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SUMMARY

Root-knot nematodes (RKNs, Meloidogyne spp.) are sedentary 
biotrophic pathogens that establish within the vascular cylinder 
of plant roots, forming a gall and inducing several feeding cells, 
giant cells (GCs), essential for completion of their life cycle. GCs 
suffer gene expression changes, repeated mitosis and endoredu-
plication events. Transcriptomics has revealed that an extensive 
down-regulation of transcripts, a molecular signature of early-
developing galls and GCs that is conserved in tomato and 
Arabidopsis, may be achieved through small RNA (sRNA) gene 
silencing pathways. The role of some microRNAs (miRNAs) in 
plant–RKN interactions has recently been addressed, but little is 
known about the regulatory roles of other sRNA types. Here, we 
perform a differential accumulation analysis to show which re-
peat-associated small interfering RNAs (rasiRNAs) are distinctive 
or enriched in early Arabidopsis galls vs. uninfected roots. Those 
distinctive from galls are preferentially located in pericentromeric 
regions with predominant sizes of 24 and 22 nucleotides. Gall-
distinctive rasiRNAs target primarily GYPSY and COPIA retro-
transposons, which show a marked repression in galls vs. 
uninfected roots. Infection tests and phenotypic studies of galls 
from Meloidogyne javanica in Arabidopsis mutants impaired in 
post-transcriptional gene silencing and/or canonical RNA-
directed DNA methylation (RdDM) pathways, as well as quanti-
tative polymerase chain reaction analysis, suggest the implication 
of canonical and non-canonical RdDM pathways during gall for-
mation, possibly through the regulation of retrotransposons. This 
process may be crucial for the maintenance of genome integrity 
during the reprogramming process of galls/GCs from their vascu-
lar precursor cells, and/or to ensure a faithful DNA replication 
during the repeated mitosis/endoreduplication that concurs with 
feeding site formation.

Keywords: galls, giant cells, Meloidogyne spp., 
retrotransposons, root-knot nematode, small RNAs (sRNAs), 
transposable elements (TEs).

INTRODUC TION

Transposable elements (TEs) and their derived fragments repre-
sent around 15% of the 135-MB Arabidopsis thaliana genome 
(Arabidopsis Genome Initiative, 2000). However, most TEs are 
in a transcriptionally repressed or silenced state, as they can 
generate mutations and instability in genomes (Slotkin and 
Martienssen, 2007). In plants, the regulatory mechanism that 
prevents TE expression is referred to as RNA-directed DNA 
methylation (RdDM) and involves the biosynthesis of repeat- 
associated small interfering RNAs (rasiRNAs) that subsequently 
guide the methylation of TEs and other repetitive sequences (Xie 
and Yu, 2015; Zhang et al., 2010). In the Arabidopsis canonical 
RdDM pathway (Matzke and Mosher, 2014), RNA polymerase 
IV (Pol IV) is recruited to previously silenced TEs through the 
histone H3 lysine 9 methylation mark (Law et al., 2013), which 
is linked to transcriptional repression. The TE transcript prod-
uct of Pol IV is converted into double-stranded RNA by RNA-
dependent RNA POLYMERASE 2 (RDR2) and subsequently 
cleaved into 24-nucleotide rasiRNAs by DICER-LIKE 3 (DCL3). 
Then, 24-nucleotide rasiRNAs are loaded into ARGONAUTE 4 
and 6 (AGO4 and AGO6) and these proteins move to nascent 
Pol V transcripts still associated with their chromatin template. 
These Pol V transcripts serve as an RNA scaffold on the chro-
matin that allows rasiRNA-based silencing information to direct 
chromatin modification. Sometimes the transcriptional silenc-
ing is lost (for example, as a result of stress, during develop-
ment, after TE horizontal transfer, etc.) and silencing must begin 
through post-transcriptional gene silencing (PTGS) via the plant’s 
endogenous RNA interference (RNAi) mechanism (Cavrak et al., 
2014; Diao et al., 2005; Dowen et al., 2012; El-Baidouri et al., 
2014; Sarkies et al., 2015), known as the non-canonical RdDM 
pathway. In this pathway, RDR6, AGO1, DCL2 and DCL4 degrade 
TE mRNA into 21–22-nucleotide rasiRNAs which are the first trig-
ger to homology-independent initiation of TE silencing (McCue 
et al., 2012; Nuthikattu et al., 2013).

Although it is well documented that RdDM represses plant 
defence-related genes in biotrophic plant–pathogen interac-
tions, such as bacteria and fungi (Dowen et al., 2012; López 
et al., 2011; Slaughter et al., 2012; Yu et al., 2013), little is known †Both authors contributed equally to this work
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about its involvement in the plant–nematode interaction. Plant-
parasitic nematodes from the genus Meloidogyne spp. are obli-
gate parasites that penetrate through the root elongation zone, 
migrate intercellularly through the cortex and establish in the 
vascular cylinder where they form feeding sites (Escobar et al., 
2015; Wyss et al., 1992). From five to eight feeding cells, called 
giant cells (GCs), develop in the vascular cylinder and constitute 
the sole nutrient source for the nematodes during their life cycle 
(Bird, 1962; Escobar et al., 2015). Around the GCs, the vascular 
cells proliferate profusely and the cortex cells hypertrophy, giv-
ing rise to a swelling or knot in the roots, called a gall (Dropkin, 
1972), which gives the generic name to Meloidogyne spp. nem-
atodes as root-knot nematodes (RKNs). Genes differentially 
expressed during plant–nematode interactions have been iden-
tified through transcriptomic analyses of GCs, galls or infected 
roots (reviewed in Ali et al., 2015 and Cabrera et al., 2016a). 
Most of the functional studies have centred their attention on 
the genes that are induced during the interaction. However, a 
distinctive signature of early-developing galls and GCs, con-
served in tomato and Arabidopsis, is a large down-regulation of 
transcripts (Barcala et al., 2010; Portillo et al., 2013). A putative 
mechanism to establish massive gene repression is the activa-
tion of small RNA (sRNA) pathways that repress gene expres-
sion at the transcriptional or translational level (Ruiz-Ferrer and 
Voinnet, 2009). In line with this, the roles of different microRNAs 
(miRNAs) on the plant–RKN interaction have been addressed re-
cently (Cabrera et al., 2016b; Díaz-Manzano et al., 2016a, 2018; 
Kaur et al, 2017; Medina et al., 2017; Subramanian et al., 2016; 
Zhang et al., 2016; Zhao et al., 2015). However, little is known 
about the regulatory role of other types of siRNA in this interaction.

Recently, Hewezi et al. (2017) have reported that 24-nucleotide 
rasiRNAs are highly abundant in the syncytia formed by the cyst 
nematode Heterodera schachtii and are accumulated in hy-
permethylated regions of the genome (Hewezi et al., 2017). A 
similar analysis of Meloidogyne javanica galls is still lacking. In 
previous work by Cabrera et al. (2016b), we described an enrich-
ment of 24-nucleotide sequences (independent of their origin as 
rasiRNAs or other types of siRNA) in the galls. In addition, we 
reported that the group of rasiRNAs was accordingly more abun-
dant in galls than in control roots, and that they preferentially 
targeted TEs. However, we did not conduct a more comprehen-
sive statistical analysis to select the rasiRNA sequences differ-
entially accumulated in the galls at 3 days post-infection (dpi) 
relative to control roots, or to study their length and distribution 
along the Arabidopsis genome with the aim to hypothesize the 
significance of their predominance in galls.

In this study, we selected the rasiRNAs statistically enriched 
or distinctive in Arabidopsis galls vs. uninfected roots. This 
extensive analysis showed that the rasiRNAs distinctive from 
galls, with predominant sizes of 24 and 22 nucleotides, are 
preferentially located in pericentromeric regions, where type I 

transposons (retrotransposons) are the major targets. Moreover, 
retrotransposon (COPIA, GYPSY, LINE and SINE) superfami-
lies are drastically repressed in galls at early times of infection 
relative to those in control roots. Further experimental results 
obtained from quantitative polymerase chain reaction (qPCR) 
analysis, as well as infection tests with M. javanica in single, 
double and triple Arabidopsis mutants defective in key functions 
from RdDM pathways, strongly suggest the implication of canon-
ical (through 24-nucleotide) and non-canonical (through 22- and 
21-nucleotide) RdDM pathways during gall formation, possibly 
through the regulation of retrotransposons in galls.

RESU LT S

rasiRNAs complementing repetitive sequences of 
the genome are enriched in Arabidopsis galls vs. 
uninfected roots

We have previously performed a global analysis of three sRNA li-
braries from galls at 3 dpi, induced by M. javanica in Arabidopsis 
roots, compared with three sRNA libraries from uninfected root 
segments (Cabrera et al., 2016b). We showed that the total 
accumulation of rasiRNAs was higher in galls than in control 
roots (Fig. 1; unique rasiRNAs: G1 = 561 968, G2 = 511 928 
and G3 = 534 338; RC1 = 329 316, RC2 = 350 914 and 
RC3 = 381 262). In the present work, we deepen and expand the 
analysis of this subset of rasiRNAs, selected because they fully 
match with repetitive Arabidopsis DNA sequences deposited 
in the repetitive elements database Repbase (Fig. 1; Bao et al., 
2015). Repbase includes TEs and non-TE repetitive sequences, 
such as satellite sequences, microsatellites and multi-copy RNA 
genes (rRNA, tRNA, snRNA). First, we normalized the rasiRNA 
sequences with respect to the total number of sRNA sequences 
found in each independent library after cleaning low-quality 
reads, 5′ primer contaminants, and those without 3′ primer, with-
out the insert tag, with poly A and/or shorter than 18 nucleotides 
(clean reads; Cabrera et al., 2016b), to be able to compare be-
tween replicates. Then, we performed a differential abundance 
analysis between galls and control roots. We found 4147 rasiRNAs  
differentially accumulated in galls relative to control roots (Fig. 1; 
Table S1a, see Supporting Information) after statistical analysis 
(t-tests, P < 0.05) followed by a Benjamini–Hochberg correc-
tion with a false discovery rate of 5%. Hence, differences in 
the accumulation of rasiRNAs in galls relative to control unin-
fected Arabidopsis roots were significant (G1 = 3162, G2 = 3161 
and G3 = 3161) in each of the three replicates (RC1 = 1272, 
RC2 = 1276 and RC3 = 1282; Fig. 1; Table S1a). The 4147 rasiRNAs  
differentially accumulated were single sequences, but they also 
matched with other loci (Table S1b–d) in multiple regions as 
the promoter, exons, introns, 3′ untranslated region (UTR), 5′ 
UTR, etc. (Table S1b–d), i.e. 17 933 hits were found in the ge-
nome for these rasiRNAs (Table S1e). Only 1.3% (52) of the 4147 
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Fig. 1  Flowchart of small RNA (sRNA) data processing and analysis. From top to bottom: number of repeat-associated small interfering RNAs (rasiRNAs) from 
the six libraries published by Cabrera et al. (2016b); number of statistically significant rasiRNAs (P < 0.05) among the three independent replicates; number 
of distinctive rasiRNAs only present in gall (dGall-rasiRNAs), distinctive rasiRNAs only present in root control (dRC-rasiRNAs) and rasiRNAs present in gall and 
root control (common-rasiRNAs). The study parameters analysed within the article for these sequences are indicated in the red boxes below. B.H, Benjamini–
Hochberg; CDS, coding sequence; G1, G2 and G3, independent biological samples from galls; GO, gene ontology; RC1, RC2 and RC3, independent biological 
samples from control uninfected root; UTR, untranslated region. [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 2  The distribution of repeat-associated small interfering RNAs (rasiRNAs) in the Arabidopsis chromosomes shows distinctive (dGall-rasiRNAs) preference 
for pericentromeric regions. (a) Arabidopsis TAIR10 genes and transposable elements (TEs) per chromosome (Chr) are coloured in blue. Classified groups of 
rasiRNA sequences: dGall-rasiRNA (dark grey), dRC-rasiRNA (black) and common-rasiRNA (white) in the five Arabidopsis chromosomes are shown in the lower 
part of the figure. (b) Graph showing rasiRNA distribution for each of the classified groups: dGall-rasiRNA (centre), dRC-rasiRNA (left) and common-rasiRNA 
(right). Arabidopsis chromosome regions on the x-axis: left chromosome arm (R1), left pericentromeric region (PC1), centromere (CEN), right pericentromeric 
region (PC2) and right chromosome arm (R2). (c) Classification of rasiRNAs by nucleotide (nt) length: 21, 22 and 24 nt. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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differentially accumulated rasiRNAs were not present in the three 
replicates of either gall or control rasiRNAs; thus, they were not 
considered for further studies (Table S1a). The remaining 4095 
differentially accumulated rasiRNAs were further classified into 
three groups (Fig. 1): (i) 2847 rasiRNAs (69.5%) present in galls, 
but not in control roots (dGall-rasiRNAs, i.e. rasiRNAs distinctive 
from galls; Table S1b); (ii) 982 rasiRNAs (24%) present in control 
roots, but not in galls (dRC-rasiRNAs, i.e. rasiRNAs distinctive 
from roots; Table S1c); and (iii) 266 rasiRNAs (6.5%) that were 
differentially accumulated in galls, but present in both (common-
rasiRNAs). Amongst these common-rasiRNAs, 146 sequences 
were significantly up-regulated and 120 down-regulated in galls, 
relative to uninfected Arabidopsis roots (Fig. 1; Table S1d).

Surprisingly, a more stringent statistical analysis (t-test, 
P < 0.01 and Benjamini–Hochberg correction with a false discov-
ery rate of 1%; Table S2a, see Supporting Information) showed 
a number of unique reads for dGall-rasiRNAs (2791; Table S2b), 
similar to that obtained for P < 0.05, whereas the number of 
dRC-rasiRNAs and common-rasiRNAs dropped drastically (9 and 
40, respectively) (Tables S1a, S2c,d). These findings highlight 
the importance of the differential accumulation of rasiRNAs in 
galls at 3 dpi, suggesting that dGall-rasiRNAs complementary to 
repetitive sequences may play a role in the regulation of gene 
expression in the early infection stages.

dGall-rasiRNAs preferentially locate at 
pericentromeric regions with predominant sizes of 24 
and 22 nucleotides

We explored whether dGall-rasiRNAs, dRC-rasiRNAs and com-
mon-rasiRNAs showed matching chromosome region preferences 
(Fig. 2a; Table S3a, see Supporting Information). Arabidopsis 
chromosomes can be categorized into five different regions: 
left arm (R1), left pericentromeric region (PC1), centromere 
(CEN), right pericentromeric region (PC2) and right arm (R2) 
(Arabidopsis Genome Initiative, 2000; Simon et al., 2015). The 
exact chromosome positions for each of the five regions for the  
five chromosomes are detailed in Table S3b. Our results show an  
important difference between dGall-rasiRNAs and dRC-rasiRNAs,  
i.e. dGall-rasiRNAs clearly preferentially matched to PC regions in the  
five Arabidopsis chromosomes (Fig. 2b), whereas dRC-rasiRNAs  
were distributed across the chromosome length, with the  
exception of CEN regions, and with preference to the R regions 
in Chr1, Chr2 and Chr5 (Fig. 2b; Table S3b). However, common-
rasiRNAs preferentially targeted CEN regions, except for those 
rasiRNAs that aligned to Chr1, which matched to PC1 (Fig. 2b; 
Table S3b).

We also grouped the differentially accumulated rasiRNAs 
(dGall-rasiRNAs, dRC-rasiRNAs and common-rasiRNAs) into 21-, 
22- and 24-nucleotide sequences, as products of DCL4, DCL2 and 
DCL3 activity, respectively, which could suggest the implication 

of PTGS (DCL2/DCL4) and/or canonical RdDM (DCL3) regulatory 
pathways (Fig. 2c). The majority were 24 nucleotides in length, 
corresponding mainly to dGall-rasiRNAs (5764), followed by 
common-rasiRNAs (2300) and dRC-rasiRNAs (1207). The sec-
ond most abundant size of dGall-rasiRNAs was 22 nucleotides 
(8.4%; 915), whereas, in dRC-rasiRNAs (9%; 269) and common- 
rasiRNAs (6.9%; 281), 21-nucleotide rasiRNAs were the sec-
ond most abundant length (Fig. 2c; Table S3c). Our results also 
showed that 24-nucleotide dGall-rasiRNAs and DCL2-dependent 
22-nucleotide rasiRNAs mainly matched to PC regions (Table S3d).

In summary, in galls, DCL3-dependent 24-nucleotide rasiRNAs  
are the major length category accumulated in PC regions, fol-
lowed by DCL2-dependent 22-nucleotide rasiRNAs, in the five 
Arabidopsis chromosomes (Table S3d). Interestingly, this fea-
ture can be considered a signature of dGall-rasiRNAs relative to 
dRC-rasiRNAs, where DCL3-dependent 24-nucleotide rasiRNAs 
and DCL4-dependent 21-nucleotide rasiRNAs are mostly located 
in the R region (Table S3d).

Repression of retrotransposons correlates with the 
abundance of distinctive rasiRNAs from galls (24 and 
22 nucleotides) 

RdDM requires the biosynthesis of rasiRNAs to guide the meth-
ylation of TEs and repeats preventing their overexpression and 
proliferation (Zhang et al., 2007). Hence, we classified dGall- 
rasiRNAs, dRC-rasiRNAs and common-rasiRNAs according 
to their targets into five groups: (i) class I TEs, which are ret-
rotransposons that function via intermediate RNAs and reverse 
transcriptase; (ii) class II TEs, which are DNA transposons that 
function via a DNA intermediate and transposase; (iii) ambiguous 
(ambi), which are sequences matching more than one TE; (iv) sat-
ellite DNA repeats, which are sequences localized within the cen-
tromeric regions; and (v) other repetitive regions. Interestingly, 
most dGall-rasiRNAs (48.4%) were complementary to class I 
TEs, 27.4% to class II TEs, 14% matched more than one TE, 10% 
matched to satellite DNA sequences and only 0.13% matched to 
other repetitive sequences of the Arabidopsis genome (Fig. 3a). 
However, dRC-rasiRNAs matched mainly to class II TEs (58.2%), 
followed by class I TEs (32.4%) and ambi (7.3%) (Fig. 3a).

Retrotransposons (class I TEs matched mostly by dGall- 
rasiRNAs) can be further divided into those flanked by long 
terminal repeat (LTR) retrotransposons and non-LTR retrotrans-
posons (Slotkin and Martienssen, 2007), and can be classified 
into different superfamilies (COPIA, GYPSY, LINE and SINE). Our 
results showed that 49.7% (4071) of dGall-rasiRNA sequences 
matched retrotransposons of the GYPSY superfamily, followed 
by 8.7% (711) of COPIA, 5.8% (400) of LINE and 0.5% (42) of 
SINE superfamilies (Fig. 3b; Table S1, Table S4). This trend was 
maintained for the common-rasiRNAs and dRC-rasiRNAs, in the 
latter case with a considerably fewer number of sequences.
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Fig. 3  Repression of retrotransposons correlates with the abundance of distinctive gall repeat-associated small interfering RNAs (rasiRNAs) (24 and 22 
nucleotides). (a) Alignment of differentially accumulated rasiRNAs to genome repeat type: class I (retrotransposon), class II (DNA transposon), ambiguous (ambi; 
siRNAs complementary to more than one transposon element), satellites and other. (b) Percentage of differentially accumulated rasiRNAs that map to different 
transposon superfamilies also classified as class I and class II transposons. (c) Relative expression levels by quantitative polymerase chain reaction (qPCR) of 
specific candidates from retrotransposon superfamilies COPIA, GYPSY, LINE and SINE (i.e. ATCOPIA48, ATHILA2, ATLINE1 and ATSN1, respectively) in galls at 
3 days post-infection (dpi) vs. uninfected control roots. Values of two (ATSN1) and four (ATCOPIA48, ATLINE1 and ATHILA2) independent biological replicates, 
with three technical replicates each, were normalized to Glyceraldehyde-3-Phosphate Dehydrogenase (GADPH), used as internal control. Differences from control 
values were significant at *P < 0.05, **P < 0.01 (two-tailed t-test). (d) Mapping of reads normalized to the total amount of 21-, 22- and 24-nucleotide lengths 
in each of the five Arabidopsis chromosomes. dGall-rasiRNA (dark grey), dRC-rasiRNA (black) and common-rasiRNA (white). Percentages in (a), (b) and (d) were 
calculated with respect to the total number of rasiRNAs in each group (dGall-rasiRNAs, dRC-rasiRNAs or common-rasiRNAs).
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However, dRC-rasiRNAs matched mostly DNA transposons 
(class II TEs), divided into six classes: MuDR, EnSpm/CACTA, hAT, 
PIF/HARBINGER, the related POGO, Tc1 and MARINER elements, 
and rolling circle replicating HELITRON elements (Underwood 
et al., 2017). Our results showed that 58.2% of dRC-rasiRNAs 
matched class II TEs, most from the HELITRON (27%; 751) 
and MUTATOR (22.3%; 620) families, followed by hAT (7.6%; 
211) and POGO (5%; 139). In the case of common-rasiRNAs, 
MUTATOR (194) and HELITRON (176) were the main families 
with similar percentages (19.6% and 17.8%, respectively; Fig. 3b; 
Table S1b–d).

Therefore, retrotransposons are the major rasiRNA tar-
gets in Arabidopsis galls induced by M. javanica at the early 
infection stages, matching predominantly RdDM targets, 
such as the retrotransposon GYPSY, whereas dRC-rasiRNAs 
matched mainly DNA transposons (Fig. 3b). Hence, to assess 
the potential impact of M. javanica infection on TE silencing 
in galls through RdDM pathways, we monitored, by qPCR, 
the transcriptional status of several mRNA retrotransposons, 
which are well-known targets of these pathways, i.e. ATLINE1, 
ATCOPIA48, ATSN1 and ATHILA2 (Zhang et al., 2006). All TE 
transcripts were drastically lower in 3-dpi galls relative to con-
trol uninfected roots, and two, ATHILA2 and ATCOPIA48, with 
high significance (P < 0.05 and P < 0.01; Fig. 3c). These find-
ings indicate that transcripts from retrotransposon families in 
pericentromeric regions (ATHILA2, ATCOPIA48 and ATLINE1) 
were strongly down-regulated in galls. Interestingly, the dras-
tic decrease in retrotransposon transcripts coincided with a 
strong accumulation of statistically significant dGall-rasiRNAs  
(Table S3c) at centromeric and pericentromeric regions in 
Arabidopsis chromosomes (Fig. 2a,b).

To address the question of whether or not any specific  
rasiRNA population (21, 22 or 24 nucleotides in length) could be 
related to the regulation of the main retrotransposon and DNA 
transposons on M. javanica infection, we classified dGall-rasiR-
NAs, dRC-rasiRNAs and common-rasiRNAs with regard to their 
size (21, 22 and 24 nucleotides in length), type of TEs matched 
(class I and class II) and chromosome distribution (Chr1, Chr2, 
Chr3, Chr4, Chr5) (Fig. 3d; Table S1). Strikingly, a major sig-
nature of dGall-rasiRNAs was the high abundance of DCL3-
dependent 24-nucleotide rasiRNAs in retrotransposons in the 
five Arabidopsis chromosomes relative to that of dRC-rasiRNAs 
and common-rasiRNAs (Fig. 3d; Table S1). Consistent with the 
former data, DCL2-dependent 22-nucleotide rasiRNAs were also 
abundant amongst the dGall-rasiRNAs in Chr3, Chr4 and Chr5 
(Fig. 3d).

These differences were not found in DCL3-dependent 24-nu-
cleotide rasiRNAs matching class II DNA TEs, as they were 
highly abundant in dGall-rasiRNAs and dRC-rasiRNAs (Fig. 3d; 
Table S1b).

RKN infection is compromised in some Arabidopsis 
mutants of key genes with altered expression in galls 
impaired in canonical and non-canonical RDR6-RdDM 
pathways

Therefore, our bioinformatic analyses suggest that, in Arabidopsis 
galls, transposons could be mainly regulated by DCL3-dependent 
24-nucleotide rasiRNAs (Fig. 3d; Table S1). However, DCL2-
dependent 22-nucleotide rasiRNAs, the second most abundant 
class in dGall-rasiRNAs, may play an additional role in galls 
through the PTGS pathway. Moreover, both pathways (PTGS 
and canonical RdDM) are connected through the non-canonical 
RdDM pathway (Fig. 4c; Cuerda-Gil and Slotkin, 2016) for TE 
regulation, as mRNA cleavage by 22-nucleotide rasiRNAs is a 
known trigger for additional RDR6 activity and the production of 
secondary rasiRNAs that may trans-regulate other mRNAs with 
similar sequence (Chen et al., 2010; Cuperus et al., 2010).

To expand our knowledge of the implication of PTGS and 
RdDM pathways (Fig. 4c) during RKN infection, we performed 
qPCR and infection tests addressing the expression and role of 
key genes in both processes. Basic genes encoding members of 
the RdDM pathway biogenesis machinery, such as NRPD2 (en-
coding the second-largest subunit of Pol IV), NRPE7, IDN2 and 
KTF1, were all induced in galls at 3 dpi (P < 0.05, P < 0.05, 
P < 0.01 and P < 0.001, respectively; Fig. 4a). AGO4 was also 
differentially up-regulated in galls (P < 0.05), as were members 
of the non-canonical RdDM pathway, such as DCL4, all of which 
showed a similar tendency in the qPCR analyses. Furthermore, 
the results of an independent technique, microarrays, compiled in 
the NEMATIC microarray database (Cabrera et al., 2014), showed 
that four of these genes (DCL4, IDN2, NRPE7 and AGO4) were also 
up-regulated (P < 0.05). In contrast, RDR2 was down-regulated 
in the qPCR analysis (P < 0.05; Fig. 4a), as well as in microarrays 
(P < 0.05; Fig. S1, see Supporting Information; Cabrera et al., 
2014). All of these data confirm that M. javanica infection modi-
fies the expression of key components of rasiRNA biogenesis par-
ticipating in the PTGS and canonical RdDM pathways.

Next, we performed infection tests with mutant lines in which 
rasiRNA biogenesis was compromised (Fig. 4b). We challenged 
with M. javanica a set of loss-of-function single (ago1, ago4, 
ago6, dcl2, dcl3, dcl4, rdr2, rdr6), double (dcl2/dcl4, rdr2/rdr6) 
and triple (dcl2/dcl3/dcl4) mutants. A clear reduction in the infec-
tion rates of dcl2, dcl4, dcl2/4 and rdr6 mutant lines, compared 
with wild-type Col-0 plants, was observed, all lacking key func-
tions for the non-canonical RDR6-RdDM pathway, although not 
statistically significant (Fig. 4c; Cuerda-Gil and Slotkin, 2016). 
This is in agreement with previous infection tests performed with 
mutants for some of these genes in the context of plant–nema-
tode interactions, in which a decrease in infection was observed, 
although not always significant (Hewezi et al., 2008; Medina 
et al., 2017). Moreover, double rdr2/rdr6 and triple dcl2/dcl3/dcl4 
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mutants impaired in both RdDM pathways (canonical and non-ca-
nonical) showed an enhanced resistance (Fig. 4b). Interestingly, 
similar infection rates were found for Col-0, ago1 and ago4, but 
not for ago6, which suggests that AGO4 and AGO6 respond di-
vergently to M. javanica infection. To address whether the genes 
altered in mutants impaired in both RdDM pathways could be 
participating in gall development, we estimated the gall diam-
eter on the same collection of mutant lines. Our results showed 
that, at 14 dpi, dcl2/dcl4, dcl2/dcl3/dcl4, rdr2 and rdr2/rdr6 galls 
were significantly smaller than Col-0 galls (P < 0.05; Fig. 4b), 
i.e. mainly mutants for genes implicated in the PTGS pathway 
(DCL2, DCL4 and RDR6). These results are in accordance with our 
bioinformatic analysis, in which DCL3-dependent 24-nucleotide  
rasiRNAs and RDR6 secondary rasiRNAs (mainly 22 nucleotides) 
are highly abundant in Arabidopsis galls (Table S3c), and with 
the altered expression of key genes of the RdDM machinery 
(Fig. 4a), supporting the notion that both canonical RdDM and 
PTGS pathways are relevant for gall development in Col-0 plants 
(Fig. 4c).

DISCUSSION

sRNA libraries from Arabidopsis galls induced by M. javanica 
(Cabrera et al., 2016b; 3 dpi) and M. incognita (Medina et al., 
2017; 7 and 14 dpi), as well as syncytia induced by the cyst nema-
tode H. schachtii (Hewezi et al., 2008; 4 and 7 dpi; Hewezi et al., 
2017; 5 and 10 dpi), presented a significant enrichment in 24- 
nucleotide sRNAs compared with control root libraries. In previ-
ous work by Cabrera et al. (2016b), an analysis of sRNA length 
distribution suggested that the abundance of 24-nucleotide 
sRNAs constituted a gall hallmark, at least at early infection 
stages, whereas 21-nucleotide sRNAs (the length of most plant 
miRNAs; Axtell, 2013; Xie et al., 2015) were more abundant in 
uninfected roots. We also reported that the group of sRNAs 
fully matching repetitive elements in the Arabidopsis genome 

(rasiRNAs; Bao et al., 2015) were more abundant in galls than in 
control roots (Cabrera et al., 2016b).

Therefore, in this work, we extended the analysis to rasiRNAs 
and found that they were significantly enriched in 3-dpi galls rela-
tive to control roots, matching mainly TEs and satellite sequences 
(Fig. 3). In this respect, rasiRNAs perfectly matching TEs were 
also described in Arabidopsis roots infected with H. schachtii at 
4 and 7 dpi, although they were not highly enriched in the total 
sRNA population (Hewezi et al., 2008).

The number of unique distinctive rasiRNAs was noticeably 
higher in galls than in uninfected roots after statistical analy-
sis (P < 0.05) in the three library replicates. We classified them 
into three groups: gall-distinctive (dGall-rasiRNAs; 69.5%), 
control root-distinctive (dRC-rasiRNAs; 24%) and differentially 
accumulated rasiRNAs present in both galls and roots (common- 
rasiRNAs; 6.5%; Fig. 1). A more restrictive analysis (P < 0.01) 
showed that the number of unique dGall-rasiRNAs was similar, 
but dRC-rasiRNAs and common-rasiRNAs decreased drastically 
under the more stringent analysis (Table S1c,d). This indicates 
that distinct rasiRNAs from galls represent a robust group, sug-
gesting that they may play a role in RKN feeding sites at the early 
stages of infection.

Interestingly, the unique rasiRNAs characteristic of galls 
(dGall-rasiRNAs) matched mainly retrotransposons (class I 
TEs) from the GYPSY and COPIA superfamilies (Fig. 3). This 
is in agreement with the sense and antisense TE families 
previously identified as rasiRNA targets in Arabidopsis in-
fected with H. schachtii at 4 and 7 dpi, suggesting a role in 
controlling the mobility and proliferation of TEs during cyst 
nematode infection (Hewezi et al., 2008). In contrast, dRC-ra-
siRNAs matched mainly to DNA transposons (class II TEs) 
preferentially binding to HELITRON and MUTATOR superfam-
ilies (Fig. 3). This finding also suggests a preferred location 
for dRC-rasiRNAs, dGall-rasiRNAs and common-rasiRNAs at 
the early stages of M. javanica infection, because class I and 

Fig. 4  Root-knot nematode (RKN) infection responses in Arabidopsis mutants of key genes with altered expression in galls impaired in canonical and non-
canonical RDR6-RdDM pathways. (a) Relative expression levels of canonical, post-transcriptional gene silencing (PTGS) and non-canonical RNA-directed DNA 
methylation (RdDM) representative genes obtained using quantitative polymerase chain reaction (qPCR) in galls at 3 days post-infection (dpi) vs. uninfected 
control roots. The values of two to five independent biological replicates, with three technical replicates each, were normalized to the GADPH internal control. 
Differences from control values were significant at *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed t-test). A red asterisk indicates P < 0.05 from NEMATIC 
data (Cabrera et al., 2014). (b) Infection tests with Meloidogyne javanica showing the percentage of galls formed in mutant Arabidopsis lines impaired in 
repeat-associated small interfering RNA (rasiRNA) biogenesis compared with the control Col-0 (grey diamond), as well as the relative gall diameter (n ≥ 27 
per line tested) at 14 dpi of the mutant lines relative to that of Col-0 (blue dots). For infection tests, five to six independent experiments were performed per 
genetic background with at least 30 plants per independent experiment and transgenic Arabidopsis line. Blue background, mutant Arabidopsis lines from 
PTGS. Green background, mutant Arabidopsis lines from canonical RdDM pathway. Red background, mutant Arabidopsis lines from PTGS and canonical RdDM 
pathways. (c) Schematic diagram of non-canonical RDR6-RdDM pathway that connects PTGS and canonical RdDM through 21- and 22-nucleotide rasiRNAs in 
Arabidopsis plants, based on Cuerda-Gil and Slotkin (2016). PTGS: polymerase II (Pol II) transcription of transposable elements (TEs) or microRNA precursors 
generates primary small RNAs in an RNA-dependent RNA polymerase (RDR)-independent manner after cleavage by DICER-LIKE (DCLs). Then, RDR6 generates 
double-stranded RNAs (dsRNAs) that are triggered by DCL2 and DCL4 to produce secondary rasiRNAs. These can target additional copies of mRNA for the 
cleavage and production of more rasiRNAs through RNA interference (RNAi). Canonical RdDM: Pol IV and RDR2 produce dsRNA cleaved by DCL3. Then, 
24-nucleotide siRNAs are loaded into AGO4 and AGO6 to chromatin-bound transcripts produced by Pol V (Upstream). After AGO4/6 interacts with Pol V 
transcripts, many other proteins will be recruited (IDN2, KTF1, etc.) to finally methylate the DNA through DNA methyltransferase DRM2 (Downstream). Non-
canonical RDR6-RdDM: 21−22-nucleotide rasiRNAs produced from Pol II–RDR6-derived TE mRNAs are loaded into AGO6, which interacts with its target loci 
through a Pol V scaffolding transcript. [Colour figure can be viewed at wileyonlinelibrary.com]
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class II TEs are concentrated at pericentromeric and chro-
mosome arms, respectively (Arabidopsis Genome Initiative, 
2000; Buisine et al., 2008) (Table S3d). This coincides with 
the distribution of dGall-rasiRNAs and dRC-rasiRNAs from 
our analyses within the Arabidopsis genome, in which a high 
and statistically significant accumulation of dGall-rasiRNAs 
at centromeric and pericentromeric regions was encountered 
(Fig. 2; Table S1). In accordance with this bioinformatics 
analysis, transcript accumulation of retrotransposon families 
(ATHILA2, ATCOPIA48 and ATLINE1) was severely decreased 
in galls relative to uninfected control roots (Fig. 3). These re-
sults indicate that the preferential accumulation of dGall-ra-
siRNAs could mediate a process not yet reported during 
plant–RKN interactions: the silencing of retrotransposon 
families, such as ATHILA2, ATCOPIA48 and ATLINE1, during 
the early stages of gall formation. Furthermore, this repres-
sion may be required for RKN infection. Similarly, Piya et al. 
(2017) found, by RNA-sequencing (RNA-seq), that several 
TEs (99 and 93 at 5 and 10 dpi, respectively) were differen-
tially expressed in roots infected with H. schachtii vs. control 
roots, and one-third were also down-regulated. Interestingly, 
retrotransposons are also silenced in mammalian germ cells, 
in order to maintain genome integrity, whereas epigenetic 
control is relaxed to permit genome-wide reprogramming 
(Yang and Wang, 2016). Little is yet known about the role 
of retrotransposon repression in similar situations in plants. 
For example, the tobacco Tnt1 retrotransposon is repressed 
in conditions that might favour germinal cell transposition 
(Grandbastien et al., 2005). Yet, in Arabidopsis, TE silencing 
in the developing embryo is assisted by endosperm-derived 
24-nucleotide sRNAs (Bouyer et al., 2017). Similar to GCs 
within galls, columnella cells in the root meristem are rapidly 
differentiating cells (Kawakatsu et al., 2016). Interestingly, 
columnella cells show hypermethylated TEs and an increased 
abundance of transcripts encoding RdDM pathway compo-
nents and 24-nucleotide rasiRNAs (Kawakatsu et al., 2016). 
Thus, we can hypothesize that TE stability is required in 
early developing GCs and galls, which are newly formed 
cells and organs, for the maintenance of genome integrity 
during the rapid cell proliferation and differentiation. It is 
beyond question that GCs/galls experience an extensive re-
programming of gene expression in the initial stages of their 
differentiation from as yet poorly known vascular stem cells, 
as demonstrated by several transcriptomic analyses of galls 
and microdissected GCs (Jammes et al., 2005; Barcala et al., 
2010; Damiani et al., 2012; Portillo et al., 2013). This repro-
gramming is probably achieved, at least in part, by silencing 
of genome-unstable regions, such as retrotransposons, in 
the pericentromeric regions. Interestingly, CG-rich heteroch-
romatic states have recently been shown to be determinant 
features for the localization of DNA replication origins (ORIs) 

in heterochromatin. In particular, GYPSY retrotransposon 
elements co-localized with ORIs at pericentromeric gene-
poor regions in Arabidopsis (Vergara et al., 2017). dGall-ra-
siRNAs at 3 dpi are mainly accumulated at retrotransposon 
superfamilies, preferentially GYPSY superfamilies at peri-
centromeric regions, and expression analysis indicated that 
key members of several retrotransposon families, such as 
ATHILA2, were repressed (Fig. 3). Therefore, a putative sce-
nario in GCs/galls, that suffer several rounds of mitosis and 
endoreduplication early in their development (de Almeida-
Engler et al., 2015), is the stabilization of transposons by 
RdDM pathway-mediated methylation to ensure correct 
replication from the frequent ORIs. Further genome-wide 
maps of ORIs are required to confirm their effect on gall 
development.

We examined the expression and function of key genes 
related to the canonical RdDM and PTGS pathways, the main 
pathways implicated in sRNA biogenesis (Ruiz-Ferrer and 
Voinnet, 2009) in galls (Fig. 4). Several genes were differentially 
expressed in galls relative to controls at 3 dpi (P < 0.05; DCL4, 
NRPD2, RDR2, IDN2, AGO4, KTF1, NRPE7), the infection rate 
decreased and the gall size was significantly impaired mainly in 
double or triple mutants (Fig. 4). These results suggest the impli-
cation of canonical RdDM (through 24-nucleotide rasiRNAs) and 
PTGS (mainly through 22-nucleotide rasiRNAs; the second most 
abundant in dGall-rasiRNAs) pathways in the regulation of TEs in 
galls (Fig. 4). Altogether, these findings suggest that DCL3- and 
DCL2-dependent rasiRNAs play a role in the early stages of gall 
development. It is well documented that non-canonical RdDM 
pathways are not completely independent of the canonical 
pathway and, as a consequence, many loci are simultaneously 
targeted by canonical and non-canonical RdDM (Li et al., 2015; 
Nuthikattu et al., 2013; Panda et al., 2016). Our results agree 
with previous infection tests performed with cyst nematodes in 
Arabidopsis mutants impaired in RDR6 secondary siRNA biogen-
esis, which showed lower susceptibility (although not always sta-
tistically significant) to nematode infection (Hewezi et al., 2008). 
A restricted set of mutants was also tested for RKNs (M. incog-
nita; Medina et al., 2017), showing results in agreement with the 
data presented here.

The functional role of the differentially accumulated rasiRNAs 
in galls and syncytia (Hewezi et al., 2008; this article) in TE re-
gions, which are also differentially regulated in infected tis-
sues vs. their corresponding uninfected control tissues, is still 
an interesting open field of study. In line with our data, the 
abundance of 24-nucleotide rasiRNAs was associated with the 
hypermethylation of TEs and gene promoters during the inter-
action of Arabidopsis with cyst nematodes (Hewezi et al., 2017; 
Piya et al., 2017). Further experiments are required to correlate 
our results in galls with methylation at these sites and to un-
derstand their implications to gall development at the early 
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stages of infection. In addition, we cannot discount that some 
dGall-rasiRNAs could originate in M. javanica, as described for 
a Litomosoides sigmodontis (another nematode) miRNA in the 
body fluid of infected mice (Buck et al., 2014). Further experi-
ments are also required to elucidate whether an inter-kingdom 
sRNA transfer may occur between M. javanica and Arabidopsis 
plants on infection.

In conclusion, we have shown that rasiRNAs complementing 
repetitive sequences of the genome are enriched in Arabidopsis 
galls vs. uninfected roots, and those distinctive of galls are 
preferentially located in pericentromeric regions with predom-
inant sizes of 24 and 22 nucleotides with retrotransposons 
as the major rasiRNA targets. qPCR analysis, as well as resis-
tance testing with M. javanica mutants of key genes from the 
RdDM pathways, strongly suggests the implication of canonical 
RdDM (through 24-nucleotide) and PTGS (mainly through 22- 
nucleotide) pathways in the regulation of retrotransposons in 
galls, as they were severely repressed in galls. This is the first time 
that both RdDM pathways have been proposed to be involved 
in the plant–nematode interaction, probably in the repression 
of retrotransposons in early developing GCs. It is reasonable to 
consider that this may be crucial for the maintenance of the ge-
nomic integrity of galls/GCs during the dramatic reprogramming 
process from their vascular precursor cells.

E XPE RIM E NTA L PROC E DU RES

Nematode population

Meloidogyne javanica Treub (1885) was maintained in vitro on 
etiolated cucumber (Cucumis sativus cv Hoffmanns Giganta) 
seedlings (Díaz-Manzano et al., 2016b). Egg hatching was per-
formed according to Díaz-Manzano et al. (2016b).

Plant model and growth conditions

Arabidopsis (Arabidopsis thaliana) plants were grown vertically 
in controlled environment chambers under 16 h/8 h of light/
dark at 22 ºC. Wild-type and mutant homozygous lines used in 
the study were in the ecotype Col-0 background and were PCR 
genotyped using the primers listed in Table S5. Arabidopsis mu-
tant homozygous lines for ago4-2, ago6-3, ago9-3, rdr2, rdr6, 
rdr2/6, dcl2, dcl3, dcl4, dcl2/4, dcl2/3, dlc3/4 and dcl2/3/4 mutant 
lines were donated by James Carrington (Donald Danforth Plant 
Science Center, St Louis, MO, USA).

Nematode infection tests and gall diameter 
estimation

For in vitro infection tests, five to six independent biologi-
cal experiments were performed per genetic background. At 
least 30 plants per independent experiment and transgenic 
Arabidopsis line (ago4-2, ago6-3, ago9-3, rdr2, rdr6, rdr2/6, 

dcl2, dcl3, dcl4, dcl2/4, dcl2/3, dlc3/4, dcl2/3/4 and ros1) were 
used with Col-0 as control line. Seeds were sterilized, grown 
vertically and homogeneously inoculated following the proto-
col described by Olmo et al. (2017) in a long-day (LD; 16 h : 8 h 
day : night) regime. The gall diameter was measured at 14 dpi 
(n ≥ 27 per line tested) per genetic background using the 
straight line and measurement tools in FIJI (Schindelin et al., 
2012). For statistical analysis, Student’s t-test was performed 
(P < 0.05).

Total RNA isolation and qPCR analysis

Control root segments from uninfected plants and galls from 
plants infected with M. javanica were hand dissected at 3 dpi 
according to our previous work (Barcala et al., 2010; Cabrera 
et al., 2016b). Total RNA extraction was performed using the 
AllPrep DNA/RNA/miRNA Universal reagent (QIAGEN,  Hilden, 
Germany) according to the manufacturer’s instructions. One mi-
crogram of RNA from each sample was used for cDNA synthesis 
with a High Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) with selected 
primers (Table S5). The cDNA was diluted up to 1 : 50 for DCL2, 
DCL3, DCL4, RDR2, RDR6, AGO1, AGO4, AGO6, NRPD2, NRPD7, 
NRPE5, NRPR7, IDN2 and KTF1 genes and TEs (class I and class 
II). Relative gene expression was determined using the ΔΔCt 
method and a LightCycler® 480 II machine (Roche, Indianapolis, 
IN, USA). Undetectable transcripts (because of their very low 
abundance) were set to a value of 40 PCR cycles in order to 
perform the statistics (McCall et al., 2014). To obtain the ex-
pression values of galls vs. control roots, we used the relative 
quantity (RQ) as 2−ΔΔCt, where ΔΔCt for each gene is the dif-
ference between the average ΔCt in galls minus the average 
value of expression in control roots at 3 dpi. Values from two to 
five independent biological replicates were used as indicated in 
each figure legend, with three technical replicates each; all were 
normalized to the Glyceraldehyde-3-Phosphate Dehydrogenase 
(GADPH) internal control (Díaz-Manzano et al., 2018). 
Differences from control values were significant at *P < 0.05, 
**P < 0.01, ***P < 0.001 (Student’s t-test comparing ΔCt val-
ues, P < 0.05). A list of the sequence-specific primers used in 
this study is provided in Table S5.

sRNA libraries and data analysis

Six independent sRNA libraries from three independent gall 
and control root samples (n = 300), generated in Cabrera 
et al. (2016b), were used in this study (GEO database acces-
sion number: GSE71563). For the present work, rasiRNAs from 
the six libraries that mapped to the Repbase database (https://
www.girinst.org; Bao et al., 2015) were selected (Fig. 1). We 
used the R Stats package (Benjamini and Yekutieli, 2001; R 
Development Core Team, 2008) to perform Student’s t-test 
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analysis (rowttest) with P < 0.05 (Table S1) and P < 0.01 
(Table S2), followed by a Benjamini–Hochberg correction, 
on Repbase rasiRNA sequences, identifying the unique ra-
siRNAs statistically significant among the three replicate 
libraries from galls and the three replicates from control 
roots. All statistically significant rasiRNAs were annotated 
using the TAIR10 Arabidopsis genome (chromosome, strand, 
start–end chromosome positions, length) and classified 
into three groups as described in the Results section (dGall- 
rasiRNAs, dRC-rasiRNAs and common-rasiRNAs). According 
to the nature of the repetitive elements, all statistically sig-
nificant rasiRNAs were further classified as class I (retrotrans-
posons), class II (DNA transposons), ambiguous (ambi; siRNAs 
able to match to more than one Arabidopsis TE), satellites and 
other repetitive sequences. Class I retrotransposons were sub-
classified into COPIA, GYPSY, LINE and SINE. In the same line, 
class II DNA transposons were divided into Tc-MARINER, hAT, 
MUTATOR, PIF-HARBINGER, CACTA, POGO and HELITRON. 
dGall-rasiRNAs, dRC-rasiRNAs and common-rasiRNAs were 
also classified according to the chromosome, length and re-
gions. We classified each Arabidopsis chromosome into five 
regions: centromere (CEN), pericentromeric region 1 (PC1), 
pericentromeric region 2 (PC2) and chromosome arm regions 
1 and 2 (R1 and R2). Pericentromeric regions are defined as re-
gions in which the gene coverage in 1 Mb is equal to or lower 
than 40%. Chromosome positions for each of the five regions 
for the five chromosomes are detailed in Table S3b.

In order to find Arabidopsis chromosome regions match-
ing (100% homology sequence) the unique statistically signifi-
cant rasiRNAs, we used the following TAIR10 blast sets: 3_utr 
(3UTR), 5_utr (5UTR), cdna_20101214 (cDNA), cds_20111214 
(cds), exon_20101028 (exon), intergenic_20101028 (intergenic), 
intron_20101028 (intron), pep_20101214 (pep), upstream_3000_
translation_start_20101028 (promotor3kb), downstream_3000_
translation_start_20101028 (downstream) and TEs (TE) (https://
www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdown-
load_files%2FSequences%2FTAIR10_blastsets). For genome an-
notation of the genes, we used TAIR10.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online 
version of this article at the publisher’s web-site:

Fig. S1  Expression data of RNA-directed DNA methylation 
(RdDM) genes at the NEMATIC database. Col-0 Arabidopsis 
transposon elements and genes participating in canonical and 
non-canonical RNA-dependent RNA POLYMERASE 6 (RDR6)-
RdDM are included. Red, induced genes (P < 0.05; Cabrera et al., 
2014); green, repressed genes (P < 0.05; Cabrera et al., 2014); 
grey, genes not differentially expressed relative to control unin-
fected roots.

Table S1  Statistically significant repetitive repeat-associated 
small interfering RNAs (rasiRNAs) after t-test (P < 0.05) and 
Benjamini–Hochberg correction. (a) Sequence data after statis-
tical analysis. Order of the columns: rasiRNA sequence (column 
A), rasiRNA length (column B), biological independent replicates 
of gall (columns C–E), biological independent replicates of root 
control (columns F–H), repeat classification by Repbase database 
(column I), repeat type (column J), the difference in mean values 
(dm; column K), P value (column L) and P value after Benjamini–
Hochberg correction (column M). (b) Location on the Arabidopsis 
genome of statistically significant rasiRNAs distinctive from galls 
(P < 0.05 and Benjamini–Hochberg correction). Order of the col-
umns: rasiRNA sequence (column A), Arabidopsis chromosome 
(column B), start (column C) and end (column D) positions for the 
alignment, positive or negative strand for the alignment (column 
E), rasiRNA length (column F), number of normalized sequences 
for the three biological independent replicates of gall (columns 
G–I), number of normalized sequences for the three biological 
independent replicates of root control (columns J–L), repeat 
classification by Repbase database (column M), repeat type (col-
umn N), dm value (column O), P value (column P), P value after 
Benjamini–Hochberg correction (column Q) and gene annotation 
from TAIR10 datasets [CDS, gene, intergenic region, intron, pro-
moter, transposable element (TE), untranslated region (UTR), 5′ 
UTR, cDNA, peptides and 3000 bp downstream]. (c) The same 
as (b) on distinctive rasiRNAs from root control. (d) The same 
as (b) on significant rasiRNAs commonly present in galls and 
root control libraries. (e) Classification of statistically significant 
dGall-rasiRNAs, dRC-rasiRNAs and common-rasiRNAs that fully 
complement other regions of the Arabidopsis genome. All data-
sets were downloaded from TAIR10: annotated TE, intergenic 
regions, promoter (3000 bp upstream), 5′ UTR, 3′ UTR, exon, 
intron, 3000 bp downstream, cDNA, CDS and peptides. No. 
DE sequence, number of unique statistically significant dGall- 
rasiRNAs, dRC-rasiRNAs and common-rasiRNAs (P < 0.05 and 
P < 0.01). Unique No. of Hits, number of matches from unique 
statistically significant dGall-rasiRNAs, dRC-rasiRNAs and com-
mon-rasiRNAs (P < 0.05 and P < 0.01). Total No. of Hits, total 
number of matches from unique statistically significant dGall- 
rasiRNAs, dRC-rasiRNAs and common-rasiRNAs (P < 0.05 and 
P < 0.01).
Table S2  Statistically significant repetitive repeat-associ-
ated small interfering RNAs (rasiRNAs) after t-test (P < 0.01) 
and Benjamini–Hochberg correction. (a) Sequence data after 
statistical analysis. Order of the columns: rasiRNA sequence 
(column A), rasiRNA length (column B), number of normalized 
sequences for the three biological independent replicates of gall 
(columns C–E), number of normalized sequences for the three 
biological independent replicates of root control (columns F–H), 
repeat classification by Repbase database (column I), repeat 
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type (column J), the difference in mean values (dm; column K), 
P value (column L) and P value after Benjamini–Hochberg cor-
rection (column M). (b) Location on the Arabidopsis genome of 
statistically significant rasiRNAs distinctive from galls (P < 0.01 
and Benjamini–Hochberg correction). Order of the columns: 
rasiRNA sequence (column A), Arabidopsis chromosome (col-
umn B), start (column C) and end (column D) positions for the 
alignment, positive or negative strand for the alignment (col-
umn E), rasiRNA length (column F), number of normalized se-
quences for the three biological independent replicates of gall 
(columns G–I), number of normalized sequences for the three 
biological independent replicates of root control (columns J–L), 
repeat classification by Repbase database (column M), repeat 
type (column N), dm value (column O), P value (P), P value after 
Benjamini–Hochberg correction (column Q) and gene annota-
tion from TAIR10 datasets [CDS, gene, intergenic region, intron, 
promoter, transposable element (TE), untranslated region (UTR), 
5′ UTR, cDNA, peptides and 3000 bp downstream]. (c) The same 
as (b) on statistically distinctive rasiRNAs from root control. (d) 
The same as (b) on statistically significant rasiRNAs present in 
galls and root control.
Table S3  Bioinformatic analysis of the statistically signifi- 
cant distinctive repeat-associated small interfering RNAs  
(rasiRNAs) in the libraries from galls infected with Meloidogyne 
javanica and from uninfected Arabidopsis roots. (a) Unique 

statistically significant rasiRNAs (P < 0.05 and Benjamini–
Hochberg) distinctive from gall (dGall-rasiRNA), root 
control (dRC-rasiRNA) and commonly present in both (common- 
rasiRNA) that fully matched to other regions of the Arabidopsis 
genome, classified by chromosomes (a) and strand (b). (b) The 
same groups of rasiRNAs described previously, but classified 
by chromosome regions. (c) The same groups of rasiRNAs 
described previously, but classified by length (18–26 nucleo-
tides in length). (d) The same groups of rasiRNAs described 
previously, but classified by length (18–26 nucleotides in 
length) and also by Chromosome (Chr1–Chr5), strand (posi-
tive and negative) and chromosome regions. Arabidopsis chro-
mosomes: Chr1, chromosome 1; Chr2, chromosome 2; Chr3, 
chromosome 3; Chr4, chromosome 4; Chr5, chromosome 5. 
Chromosome regions: left chromosome arm (R1), left pericen-
tromeric region (PC1), centromere (CEN), right pericentromeric 
region (PC2) and right chromosome arm (R2).
Table S4  Classification of transposable elements (TEs) tar-
geted by dGall-rasiRNAs. (a) TEs targeted by dGall-rasiRNAs 
(P < 0.01) were classified by TE name (column A), number of 
dGall-rasiRNAs that matched to each TE (column B), TE family 
(column C) and TE superfamily (column D). (b) Members of TE 
families targeted by dGall-rasiRNAs (P < 0.01). (c) Members of 
TE superfamilies targeted by dGall-rasiRNAs (P < 0.01).
Table S5  List of primers used in this report.


