biotic stress-related genes were repressed in GCs at 3
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and 7 dpi, but induced in galls, including those encoding patho-
genesis-related proteins (e.g. in Tables S9, S11). These patterns
indicate that GCs and the other gall tissues exhibit independent
and differential transcriptional profiles.

Confirmation of microarray data

qRT-PCR was performed for 15 genes, selected by criteria such
as similar expression profiles over infection time, high FC or pref-
erentially expressed in galls or GCs (primer sequences in
Table S12). The reference gene for normalization encoded a
hypothetical protein  (SGN-U150992, 1-1-6.4.11.14) and
showed steady expression as a function of the infection time in
galls and GCs. qRT-PCR revealed transcriptional patterns similar
to those found in microarray hybridization; only one gene coding
an omega-6 fatty acid desaturase showed a different expression
pattern at 7 dpi in galls with both methods (underlined in
Table 3). Some were not DEGs in the microarray at certain infec-
tion points (white boxes in Table 3), although a clear tendency to
up- or down-regulation was observed, coincident with qRT-PCR
data.

In situ RT-PCR hybridization for selected genes preferentially
expressed in GCs (40S ribosomal protein (40S) and a putative
serine/threonine kinase (S7K)) revealed that both accumulated in
7-dpi GCs (Table 3; Fig. 6b,d), but not in their corresponding
controls (Fig. 6a,c). In agreement with the GC induction of 40S
and S7K from the microarrays (Table 3), the signal observed by
insitu PCR in GCs was absent or much lower in adjacent cells
(Table 3; Fig. 6b,d), regardless of the differences in detection sen-
sitivity. Transcripts for the same genes in control uninfected roots
were barely detectable; an example is provided for S7K’in Fig. S5.
Hence, the high validation rate of the microarray data with qRT-
PCR, combined with the 77 situ RT-PCR, reflects a significant
reliability of the transcriptomic data.

Functional characterization of a tomato GC-repressed
peroxidase

To elucidate the biological relevance of early gene down-regula-
tion in galls and GCs, particularly of genes involved in lignin
deposition, during compatible interactions, we used tomato
plants over-expressing the basic cell wall peroxidase TPX1. 7PX1
was consistently down-regulated in tomato galls from early stages
(1 dpi) at the infection points analyzed and strongly down-regu-
lated in GCs (3 and 7 dpi; FCs of —2.7 and —4.6, respectively;
Table 3). In Arabidopsis GCs, 10 peroxidase-coding genes were
repressed; eight had tomato homologs, all co-repressed in tomato
and Arabidopsis GCs. These included four putative Arabidopsis
homologs of TPX1 (ID: 1-1-3.2.20.9) (AT2G35380;
AT2G41480; AT4G11290; AT5G51890; Fig.4). TPX1 has
been formerly characterized as being directly involved in lignin
biosynthesis in tomato (El Mansouri et /., 1999).

We first analyzed 7PX1 expression in a homozygous resistant
line (Motelle, Mi-1/Mi-1) triggered by M. javanica 2 d after inoc-
ulation when compared with a nearly isogenic tomato susceptible
line (Moneymaker, mi-1/mi-1; Schaff etal., 2007). The results
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Table 3 Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) validation of gall microarray hybridization data
Relative expression levels (log,)
Galls 1 dpi Galls 3 dpi Galls 7 dpi Galls 14 dpi GCs GCs
3 dpi 7 dpi
Description gPCR  Array gPCR Array ¢qPCR Array qPCR Array Array Array
Putative LRP (lateral root primordia) 1 171 |

Wound-induced protein Sn-1
Late-embryogenesis protein lea5
Xyloglucan endotransglycosylase (XTR4)
Pathogenesis-related protein PR-1 precursor
Peroxidase (TPX1)

Omega-6 fatty acid desaturase

Histone H3 [Arabidopsis thalianal

HD-Zip transcription factor Athb-14 (HD)
WRKY family transcription factor

Homeotic protein VAHOX1 - tomato
Receptor protein kinase-related protein [Arabidopsis

—0.28
—0.28

thaliana]
Putative serine/threonine kinase similar to NAK (STK) * 0.40 0.09
40S ribosomal protein S17 (40S) * 073 035
Expansin precursor 3.64 0.17

—-0.45
—0.04

0.68 0.71

-0.17 0.01 0.32

1.95 —0.44

—2.14 1.02

—0.23
0.74 0.26 1.66
1.05 —0.55
rod S
0.96 —-0.26

0.40 0.32

203 B 203

3.48 0.67

The columns indicate the means of qRT-PCR data from three independent biological replicates (P < 0.05) and microarray log, ratios of differentially
expressed genes (DEGs) from galls and giant cells (GCs) at 1, 3, 7 and 14 dpi vs their corresponding uninfected primary root fragments and laser capture
microdissected (LCM) vascular cells, CCs, respectively, taken as controls. Green squares, repressed genes (—) and red squares, induced genes (+), with

g <0.05. White boxes represent no DEGs (g > 0.05) from the microarray at the infection points indicated. Those data with opposite expression in gRT-PCR

relative to the microarray are underlined.
*Genes also tested by in situ PCR.

Control

40S

STK |

N o 50,0 um 50.0 fu * i

Fig. 6 Insitu reverse transcription-polymerase chain reaction ( RT-PCR)
hybridization in longitudinal sections of tomato (Solanum lycopersicum)
giant cells (GCs) at 7 d post infection (dpi). 40S, ribosomal protein S1; STK,
putative serine/threonine kinase. Asterisks indicate GCs. (a, ¢) Sections with
control reactions, no primers added. (b, d) Specific amplification signals are
observed as SYBR fluorescence in the GC cytoplasm (long white arrows).
Fluorescence of the nuclei also corresponds to SYBR, as it nonspecifically
binds double-stranded DNA (Gal et al., 2006). Hence, only cytoplasmic
label corresponds to specific transcript signals. Bars, 50 pm. Fluorescence in
the cytoplasm of cells adjacent to GCs (short white arrows in b).
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confirmed the repression observed in the microarray for the com-
patible interaction (Fig. 7a). By contrast, a remarkable induction
(above nine-fold) was observed during the incompatible interac-
tion (Motelle; Fig. 7a); both infection-site RNAs were compared
against their noninfected controls (see Materials and Methods).
These data indicate a contrasting behavior of 7PXI during RKN
compatible and incompatible interactions in tomato.
Subsequently, infection tests were performed in a homozygous
TPX1-overexpressing line (TP3) from a tomato susceptible culti-
var, Solanum lycopersicum cv Pera, carrying a single T-DNA inser-
tion, which showed apparently normal root growth in vitro, but
exhibited peroxidase activity and lignin content higher than con-
trols. It was selected among three independent lines because it
presented the highest peroxidase activity (El Mansouri ezal.,
1999). In TP3, nematode infection was severely impaired, as
shown by the significantly reduced number of galls formed per
plant (¢ 35% reduction compared with wild-type controls;
P<0.05; Fig. 7b). Nematode reproduction parameters, such as
the number of eggs and number of egg masses/root dry weight,
were strongly affected (35 and 25% reduction, respectively
Fig. 7d,e). The number of egg masses/gall was also reduced (35%
reduction, Fig.7c). Consistently, galls in which the nematode
had successfully established showed less expanded GCs than con-
trol galls at 3 and 7dpi (Fig. 8a). GC areas in gall sections
showed significant differences (2<0.05) between the nontrans-
genic control and the TPX1-overexpressing line (7PXI-OF) at
both infection stages, with more than a four-fold variation at

7 dpi (Fig. 8b).
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Fig. 7 Functional analysis of tomato (Solanum lycopersicum) peroxidase
TPX1. (a) Fold change (FC) values after quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR) of TPX7 transcripts from susceptible
(Moneymaker; mi/mi) and resistant (Motelle, Mi-1/Mi-1) nearly isogenic
lines infected with Meloidogyne javanica second-stage juveniles (J2s).
Bars indicate standard errors from three independent experiments with at
least 10 plants each. Infection sites were hand-dissected 2 d after
inoculation together with equivalent root segments from uninfected
plants. (b—e) Infection and reproduction parameters in TPX1-
overexpressing plants (TPX7-OE) relative to wild-type controls, both
Solanum lycopersicum cv Pera. The number of galls per plant was
assessed at 7-15 d after inoculation and reproduction parameters (number
of egg masses per galls, number of eggs and egg masses per root dry
weight) at 60-70 d after inoculation. The root dry weight was used to
normalize most of the parameters measured. Data are representative from
six independent in vitro experiments. Standard errors are represented.
Asterisks mark statistically significant differences (P <0.05) between TPX17-
OE and wild-type controls.

Discussion

A comprehensive examination of the still poorly understood
transcriptional events associated with GC differentiation in crops,
such as tomato, may reveal information relevant for nematode
control. This is the first time that differentially expressed tran-
scripts of GCs from equivalent developmental stages have been
compared between Arabidopsis and tomato, under the same
experimental conditions and data processing. This approach
identified a group of genes consistently down-regulated in Ara-
bidopsis and tomato feeding sites; among them is a peroxidase,
TPX1, with a contrasting behavior in compatible and incompati-
ble interactions. TPX1 overexpression in a susceptible cultivar
severely interfered with RKN infection and reproduction.

Comparative expression profiles of tomato GCs and galls at
different developmental stages

A clear boundary was found in the molecular changes detected
between the initial stages of nematode infection (1-3 dpi) and
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Fig. 8 Functional analysis of tomato peroxidase TPX1 in tomato (Solanum
lycopersicum) plants. (a) Ten-micrometer representative sections of fixed
galls from wild-type controls and TPX1-overexpressing plants (TPX7-OF)
in a susceptible cultivar, S. lycopersicum cv Pera. Asterisks mark giant cells
(GCs); bars, 100 um. (b) Average of the total area occupied by GCs from
consecutive gall sections measured for two independent representative
galls of TPX7-OE and wild-type controls at each infection point (dpi, days
post-infection). Bars indicate standard errors from seven sections. Asterisks
mark statistically significant differences (P <0.05) between TPX7-OFE and
wild-type controls.

the later stages of gall development (7—14 dpi, Figs S1, S2). The
percentage of repressed genes was close to 71% in early stages,
but only ¢. 50% in later stages, in accordance with the observed
changes in GCs (Fig.2). This indicates that transcriptional
changes during the first stages of nematode infection include the
selective down-regulation of transcription, perhaps to allow ini-
tial migration/establishment, appropriate GC induction and gall
formation (Schaff ez al., 2007).

When tomato GC and gall differential transcriptomes at the
same developmental stages (3 and 7 dpi) and from the same
experiments were compared, many DEGs in GCs were not
DEGs in galls (Figs 5, S3), in agreement with Arabidopsis galls/
GCs at 3 dpi (Barcala ez al, 2010). This suggests that tomato GC
differentiation also requires specific transcriptional changes dif-
ferent from the rest of the gall.
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One of the categories with contrasting expression between GCs
and their corresponding galls is ‘Stress’, with a high proportion of
genes repressed in GCs, but not DEGs or induced in galls (i.c.
pathogenesis-related proteins, PRPs; Fig. $3; Table §9), in accor-
dance with previous observations in Arabidopsis GCs (Barcala
etal., 2010) and tomato galls at 1, 5 and 10 dpi (Bar-Or ez al,
2005; Bhattarai ez al., 2008). The vast majority of ‘Stress’ genes
either co-expressed in GCs and galls, or GC distinctive, were
repressed (Table §9), suggesting that nematodes trigger a defense
response in galls different from their GCs. Other obligate bio-
trophic pathogens, such as phytopathogenic bacteria (Truman
etal., 2006; Aslam eral., 2008), biotrophic and hemibiotrophic
fungi (Cooper etal, 2008) and symbiotic microorganisms
(Maunoury ezal., 2010; Damiani efal., 2012), can disable host
defenses. Although putative nematode suppressors of plant
defense have been suggested (Hewezi eral., 2010; reviewed by
Smant & Jones, 2011), knowledge on the mechanisms governing
this suppression is still sparse. Consistent with all of these
observations, we found that the vast majority of genes encoding
TFs and enzymes related to chromatin modification were GC dis-
tinctive and not similarly regulated in galls (FigsS3, S4;
Table S9).

Reprogramming GCs in tomato

Within developing GCs, 1051 transcripts were differentially
expressed vs vascular control LCM cells from noninfected roots.
The DEG number increased at 7 dpi, suggesting increased tran-
scription complexity between 3 and 7 dpi (Fig. 2). At 7 dpi, 64 of
65 genes classified in ‘Protein synthesis’, encoding mainly ribo-
somal proteins and translation elongation factors, were up-regu-
lated, in agreement with other transcriptomic studies in tomato
and Arabidopsis galls (Jammes ez al., 2005; Schaff ezal., 2007;
Bhattarai ez al., 2008; Tables S1, S2). This could be related to the
higher transcription rate and increased protein synthesis needed
for GC differentiation and growth (Bird, 1961).

One of the first detectable signs of GC initiation is nuclear
division with partial cytokinesis, the number of nuclei per GC
nearly doubling during each of the first 4 d after infection (Starr,
1993; Caillaud ez al., 2008a). Functional and expression analyses
of CCS52 (a cell cycle switch promoting endoreduplication)
indicate that endoreduplication takes place in early-developing
GCs (reviewed in De Almeida & Favery, 2011). G1/S transition
and S-phase genes, that is, those coding for histones, minichro-
mosome maintenance (MCM) proteins and DNA helicases, were
up-regulated in tomato GCs (Tables S1, $2). MCM proteins are
part of a complex that regulates DNA replication initiation
(Shultz eral., 2007). In Arabidopsis, the MCM family member
PROLIFERA (PRL) was expressed in GCs from the earliest
developmental stages (Huang eral, 2003). Furthermore, the
expression of 11 histone-coding genes increased between 3 and
7 dpi, notably the core histones H3 and H4 (FCs of 8 and 11,
respectively; Table S2). H4 deposition and modification have
been related to cell proliferation, and this is a well-characterized
gene up-regulated during the G1/S transition (Sanchez ezal.,
2008).
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Particularly relevant is a set of induced genes that might regu-
late the GC differential expression pattern and cellular identity,
as their products are involved in chromatin remodeling and tran-
scriptional control. Among them are members of the NF-Y gene
family of TFs with putative roles in cellular differentiation (Sie-
fers etal., 2009), induced from 3 dpi and increasing at 7 dpi.
Likewise, the only member of the MYB family induced in GCs is
a homolog of PHANTASTICA, involved in leaf organogenesis
and cell differentiation, as reported in tomato and Medicago
truncatula GCs (Koltai & Bird, 2000; Koltai ez al, 2001). Other
genes encode a chromomethylase (CM7) involved in DNA
methylation (Lindroth eral, 2001), proteins related to histone
methylation and deacetylation (HDAC), matrix-attachment region
(MAR)-binding proteins, MSI (multicopy suppressor of iral)
proteins important for chromatin organization, condensation or
modification (Hollender & Liu, 2008) and a DICER-LIKE
coding gene with functions in the miRNA-mediated silencing
machinery, all highly expressed in GCs (TablesS1, S2, S6;
Fig. S4; Kohler eral., 2003). These proteins can influence pro-
cesses correlated with gene silencing and are key to the mainte-
nance of epigenetic gene expression patterns (Smith ez al, 2007;
Knizewski eral., 2008), and their induction might be related to
the observed large-scale gene repression during feeding site devel-
opment. Recent analyses have reported several nematode-secreted
proteins with putative nuclear localization, DNA binding or
chromatin modification domains, one directly localized in the
nucleus (Bellafiore ez al., 2008; Jaouannet ez al., 2012). In agree-
ment with these observations are those obtained in the
Arabidopsis GC transcriptome (Barcala ez al., 2010). All this evi-
dence indicates that the output of secreted nematode effectors
might be a series of dynamic changes in chromatin structure. As
these processes are necessary for cell identity and differentiation,
they might participate in the triggering of GC fate in its initials,
developing root vascular stem cells. In addition to these genes
up-regulated in GCs, the data suggest that transcriptional repro-
gramming of GCs acts in concert with large-scale gene repression,
particularly obvious at 3 dpi (Fig. 2). For example, genes encod-
ing TFs from the WRKY, bHLH and NAC families, involved in
stress responses or in secondary wall thickening (Toledo-Ortiz
etal., 2003; Olsen eral, 2005; Eulgem & Somssich, 2007;
Zhong eral., 2008), were all repressed in 3- and 7-dpi GCs
(Fig. S4; Table S5).

Down-regulation of gene expression in RNK feeding sites is
conserved in Arabidopsis and functionally relevant in
tomato

It is generally accepted that one of the first events in feeding site
formation is the reprogramming of developmental fate in vascu-
lar cells towards GC identity (Williamson & Hussey, 1996).
Although some evidence was provided by meta-analysis of tran-
scriptomic data (Barcala ezal, 2010), no demonstration of the
molecular events during successful GC formation from vascular
initials has been provided to date. According to our GC-specific
transcriptome at very early stages, part of this reprogramming
could rely on large-scale repression of gene expression (Fig. 2;
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Table 1).

Arabidopsis and tomato gall transcriptomes at mid-late infection

Gene down-regulation has been described in
stages and from the expression analysis of several gene promoters,
but evidence has been focused mainly on stress-related genes, as
also observed in this study (Caillaud eral, 2008b; Fig. S3). For
example, all WRKYs with a putative tomato—Arabidopsis homo-
log were repressed, either co-regulated or not (TableS5).
Although, none was identified as WRK?72a or b, both involved in
basal resistance in tomato and also related to Afi-I-dependent
immunity (Bhattarai ¢z al., 2010), the data are in agreement with
plant defense suppression in GCs. Recently, the repression of
defense-related genes has been suggested as a common target for
rhizobia and nematodes at the cellular level (Damiani ezal,
2012). We present the first direct molecular evidence that tran-
scriptional repression patterns are highly conserved in early
phases of GC development in tomato and Arabidopsis, as 76.5%
of the tomato—Arabidopsis homologs found in TOMI1 were
co-repressed in both species, whereas only 0.7% were co-induced
in 3-dpi GCs (Table 1).

In silico comparison revealed that genes from the phenylpropa-
noid pathway, coding enzymes involved in lignin biosynthesis
and deposition, were significantly over-represented, considering
the genes with a corresponding counterpart in Arabidopsis and
tomato GCs, consistently in three independent analyses (Table 2;
Fig. 4). Phenylpropanoids are a widely diverse group of mole-
cules, some involved directly in plant defenses, such as salicylic
acid (SA) (Chen ez al., 2009; Fraser & Chapple, 2011). However,
all phenylpropanoid-related DEGs in tomato and Arabidopsis
were found in the same lignin precursor biosynthesis route, but
none was involved in the synthesis of other secondary metabo-
lites, such as SA or flavonoids, down-stream from cinnamic acid
and feruloyl-CoA (Chen ezal., 2009; Fraser & Chapple, 2011;
Fig.4). Furthermore, many genes down-regulated in GCs
(3—7 dpi) and in early-developing galls (1-3 dpi, but not at
7—14 dpi) play a direct role in lignin content and composition,
demonstrated through mutant analysis in Arabidopsis (as genes
encoding cinnamate-4-hydroxylase (C4H), 4-coumarate: CoA
ligase (4CL), p-coumarate 3-hydroxylase (C3H), caffeoyl CoA 3-
O-methyltransferase (CCoAOMT), cinnamoyl-CoA reductase
(CCR), ferulate 5-hydroxylase (F5H) and caffeic acid
O-methyltransferase (COMT); Fraser & Chapple, 2011; Fig. 4).
Repression of this particular group of genes might be crucial for
appropriate gall and GC formation at the initial stages. Further-
more, plant peroxidases are highly diverse and grouped into sev-
eral classes (PeroxiBase; Passardi eral, 2007); some have been
demonstrated to participate directly in lignin cross-linking in
Arabidopsis (Almagro ¢z al., 2009). In tomato, TPX1 mediates a
late step in lignin monomer cross-linking (Lucena ez al., 2003),
and was drastically and consistently repressed in GCs and galls as
a function of the infection time from the early stages (Table 3).
Moreover, nematode infection and reproduction were severely
impaired in 7PXI-overexpressing tomato susceptible plants, as
was GC expansion (Figs 7, 8). However, genes involved in the
phenylpropanoid pathway and some peroxidases were up-regu-
lated in susceptible soybean syncytia from early to medium infec-
tion stages (Ithal ezal, 2007; Klink ez al., 2007) and during the
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resistance phase in resistant soybean (Klink eza/., 2009, 2010).
By contrast, peroxidases were repressed in Arabidopsis syncytia at
5 and 15dpi (Szakasits ezal, 2009). Contrasting results from
syncytia could indicate differential regulation depending on plant
species or may require more detailed analysis. However, in
tomato and Arabidopsis GCs, 7PXI and its homologs, as well as
genes for lignin biosynthesis, were consistently repressed (Fig. 4,
Table 3), and may be necessary for gall and/or GC differentia-
tion. Further support for this interpretation is that 7PXI tran-
scripts were highly induced in infected Mi-1 resistant plants
relative to the susceptible mi-1 line (Fig. 7), which agrees with
the assumption that peroxidase repression is characteristic of
tomato—nematode compatible interactions relative to incompati-
ble interactions involving resistant AMi-1 genotypes (Schaff eral.,
2007).

The repression of particular signaling cascades occurs during
cell differentiation (Sawa ez al, 2005; Ito & Sun, 2009). RKN
secretions, such as the CLE-like 16D10 peptide, may play a
role in GC formation from procambial cells by restricting their
differentiation into xylem elements (reviewed in Gheysen &
Fenoll, 2011). Moreover, GCs might also arise from partially
differentiated tracheary elements (Bird, 1996; Barcala eral,
2010). In this study, we provide strong evidence that the
repression of a gene encoding an enzyme involved in lignin
deposition/cross-linking is important for successful plant—nem-
atode interaction, probably during GC establishment. This
might also apply to other enzymes, as the process seems to be
highly conserved between tomato and Arabidopsis. Given the
striking amplitude and cross-species conservation of transcrip-
tional down-regulation in incipient GCs, together with the
increased expression of many genes involved in chromatin
remodeling, it seems likely that cell fate manipulation through
reprogramming of these genes is at the heart of the cell differ-
entiation process triggered by nematodes. Their targeted over-
expression or the identification of gain-of-function variants
would provide additional tools for integrated nematode man-
agement in crops.

However, the transcriptional profiles of the genes putatively
involved in the regulation of gene expression were not conserved
between the two species (Figs4, S4, Table S5), suggesting that
gene networks or signaling cascades leading to downstream
responses for GC differentiation and/or maintenance might
diverge. This, together with the suggested high redundancy in
plant targets for nematode effectors or in other plant proteins
needed for feeding site development (Gheysen & Fenoll, 2011),
could be part of the strategy of polyphagous nematodes able to
infect most plant species.
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Fig. S1 Microarray-based temporal changes of gall differentially
expressed genes (DEGs).

Fig. 82 Overview of gall differendially expressed genes (DEGs)
classified in functional categories by Mapman.

Fig. §3 Summary of exclusive and co-expressed differentially
expressed genes (DEGs) between giant cells (GCs) and galls clas-
sified by Mapman.

Fig. S4 Mapman map fitting of differentially expressed genes
(DEGs) related to ‘RNA-regulation of transcription’ in galls and
giant cells (GCs).

Fig. S5 Insitu reverse transcription-polymerase chain reaction
(RT-PCR) hybridization of uninfected root longitudinal sections
as controls.

Table S1 List of giant cell (GC)-distinctive differentially
expressed genes (DEGs) with a fold change (FC) >1.9 and
<-1.9

Table S2. Examples of giant cell (GC) differentially expressed
genes (DEGs) from different categories (Mapman)
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Table S4 Interactive search of tomato—Arabidopsis homologous
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Table S5 List of Arabidopsis—tomato transcription factors homo-
logs

Table S6 ID Interactive tomato gene finder of giant cell (GC)
and gall differentially expressed genes (DEGs) as a function of
the infection stage
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(DEGs) at 1 d post-infection (dpi)
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Table S11 List of genes with opposite expression patterns in
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Table S12 Primers used for quantitative reverse transcription-
polymerase chain reaction (QRT-PCR), 77 situ PCR analysis and

microarray sample labeling

Table S13 List of differentially expressed genes (DEGs) with no
uniform pattern during infection in galls and giant cells (GCs)
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