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Summary

� Plant endoparasitic nematodes induce the formation of their feeding cells by injecting effec-

tors from the esophageal glands into root cells. Although vascular cylinder cells seem to be

involved in the formation of root-knot nematode (RKN) feeding structures, molecular evi-

dence is scarce. We address the role during gall development of LATERAL ORGAN

BOUNDARIES-DOMAIN 16 (LBD16), a key component of the auxin pathway leading to the

divisions in the xylem pole pericycle (XPP) for lateral root (LR) formation.
� Arabidopsis T-DNA tagged J0192 and J0121 XPP marker lines, LBD16 and DR5::GUS

promoter lines, and isolated J0192 protoplasts were assayed for nematode-dependent

gene expression. Infection tests in LBD16 knock-out lines were used for functional

analysis.
� J0192 and J0121 lines were activated in early developing galls and giant cells (GCs), resem-

bling the pattern of the G2/M-transition specific ProCycB1;1:CycB1;1(NT)-GUS line. LBD16

was regulated by auxins in galls as in LRs, and induced by RKN secretions. LBD16 loss of func-

tion mutants and a transgenic line with defective XPP cells showed a significantly reduced

infection rate.
� The results show that genes expressed in the dividing XPP, particularly LBD16, are impor-

tant for gall formation, as they are for LR development.

Introduction

Plant parasitic nematodes represent a major threat to agriculture
(Bird et al., 2009) and the need to develop nematode resistance is
intensifying with the banning of pesticides (Atkinson et al.,
2012). Nematodes induce the formation of sophisticated feeding
structures inside the root that operate as physiological sinks to
supply nutrients to the nematode (Perry & Moens, 2011).
Among the most damaging groups of endoparasites are the root-
knot nematodes (RKNs; Meloidogyne spp.) and the cyst nema-
todes (CNs; Heterodera spp. and Globodera spp.). Juveniles are
attracted by root chemical signals that modify nematode behavior
and gene expression, penetrate the root and establish in the vascu-
lar cylinder, transforming selected root cells into their feeding
sites (Perry & Moens, 2011; Teillet et al., 2013). In Arabidopsis,
females of Heterodera schachtii usually develop in syncytia from

procambial or pericycle cells, whereas males develop in syncytia
from pericycle cells (Golinowski et al., 1996; Sobczak et al.,
1997). From these initial cells, the syncytium incorporates neigh-
boring cells that fuse via dissolution of their cell walls along plas-
modesmata (Sobczak & Golinowski, 2009). Based on
histological observations, it is believed that giant cells (GCs)
induced by RKNs are most commonly formed from parenchy-
matic cells within the stele that surround the nematode head and
that the primary effector molecules stimulating GC formation
are esophageal gland secretions (Berg et al., 2009). Among these,
Mi16D10, which interacts with nuclear plant targets, such as
SCARECROW-like transcription factors, may function in the
extensive transcriptional reprogramming that accompanies GC
ontogenesis (Quentin et al., 2013). Selected cells undergo mitosis
with aborted cytokinesis, becoming enlarged, multinucleated,
endoreduplicated cells that feed the nematode (Caillaud et al.,
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2008; Gheysen & Mitchum, 2009; Almeida-Engler & Favery,
2011). Concurrently, root pericycle and cortical cells proliferate
around the nematode, increasing the girth of the root and form-
ing a gall (Berg et al., 2009).

There are parallelisms between lateral root (LR) development,
RKN gall formation and the establishment of Rhizobium symbio-
nts, based on similar expression patterns of genes encoding tran-
scription factors and cell cycle regulators (Mathesius, 2003).
This, together with the common activation patterns of tagged
lines in LRs and galls (Barthels et al., 1997) and the pericycle cell
divisions that accompany nematode establishment, suggests a
relationship between LR emergence and RKN feeding site forma-
tion. However, clear molecular evidence is still lacking. Arabid-
opsis LRs originate exclusively from pericycle founder cells
located opposite the xylem poles (xylem pole pericycle (XPP)
cells). Members of the LATERAL ORGAN BOUNDARIES-
DOMAIN (LBD) transcription factor family have been shown to
play a crucial role in LR development (Okushima et al., 2007;
Bell et al., 2012), being highly conserved across plant species.
The transcription of LBD16, LBD18 and LBD29 is activated by
AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 in the auxin
signaling cascade, leading to the emergence of a new LR (Okushi-
ma et al., 2007; Lee et al., 2009). The localized activity of LBD16
and its related LBDs is involved in the symmetry breaking of LR
founder cells for LR initiation (Goh et al., 2012). Interestingly,
LBD16, LBD17, LBD18 and LBD29 have been identified as
important regulators that function during callus induction,
thereby establishing a molecular link between auxin signaling and
plant regeneration programs (Fan et al., 2012).

Auxin is a key regulatory factor that causes changes in gene
expression upon nematode infection (Goverse & Bird, 2011).
Direct evidence for this role of auxin is the finding that promot-
ers containing ‘ARF binding sites’, such as the promoter of an
auxin responsive gene from the Gretchen Hagen 3 family of
soybean (GH3) and the synthetic auxin-inducible promoter,
DR5, are activated at early stages of gall and syncytium develop-
ment (Hutangura et al., 1999; Karczmarek et al., 2004). Addi-
tionally, Meloidogyne incognita infection did not progress in the
tomato (Solanum lycopersicum) auxin-insensitive mutant dia-
geotropica, dgt (Richardson & Price, 1982). However, consistent
and solid findings based on genetic analysis are only available for
CNs, in which a range of Arabidopsis mutants in auxin transport,
homeostasis and responses have been tested (e.g. mutations at the
AXR2 locus, PIN-FORMED 1 and PIN-FORMED 2/auxin
efflux carrier component 2: axr2, pin1-1 and pin2/eir1-1,
respectively Goverse et al., 2000). To date, a direct molecular
relationship between LR development, gall and GC development
and auxin signaling has not yet been described.

This work shows that the promoter of LBD16, which encodes
a transcription factor involved in LR initiation, is active from
very early stages of gall development, regulated by auxins in galls
and induced by nematode secretions. XPP marker lines (J0192
and J0121) were also activated in galls with a pattern resembling
that of the G2-M transition marker ProCycB1;1:CycB1;1(NT)-
GUS in XPP dividing cells. The activation pattern of the auxin
sensor DR5 paralleled that of LBD16 only during the early

infection stages. Furthermore, functional studies indicate that
LBD16 is a key molecular player in XPP cells during GC and gall
development.

Materials and Methods

Nematode populations

Meloidogyne javanica (MIK; Portillo et al., 2009) andM. arenaria
(obtained from Dr M. F. Andres, CSIC, Spain) were multiplied
in vitro on cucumber (Cucumis sativus cv Hoffmanns Giganta)
grown in 0.3% Gamborg medium (Gamborg et al., 1968) with
3% sucrose. Heterodera schachtii population (from Dr J. Hof-
mann, BOKU, Austria) in mustard seedlings (Sinapsis alba cv Al-
batros). Egg hatching was stimulated in sterile water for RKNs
and in sterile 3 mM ZnCl2 for CNs.

Plant material, growth conditions and nematode
inoculation

Arabidopsis thaliana (L.) Heynh Columbia-0 (Col-0) was the
background of all the transgenic lines. For expression analysis, we
used J0121, J0192 (Laplaze et al., 2005), DR5::GUS (Ulmasov
et al., 1997) and two different versions of pLBD16::GUS carrying
either a 1500-bp or a 2500-bp promoter sequence (Laplaze et al.,
2005; Okushima et al., 2007). Col-0, lbd16-1, 35S:LBD16-
SRDX (Okushima et al., 2007), pLBD16:LBD16-SRDX (Goh
et al., 2012), J0121 and J0121>>DTA (Laplaze et al., 2005) were
used for the infection tests. The T-DNA insertion mutant lbd16-
1 (SALK_095791) was genotyped by PCR to identify homozy-
gous plants (Supporting Information Fig. S1). The seeds were
surface-sterilized and sown in modified Gamborg B5 medium
(Escobar et al., 2003).

For expression analysis, three independent experiments were
performed with 20–30 plants per line each. The plates were inoc-
ulated 12 d after germination with freshly hatched M. javanica,
M. arenaria (Escobar et al., 2003) or H. schachtii (Golinowski
et al., 1996) juveniles and carefully examined every 12 h (Portillo
et al., 2013). Galls or syncytia were hand-dissected for micros-
copy inspection at selected developmental time-points.

For functional analysis, three independent infection tests were
performed with a minimum of 60 individual plants per line per
experiment (Fig. S2). The plates were inoculated with 7–10
M. javanica, M. arenaria or H. schachtii juveniles per main root.
A thin temperate (30–37°C) film of 0.3% agarose in Gamborg
medium was placed over the roots to facilitate nematode penetra-
tion. Plants were vertically grown to avoid early appearance of
LRs. The plates were systematically examined under the stereo-
microscope at 10 d post infection (dpi) to determine the number
of infections per plant.

To estimate GC size in Col-0, J0121, 35S::LBD16-SRDX and
J0121>>DTA, galls were hand-dissected at 15 dpi, fixed and
embedded (Barcala et al., 2010). The sections were stained with
1% toluidine blue in 1% borax solution (TAAB). The TrakEM2
(Cardona et al., 2012) plug-in for FIJI (Schindelin et al., 2012)
was used to measure GC areas. Two representative galls from each
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genotype were entirely sectioned into 2-lm sections. The 10 sec-
tions in which the GCs showed the greatest expansion in each gall
were selected to quantify the area occupied by the GCs (< 100
GCs sections scored) as well as to obtain the mean area and stan-
dard errors among the sections as in Portillo et al. (2013).

Statistical analysis of the infection parameters and GC areas
was performed using ANOVA and the Schefe�e test using the SPSS

package (IBM, Armonk, NY, USA) with P < 0.05.

Meloidogyne incognita secretions and protoplast isolation

Stylet secretions were collected from freshly hatched J2s of
M. incognita after induction in resorcinol as described by Rosso
et al. (1999). The secreted proteins were separated by ion
exchange chromatography on a High Q anion exchange resin
(Bio-Rad, Melville, NY, USA) in Bis-Tris (20 mM; pH 6). The
fraction eluted with 0.4 M NaCl, dialyzed with Bis-Tris 20 mM,
pH 6, and concentrated by ultrafiltration using YM50- and
YM3-kDa membranes, was tested in protoplasts prepared from
J0192 Arabidopsis leaves (Fig. S8d).

Mesophyll protoplasts were isolated from Arabidopsis J0192
and DR5::GFP using a modified method described by Sheen
(2002). Leaves from 4-wk-old plants grown in vitro were col-
lected, cut into 0.5–1-mm2 strips, transferred to 0.5M mannitol
and plasmolyzed for 1 h. They were transferred to a cell wall
digestion solution containing 0.8% Cellulase R-10 (Serva, Hei-
delberg, Germany) and 0.2% Macerozyme (Serva) in 0.4M
mannitol. Protoplasts were collected, washed and incubated in
Murashige and Skoog medium supplemented with 4.4 g l�1 vita-
mins (Sigma), 20 g l�1 sucrose, 0.6 g l�1 MES, 0.05 mg l�1 kine-
tin and 40 mg l�1 ampicillin with different concentrations of
2,4-dichlorophenoxyacetic acid (2,4-D) or in a medium lacking
auxin but containing nematode secretions (5–7 ll). As a negative
control, the same medium without auxins or secretions was used.
The fluorescence background was assessed with Col-0 plants.
Protoplasts were maintained in a growth chamber at 25°C in
darkness. Three to four independent experiments with 200–300
intact protoplasts per treatment in each experiment were scored
for the percentage of GFP-expressing protoplasts. This ranged
from 0% in all the control samples to 25–50% in the auxin- and
secretion-treated samples in each independent experiment. The
micrographs shown are representative of the intact protoplast
after each treatment.

Histological analysis of GUS and GFP expression

For GUS staining, hand-dissected galls were prefixed in 0.5%
glutaraldehyde for 5 min under moderate vacuum and incubated
for 5–8 h in a solution containing 5 mM EDTA (pH 8), 0.05%
Triton X-100, 0.05 mM K3Fe(CN)6, 0.05 mM K4Fe(CN)6 and
1 mg ml�1 X-GlcA in 50 mM sodium phosphate buffer. Galls
were photographed under a Leica Mz125 stereomicroscope
(Leica Microsystems, Wetzlar, Germany) or a Nikon eclipse 90i
microscope (Nikon Corp., Tokyo, Japan). For tissue localization
of GUS expression, galls were fixed, sectioned at 2 lm and pro-
cessed as in Barcala et al. (2010).

A Leica TCS SP2 confocal laser scanning microscope was used
for the detection of GFP expression. Most galls were also hand-
sectioned and immediately stained with 0.5 lg ml�1 propidium
iodide (PI) in phosphate-buffered saline (PBS) for 5 min, or
freshly embedded in 5% low melting agarose and subsequently
sectioned. Vibroslices were stained with PI under the same condi-
tions, and immediately observed under the confocal microscope.
The emission spectra were set to 515, 600–700 and 617 nm for
GFP, chloroplast autofluorescence and PI, respectively. A long-
pass 500-nm dichroic beam splitter was used.

In silico analysis of GC and gall transcriptomes

The genes that were up-regulated in 3-dpi GCs and gall tran-
scriptomes (Barcala et al., 2010) were manually compared with
the sets of enriched genes in each root cell type described by
Brady et al. (2007). To identify the transcripts enriched in GCs
and galls, the v2 test was used with a significance level of
P < 0.05. The abundance of each group in the Arabidopsis
genome was used as the background.

Results

GCs and galls show transcriptional similarities with
undifferentiated root cell types

It has been established that the CN H. schachtii induces syncy-
tium formation from root procambial or pericycle cells (Goli-
nowski et al., 1996; Sobczak et al., 1997). However, the root cell
types contributing to gall and/or GC formation are still a matter
of debate. To determine if specific root cell types shared molecu-
lar determinants with early-developing galls and GCs, we per-
formed pairwise comparisons between the up-regulated genes in
RKN feeding structures at 3 dpi (Barcala et al., 2010), and genes
characteristically expressed in each of the 16 root cell types avail-
able from Brady et al. (2007). Only the transcripts that were
enriched in the lateral root primordium (LRP) and quiescent cen-
ter cells were overrepresented in both galls and GCs after v2

analyses (P < 0.05; see the Materials and Methods section; Fig. 1;
Table S1). Transcripts characteristic of developing xylem were
overrepresented specifically in GCs, whereas transcripts from the
endodermis were enriched in galls but not in GCs (Fig. 1; Table
S1). These results suggest that the commonly induced genes in
both galls and GCs show transcriptional profile similarities to
those observed in undifferentiated root cell types, such as those
from the LRP and the quiescent center.

Two marker lines for LRP initial cells are activated in GCs
and galls

Two Arabidopsis GAL4-GFP enhancer trap lines, J0192 and
J0121 (Laplaze et al., 2005), were inoculated with M. javanica.
Line J0192 is an early and very specific marker line for XPP cells
that divide to form a new LRP before its emergence, whereas
J0121 is specific for two to three root pericycle cell files adjacent
to the xylem poles along the entire root starting at the elongation
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zone (Laplaze et al., 2005). In the J0192>>GFP line, GFP expres-
sion is driven by the promoter region of LBD16 (At2g42430;
Laplaze et al., 2005). We monitored the time-courses of
J0192>>GFP and J0121>>GFP expression in young galls
(Fig. 2). We also performed in vivo monitoring by following the
same galls along the consecutive infection stages (Fig. S3). Both
lines were activated as early as 1 dpi (Fig. S3). The J0192>>GFP
line showed GFP expression in the center of the gall at 2 dpi
(Fig. 2a) and by 4 and also 6 dpi, the entire vascular cylinder
inside the gall was expressing GFP (Fig. 2c,e; all channels for the
confocal images in Fig. 2 are shown in Fig. S4). Semithin sections
of 7-dpi galls from the GAL4-GUS enhancer trap line
J0192>>GUS also showed a strong staining inside the vascular
cylinder, according to GFP expression, extended from the pericy-
cle layer inwards, including the GCs (Fig. 2g).

A closer inspection of hand-dissected infected roots during the
migration-establishment phase (12–24 h post inoculation (hpi))
revealed a pair of contiguous pericycle cells expressing GFP near
the nematode head (Fig. 3a, a1, a2), which closely resembled the
induction observed during LRP emergence in the pericycle
(Fig. 3e). J0192 was frequently activated in XPP cells on both

Fig. 1 Schematic representation of root cell types with transcriptomic
similarity to developing galls and giant cells (GCs) induced by
Meloidogyne javanica. Specific Arabidopsis root cell transcriptomes (Brady
et al., 2007) were compared with the up-regulated genes in 3-d post
infection (dpi) GCs and gall transcriptomes (Barcala et al., 2010).
Overrepresented gene overlaps were identified by v2 analysis (P < 0.05). A
color code is indicated for the overrepresented root cell transcriptomes in
galls and GCs. The table outlines the root marker cell lines used, showing
v2 and P-values; P < 0.05 indicates overrepresentation or enrichment. pSE,
protophloem sieve elements; mSE, metaphloem sieve element; CC,
companion cells.

Fig. 2 Two independent pericycle markers are active in Arabidopsis galls
and giant cells (GCs) formed byMeloidogyne javanica at very early
developmental stages. Confocal images of galls stained with propidium
iodide (red fluorescence) showing GFP (green) at 2, 4 and 6 d post
infection (dpi) from lines J0192>>GFP and J0121>>GFP (a, c, e and b, d, f,
respectively) are presented. (g, h) Semithin sections of J0192>>GUS (g)
and J0121>>GUS at 6 dpi (h). Asterisks, GCs; N, nematode. Bars, 100 lm.
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sides of the vascular cylinder inside the gall (Fig. 3b, b1), contrary
to the induction in only one side of the XPP during LR forma-
tion (Fig. 3e,f). As the galls developed and more cells formed, the
GFP signal increased toward the vascular cylinder (Fig. 3c, c1),
whereas in the LRP divisions occurred toward the cortex
(Fig. 3e–h). The labeled vascular cylinder cells exhibited abnor-
mal irregular division planes (see close-up image in Fig. 3c1) and
the number of labeled cell layers increased during gall develop-
ment until they had filled the entire vascular cylinder as early as
48–60 hpi (Fig. 3d, d1). The restricted induction of J0192, a
well-defined marker line for LRP initials, inside the galls at early
infection stages seems to correlate with the results from the in
silico analysis.

Similar results were obtained for the J0121>>GFP line. At
1 dpi, GFP expression in pericycle cells inside the gall was similar
to that of the adjacent root segments (Fig. S3a, a1). At 2 dpi,
when the gall began to swell, additional GFP spread toward the

vascular cylinder, whereas the adjacent root portions maintained
the expression in two to three files of XPP cells (Fig. 2b). GFP
expression increased toward the center of the gall during the
infection (4 and 6 dpi; Fig. 2d,f). Accordingly, staining of
J0121>>GUS galls at 6 dpi showed a strong signal in all the cells
inside the gall, including the GCs (Fig. 2h), similar to
J0192>>GUS.

The ProCycB1;1:CycB1;1(NT)-GUS reporter line (Col�on-
Carmona et al., 1999) allows the detection of cells undergoing
the G2/M transition, which are actively engaged in cell division.
CycB1;1(NT)-GUS expression was observed at both sides of the
XPP during nematode migration and establishment (12–24 hpi;
Fig. 3i). At 24–36 hpi, cells in the XPP were also clearly stained
at both sides of the vascular cylinder (Fig. 3j) until a strong GUS
stain was eventually detected in all the vascular cylinder cells
inside the gall (72 hpi; Fig. 3k). Therefore, the temporal pattern
of divisions in the gall resembled the expression pattern observed

Fig. 3 Xylem pericycle pole (XPP) cells in
Arabidopsis galls induced byMeloidogyne

javanica express molecular markers of lateral
root (LR) initials and the G2/M cell cycle
phase. (a, a1, a2, b, b1, c, c1, c2, d, d1)
Confocal images of galls stained with
propidium iodide (red fluorescence) showing
GFP (green) from line J0192>>GFP, which
marks the identity of LR initials. (a, a1) Galls
at 12–24 h post infection (hpi). (a2) Detailed
view of the XPP, xylem (X) and nematode
(N) head with a close-up image of the
overlap with the transmission image of (a1)
as indicated. (b, b1, c, c1, c2, d, d1) Galls at
24–48 hpi (b, b1), 60–72 hpi (c, c1, c2) and
84–96 hpi (d, d1). (e–h) Confocal images of
lateral root primordia (LRPs) at different
stages from uninfected roots of line
J0192>>GFP. (i–k) Transmission images of
galls infected at 12, 24–36 and 72 hpi from
line ProCycB1;1:CycB1;1(NT)-GUS, which
marks cells in G2/M. White arrows indicate
the activated cells at the XPPs and the
direction of dividing cells relative to the root
vascular cylinder. Bars: 100 lm, except for
enlarged photos (a1, a2, b1, b1, c2 and d1),
25 lm.
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in the J0192>>GFP and J0192>>GUS lines, which began at
both sides of the XPP in the gall and eventually filled up the
entire vascular cylinder inside the gall.

LBD16, a key regulator in the auxin signaling pathway
leading to LR formation, is expressed in galls during early/
middle gall development

In the J0192>>GFP line, GFP expression is driven by the pro-
moter region of LBD16 (At2g42430; Laplaze et al., 2005),
encoding a transcription factor expressed specifically during the
first stages of LRP formation and induced by auxins (Okushi-
ma et al., 2007; Lee et al., 2009). A transgenic line containing
2500 bp of the LBD16 promoter region fused to GUS
(pLBD16::GUS; Okushima et al., 2007) was infected with
M. javanica, and its expression pattern was compared with that
of the ‘auxin sensor’ synthetic promoter DR5 (Ulmasov et al.,
1997; Fig. 4). It showed strong expression at 3 dpi in the cen-
ter of the gall (Fig. 4a), similar to DR5::GUS (Fig. 4e). The
expression was strong at 7 dpi in both marker lines (Fig. 4b,f).

However, at 11–13 dpi the intensity of the GUS stain in the
pLBD16::GUS galls decreased, and some of the galls no longer
expressed GUS (Fig. 4c,k); yet, DR5-driven GUS expression
remained strong (Fig. 4g,k). In completely expanded 21-dpi
galls of the pLBD16::GUS line, we seldom observed any GUS
expression (Fig. 4d), but most 21-dpi galls in DR5::GUS
remained GUS-positive (Fig. 4h). A comparative graph of the
GUS-positive galls in both lines (Fig. 4k) shows that at 2 dpi
all galls tested from both lines showed GUS staining, but the
percentage of LBD16::GUS-positive galls dropped to 9% at
15 dpi, whereas DR5 expression was maintained until 29 dpi
(80%). A clear signal was observed in all cell types inside the
vascular cylinder from the pericycle inward in stained
pLBD16::GUS gall sections, including the GCs at 4 dpi
(Fig. 4i), similar to the J0192>>GUS line (Figs 2, 4) and the
DR5::GUS line at 4 dpi (Fig. 4j). Uninfected control plants of
the pLBD16::GUS line only expressed GUS in the LRP
(Fig. 4l,m), and DR5::GUS line and those of the DR5::GUS
line only expressed GUS in the LRP and the root tip (Fig. 4n,
o). Thus, pLBD16::GUS and DR5::GUS were expressed in

(a) (b) (c)

(f) (g) (h)

(i) (j) (k)

(l) (m) (n) (o)

(d)

(e)

Fig. 4 LATERAL ORGAN BOUNDARIES-DOMAIN 16 (LBD16)::GUS and the synthetic auxin-inducible promoter, DR5::GUS activation patterns show
strong similarities only at early infection stages ofMeloidogyne javanica in Arabidopsis. Galls from LBD16::GUS showed a strong stain in the center of the
gall at 3 and 7 d post infection (dpi) (a, b) that decreased at 13 and disappeared at 21 dpi (c, d). At the early stages of infection (3 and 7 dpi), the activation
patterns of DR5::GUS were similar (e, f). At medium-to-late stages of infection (13 and 21 dpi), a clear signal was still present in DR5::GUS (g, h). Semithin
sections of galls from LBD16::GUS at 4 dpi (i) and from DR5::GUS at 4 dpi (j) showed GUS staining in giant cells (GCs) and in the small dividing cells inside
the vascular cylinder. A comparative graph of the positive galls in both lines (k) shows that the percentage of LBD16::GUS-positive galls dropped to 8% at
15 dpi and eventually to 0% at 21 dpi, whereas the GUS staining for DR5 expression was maintained in over 80% of the galls until 29 dpi (dark blue bars,
% positive galls for DR5; light blue bars, % positive galls for LBD16). Noninfected control roots for LBD16::GUS and DR5::GUS lines showed a clear GUS
signal in lateral root primordials (LRPs) (m, o), and only a positive signal in the root tip of DR5::GUS, but not of LBD16::GUS (n, l). Asterisks, GCs. Bars: (a–
h) 200 lm; (i, j) 50 lm; (l, m–o) 500 lm.
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M. javanica galls at early infection stages in the same gall tis-
sues and cells; however, at middle/late infection stages, they
showed opposite patterns. Additionally, the pLBD16 activation
pattern observed after nematode infection validated the results
obtained with the enhancer trap line J0192 (Figs 2, 3).

A shorter, 1500-bp version of the LBD16 promoter mimicked
the expression pattern obtained for the 2500-bp promoter in galls
(Fig. S5; Laplaze et al., 2005). However, the intensity of the GUS
stain was weaker than that observed with the 2500-bp promoter
under the same experimental conditions. We found that only one
putative ARF binding element was present in the 1500-bp pro-
moter version (Fig. S5e; top), whereas up to three ARF elements
were present in the 2500-bp promoter (Fig. S5e; bottom), which
could explain the higher intensity of the signal.

Our results obtained with the DR5::GUS line and
M. javanica are somewhat contradictory to those of Karczmarek
et al. (2004) with M. incognita, who showed that DR5 was active
at very early stages (18–24 hpi) around the nematode head but
decreased at 3–5 dpi and eventually disappeared from 10 dpi
onwards. However, Absmanner et al. (2013) showed DR5 signal
until late infection stages. In our case, GUS signal was also
maintained until late infection stages (> 29 dpi; Figs 4, S6). To
rule out the possibility that GUS protein stability could influ-
ence our results, transgenic lines carrying DR5::GFP were inocu-
lated because GFP has a shorter half-life than GUS (de Ruijter
et al., 2003). Strong GFP fluorescence was detected at 11, 15,
21 and 28 dpi in the center of the galls, which matches the
GUS staining pattern obtained with the DR5::GUS line inside
the vascular cylinder including the GCs (Fig. S7). These results
confirm that the galls formed by M. javanica in Arabidopsis
contained auxins as late as 29 dpi, when the gall is completely
developed.

LBD16 is regulated by auxins during gall development

LBD16 is a key regulator in the auxin signaling pathway leading
to the formation of new LRs (Okushima et al., 2007). To further
investigate its role in galls, 3-dpi galls from pLBD16::GUS plants
were incubated for 4 d on medium containing 300 lM a-(phenyl
ethyl-2-one)-indole-3-acetic acid (PEO-IAA), an auxin

Fig. 5 LATERAL ORGAN BOUNDARIES-DOMAIN 16 (LBD16) is
regulated by auxins and responds to nematode secretions. Two day post
infection (dpi) LBD16::GUS (2500-bp version) Arabidopsis galls infected
withMeloidogyne javanica were transferred to plates containing either
300 lM a-(phenyl ethyl-2-one)-indole-3-acetic acid (PEO-IAA) (Hayashi
et al., 2008) in dimethyl sulfoxide (DMSO) or only DMSO, which was
used as a control. GUS activity was examined 4 d later. (a, b) A clear signal
was detected in both the lateral root primordial (LRP) (a) and the galls (b)
in the DMSO treatment. (a1, b1) PEO-IAA treatment led to the
disappearance of GUS signal in the LRP (a1) and in the center of the gall
(b1). (c, c1, d, d1, e, e1) Representative protoplasts of the J0192>>GFP
line incubated with buffer alone (c, c1), nematode (Meloidogyne

incognita) secretions (d, d1) or the synthetic auxin 2,4-D (e, e1). Right
panels are confocal images showing GFP (green) and chloroplast
autofluorescence (red). The left panels show the corresponding
transmission images. Bars: (a, a1, b, b1) 200 lm; (c, c1, d, d1, e, e1)
20 lm. For the protoplast analysis, three to four independent experiments
were performed per treatment and a total of 200–300 protoplasts counted
in each of the replicates per treatment. The proportion of active
protoplasts was variable (25–50%) with either auxins or nematode
secretions, but no GFP was ever detected in buffer-treated controls. For an
overview image of protoplast with the different treatments, see
Supporting Information Fig. S8.
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antagonist that inhibits the auxin signaling pathway by binding
to the SCFTIR1/AFBs ubiquitin–ligase complex (Hayashi et al.,
2008). The expression of the LBD16 promoter in the young LRP
(Fig. 5a, a1) and in 6-dpi galls (Fig. 5b, b1) was inhibited com-
pared with the control, indicating that its expression in galls is at
least partially regulated by auxins.

LBD16 is activated by nematode secretions in protoplasts

Freshly isolated leaf protoplasts from the line J0192>>GFP were
incubated with buffer, auxin or fractionated secretions extracted
from Meloidogyne incognita juveniles. Representative protoplasts
for each treatment are shown in Fig. 5 (see Fig. S8 for an over-
view and the Materials and Methods section). GFP signal was
clearly detected in protoplasts incubated with secretions in an
auxin-free medium (Fig. 5d, d1), whereas no signal was ever
detected in the control with only buffer (Fig. 5c, c1). Protoplasts
incubated in a medium containing a synthetic auxin (2,4-dichlo-
rophenoxyacetic acid; Fig. 5e, e1) also showed clear signal. The
auxin inducibility of LBD16 is in accordance with previous
reports (Okushima et al., 2007; Lee et al., 2009) and with our
results in planta (Fig. 4). These data provide a possible explana-
tion for LBD16 induction in the pericycle cells when the nema-
tode is inside the root vascular cylinder, and are compatible with
the presence of an auxin maximum in the gall.

The role of LBD16 in the LR initial cells at the XPP is crucial
for proper gall formation and GC development

Meloidogyne javanica infection tests with different LBD16 loss-of-
function lines were carried out (Figs 6, S5). lbd16-1, a homozy-
gous insertion mutant line that was characterized for LR
formation (SALK_095791; Okushima et al., 2007), exhibited a

significant reduction in the number of infections per root
compared with Col-0 (Fig. 6a; 36%; P < 0.05). Three indepen-
dent 35S::LBD16-SRDX lines (Fig. 6b) containing the LBD16
coding sequence fused to the transcriptional repressor domain
SRDX driven by the 35S promoter also showed a strong reduc-
tion (42–52%). The same protein fusion driven by the native
LBD16 promoter, which is active in the LR initial cells at the
XPP, showed a reduction in the infection rate that was slightly
lower than that in lines with the 35S promoter, but significant
(22%; Fig. 6c; P < 0.05). Those successfully established nema-
todes in 35S::LBD16-SRDX lines formed smaller galls with con-
sistently less expanded GCs than in controls at 14 dpi (three- or
four-fold reduction in the mean total area occupied by the GCs;
Fig. 7; P < 0.05; see the Materials and Methods section). There-
fore, the function of LBD16 is crucial for proper gall formation
and GC development.

pLBD16::GUS and DR5::GUS plants infected with
M. arenaria mimicked the activation pattern shown during infec-
tion with M. javanica (Fig. S6). The LBD16-SRDX lines most
severely affected by infection with M. javanica (Fig. 6) also
showed a significant decrease in the infection rate with
M. arenaria (almost 54% compared with the wild type; Fig. 6d;
P < 0.05). Therefore, LBD16 function is conserved in galls
formed by both RKN species, in accordance with their similar
expression patterns.

LBD16 is not active in the feeding sites of CNs and does
not show a clear functional role during syncytium
development

Syncytia induced by CNs are known to develop from pericycle
cells (Golinowski et al., 1996; Sobczak et al., 1997) and auxins
have also been shown to play a role during CN infection

(a) (b)

(c) (d)

Fig. 6 LATERAL ORGAN BOUNDARIES-

DOMAIN 16 (LBD16) function is crucial for
Arabidopsis gall development. (a)
Meloidogyne javanica gall formation in the
loss-of-function lbd16-1mutant l showed a
significant reduction in the nematode
infection rate compared with Columbia (Col-
0). (b, c) Similar results were obtained with
three independent lines of 35S::LBD16-SRDX
(b) and pLBD16::LBD16-SRDX (c). (d) A
significant reduction in the infection rate was
also observed in two independent 35S::
LBD16-SRDX lines tested withMeloidogyne
arenaria. Statistical analysis was performed
with three independent experiments per line
and at least 60 plants per experiment using
ANOVA and the Schefe�e test; significant
differences with Col-0: *, P < 0.05; values are
means� SE.
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(Goverse & Bird, 2011). Therefore, we analyzed the activation
pattern of LBD16 and its putative function during infection with
H. schachtii and syncytium establishment. The 2500-bp LBD16::
GUS line did not stain positively for GUS inside the feeding cells
at any of the stages of syncytium development (Fig. 8a), nor dur-
ing syncytium expansion (6 dpi; Fig. 8b), or in a well-established
syncytium (11 dpi; Fig. 8c). However, this line showed clear
GUS staining in the LRP in the same roots, as in the noninfected
control roots (see blue signal in Fig. 4m) (Fig. 8a,b arrows). In
agreement with this result, three independent 35S::LBD16-SRDX
lines showed no differences in the infection rate compared with
the wild type (Fig. 8d). Thus, the lines with the most severe phe-
notype during RKN infection (Fig. 6) did not show any signifi-
cant effect on CNs, suggesting that molecular components other
than LBD16, either those from the pericyle or those involved in
LR formation, may be important for syncytium formation.

Genetic ablation experiments reinforce the importance of
molecular components in the XPP for gall and GC
development

To further investigate the importance of molecular compo-
nents in the XPP during gall formation, the J0121>>GFP line
was used in genetic ablation experiments using the diphtheria
toxin chain A (DTA) gene. F1 plants from crosses between
two homozygous lines, J0121>>GFP and UAS-DTA
(J0121>>DTA), were assayed for infection with M. javanica.
These F1 plants are unable to form LRs, confirming that the
XPP cells are necessary for LRP development (Laplaze et al.,
2005). The results showed a drastic decrease (> 80%) in gall
formation in the J0121>>DTA plants (Fig. 9b), and 70% of
the plants failed to host any infection (Fig. 9c) as compared
with the J0121>>GFP control line. Moreover, a major reduc-
tion in galls and GC size (> 50%) was observed in the few

galls formed in the J0121>>DTA line compared with the con-
trol (Figs 7d, 9d–f; see the Materials and Methods section).
These results confirmed the importance of molecular compo-
nents in the XPP, where LBD16 is activated, during nematode
establishment in gall and GC development.

(a)

(b)

(c)

(d)

Fig. 7 LATERAL ORGAN BOUNDARIES-

DOMAIN 16 (LBD16) function is crucial for
the development of giant cells (GCs) induced
byMeloidogyne javanica in Arabidopsis. (a,
b) Toluidine staining of semithin (2-lm)
sections of galls from Columbia (Col-0) (a)
and the 35S::LBD16-SRDX line (b) shown at
the same magnification. Asterisks, giant cells
(GCs); N, nematode. Bars, 50 lm. (c) Graph
of the average GC area from representative
galls in both lines; N = 20 sections of 2 lm
from each of the lines tested. (d) Gall width.
Bars represent the average width of galls per
line, as indicated, from three independent
experiments (N = 15). Significant differences:
*, P < 0.05; values are means� SE.

(a) (b)

(c) (d)

Fig. 8 LATERAL ORGAN BOUNDARIES-DOMAIN 16 (LBD16) expression
and functional analysis do not support a role for LBD16 in syncytium
development in Arabidopsis. (a–c) The LBD16::GUS line showed no signal
in syncytia formed by Heterodera schachtii at 3, 6 or 11 d post infection
(dpi; arrows). Only the lateral root primordial (LRP) in (a) and (b) showed
GUS staining (arrows). LR, lateral root; N, nematode; Sy, syncytia. (d)
Infection tests of three independent 35S:LBD16-SRDX lines showed no
significant effect on the infection rate (number of syncytia per main root
and length) relative to Columbia (Col-0). This result was based on scores
of syncytia formed over the length of the main root, and values are
means� SE. Statistical analysis was performed with three independent
experiments per line; at least 50 plants per experiment were tested.
ANOVA and the Schefe�e test were performed (P < 0.05). Bars, 200 lm.
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Discussion

Plant endoparasitic nematodes transform host root cells into their
feeding sites (Gheysen & Mitchum, 2009). Heterodera schachtii
nematodes select a single procambial or pericycle cell for initiation
of their syncytia in Arabidopsis roots (Golinowski et al., 1996;
Sobczak et al., 1997). No such certainty exists for the ontogeny of
RKN galls and GCs, although root pericycle and cortical cells pro-
liferate around the nematode, contributing to the formation of the
galls (Berg et al., 2009). Division of pericycle cells is necessary for
LR formation, where LBD16 participates in the auxin signaling
cascade leading to the division of specific XPP cells to form the
new organ (Goh et al., 2012). We address the expression pattern
and the functional role of LBD16 in galls. Our results confirm the

importance of specific gene expression in the XPP for nematode
feeding site formation, and identify one likely molecular compo-
nent: the transcription factor, LBD16, involved in both LR for-
mation and gall development following auxin responses.

Galls and GCs show transcriptional similarities to
undifferentiated root cell types

We found that the transcriptomes of 3-dpi galls and GCs were
enriched in genes characteristic of two root cell types: LR initials
and quiescent center cells (Fig. 1). These genes have varied func-
tions, such as cell cycle regulation and cytoskeleton or cell wall
remodeling (Table S1). Some encode transcription factors, such
as HSFB4, which are characteristic of the quiescent center

(a)

(b)

(c)

(f)

(d)

(e)

Fig. 9 Genetic ablation of xylem pericycle
pole (XPP) cells interferes with gall and giant
cell (GC) development induced by
Meloidogyne javanica in Arabidopsis. F1
plants from crosses between two
homozygous lines, J0121>>GFP and a UAS-
DTA line (J0121>>DTA), which express the
diphtheria toxin chain A in the domain of the
tagged LATERAL ORGAN BOUNDARIES-
DOMAIN 16 (LBD16) gene, were used.
(a) Seedlings of the J0121>>GFP control line
and the J0121>>DTA line were inoculated
5 d after germination when they had
identical root phenotypes. (b) Percentage of
galls per main root in control J0121>>GFP
and J0121>>DTA lines. A significant
reduction in infection (> 80%) was observed.
Statistical analysis was performed with three
independent experiments per line (with a
total of at least 217 plants per line) using
ANOVA and the Schefe�e test; significant
differences: *, P < 0.05; values are
means� SE. (c) The percentage of plants
with more than one gall was also
considerably lower in J0121>>DTA
compared with J0121>>GFP. (d, e) Semithin
sections (4 lm) from 14 d post infection (dpi)
galls stained with toluidine blue in control
J0121>>GFP (d) and ablated J0121>>DTA
(e) lines; asterisks, GCs; N, nematode. Bars,
50 lm. (f) In a comparison of the two lines,
the average GC area showed a significant
reduction of > 50% in the J0121>>DTA line
compared with the control J0121>>GFP
(P < 0.05); N = 20 sections of 2 lm from each
of the lines tested; significant differences:
*, P < 0.05; values are means� SE.
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transcriptome (Table S1). Other genes related to cell wall relaxa-
tion, such as the expansin AtEXPA6 induced in galls and GCs in
transcriptomic analyses and by q-PCR (Barcala et al., 2010), are
also characteristic of the LRP (Table S1).

The resistance to M. incognita of the auxin-insensitive tomato
mutant dgt (Richardson & Price, 1982), which lacks LRs, as well
as the similarities in the gene expression of plant transcription fac-
tors (e.g. Medicago truncatula homologues to PHANTASTICA
and Class I knotted, Mt-phan and Mt-knox-1, respectively) and
cell cycle regulators during the development of galls, LRs and nod-
ules, point to a correlation between these processes (Goverse et al.,
2000; Mathesius, 2003; Moreno-Risueno et al., 2010). Addition-
ally, 39 out of 103 promoter tag lines displaying a distinct
response to nematode infection also exhibited activity at LR initia-
tion sites (Barthels et al., 1997). Furthermore, the characteristic
genes expressed in LR initials were overrepresented in GCs and
galls in a comparative in silico transcriptomic analysis based on sta-
tistics (Fig. 1). Taken together, these data reinforce the similarity
between the two processes. Molecular confirmation of this parallel
is inferred from the analysis described in the next sections.

The specific activation of two XPP marker lines during RKN
infection connects LR initial cell identity with gall and GC
formation

Two XPP marker lines, J0121 and J0192, showed strong and dis-
tinct GFP expression in the galls formed by M. javanica. In
J0192, a marker induced specifically in those XPP cells compe-
tent to become LR founder cells, the pericycle on both sides of
the vascular cylinder often started to express GFP when the nema-
tode reached the vascular cylinder during migration and establish-
ment (Figs 2, 3, S3, S4). Yet in LRs, the J0192>>GFP signal was
distributed in XPP cell rows only on one side of the vascular cyl-
inder and in an alternate manner (Fig. 3; Moreno-Risueno et al.,
2010). In both marker lines, the signal progressed inwards in galls
and outwards in LRs, and its position(s) with respect to the vascu-
lar cylinder (frequently on two sides in galls and only on one side
in LRs) differed between the two processes (Laplaze et al., 2005;
Figs 2, 3). Abnormal irregular division planes were frequently
observed inside the labeled cells of the gall vascular cylinder
(close-up in Fig. 3). By contrast, in LRs anticlinal divisions
occurred initially, followed by periclinal divisions that formed the
LRP (Fig. 3; Lavenus et al., 2013). Eventually, the entire vascular
cylinder inside the gall was labeled, including the GCs (Fig. 2).

The infection tests performed with the LBD16 mutant lines
(the gene that drives GFP expression in J0192) confirm a role for
LBD16 in the dividing XPP during gall development (Figs 6, 7).
A significant reduction (P < 0.05) of at least 20% in gall forma-
tion relative to the wild-type controls was observed in the three
independent approaches used to investigate its role. In addition,
the GUS expression pattern of the marker line ProCycB1;1:CycB1;1
(NT)-GUS, active only during the G2/M transition, mimicked
that of J0192 in XPP cells during early nematode establishment
and in most cells inside the vascular cylinder of the gall as the
infection progressed (Figs 2, 3). These results suggest that the
founder cells contained in the XPP that divide to form a new LR

(P�eret et al., 2009) also divide during early gall formation, and
are consistent with our in silico analysis, which indicated enrich-
ment in LR initial cell genes in gall and GC transcriptomes
(Fig. 1). Thus, we confirmed that there is a high molecular simi-
larity between gall formation and LR formation, except for the
subtle differences already mentioned.

The importance of XPP-specific genes during infection was
also shown in the genetic ablation experiments using the DTA
gene (which inhibits protein synthesis) driven by the enhancer
trap line J0121. The J0121>>DTA line showed a clear reduction
in infection rates, and most of the plants were unable to host any
galls (70%). Additionally, the development of galls and GCs was
clearly impaired (Figs 7, 9). However, other transduction path-
ways or redundant molecular components may also be involved
in gall and GC development because some galls were still formed
when XPP cells were severely compromised.

A novel view of cell reprogramming has been reported by
Sugimoto et al. (2010), showing that calli form from the differen-
tiation of pericycle-like cells with meristematic features (large
nuclei, small vacuoles and dense cytoplasm) present in the organ.
This occurs through the ectopic activation of an LR developmen-
tal program that produced root meristem-like tissue. Whether
gall development is also related to this process of callus formation
through the activation of an LR initiation-like program remains
to be elucidated. Interestingly, LBD transcription factors are key
regulators in the callus induction process (Fan et al., 2012) as
their ectopic expression triggers spontaneous callus formation but
their suppression inhibits this process (Fan et al., 2012). More-
over, the formation of a highly organized LR or unorganized
callus depends on LBD abundance (Fan et al., 2012).

Our findings on the importance of LBD16 in early gall devel-
opment are consistent with its role in LR and callus development.
LBD16 is specifically expressed in the LRP only during the early
stages of development and is regulated by auxins (Laplaze et al.,
2005). In plants infected with M. javanica and M. arenaria,
LBD16 expression was detected very early after infection, 1 dpi
up to 11–15 dpi (Figs 2–4, S1, S2, S6) and was regulated by aux-
ins in galls, as shown by its inhibition by PEO-IAA, similar to
LRP (Fig. 5; Okushima et al., 2007; Lee et al., 2009). Although
its expression at early stages appeared to correlate with the pres-
ence of auxins in the same cell types, as shown by DR5::GUS, at
later stages the mere presence of auxins in the gall was not
sufficient to activate LBD16 expression (Figs 4, S6). Additionally,
the presence of auxin-response elements ‘ARF binding sites’
in the LBD16 promoter sequence correlated with the intensity of
the GUS signal (Fig. S5). However, both promoter versions were
active only during the early stages of infection. These results may
indicate the necessity for a threshold level of auxins in the gall to
allow LBD16 expression, which would mimic the scenario that
occurs during the first divisions of LR development. However,
the absence of GUS signal in the LBD16::GUS syncytia (where
DR5 was highly activated; Karczmarek et al., 2004) suggests that
other signals apart from auxins could be contributing to early
activation and/or late repression of LBD16 in galls and GCs, and
that different molecular components in pericycle cells may partic-
ipate in the formation of syncytia as compared with galls.
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The involvement of auxins in nematode feeding site develop-
ment is broadly accepted (Goverse & Bird, 2011). Here, we show
that the auxin sensor DR5 (fused to either GUS or GFP) is active
until the late stages (45 dpi) ofM. javanica andM. arenaria infec-
tion (Figs 4, S6). This suggests a putative role for auxins not only
during the initial infection stages (nematode establishment) but
also in feeding site maintenance. Some genes induced in nema-
tode feeding sites until late infection stages have auxin response
cis elements in their promoters (Wang et al., 2007; Karczmarek
et al., 2008; Wieczorek et al., 2008; Swiecicka et al., 2009). Most
of the relevant studies related to the role of auxin in nematode
feeding site formation were performed using CNs and were
focused on alterations in auxin transport (Goverse & Bird,
2011). However, auxin transduction pathways that trigger the
activation of nematode-induced genes have not been well studied.
One of the few exceptions is a member of the transcription factor
family WRKY (WRKY23). The response of WRKY23 to auxins is
controlled by the Aux/IAA protein SOLITARY-ROOT (SLR/
IAA14) (Grunewald et al., 2008). It is induced by both RKN and
CN, and loss-of-function mutants were more resistant to infec-
tion by CNs (Grunewald et al., 2009). However, other plant- or
nematode-derived signals could participate in its activation
(Grunewald et al., 2009). This would partially agree with the
activation of LBD16 by nematode secretions (see next section).
However, contrary to what was observed for WRKY23, LBD16 is
not activated by CNs, and CN infection was not affected in
LBD16 loss-of-function lines (Fig. 8). This result agrees with
transcriptional data from microaspirated H. schachtii syncytia,
showing that LBD16 was down-regulated (Szakasits et al., 2009).
As mentioned in the introduction, the pericycle is a key cell type
for the formation of the syncytium, reinforcing the idea that
molecular processes occurring in the pericycle during cyst nema-
tode infection are not mediated by the same molecular compo-
nents as in galls, for example LBD16.

Nematode secretions activate LBD16 in protoplasts

We investigated the possibility that nematode secretions could
trigger changes in pericycle cells by inducing the expression of
LBD16, as XPP cells near the nematode head were frequently acti-
vated (Fig. 3). We demonstrated that, similarly to exogenous aux-
ins, secretions from M. incognita juveniles were able to induce
LBD16 expression in Arabidopsis leaf protoplasts (Figs 5, S8).
Therefore, the presence of the nematode itself could cause a local
increase in auxin concentrations in the XPP. Auxin compounds
have been identified in nematode secretions (De Meutter et al.,
2005; Goverse & Bird, 2011). Alternatively, infective nematodes
may manipulate auxin homeostasis in an indirect way by releasing
enzymes that interfere with local active auxin concentrations in
plants. In this respect, functional analysis of a CN gene encoding a
secreted chorismate mutase, an enzyme involved in the conversion
of the auxin precursor tryptophan, suggests that nematodes may
be able to redirect the biosynthesis of auxins in planta (Doyle &
Lambert, 2003; Goverse & Bird, 2011).

Whether LBD16 induction by nematode secretions is triggered
directly by auxins or is caused by the activation of signaling

cascades leading to LBD16 expression through other molecular
components has yet to be elucidated. However, the activation of
individual protoplasts suggests that nematode secretions function
in a cell-autonomous manner to activate LBD16 (Figs 5, S8). In
this context, it is possible that nematode secretions directly or indi-
rectly activate XPP cells to start proliferation, as they appear on
both sides of the vascular cylinder (Fig. 3). Support for this comes
from the irregular cell divisions observed in developing galls of the
J0192>>GFP line (Fig. 3). One of the best characterized secreted
peptides from RKNs, 16D10, showed a high similarity with the
C-terminal conserved motif of the plant CLAVATA3/ESR (CLE)
protein family (Huang et al., 2006; Teillet et al., 2013).
Overexpression of CLE peptides in Arabidopsis caused strikingly
irregular anticlinal divisions (symmetric and asymmetric) in the
pericycle (Meng et al., 2012). Additionally, the establishment of
asymmetry in Arabidopsis LR founder cells is regulated by LBD16
and other LBD proteins (Goh et al., 2012). Thus, nematodes
might use similar mechanisms for gall formation.

In conclusion, we have demonstrated the important role in gall
and GC formation of a molecular component specific for the
XPP LR initial cells, that is, LBD16. As we have shown that
RKN feeding sites share a clear common transducer with LR for-
mation, this supports the view that RKN may at least partially
‘hijack’ plant transduction pathways leading to LR formation.
LBD16 showed a specific function during RKN establishment
and not during the establishment of CNs, was regulated by aux-
ins in galls and was induced by nematode secretions. Finally, we
described peculiarities of cell reprogramming during gall forma-
tion similar to those occurring during LR and callus formation,
where LBDs play a major role in the control of both
developmental programs.
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Additional supporting information may be found in the online
version of this article.

Fig. S1 Genotyping the lbd16-1 (SALK_095791) insertion line
to identify homozygous plants.

Fig. S2 Infection test design for LBD16 loss-of-function lines
and their root phenotypes.

Fig. S3 Representative in vivo time-courses of individual galls
from lines J0121 and J0192 sequentially monitored.

Fig. S4 All confocal channel photographs (transmission, red for
PI, green for GFP) corresponding to the representative samples
shown in Fig. 2.

Fig. S5 GUS activity of LBD16::GUS lines carrying two different
versions of the LBD16 promoter infected withM. javanica.

Fig. S6 Activation patterns of DR5 and LBD16 after M. arenaria
infection.

Fig. S7 Time-course of the auxin sensors DR5::GFP and DR5::
GUS throughout theM. javanica life cycle.

Fig. S8 Overview image of protoplasts of the J0192>>GFP line
incubated with buffer and secretions and protein content in
M. incognita secretion fractions.

Table S1 List of genes from the differential transcriptomes of
galls and GCs compared with those characteristic of each root cell
type
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