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SUMMARY

Root-knot nematodes (RKNs, Meloidogyne incognita) are eco-

nomically important endoparasites with a wide host range. We

used a comprehensive transcriptomic approach to investigate

the expression of both tomato and RKN genes in tomato roots

at five infection time intervals from susceptible plants and two

infection time intervals from resistant plants, grown under soil

conditions. Differentially expressed genes during susceptible

(1827, tomato; 462, RKN) and resistance (25, tomato; 160,

RKN) interactions were identified. In susceptible responses,

tomato genes involved in cell wall structure, development, pri-

mary and secondary metabolite, and defence signalling path-

ways, together with RKN genes involved in host parasitism,

development and defence, are discussed. In resistance

responses, tomato genes involved in secondary metabolite and

hormone-mediated defence responses, together with RKN

genes involved in starvation stress-induced apoptosis, are dis-

cussed. In addition, 40 novel differentially expressed RKN genes

encoding secretory proteins were identified. Our findings pro-

vide novel insights into the temporal regulation of genes

involved in various biological processes from tomato and RKN

simultaneously during susceptible and resistance responses,

and reveal the involvement of a complex network of biosyn-

thetic pathways during disease development.
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INTRODUCTION

Root-knot nematodes (RKNs; Meloidogyne spp.) are devastat-

ing polyphagous endoparasites that parasitize many cultivated

plants worldwide and pose a serious threat to global food secu-

rity. The estimated crop losses caused by RKN infections are

over 100 billion dollars annually (Trudgill and Blok, 2001).

RKNs are highly sophisticated parasites that hijack host machin-

ery by secreting effector molecules to initiate and maintain

feeding cells inside the host roots in order to complete their life

cycle within 4–6 weeks (Abad and Williamson, 2010). The

effector molecules consist of enzymes, peptides, small metabo-

lites or other biomolecules, and have many roles in plant para-

sitism (Mitchum et al., 2013, Shukla et al., 2016). The majority

of effector molecules are produced in the oesophageal glands

(two subventral and one dorsal), whereas others are synthe-

sized in the hypodermis and amphids. Effectors have been iden-

tified using various approaches, such as expressed sequence

tag (EST) or genomic datasets and direct sequencing of gland

cell mRNA (Bellafiore et al., 2008; Huang et al., 2003; Rutter

et al., 2014a). A number of RKN effectors, including cellulases,

xylanases, annexins, expansins, calreticulin, fatty acid retinol-

binding (FAR) protein and chorismate mutase, have been char-

acterized previously (Haegeman et al., 2013; Huang et al.,

2005; Jaouannet et al., 2013; Jaubert et al., 2005; Truong et al.,

2015).

The zig-zag model of the plant immune system proposes two

branches of pathogen-induced plant defence response: pattern-

triggered immunity (PTI) and effector-triggered immunity (ETI)

(Jones and Dangl, 2006). Recently, members of a conserved family

of nematode pheromones (ascarosides) have been identified as

nematode pathogen-associated molecular patterns (PAMPs)

(Manosalva et al., 2015). The resistance gene (R gene) from

tomato, Mi-1.2, which belongs to the nucleotide-binding site–leu-

cine-rich repeat (NBS-LRR) class, activates ETI and confers resist-

ance against three species of Meloidogyne (Milligan et al., 1998).

Direct or indirect interaction of the Mi gene with an as yet

unknown avirulence (Avr) protein elicits a cascade of signal trans-

duction pathways that activate defence responses (Hwang and

Williamson, 2003; Williamson and Kumar, 2006). Previous studies*Correspondence: Email: akumar23j@gmail.com
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have reported that Mi-mediated resistance is characterized by

localized cell death when a second-stage juvenile (J2) attempts to

establish a feeding site inside the host roots (Williamson and Hus-

sey, 1996). As a result, the development of the feeding site is

impaired and is unable to supply nutrition to nematodes. Previous

studies have reported the involvement of mitogen-activated pro-

tein kinase (MAPK) signalling cascades, resulting in the production

of reactive oxygen species (ROS) and the participation of the

Rme1 gene for the activation of defence responses, including sali-

cylic acid (SA) and ethylene (ET) signalling pathways (Bhattarai

et al., 2008; Branch et al., 2004; de Ilarduya et al., 2001; Li et al.,

2006; Mantelin et al., 2013, Molinari et al., 2013).

Transcriptomic changes occurring in either susceptible or

resistant plants during host–RKN interactions have been studied

using various approaches, such as RNA blotting, differential cDNA

library screening, EST sequencing, microarrays and, more recently,

next-generation sequencing (NGS) (Abad and Williamson, 2010).

Microarray-based transcriptomic studies have been conducted in

Arabidopsis (Barcala et al., 2010; Fuller et al., 2007; Hammes

et al., 2005; Jammes et al., 2005), tomato (Bar-Or et al., 2005;

Portillo et al., 2013; Schaff et al., 2007), a resistant soybean line

(Ibrahim et al., 2011) and RKN-tolerant aubergine Solanum tor-

vum (Bagnaresi et al., 2013). To date, only a few studies have uti-

lized NGS to investigate differential host gene expression patterns

during RKN–host interactions, including rice galls and giant cells

(GCs) (Ji et al., 2013; Kyndt et al., 2012), resistant soybean roots

(Beneventi et al., 2013), resistant and susceptible alfalfa cultivars

(Postnikova et al., 2015) and common bean roots (Santini et al.,

2016). However, previous studies were either on hosts or dis-

sected nematodes with a limited number of disease developmen-

tal stages. Only one study to date has reported both host and

nematode genes from resistant and susceptible cultivars with

RKN-infected alfalfa roots grown in in vitro conditions and with a

limited number of infective stages (Postnikova et al., 2015).

The availability of relatively well-annotated genome reference

sequences of both tomato and RKN have made the tomato–RKN

system an excellent crop model for the study of host–pathogen

interactions. In this study, we investigated the expression profiles of

both tomato and RKN genes from in vivo infected tomato roots

under soil-grown conditions at five infection time intervals in a sus-

ceptible line and two infection time intervals in a resistant line. The

study revealed complex changes in genes involved in cell wall archi-

tecture, development, hormonal signalling cascades and defence

responses elicited by RKN in susceptible and resistant tomato roots.

In addition, the repertoire of RKN genes that are most probably

involved in parasitism, nematode growth, development and defence

is presented. To our knowledge, this is the first comprehensive study

to highlight simultaneously the expression profiles of tomato and

RKN during susceptible and resistant responses in in vivo RKN-

infected tomato roots under soil-grown conditions.

RESULTS

Sequencing data and transcriptome mapping

Experiments were conducted to study the life cycle of RKN inside

tomato roots and for a selection of disease developmental stages

(Fig. 1). Transcriptome sequencing generated 1 154 560 291

paired-end reads for replicate 1 and 537 461 341 single-end reads

for replicate 2 of 100 bp in length. Quality filtering of raw reads

was performed for a mean phred quality score of 20 and any con-

taminating adapter sequences were removed (Table S1, see Sup-

porting Information). For both replicates, 95%–99% good-quality

35–88 bp reads were retained, which were used for mapping

onto the reference genome employing TopHat2. In total, 72%–

92% of good-quality reads were mapped onto the Solanum lyco-

persicum genome (SL2.50 assembly) across all samples (Table 1).

For infected samples, 0.1%–6.3% of reads were mapped to the

Meloidogyne incognita genome (Table 1). All the sequencing

data, raw as well as processed, have been submitted to the Gene

Expression Omnibus (GEO) repository at the National Center for

Biotechnology Information (NCBI) with accession no. GSE88763

and Sequence read archive (SRA) accession no. SRP091567.

Identification of tomato genes from susceptible

tomato (Pusa Ruby, PR) and resistant tomato

(transgenic Money Maker, M36) plants

Differential gene expression analysis and annotations

Five different stages of infection and their corresponding unin-

fected controls were selected to study the susceptible response

during RKN infection in tomato roots. A total of 24 411 tomato

genes were identified across these five stages. Stage-wise com-

parison of infected roots with their corresponding uninfected con-

trols identified a total of 1827 significant differentially expressed

genes (DEGs) (adjusted P < 0.05 and log2 fold change � 62)

(Fig. 2a; Table S2, see Supporting Information). No significant

DEGs were identified at stage 1. Eighteen significant DEGs were

identified at stage 2 with more genes showing up-regulation than

down-regulation. At stage 3, 905 significant DEGs were obtained.

At stages 4 and 5, 1054 and 1308 DEGs, respectively, were identi-

fied with more genes showing down-regulation (56.8% and

55.9%, respectively).

In resistant plants, only the first two stages of infection (stages

1 and 2) and corresponding uninfected controls were selected for

study. A total of 23 393 tomato genes were identified across

these two stages. Stage-wise comparison of infected roots with

their corresponding uninfected controls identified no significant

DEGs at stage 1 and only 25 at stage 2, with 21 up-regulated and

four down-regulated genes (Table S3, see Supporting Informa-

tion). In addition, we compared the significant DEGs obtained

from susceptible and resistance responses. As no significant DEG

was observed at stage 1, DEGs obtained at stage 2 (18 in the
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Fig. 1 Meloidogyne incognita life

cycle in roots of susceptible

tomato cultivar Pusa Ruby (PR).

Whole mounts (10 lm) of acid

fuchsin-stained roots with parasitic

nematodes (black arrows) at

different stages (stages 1–5) inside

the roots. dpi, days post-infection;

EM, egg masses; J2s, second-stage

juveniles.

Table 1 Statistics of good-quality reads mapped onto the tomato and nematode reference genomes.

Sample

Replicate 1 Replicate 2

No. of read pairs
aligned onto Solanum
lycopersicum genome

Percentage
read pairs
aligned (%)

No. of read
pairs aligned
onto Meloidogyne
incognita genome

Percentage
read pairs
aligned (%)

No. of reads
aligned onto
Solanum
lycopersicum
genome

Percentage
reads
aligned (%)

No. of reads
aligned onto
Meloidogyne
incognita genome

Percentage
reads
aligned (%)

PR_stage_0 67 446 974 92.4 10 687 0.0 11 923 705 95.0 498 0.0
PR_UI_stage_1 66 575 269 89.4 21 248 0.0 23 296 422 93.9 1777 0.0
PR_UI_stage_2 48 847 742 91.6 107 0.0 36 674 766 95.4 1044 0.0
PR_UI_stage_3 49 304 943 82.7 1169 0.0 8 761 649 94.0 822 0.0
PR_UI_stage_4 58 326 864 78.4 1065 0.0 41 281 223 93.8 3273 0.0
PR_UI_stage_5 78 560 558 90.2 1111 0.0 39 893 121 92.7 1672 0.0
PR_I_stage_1 72 787 284 90.7 62 935 0.1 22 781 784 91.2 10 552 0.0
PR_I_stage_2 54 697 086 84.8 102 658 0.2 11 485 953 94.6 8366 0.1
PR_I_stage_3 76 668 601 90.9 663 329 0.8 29 797 293 91.0 252 817 0.8
PR_I_stage_4 52 626 967 85.8 827 860 1.4 15 107 463 90.1 358 995 2.1
PR_I_stage_5 63 581 675 74.9 5 377 656 6.3 11 078 964 81.2 1 026 425 7.5
MM_stage_0 57 113 244 92.1 114 0.0 50 439 346 93.2 2658 0.0
M36_stage_0 79 366 778 92.0 205 0.0 23 983 409 95.1 498 0.0
M36_UI_stage_1 24 077 820 88.4 19 314 0.1 36 635 563 94.0 2657 0.0
M36_UI_stage_2 20 417 489 74.6 39 740 0.1 34 522 313 95.4 779 0.0
M36_I_stage_1 82 496 591 89.9 54 895 0.1 15 613 149 94.5 12 528 0.1
M36_I_stage_2 78 517 115 90.5 89 928 0.1 32 888 657 94.7 47 024 0.1

Replicate 1, paired-end reads; Replicate 2, single-end reads; I, infected; UI, uninfected; PR, Pusa Ruby (susceptible cultivar); MM, Money Maker (susceptible culti-

var); M36, transgenic MM (resistant line).
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susceptible response and 25 in the resistance response) were com-

pared. Only two up-regulated genes were common at stage 2

between susceptible and resistance responses: one encodes mito-

chondrial trans22-enoyl-CoA reductase and the other encodes

major latex-like protein; the rest of the genes were distinct

(Fig. 2b). In addition, quantitative reverse transcription-polymerase

chain reaction (qRT-PCR) was performed to validate the expression

profiles of tomato genes, including glucan endo-1,3-b-glucosidase

Fig. 2 (a) Distribution of significant differentially expressed genes (DEGs) in tomato at different stages during the susceptible response. (b) Comparative expression

profile of tomato DEGs detected during the susceptible (Pusa Ruby, PR) and resistance (transgenic Money Maker, M36) responses at stage 2. Differential expression

was calculated with respect to the corresponding uninfected controls. Each row of the heatmap represents a gene and each column represents a stage of disease

development. The colour key is given in the top-left corner of the figure. (c, d) Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) validation of

RNA sequencing (RNA-seq) data for the tomato genes, receptor-like kinase and glucan endo-1,3-b-glucosidase, during resistance and susceptible responses,

respectively. The y axes represent the relative fold change (calculated using the DDCt method) in gene expression at various stages relative to the corresponding

uninfected controls. The data are representative of two technical replicates and three independent biological replicates. Bars indicate standard errors. I, infected; UI,

uninfected.
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in the susceptible response and receptor-like kinase in the resist-

ance response (Fig. 2c,d).

Furthermore, sample-to-sample correlation was observed on

the basis of the global gene expression profiles of the genes iden-

tified across all stages in the susceptible response (Fig. S1, see

Supporting Information). Gene ontology and protein class annota-

tion of the DEGs in both susceptible and resistance responses was

performed (Figs S2–S4, see Supporting Information). Gene set

enrichment analysis revealed significant results in molecular func-

tion category only at two stages (stages 4 and 5) during the sus-

ceptible response (Fig. S5, see Supporting Information).

Differential regulation of genes resulting in altered cell wall

architecture

Our data reflect significant alteration in the expression of 85

tomato genes involved in cell wall degradation (43 genes), cell

wall modification (29 genes), cell wall proteins (five genes) and

cell wall synthesis (eight genes) during the susceptible response

(Figs 3a, S6, see Supporting Information). By contrast, during

resistance response, no significant alteration was observed in the

expression of genes involved in the modulation of cell wall

architecture.

Differential regulation of plant developmental genes and

primary metabolism

During the susceptible response, 33 genes involved in the plant

cell cycle (three genes), cytoskeletal organization (two genes),

root cap proteins (seven genes), transcription factors controlling

developmental processes (16 genes) and other developmental

processes (5 genes) were differentially expressed (Figs 3b and S7,

see Supporting Information). Furthermore, the differential expres-

sion of 102 genes, involved in photosynthesis (12 genes), major

and minor carbohydrate metabolism (nine genes), fermentation

(five genes), the tricarboxylic acid (TCA) cycle (four genes), mito-

chondrial electron transport (one gene), nitrogen metabolism (two

genes), amino acid metabolism (17 genes), tetrapyrrole synthesis

(four genes) nucleotide metabolism (12 genes) and lipid metabo-

lism (36 genes) (Figs 3c and S8a–d, see Supporting Information),

was observed. By contrast, during resistance response, a gene

encoding patatin protein was up-regulated at stage 2 and no

alteration was observed in genes involved in primary metabolism.

Differential regulation of transporter genes

The expression of solute transporter genes was altered in the sus-

ceptible response, which included various carbohydrate and sugar

transporters (19 genes), lipid transporters (seven genes), aquapor-

ins (13 genes), and peptide, nitrate and amino acid transporters

(18 genes) (Figs 3d and S9a–d, see Supporting Information). In

addition, genes encoding multidrug and toxic compound extrusion

(MATE) efflux transporters (15 genes), ATP-binding cassette (ABC)

transporters (eight genes) and various ion transporters (32 genes)

were altered (Figs 3d and S9e,f). By contrast, no significant altera-

tion was observed in the resistance response.

Suppression of plant defence responses by alteration of

secondary and phytohormone metabolism

The secondary metabolite pathway analysis revealed alterations in

biosynthetic pathways of various secondary metabolites including

the phenylpropanoid pathway, flavonoid pathway, polyamine

pathway and isoprenoid pathway (Figs 4 and S10a,b, see Support-

ing Information).

In the phenylpropanoid biosynthetic pathway, genes encoding

phenylalanine ammonia lyase (PAL) and 4-hydroxycinnamoyl CoA

ligase (4CL) were up-regulated during disease development. Other

downstream genes, including cinnamoyl alcohol dehydrogenase

(CAD) and flavonol synthase, were down-regulated (Fig. 4). We

also found alterations in genes involved in isoprenoid and poly-

amine metabolism, together with the down-regulation of four

genes involved in gibberellin biosynthesis (Fig. S10a,b). In addi-

tion, the alteration in expression of genes involved in auxin signal-

ling (16 genes) and cytokinin synthesis (four genes) was observed

(Fig. S11a, see Supporting Information). Abscisic acid (ABA) syn-

thesis and responsive genes were also altered, including the up-

regulation of lycopene b-cyclase, FIP1 and HVA22-like protein c,

at stages 3–5 (Figs S10a and S11b).

Genes coding for enzymes involved in ET biosynthesis and sig-

nalling, including 1-aminocyclopropane-1-carboxylic acid (ACC)

synthase (ACS; two genes), ACC oxidase (ACO; 16 genes) and ET-

responsive transcription factors (ERFs; 32 genes), were differen-

tially expressed (Figs S10b and S12, see Supporting Information).

In addition, we found the differential expression of genes involved

in jasmonic acid (JA) synthesis (eight genes) and SA-responsive

signalling (eight genes) during disease development (Fig. S13a,b,

see Supporting Information). Genes related to oxidative stress,

including glutathione S-transferases (GSTs), peroxidases and thio-

redoxins, were largely down-regulated on RKN infection during

later stages (Fig. S13c).

During resistance responses, we found up-regulation of genes

encoding receptor-like kinase and protein phosphatase 2C (regula-

tor of ABA signalling). The genes encoding ABA-responsive

HVA22-like protein c and an SA carboxyl methyltransferase were

also up-regulated at stage 2. In addition, two ERF genes were up-

regulated at stage 2, indicating active hormone-mediated defence

responses (Fig. 2b).

Expression profiles of tomato genes validated through

quantitative reverse transcription-polymerase chain reaction

(qRT-PCR)

In total, 20 genes were selected (up-regulation or down-regula-

tion) that showed a significant fold change (�2 or �2) for further

validation by qRT-PCR (Table S4, see Supporting Information). A

gene encoding an open reading frame (Solyc01g080500.2) and
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tubulin a chain (Solyc08g006890.2), showing uniform expression

in all stages, were used as internal controls for tomato. The gene

expression patterns obtained through qRT-PCR were coincident

with the RNA sequencing (RNA-seq) expression profiles. The cor-

relation coefficient (R2) was 0.80 at P 5 2.2e-16 (Fig. S14, see

Supporting Information).

Fig. 3 Schematic representation of the gene expression patterns of subsets of tomato differentially expressed genes (DEGs) involved in plant cell wall architecture

(a), development (b), primary metabolism (c) and transporter genes (d) in the susceptible response. The heatmap represents only a subset of genes from each

category (consult Supporting Information for the expression of all DEGs involved in each category). Each row represents a gene and each column represents a stage

of disease development. Labels on the right side of the heatmap show the gene id, category to which it belongs, followed by the annotation. The colour key is given

in the top-left corner of the heatmap. RKN, root-knot nematode.
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Identification of RKN genes from infected root

samples of susceptible and resistant tomato plants

Reads aligned onto RKN genome and differential expression

analysis

Good-quality reads from infected samples of susceptible plants

were aligned onto the RKN genome (Table 1). Non-tomato

mapped reads led to the identification of 10 131 protein-encoding

RKN genes. Hierarchical clustering of the global expression pro-

files clustered the genes into two groups (Fig. S15, see Supporting

Information).

In the susceptible response, we identified 462 significant DEGs

(adjusted P < 0.05 and log2 fold change � 2) relative to stage 1

(Figs 5a and S16a,b; Table S5, see Supporting Information). As

the same population of RKN was used to study susceptible and

resistance responses, RKN-predicted genes of the same stage

from both interactions were compared. In the resistance response,

no significant alteration was found at stage 1 and 160 significant

DEGs were identified at stage 2 relative to the susceptible

response (Table S6, see Supporting Information).

Effector identification

A search for candidate effectors amongst 10 131 RKN mapped

translated proteins using SignalP 4.1, followed by TMHMM 2.0,

identified 675 proteins that have a signal peptide sequence, but

no transmembrane domain. Further, through manual screening

based on reported putative effectors, we identified 157 putative

Fig. 4 Schematic representation of the gene expression patterns (left) of tomato differentially expressed genes (DEGs) involved in the phenylpropanoid biosynthetic

pathway (right). Pathway showing DEGs (in red) and end products of pathways (in green) during the susceptible response. In the heatmap, each row represents a

gene and each column represents a stage of disease development. Labels on the right of the heatmap show the gene id followed by the annotation. The colour key is

given in the top-left corner of the figure. 4CL, 4-hydroxycinnamoyl CoA ligase; CAD, cinnamoyl alcohol dehydrogenase; CCoAMT, caffeoyl CoA-O-methyltransferase;

HCT, hydroxycinnamoyl shikimate/quinate hydroxycinnamoyl transferase; HCoA, hydroxycinnamoyl Co A; PAL, phenylalanine ammonia lyase.
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effectors and 312 novel secretory molecules. In addition, BLAST

results identified a further 81 known effectors, eight of which

were found to have a signal peptide sequence only (Fig. 5b). We

also looked for the differential expression of these 559 candidate

effectors at different stages during disease development in the

susceptible response. A total of 109 genes were differentially

expressed (Fig. 5c), 60 of which have been reported previously as

effectors and 49 could be classified as potentially secreted mole-

cules with unknown functions.

Differential regulation of RKN genes encoding cell wall-

degrading enzymes and peptidases

We found significant expression of genes encoding 10 members

of the glycosyl hydrolase (GH) and six members of the pectate

Fig. 5 (a) Distribution of significant root-knot nematode (RKN) differentially expressed genes (DEGs) detected at different stages of infection relative to stage 1

during the susceptible response. (b) Workflow summary of the bioinformatics strategy used to identify RKN candidate effector genes. (c) Schematic representation of

the gene expression patterns of RKN DEGs reported to be involved in parasitism during the susceptible response. Each row represents a gene and each column

represents a stage of disease development. Labels on the right show the gene id followed by the annotation. The colour key is given in the top-left corner of the

figure.
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lyase (PL) families at stages 1 and 2 during the susceptible

response. Furthermore, expression of the UDP-glucosyltransferase

gene was significant at stages 1 and 2 and down-regulated at

stages 3–5, whereas the expression of the gene encoding carbox-

ylesterase was up-regulated at stages 3–5. The expression of a

member of carbohydrate-binding module family 20 was

specifically down-regulated at stages 3 and 5 (Fig. 6a). We also

found stage-specific differential expression of 30 genes encoding

different peptidases, including aspartic, cysteine, metallo and ser-

ine peptidases (Fig. 6a). The expression of six genes encoding

aspartic and serine peptidases was significant during stages 1 and

2, but later they were down-regulated. However, the expression

Fig. 6 Schematic representation of the gene expression patterns of root-knot nematode (RKN) differentially expressed genes (DEGs) involved in cell wall degradation

and peptidase encoding (a) and development, metabolism and nematode immunity (b), detected during the susceptible response. Each row represents a gene and

each column represents a stage of disease development. Labels on the right side of the heatmap show the gene id followed by the annotation. The colour key is

given in the top-left corner of the figure.
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of eight genes coding for various peptidases was up-regulated at

later stages. In addition, the expression of five genes encoding

metallo and serine peptidases was significant at stages 2–4, but

down-regulated at stage 5.

Interestingly, in the resistance response, we observed the up-

regulation of seven genes encoding members of the GH family

and five genes encoding members of the PL family, together with

seven genes encoding aspartic and cysteine peptidases, at stage 2

relative to the susceptible response (Table S6). The expression of

two genes (of five) encoding aspartic peptidase and one gene (of

two) encoding a cysteine peptidase was unique to the resistance

response.

Differential regulation of RKN genes involved in nematode

development and metabolism

Genes encoding two cuticle collagen and five tubulin proteins

were up-regulated at stage 3, whereas none were up-regulated at

stage 2. The expression of 16 cuticle collagen genes was induced

at stage 4, indicating the dynamic transition and development of

RKNs into J4 and adult worms. Two genes coding for intermediate

filament protein 1 (IFA-1) were up-regulated during all stages of

RKN development, whereas two genes coding for calponin protein

were down-regulated. In total, 17 genes encoding ribosomal pro-

teins (RPs) were found to be significantly altered during disease

development. RPL29e was found to be down-regulated at stage

4, whereas another 16 genes were up-regulated at stage 3 only

(Fig. 6b). By contrast, in the resistance response, the expression of

cuticle collagen genes was not significantly altered. In addition,

we found the up-regulation of one actin, two actin-binding pro-

tein-coding genes [abnormal nuclear anchorage (anc-1) and leva-

misole resistant (lev-11)], three myosin heavy chain structural

genes, six unc genes and one plectin repeat-containing gene.

We identified the differential regulation of 14 genes related to

lipid metabolism and transport. A gene encoding fatty acid desa-

turase 1 was significantly induced during the sedentary stages

(stages 3–5) of RKN, indicating the synthesis of fatty acids

required for RKN development. We also observed significant up-

regulation of four genes encoding lipid transport proteins and

three genes encoding cytosolic fatty acid-binding protein at stage

5 (Fig. 6b). During the resistance response, we observed signifi-

cant up-regulation of genes encoding FAR protein and cytosolic

fatty acid binding at stage 2 relative to the susceptible response.

Differential regulation of effector genes that suppress the plant

defence response

In our study, we found significant expression of a catalase

protein-coding gene at stage 1 and down-regulation at stages 2–

5. In addition, we observed significant up-regulation of a peroxire-

doxin gene (PRX2.1) at stage 3 and superoxide dismutase gene

(SOD) at stages 3–5. Apart from antioxidants, we identified the

differential expression of 17 genes coding for C-type lectins. Nine

of the 16 genes were significantly down-regulated during the later

stages and five throughout disease development (Fig. 6b).

A gene encoding 14-3-3 protein was significantly induced at

stage 5 (Fig. 5c). In addition, we observed the differential expres-

sion of seven genes coding for oesophageal gland cell secretory

proteins (msp): msp1 was significantly induced at stage 3 and

msp10 at stage 5, whereas msp25, msp30, msp32 and msp37

were significantly suppressed at later stages (Fig. 5c).

In the resistance response, we found significant up-regulation

of a gene encoding MAP-1 protein relative to the susceptible

response at stage 2 (Table S6). In addition, significant up-

regulation of two GSTs, one hydroperoxide reductase, one alde-

hyde dehydrogenase, one catalase protein, 15 C-type lectins (five

were unique to resistance responses) and two autophagy-related

proteins was observed.

Expression profiling of a few RKN genes by qRT-PCR

The expression profiles of six RKN genes (Table S4) were deter-

mined in RKN-infected tomato root tissues at stage 2 (early) and

stage 5 (late) of disease development by qRT-PCR. A significant

differential expression amongst RKN genes was observed

(Fig. S17, see Supporting Information), which was confirmed by

Student’s t-test at P < 0.1 and P < 0.05. The expression of genes

encoding EF1, collagen, MAP1, peptidase and C-type lectin was

down-regulated at stage 5 relative to stage 2. However, the

expression of the gene coding for Mj-NULG1a was up-regulated

at stage 5 relative to stage 2.

DISCUSSION

To the best of our knowledge, this is the first comprehensive anal-

ysis of global gene expression profiles of both tomato and RKN at

five stages during the susceptible response and two stages during

the resistance response from in vivo RKN-infected tomato roots

under soil-grown conditions. DEGs were identified by comparing

the expression profiles from infected roots with the equivalent

developmental stages of uninfected roots. This approach identi-

fied a large set of DEGs, together with their temporal regulation

during specific stages of disease development. In addition, we

constructed a model to depict the dynamic changes in expression

of the genes involved in biological processes from both tomato

and RKN during susceptible and resistance responses based on

the summary of transcriptome data (Fig. 7).

RNA-seq data revealed 462 RKN DEGs during susceptible (Fig.

7a) and 160 RKN DEGs at stage 2 during resistance (Fig. 7c)

responses. Here, for the first time, changes in RKN gene expres-

sion from in vivo infected resistant tomato roots is presented. Fur-

thermore, RNA-seq data revealed 1827 tomato DEGs during

susceptible (Fig. 7b) and 25 tomato DEGs during resistance (Fig.

7d) responses.
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RKNs use the mechanical force of the stylet and secrete cell

wall-degrading or modifying enzymes (CWD/MEs), including endo-

glucanases, PLs, polygalacturonases, expansins, etc., to macerate

plant roots during invasion and migration (Mitchum et al., 2103).

Accordingly, we observed the activation of RKN genes encoding

CWD/MEs, belonging to GH and PL families, at stages 1–2 (Fig.

7a) during the susceptible response. When compared with the

susceptible response, in the resistance response, the differential

expression of four (of seven) genes encoding members of the GH

family and two (of five) genes encoding members of the PL family

was unique (Fig. 7c). The correlation between the reduction in

invasion and increased expression, together with the different set

of RKN CWD/MEs, is noteworthy and requires further investiga-

tion. After the initiation of feeding cells (stage 2 in our study), the

expression of genes encoding CWD/MEs was reduced in nemato-

des and induced in plants to allow the remodelling of cell walls

for the formation of feeding cells (reviewed in Sobczak et al.,

2011). Moreover, the up-regulation of tomato genes encoding

expansin and glucan endo-b-glucosidase at stage 2 in our study

indicates the initiation of dynamic changes in plant cell wall archi-

tecture (Fig. 7b). However, at later stages (stages 3–5), 53% of

the plant genes encoding CWD/MEs (46 of 86) were down-

regulated (Fig. S6), indicating that CWD/MEs are tightly regulated

in RKN-infected tomato roots. By contrast, during the resistance

response, a lack of differential expression of any plant CWD/ME

suggests that these enzymes are not induced in the absence of

GC and gall formation. Considering the expression of plant CWD/

MEs during both susceptible and resistance responses, it is

Fig. 7 A model depicting the complex changes in the biochemical processes in both tomato and root-knot nematode (RKN) during susceptible and resistant

interactions based on the summary of transcriptome data. (a) Changes in the expression of RKN genes during the susceptible response. (b) Changes in the

expression of tomato genes during the susceptible response. (c) Changes in the expression of RKN genes during the resistance response. (d) Changes in the

expression of tomato genes during the resistance response. The up-arrowhead indicates up-regulated genes, down-arrowhead indicates down-regulated genes

and numerical subscript in the arrowhead indicates the specific stage in which expression was observed. Host metabolic processes that are modulated on

RKN infection are highlighted in coloured circles. ABA, abscisic acid; ACO, 1-aminocyclopropane-1-carboxylic acid oxidase; Avr, avirulence protein; CAD,

cinnamoyl alcohol dehydrogenase; CM II, chorismate mutase type II; ERF, ethylene-responsive transcription factor; FAR, nematode fatty acid retinol-binding

protein; GA, gibberellins; LBD, lateral organ body domain-containing transcription factor; LOX, lipoxygenase; MAP-1, Meloidogyne avirulence protein; MATE,

multidrug and toxic compound extrusion; NAC TF, no apical meristem-containing transcription factor; MAP65-1a, microtubule-associated protein 65-1a; pat,

paralysed arrest two-fold; PR1, pathogenesis-related protein 1; SA, salicylic acid; SOD, superoxide dismutase; unc, uncoordinated; Wox4, WUS homeobox-

containing gene.
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probable that plant CWD/MEs are largely involved in cell expan-

sion and cell wall restructuring during gall formation, and that

RKN effectors are involved in the modulation of their expression

during disease development.

In susceptible plants, dramatic morphological changes occur in

plant roots leading to a characteristic gall development. During

this process, the crucial roles of genes encoding transcription fac-

tors from the no apical meristem (NAC) and lateral organ bounda-

ries domain-containing (LBD) families have been reported

(Cabrera et al., 2014; Portillo et al., 2013). In our study, five genes

encoding members of the NAC domain transcription factor family

were specifically down-regulated at stage 3, whereas LBD4 was

up-regulated. Furthermore, seven novel genes encoding members

of the root cap protein were down-regulated at stages 3–5

(Fig. S7). This indicates their role in transcriptional reprogramming

to control root tip development and lateral root initiation. A num-

ber of amino acids are also synthesized in GCs as nutrients for

parasitic nematodes. Biochemical assays of amino acids indicate

that glutamine is essential for cyst nematode development (Betka

et al., 1991). In our study, the down-regulation of tomato genes

encoding glutamate decarboxylase and tyrosine aminotransferase,

which catabolize glutamate and tyrosine, was observed at stages

3–5. This inhibits the breakdown of amino acids and allows their

availability for RKN development, as shown in cyst nematodes.

With high demand for nutrient transport, we observed the differ-

ential regulation of tomato genes encoding peptide transporters,

nodulin-like sugar transporters, aquaporins, ion transporters and

auxin efflux carriers. Furthermore, our study reports, for the first

time, the differential expression of 15 genes encoding MATE

efflux family proteins, which are known to play a role in plant

growth, development and transport of xenobiotic organic cations

(Fig. 7b; Eckardt, 2001). In contrast with the susceptible response,

no alteration in expression of tomato genes involved in the plant

cell cycle, cell division, primary or secondary metabolism was

observed in the resistance response, confirming the cessation of

GC formation.

In susceptible plants, feeding RKNs go through the transition

from larval stages to adults, which is accompanied by the forma-

tion of a new cuticle. In our study, 16 cuticle biosynthetic genes

were identified and their temporal gene expression patterns corre-

sponding to RKN developmental stages indicated their role as

structural proteins in the cuticle (Figs 6a and 7a). Earlier studies

on proteases from both animal- and plant-parasitic nematodes

have suggested their roles in digestion, embryogenesis, cuticle

remodelling and parasitism (references in Haegeman et al., 2012).

Furthermore, we observed the specific up-regulation of 16 (of 17)

RKN genes encoding ribosomal proteins (not reported previously)

during the susceptible response, which are known to play a role in

the structural assembly of the ribosome. By contrast, the absence

of feeding cell development in resistant plants leads to starvation-

induced stress in nematodes and, subsequently, cessation of their

development. Accordingly, no significant change in the expression

of genes encoding RKN cuticle collagens was observed in resistant

plants. However, the up-regulation of RKN genes that regulate

actin and myosin filament dynamics was observed, possibly

reflecting changes in the cytoskeleton and body wall muscles

under starvation stress. For example, the unc-87 gene, which is

known to stabilize actin filaments for correct functioning of body

wall muscles (Yamashiro et al., 2007), was up-regulated at stage

2 (Fig. 7c).

Progress has been made to functionally characterize several

RKN genes encoding a wide range of effectors (Mitchum et al.,

2013), which have diverse roles during parasitism. For instance,

the nematode FAR-1 effector is known to interfere with lipid

signalling, to alter cell wall organization and to suppress the

plant defence response (Iberkleid et al., 2015; Prior et al.,

2001). We found the up-regulation of two RKN genes encoding

FAR at stages 3–5 during susceptible interactions, which can be

related to the suppression of plant defence responses during

the later stages of disease development. Another effector gene

Mj-nulg1a, which is known to target GC nuclei, has been impli-

cated in reducing the parasitism ability of nematodes at the

early stages (2–5 days) of infection (Lin et al., 2013). In our

study, the up-regulation of the Mj-nulg1a gene at later stages

(stages 4–5) during the susceptible response suggests that it

plays a role in the suppression of plant defence responses

throughout disease development. Interestingly, during the

resistance response, the up-regulation of a FAR gene and Mj-

nulg1a gene at stage 2 was also observed (Fig. 7c). As Mi-

mediated resistance is not complete, their up-regulation during

the resistance response might suggest that a few parasitic juve-

niles (that have escaped the plant defence response) attempt to

suppress the defence response. A well-characterized RKN effec-

tor, CM II, was up-regulated at stages 1–2 during the suscepti-

ble response, which is in agreement with the reported role of

CM II during the early stages in the promotion of the metabo-

lism of chorismate to prephenate and the suppression of SA

synthesis (Huang et al., 2005). Another gene encoding a puta-

tive RKN avirulence (MAP-1) protein belonging to a multigene

family and expressed in amphids has been described previously

to play a role during the early stages of RKN infection (Castag-

none-Sereno et al., 2009; Semblat et al., 2001; Vieira et al.,

2011). More recently, all members of the map-1 gene family

from M. incognita have been shown to possess similar con-

served CLE-like motifs of at least 12 amino acids, but the num-

ber and arrangements of repeats are different (Rutter et al.,

2014b). Here, we report, for the first time, the expression pat-

terns of map-1 genes during parasitic stages in both susceptible

and resistance responses. We observed that four map-1 genes

were up-regulated at stage 2 during the resistance response
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(one was unique to the resistance response), and were down-

regulated at stages 3–5 during the susceptible response (one

was unique to the susceptible response). Based on their struc-

tural properties and expression patterns, it is probable that they

play a role during the early stages of infection and may mimic

host proteins to modulate plant developmental processes, simi-

lar to plant CLE-like peptides (Leasure and He, 2012).

A number of candidate effector genes encode secretory pro-

teins (msp) that are specific to M. incognita, but have not yet

been annotated (Huang et al., 2003). However, the functional

roles of msp16, msp9, msp12, msp18, msp20, msp24, msp33 and

msp40 genes in nematode parasitism have been investigated

using gene-silencing approaches (Huang et al., 2006; Niu et al.,

2016; Shivakumara et al., 2016; Xie et al., 2016; Xue et al., 2013).

Our study showed, for the first time, that msp1, msp10, msp25,

msp30, msp32 and msp37 are expressed throughout the parasitic

cycle of RKN during the susceptible response (Fig. 7a), also indi-

cating their crucial role in parasitism. Interestingly, the up-

regulation of msp37 and msp32 genes was observed at stage 2

during the resistance response (Fig. 7c) and needs to be investi-

gated further. In addition, we identified 40 novel RKN DEGs

encoding secretory proteins during the susceptible response based

on the presence of a signal peptide sequence and absence of a

transmembrane domain (Fig. 5a,b). The stage-specific expression

profile of these novel RKN genes indicates their potential function

in nematode parasitism and/or development.

In the resistance response, the up-regulation in expression of

tomato genes encoding the defensin protein (Stotz et al., 2009)

and subtilisin-like protease, leading to the production of phytoalex-

ins and stress-induced proteolysis, was observed. We also found

the up-regulation of genes involved in the activation of signal trans-

duction pathways, including receptor-like kinase and protein phos-

phatase 2C. However, host defences are suppressed by parasitic

nematodes during susceptible interactions (Favery et al., 2016). In

our study, we detected the up-regulation of tomato genes involved

in polyamine and sterol biosynthesis and the suppression of genes

involved in lignin, flavonoid, isoflavonoid and anthocyanin biosyn-

thesis (Fig. 7b) during the susceptible response. Furthermore, the

up-regulation of three genes involved in the biosynthetic pathway

of spermine and the down-regulation of 13 genes encoding ACO

indicate the suppression of ET biosynthesis (Hewezi et al., 2010;

Kumar et al., 1997). In agreement with previous studies, the down-

regulation of commonly used SA markers (pathogenesis-related

genes, subtilisin-like proteases and b-1,3-glucanase) and the up-

regulation of genes encoding ERFs 1, 2, 7, 9 and 10 was observed

at stages 4–5 during the susceptible response (Fig. 7b). In addition,

genes encoding JAZ proteins (JAZ 1-3) were up-regulated, whereas

a downstream transcription factor gene, MYC2 (myelocytomatosis-

related proteins), was down-regulated. This suggests that JAZ pro-

teins are actively involved in the suppression of the JA-regulated

transcription of genes (Chini et al., 2007) during disease

development.

In our study, the components of ET, ABA and SA signalling

were differentially regulated during both the susceptible and

resistance responses. For instance, the ABA-responsive genes,

HVA22-like and MLP, together with the SA-responsive gene,

methyl carboxylase, were up-regulated at stage 2 in the resistance

response and at stages 3–5 in the susceptible response. Interest-

ingly, HVA22-like protein is known to be induced by ABA and acts

downstream of GA-Myb transcription factor to suppress gibberel-

lin (GA)-mediated apoptosis (Guo and Ho, 2008). The expression

pattern of the HVA22 gene during tomato–RKN interactions has

not been reported previously. Furthermore, the genes encoding

ERF10 and ERF2b were up-regulated at stage 2 in the resistance

response and at stages 4 and 5 in the susceptible response, indi-

cating an active role of ET signalling in plant–nematode interac-

tions. The involvement of ABA-, ET- and SA-mediated defence

responses during both susceptible and resistance responses sug-

gests an overlap between biotic and abiotic stress signalling path-

ways in tomato–RKN interactions (Fig. 7d). Taken together, ABA

and ET signalling pathways are induced, whereas SA and JA path-

ways are suppressed, in susceptible interactions (Fig. 7b); ABA

and ET signalling pathways are induced at the early stages during

resistance interactions.

To evade plant defence responses throughout disease develop-

ment, RKNs produce an array of antioxidants, such as catalases,

peroxidases, peroxiredoxin, thioredoxins, GSTs and SOD (Haege-

man et al., 2012; Latina, 2015). In our study, an RKN gene encod-

ing catalase was up-regulated at stage 2 during the resistance

response and down-regulated at stages 2–5 during the suscepti-

ble response. In addition, we observed the up-regulation of two

genes encoding GST at stage 2 during the resistance response.

Significant induction of these antioxidants indicates their role in

scavenging host-derived ROS. In addition, RKN C-type lectins,

which are known to suppress the production of ROS, were up-

regulated at stage 2 during the resistance response and down-

regulated at stages 3–5 during the susceptible response (Fig. 7a).

Furthermore, during the resistance response, an increase in

expression of seven RKN genes encoding peptidases and two RKN

genes encoding autophagy-related protein at stage 2 (reported for

the first time in this study) indicates starvation-induced proteolysis

of proteins and apoptotic cell death, respectively (Fig. 7c).

In conclusion, this study provides much deeper and novel

insights into the molecular mechanisms involved in plant–nema-

tode interactions. This study has led to the identification of a large

number of novel and known DEGs simultaneously from tomato

and RKN, and their specific modulation during susceptible and/or

resistance responses in in vivo infected tomato roots under soil-

grown conditions. The large repertoire of genes will greatly facili-

tate basic and applied research on plant–nematode interactions.
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EXPERIMENTAL PROCEDURES

Plant material and RKN infection

The two susceptible tomato cultivars used in this study were Pusa Ruby

(PR) and Moneymaker (MM). In addition, a resistant transgenic tomato

MM line containing the Mi gene (M36) was used. Seeds of the transgenic

M36 line were obtained from Professor Valerie M. Williamson (University

of California, Davis, CA, USA). Tomato seeds were germinated in trays

(36 cm 3 25 cm 3 7 cm) in sterile soil : solrite (1 : 4) at 22 6 2 �C, 16-h

light/8-h dark cycle, in a glasshouse culture room. Three-week-old seed-

lings were transferred to black trays, each containing 50 pots (each 4 cm

in diameter) in soil : sand (1 : 1). Stocks of M. incognita were originally

obtained from Professor Uma Rao (IARI, Delhi, India) and were main-

tained on susceptible tomato and aubergine plants in a glasshouse culture

room. Infected roots were collected; egg masses were hand dissected and

kept in sterile water for hatching at room temperature. Five-week-old

tomato seedlings were inoculated with 1500 freshly hatched J2s per plant

and water (control). Whole roots at different days post-infection (dpi)

were collected with two to five technical replicates, quickly washed with

water and then frozen in liquid nitrogen to prevent RNA degradation. The

experiment was conducted with two biological replicates. Whole root

samples were stored at 280 �C until RNA isolation.

Disease developmental stages

The selection of different stages of infection was performed independently

using acid fuchsin staining before conducting the main experiments. RKN

infection was monitored for 30 days after infection in PR and 7 days after

infection in M36 by staining the roots with acid fuchsin (Fisher Scientific

International, Inc., NH, USA) to determine the exact developmental stages

of RKN inside the roots, as described by Byrd et al. (1983). Whole mounts

of roots were prepared to count the number of nematodes at each stage

for both susceptible and resistance tomato lines under the stereomicro-

scope (Discovery v.20, Zeiss). This study led to the selection of five differ-

ent infected stages in the susceptible response, two stages in the

resistance response and a stage 0 (0 dpi/uninfected) (Fig. 1). As nematode

infection is not synchronous, tissue from three consecutive infected days

was pooled as follows to enrich the tissue for that particular stage of nem-

atode infection: stage 1 (1, 2, 3 dpi; invasion of J2s/initiation of feeding

sites); stage 2 (5, 6, 7 dpi; parasitic J2s/formation of feeding sites); stage

3 (13, 14, 15 dpi; feeding J2s and J3s/expansion of feeding sites); stage 4

(18, 19, 20 dpi; J4s/maintenance of feeding sites); stage 5 (26, 27, 28 dpi;

J4s and females/maintenance of feeding sites). In the resistance response,

we considered only the first two stages for the study because it has been

determined that Mi-mediated resistance is an early and rapid response,

which is characterized by localized cell death at the site of infection. As a

result, the disease does not progress further (Williamson, 1998). The

approximate numbers of parasitic nematodes inside the infected roots at

each stage were as follows: stage 1 susceptible plants had 550 nemato-

des, whereas stage 1 resistant plants had 211 nematodes; stage 2 suscep-

tible plants had 680 nematodes, whereas stage 2 resistant plants had 340

nematodes; stage 3, stage 4 and stage 5 susceptible plants had 430, 700

and 800 nematodes, respectively.

Library preparation and sequencing

Total RNA isolation of uninfected controls and different infected stages

from whole roots was carried out independently using Trizol (Molecular

Research Center, Inc., Cincinnati, USA) following the manufacturer’s pro-

tocol. The quality and quantity of isolated RNA were checked on a 1.2%

denaturing agarose gel and NanoVue (GE Healthcare, IL, USA), respec-

tively. For each sample, 4 mg of total RNA were employed to construct

transcriptome libraries using a TruSeq RNA sample preparation kit v2

(Illumina, San Diego, USA) according to the manufacturer’s protocol.

cDNA libraries were quantified using an Agilent BioAnalyzer 2100 (Agilent

Technologies, CA, USA) loaded on a paired-end (PE) read flow cell (TruSeq

v3 kit, Illumina) for the first biological replicate and on a single-end (SE)

read flow cell (TruSeq v3 kit, Illumina) for the second biological replicate.

Cluster generation was performed on cBot (TruSeq PE and SE cluster kit

v3-cBot-HS, Illumina) and sequenced on a HiSeq 2000 platform (Illumina).

Transcriptome data analysis

The 100-bp PE and SE reads were demultiplexed using the CASAVA

tool (Illumina); the quality was assessed using FastQC (Andrews,

2010) and filtered using PrinSeq (Schmieder and Edwards, 2011) and

Cutadapt (Martin, 2011). A flow summary of transcriptome data analy-

sis is presented in Fig. 8. Filtered reads were aligned independently

onto S. lycopersicum genome build SL2.50 (Tomato Genome Consor-

tium, 2012) and M. incognita WB release 5 (Abad et al., 2008) using

TopHat v2.0.14 (Kim et al., 2013) on default parameters. After align-

ments onto the two genomes individually, uniquely mapped reads

were further used for quantification by HTSeq (Anders et al., 2015)

based on gene annotations. A gene was considered to be expressed

and included in the downstream analysis if at least 10 reads were

mapped to it aggregated across all the samples. In addition, tomato

genes were annotated using the online PANTHER database (Huaiyu

et al., 2016) into protein classes and Gene Ontology (GO) was per-

formed with S. lycopersicum as the reference set. To identify transcrip-

tion factors, BLASTX was performed against the Plant Transcription

Factors Database (PlnTFDB; Jin et al., 2014) at e-value 5 1e-5 and per-

centage similarity � 70%.

Prediction of effector molecules

Protein sequences were assessed for presence of possible signal peptides

using SignalP 4.1 (Petersen et al., 2011) and lack of trans-membrane

domain using TMHMM v.2.0 (Krogh et al., 2001). In addition, we carried

out a BLAST search against the coding sequences of known effectors from

Meloidogyne sp. and cyst nematodes at e-value 5 1e-5 and percentage

similarity � 70%. Furthermore, ‘Annotate your protein’ tool was used on

the dbCAN web server for automated annotation of carbohydrate-active

enzymes (Yin et al., 2012). Additional data mining was performed from

the available literature.

Differential gene expression analysis and annotation

For both tomato and RKN, DEGs were analysed using DESeq2 (Love et al.,

2014) in R (v 3.2.3, R Core Team, 2015). Further, to investigate suscepti-

ble and resistant tomato responses, the expression of different infected
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stages was compared with the corresponding uninfected controls to pre-

vent bias caused by root development. A false discovery rate (FDR) cut-off

of 0.05 and log2 fold change �62 was used throughout the study (unless

stated otherwise). Parametric gene set enrichment analysis on tomato

DEGs was performed using AgriGO v 1.2 (Du et al., 2010) with

S. lycopersicum as reference set. Gene enrichment with a significant

threshold of 0.05 after Hochberg FDR correction was used. Functional cate-

gorization of DEGs was performed using MapMan 3.6.0RC1 (Usadel et al.,

2009). In order to highlight specific components and their functions in

various pathways, we combined the annotations from gff, GO and Map-

Man. Redundancy in annotation was checked based on the gene locations

on the tomato genome, as well as nucleotide and protein sequence

similarity.

To investigate RKN responses in susceptible plants, RKN predicted

genes from stage 1 were used as a baseline. In order to analyse differen-

ces in the RKN response to different host plants, RKN (same population of

J2) predicted genes from resistant plants were compared with RKN pre-

dicted genes from susceptible plants of the same stage. Functional anno-

tation of RKN DEGs from InterPro (IPR) protein domains was used for GO

annotation and the Kyoto Encyclopedia of Genes and Genomes (KEGG)

database was used for pathway analysis. In addition, we performed BLASTX

search against Meloidogyne sp. and cyst nematode proteins retrieved

from the UniProt database. Furthermore, to improve the annotation, BLASTN

search was performed against M. incognita stage-specific transcriptome

data (http://www6.inra.fr/meloidogyne_incognita) and transcript sequen-

ces of M. hapla (WormBase release 8) and M. floridensis (WormBase

Fig. 8 Workflow summary used for transcriptome data analysis.
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release 8). BLAST search was performed at e-value 5 1e-5 and percentage

similarity � 70%. Redundancy in annotation at the amino acid sequence

was checked. Figure S18 (see Supporting Information) shows a represen-

tative multiple sequence alignment and percentage identity matrix of the

translated amino acid sequences of genes encoding PL 1.

Expression profiling by qRT-PCR

For qRT-PCR, the contaminating DNA was removed by treating 10 mg of

total RNA with Dnase I enzyme (NEB, MA, USA). The quantity and quality

of isolated RNA were checked on 1.2% denaturing agarose gel and Nano-

Vue, respectively. Two micrograms of DNase-treated RNA were reverse

transcribed using Superscript III (Invitrogen, CA, USA) following the manu-

facturer’s protocol. Quantitative real-time PCR was performed with SYBR-

Green technology (Roche Holdings AG, Basel, Switzerland) on a CFX con-

nect real-time system (Biorad Inc., CA, USA). Specific qRT-PCR primers

were designed using the PrimerQuest tool provided by Integrated DNA

Technologies (IDT Inc., IA, USA). The relative fold change was calculated

using the DDCt method.

The RNA-seq data were validated for tomato genes using qRT-PCR

with the same set of tissues as used for transcriptome study. Specific pri-

mers for 20 tomato genes were designed for validation. All reactions were

carried out with two technical replicates and three independent biological

replicates.

To assess the expression profiles of RKN genes, independent experi-

ments were conducted wherein total RNA from RKN J2 juveniles (approxi-

mately 10 000 juveniles), stage 2 knots (around 300 knots) and stage 5

knots (around 100 knots) was extracted using the Trizol method. The

experiments were conducted using knots to enrich the tissue for the nem-

atode stage. Specific primers for seven RKN genes were designed and the

18S rRNA gene was used as an internal control (Papolu et al., 2013).

Stage 2 (early stage) was used as the control sample and the expression

of different genes was quantified at stage 5 (late stage). A Student’s t-

test was performed for statistical significance at P < 0.1 and P < 0.05.

For all the M. incognita qRT-PCR experiments, the specificity of the PCR

amplification was tested using plant genes as negative controls. The unin-

fected root tissues and RKN-infected root tissues were used to test the

specificity of the amplification, and primers that showed amplification

only in the RKN-infected tissue were used for qRT-PCR analysis. All reac-

tions were carried out with two technical replicates and two independent

biological replicates.
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Fig. S1 Heatmap showing the correlation between various sus-

ceptible samples and replicates based on global expression

profiles.

Fig. S2 Gene ontology (GO) annotation of significant differen-

tially expressed genes (DEGs) of tomato detected during the

susceptible response at various stages of disease development.

Fig. S3 Distribution into various protein classes of significant

differentially expressed genes (DEGs) of tomato detected during

the susceptible response.

Fig. S4 Distribution into various protein classes of significant

differentially expressed genes (DEGs) of tomato detected at

stage 2 during susceptible (a) and resistant (b) responses.

Fig. S5 Gene set enrichment analysis of molecular functions

for differentially expressed genes (DEGs) of tomato detected

during the susceptible response at stage 4 (a) and stage 5 (b).

Fig. S6 Schematic representation of the gene expression pat-

terns of significant differentially expressed genes (DEGs) of

tomato involved in plant cell wall architecture detected during

the susceptible response.

Fig. S7 Schematic representation of the gene expression pat-

terns of significant differentially expressed genes (DEGs) of

tomato involved in plant root development detected during the

susceptible response.

Fig. S8 Schematic representation of the gene expression patterns

of significant differentially expressed genes (DEGs) of tomato

involved in primary sugar metabolism (a), amino acid metabolism

(b), lipid and fatty acid metabolism (c) and other primary metabo-

lism categories (d) detected during the susceptible response.

Fig. S9 Schematic representation of the gene expression pat-

terns of significant differentially expressed genes in tomato

roots detected during the susceptible response: (a) sugar trans-

porter genes; (b) lipid transporter genes; (c) aquaporin trans-

porter genes; (d) amino acid and peptide transporter genes; (e)

multidrug and toxic compound extrusion (MATE) transporter

family genes; and (f) various inorganic ion transporter genes.

Fig. S10 Schematic representation of the gene expression pat-

terns (left) of differentially expressed genes (DEGs) of tomato

involved in the isoprenoid (a) and polyamine (b) biosynthetic

pathways (right). Pathways showing DEGs (in red) and end
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products of pathways (in green) during the susceptible

response.

Fig. S11 Schematic representation of the gene expression pat-

terns of significant differentially expressed genes (DEGs) of

tomato from auxin-, cytokinin- and brassinosteroid-responsive

(a) and abscisic acid (ABA)-responsive (b) categories detected

during the susceptible response.

Fig. S12 Heatmap of log2 fold changes of significant differen-

tially expressed ethylene-responsive transcription factors

detected at various stages of disease development in suscepti-

ble tomato roots.

Fig. S13 Schematic representation of the gene expression pat-

terns of differentially expressed genes (DEGs) of tomato

involved in jasmonic acid (a) and salicylic acid (b) biosynthesis

and signalling, and oxidative stress-related genes (c), detected

during the susceptible response.

Fig. S14 Scatter plot showing the correlation between RNA

sequencing (RNA-seq) and quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) expression profiles.

Fig. S15 Heatmap showing the global gene expression

profile of total root-knot nematode (RKN) genes identified

from infected tomato roots at five different infection time

intervals.

Fig. S16 (a) Distribution of significant root-knot nematode

(RKN) differentially expressed genes (DEGs) into the top 30

InterPro (IPR) protein domains detected at different stages of

infection from susceptible tomato roots relative to stage 1. (b)

Distribution of significant RKN DEGs into the top 30 Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathways

detected at different stages of infection from susceptible

tomato roots relative to stage 1.

Fig. S17 Expression profiles of root-knot nematode (RKN)

genes determined by quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) analysis.

Fig. S18 (a) Multiple sequence alignment of translated amino

acid sequences of root-knot nematode (RKN) genes encoding

pectate lyase 1. (b) Percentage identity matrix of translated

amino acid sequences of RKN genes encoding pectate lyase 1.

Table S1 Statistics of raw reads and quality filtering of tran-

scriptome libraries.

Table S2 Significant differentially expressed tomato genes

detected at various stages of disease development during the

susceptible response.

Table S3 Significant differentially expressed tomato genes

detected at stage 2 during the resistance response.

Table S4 Primer sequences of tomato genes and root-knot nem-

atode (RKN) genes used for quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) expression analysis.

Table S5 Significant differentially expressed root-knot nema-

tode (RKN) genes detected at various stages of disease devel-

opment during the susceptible response.

Table S6 Significant differentially expressed root-knot nema-

tode (RKN) genes detected at stage 2 during the resistance

response.
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