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ABSTRACT

Vieira, P, Youssef Banora, M., Castagnone-Sereno, P., Rosso, M.-N.,
Engler, G., and de Almeida Engler, J. 2012. An immunocytochemical
procedure for protein localization in various nematode life stages com-
bined with plant tissues using methylacrylate-embedded specimens.
Phytopathology 102:990-996.

Plant-parasitic nematodes possess a large number of proteins that are
secreted in planta, allowing them to be successful parasites of plants. The
majority of these proteins are synthesized mainly in the nematode sub-
ventral and dorsal glands as well as in other organs. To improve the
immunovisualization of these proteins, we adapted a methacrylate em-
bedding method for the localization of proteins inside nematode tissues,

and extracellularly when secreted in planta or within plant cells. An im-
portant advantage is that the method is applicable for all nematode stages:
preparasitic as well as parasitic stages, including large mature females.
Herein, the method has been successfully applied for the localization of
four nematode secreted proteins, such as Mi-MAP-1, Mi-CBM2-bearing
proteins, Mi-PEL3, and Mi-6D4. In addition, we could also localize 14-3-3
proteins, as well as two cytoskeletal proteins, by double-immunolabeling
on preparasitic juveniles. Superior preservation of nematode and plant
morphology, allowed more accurate protein localization as compared with
other methods. Besides excellent epitope preservation, dissolution of
methacrylate from tissue sections unmasks target proteins and thereby
drastically increases antibody access.

Plant-parasitic nematodes display different parasitism strategies
enabling them to develop and interact with a broad spectrum of
plant hosts. Among such adaptations, the secretion of nematode
proteins capable of modifying or manipulating the host environ-
ment seems to be a key element for the success of these plant
pathogens. It is believed that nematode secretions synthesized in
esophageal glands (two subventral and one dorsal), and other
organs (e.g., amphids), have multiple physiological functions
including parasitism and the induction of pathological effects in
plants (reviewed by 8,30). Several techniques have been applied
to address the specific nematode tissue expression of different
gene candidates involved in plant-nematode interaction. This
validation has been mainly achieved by performing whole-mount
in situ hybridizations (3,12,18,27), or whole-mount immuno-
localizations, using mono- or polyclonal antibodies against nema-
tode transcripts or proteins (6,7,26,33,35), respectively, within
different nematode developmental stages.

The success of the butyl-methyl methacrylate resin, first used to
localize microtubules in isolated mitotic apparatus from sea
urchin eggs (16), can be attributed to the fact that the plastic after
polymerization can be dissolved, allowing a better antibody pene-
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tration and epitope accessibility, therefore increasing detection
sensitivity (9,15). As a result, to achieve better tissue morphology
and resolution, several alternative methodologies, making use of
plastic polymers suitable for the localization of a wide variety of
antigens in plants and animal tissues, have been established (2,14,
23,32,36). Another advantage is that the butyl-methyl meth-
acrylate embedding method can be used for in situ hybridization
(11), various staining methods, and morphological analysis due to
the good quality of tissue preservation (10,23,36,38). Other
methods based on methacrylate media such as LR White and LR
Gold resins have been applied for immunolocalization of proteins
in nematode or infected plant roots and electronic microscopy
analyses (25,28,34). However, for thick sections these media pres-
ent significant limitations for epitope detection, as they cannot be
dissolved after polymerization, as feasible for butyl-methyl
methacrylate resin.

Previously, we successfully employed a butyl-methyl meth-
acrylate methodology to assess the detection of plant proteins
(1,9) and root-knot nematode (RKN), Meloidogyne incognita,
secreted proteins in infected Lycopersicon esculentum (tomato)
and Arabidopsis thaliana roots (22,37). These studies revealed
protein localization in their time frame within feeding sites during
the plant-nematode interaction. Herein, we adapted a fixation
method for preparasitic and parasitic stages of RKN and applied
the butyl-methyl methacrylate method for the localization of one
or more endogenous nematode proteins simultaneously, even-
tually secreted by the nematode in planta. A detailed protocol is
presented that can be directly applied for simultaneous nematode
and plant protein localization in various tissues during different
life cycle stages of nematode infection.



MATERIALS AND METHODS

Nematode fixation. M. incognita was cultured on tomato
plants (L. esculentum ‘St. Pierre’) in the greenhouse. Freshly
hatched preparasitic juveniles (J2) were obtained from mature egg
masses hatched in water at room temperature. Juveniles were
placed in 2 ml Eppendorfs, centrifuged for 5 min at 3,000 rpm
(maximum, to avoid nematode bursting) and immediately
resuspended in freshly prepared fixative (4% formaldehyde in
50 mM Pipes buffer, pH 6.9), refreshed twice, and kept at 4°C for
7 days. To obtain isolated RKN sedentary stages, infested roots
were incubated for 16 h at 4°C in a cell-wall-degrading enzyme
mix: Pectinex (15%) (Rwalco, Louvain-la-neuve, Belgium) and
Celluclast (30%) (Realco, Louvain-la-neuve, Belgium). Infested
roots were then ground and RKN parasitic stages were extracted
by sucrose gradient centrifugations (5). A mixed pool of seden-
tary nematode stages (containing J2, J3/J4, females and males)
was collected by hand and fixed in 2 ml of freshly prepared 4%
formaldehyde in 50 mM Pipes buffer, pH 6.9, for 1 week at 4°C.
The samples were placed in a rotator at 4°C to allow proper
fixative infiltration. Note: stock of formaldehyde is prepared from
paraformaldehyde (Sigma-Aldrich) in 50 mM Pipes buffer, pH
9.0, and heated at 60°C to dissolve. The pH is then adjusted to 6.9
with H,SO,. The 8% stock fixative is then aliquoted in 50 ml
Falcon tubes and frozen for long periods at —20°C. When de-
frosted it must look transparent before use.

Nematode dehydration. For nematode dehydration and em-
bedding in methacrylate, the protocol was essentially performed
as described by de Almeida et al. (9). Adjustments were added to
the protocol. For example, dehydration steps were extended to 3 h
(instead of 1 h for plant tissues) in each ethanol dilution (15%,
30%, 50%, vol/vol), rotating or shaking mildly at 4°C. For each
ethanol change, preparasitic juveniles were centrifuged for 5 min
at 3,000 rpm. Nematode samples were incubated overnight at 4°C
in 70% ethanol. Samples were then further dehydrated in 85%
ethanol and three times in 100% ethanol on ice for 3 h each.
When needed, the dehydration protocol was interrupted at 70%
ethanol. Samples stored in 100% ethanol became brittle and broke
easily. For nematode parasitic stages, fixation and dehydration
was performed in cell strainers (BD Falcon, BD Biosciences),
using six-well tissue culture plates (Nunc, Dutscher) and placed
on ice under mild shaking. Centrifugation of sedentary parasitic
nematodes was avoided due to the risk of bursting. Fixation,
dehydration, and embedding of plant tissues containing nema-
todes were also performed in cell strainers within six-well tissue
culture plates.

Nematode embedding in methacrylate. After dehydration,
ethanol was replaced by an equal volume of fresh ethanol with a
butyl-methyl methacrylate mixture (4:1, containing 0.1 mM DDT,
hereafter called BM mix), at 4°C overnight. The following day,
the solution was replaced by 100% BM mix and kept overnight at
4°C. The BM mix was refreshed and kept for 1 week at 4°C
(samples can stay in this solution for up to 1 month or longer if
needed). Subsequently, the BM mix was replaced by BM em-
bedding medium containing 0.5% benzoin ethyl ether and
0.1 mM DDT (BM/BEE) and incubated overnight (or longer) at
4°C. Ultimately, samples were placed in plastic capsules (BEEM,
Electron Microscopy Science) containing fresh BM/BEE and
polymerized at 4°C for 5 h under UV light. Longer polymeri-
zation times may cause the sample to become too brittle. After
polymerization, samples can be kept at room temperature for an
indeterminate time. Note: for in situ hybridizations, polymerized
samples should be stored as such, and only sectioned when
needed to avoid mRNA degradation.

Sectioning methacrylate-embedded nematode. Polymerized
samples were removed from the capsule and sectioned to 5 um
(thicker may cause loss of sections from slides). Sections were
then floated in drops of sterile water on polylysine-coated glass

slides, dried on a hot plate at 60°C, and incubated overnight at
42°C so that sections would adhere to the slides. Slides contain-
ing biological material were then kept in dry slide boxes at room
temperature until used for immunolocalization. Note: infected
root material slides must be screened under a binocular or a light
microscope to select intact longitudinal sections of juvenile nema-
todes migrating within the roots, and to select isolated parasitic
nematodes with intact heads. Sections containing the nematode
head that are close to giant cells should be favored for immuno-
cytochemical analysis. Slides containing sections of isolated
nematodes can be used directly. For each case, we recommend
making paired slides so that one slide containing similar sections
can be used for control experiments.

Immunocytochemical analysis of nematode proteins. Slides
were treated for 30 min with 100% acetone to remove embedding
medium and to improve antibody access to the protein of interest
by immunolocalization in infected roots. Sections were checked
under the microscope to monitor if embedding medium was well
dissolved and then dipped in 100% ethanol, rehydrated progres-
sively in ethanol series (85, 70, 50, 30, and 15%), and finally
placed in 50 mM Pipes buffer (pH 6.9). On each slide, =200 ul of
blocking solution (1% bovine serum albumin in 50 mM PIPES,
pH 6.9) was added and covered with a coverslip and incubated for
30 min (or longer) at room temperature in a humid box. Primary
(AB1) and secondary (AB2) antibodies were diluted 50- to 100-
fold and 300-fold, respectively, in blocking solution (BS) contain-
ing 0.2% DMSO. Antibodies were incubated in BS at 37°C for 30
min and centrifuged for 5 min at 13,000 rpm. This step removed
nonspecific BSA binding antibody as centrifugation precipitate.
The coverslip was then carefully removed from incubated slides
and BS was then replaced by =150 ul of ABla only or mixed with
AB1b, or with the pre-immune-serum (PIS) of each antibody as a
control. A control slide that was incubated only with the secon-
dary antibody can also be included to check eventual background
given by AB2. Note: when performing double immunolocali-
zation, where both primary antibodies are polyclonal or mono-
clonal, the procedure is repeated twice; each time with one
primary followed by the second antibody with different fluoro-
chromes. This is so each antibody emits fluorescence at different
wave lengths and washes are reduced to 15 min, each time, to
avoid signal loss.

Slides were placed in a humid box and incubated overnight at
4°C. The box containing the slides was then placed at 37°C
(optimal temperature for AB/antigene interaction) for 90 min. It is
advisable to ensure that slides do not dry, adding some more AB1
solution if needed. Subsequently, the coverslips were gently
removed and slides were placed in racks and washed for 30 min
in 50 mM Pipes buffer, pH 6.9, with gentle agitation. Buffer was
then removed and replaced immediately with ca. 150 ul of AB2,
cover slipped, and incubated for 3 h at room temperature or for
1 h at 37°C. This step can also be performed overnight at 4°C. A
set of slides was incubated only with AB2 as a control for non-
specific binding of the secondary antibody. The slides were then
washed again for 30 min with Pipes buffer, protected from the
light to avoid fading of fluorochromes. Nuclei were then stained
with 4’,6-diamidino-2-phenylindole (DAPI, 1 ug/ml in water or
PBS) for 5 min at room temperature and rinsed briefly in
deionized water to remove salts. Finally, slides were mounted in
90% glycerol for a first observation. If results were satisfactory,
slides were mounted with ProLong antifade medium (ProLong
antifade kit; Invitrogen Molecular Probes) since the last step is
irreversible. Otherwise, additional washes with Pipes buffer can
be performed before final mounting. Slides were then observed
with a microscope (Axioplan 2; Zeiss) equipped for epifluores-
cence and differential interference contrast optics. For fluores-
cence observations, a double band pass filter (Zeiss filter set 23)
was used to reliably separate deep-green signal from yellow-green
tissue autofluorescence. Representative cytological images of
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preparasitic and sedentary stages for each protein were analyzed
using a digital camera (AxioCam; Zeiss). Images of immuno-
labeled sections, differential interference contrast transmission,
and DAPI-stained DNA (nuclei) were overlaid using the public
domain Image J software. Slides can be kept for up to 2 months in
dark boxes for later observation.

Antibodies. Sera directed against Mi-MAP-1 (33), Mi-CBM2-
bearing proteins, Mi-PEL3 (37), and Mi-6D4 (7) were used sepa-
rately as primary antibodies. A polyclonal antiserum, against the
mouse 14-3-3 zeta (ab52875), was obtained from ABCAM (Paris,
France). For microtubule localization anti-o-tubulin clone DM 1A
(Sigma-Aldrich, St. Louis, MO) or anti-y-tubulin serum, kindly
provided by J. L. Evrardt (29), was used. The following secon-
dary antibodies were used: Alexa-594 goat anti-mouse IgG (red),
Alexa-488 goat anti-mouse IgG (green), and Alexa-488 anti-
rabbit IgG (green), depending upon the animal used to generate
the primary antibody (Molecular Probes, Eugene, OR).

Whole-mount immunolocalization and electron microscopy
of preparasitic J2s. Preparasitic freshly hatched J2s were fixed in
phosphate buffered saline (PBS) containing 2% paraformaldehyde
for 18 h at 4°C and 4 h at room temperature. Immunolocalizations
on M. incognita preparasitic J2s were performed essentially as
described by Semblat et al. (33). Primary antibody (anti-Mi-
MAP-1) was diluted 1:50 in PBS buffer (containing 1 mg/ml of
horse serum-phenylmethylsulfonyl fluoride), and secondary anti-
body (Alexa-488 anti-rabbit) was diluted 1:200 in PBST buffer
(PBS containing 0.1% Tween 20 and 0.1% bovine serum albu-

Methacrylate sections

Whole-mount

Fig. 1. Immunolocalization of the Mi-MAP-1 protein in preparasitic juveniles
of Meloidogyne incognita. A and B, Images represent longitudinal sections of
a butyl-methyl methacrylate mixture embedded preparasitic juveniles. Mi-
MAP-1 was localized in the amphids (a), along the amphidial duct (ad), and
the amphidial pore (ap). C and D, Localization of Mi-MAP-1 in preparasitic
juveniles using the whole-mount immunolocalization procedure. Mi-MAP-1 is
mainly at the nematode head at locations corresponding to the amphidial
pores. A and C, Fluorescence images of ALEXA-488 and DAPI-stained
nuclei appear paired with corresponding DIC overlays (B and D) on the right
panel. m, metacorpus. Bars = 10 pm.
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min). Antibody-treated sections were transferred to polylysine-
coated slides and observed with a microscope equipped for epi-
fluorescence microscopy and differential interference contrast
optics (Axioplan 2, Zeiss). Images were captured using an
AxioCamHRc digital camera (Zeiss). Control samples were incu-
bated with pre-immune serum in the absence of primary antibody.

Immunoelectron microscopy. Ultrastructural immunocyto-
chemistry was performed as described in Banora et al. (1). Freshly
hatched J2s were fixed in 4% paraformaldehyde, dehydrated, and
embedded in acrylic resin (LR-White) before sectioning and
immunogold labeling. For control, sections were processed
according to the same procedure except that the primary antibody
was omitted (data not shown).

RESULTS AND DISCUSSION

Often, whole-mount immunolocalization and in situ hybridi-
zation methodologies are applied for the specific localization of
nematode gene transcripts or proteins from nematode tissues
(3,26). Although useful, both techniques require preparation of
fresh biological material for each independent experiment, and
protein or transcript localization is limited by the recalcitrant
antibody or probe penetration in whole-mounts. Alternatively,
sections of butyl-methyl methacrylate embedded material gives
the possibility, with a single nematode extraction, of collecting
enough material that after processing can be kept for numerous
independent experiments. Each embedded capsule containing the
biological material will allow the generation of a large number of
subsequent nematode sections, permitting a detailed analysis of
protein localization. In addition, the possibility of having a set of
slides containing consecutive sections will permit the comparison
of localization of different proteins in sections of the same
nematode individuals. Another advantage is that capsules or slides
containing samples can be stored for a long period, until the
immunolocalization assay is performed. Eventually sections from
the same set can also be used for in situ transcripts localization.
The method can be applied on animals, as well as in plant tissues.
The protocol presented here in great detail was recently validated,
and successfully applied for the localization of secreted proteins
in giant cells (20) illustrating the versatility of the method
proposed.

Nematode tissue embedding, sectioning, and antibodies used
for immunolocalization. To obtain optimal resolution, combined
with efficient protein detection, nematodes must be carefully
fixed. Preparasitic as well as sedentary nematodes need longer
fixations than, for example, Arabidopsis tissues. In addition, to
avoid damaging nematodes, gentle centrifugations were carried
out for preparasitic juveniles, while the use of sieves, for the
parasitic stages, was applied. Samples of all nematode stages
must be fixed extensively to allow fixative penetration into the
intact nematode body (=7 days). Whole-mount immunolocali-
zations and in situ hybridizations of late J2, J3/J4 and females
present technical difficulties due to their increasing body size. At
later developmental stages, RKN may burst during sample
preparation; therefore, adapted fixation and careful handling until
embedding in methacrylate is essential.

Previously, cryosectioning had been applied for protein locali-
zation in nematode or plant tissues, but tissue morphology and
resolution were far from optimal (6). In addition, secondary
fluorescent antibodies often give high background in most tissues
when using cryosections. Similar inconveniences are also
observed when using paraffin-embedded nematodes or infected
plant tissues, even when showing a slightly improved morphol-
ogy. The methacrylate resin, used here, attained the finest
morphology, cellular structure preservation of giant cells (e.g.,
microtubules), and visualization of detailed organ and tissue
structures in isolated nematodes as well as within nematodes
inside plant tissues (Supplementary Figure 1; 22,37).



For immunolocalization procedures we have used primary
antibodies directed against Mi-MAP-1 (33), Mi-CBM2-bearing
proteins, Mi-PEL3 (37), Mi-6D4 (7), and 14-3-3 (ab52875,
ABCAM; Supplementary Figure 2) proteins in pre-parasitic J2
juveniles and parasitic sedentary stages. Proteins were detected
using the secondary antibody anti-rabbit or anti-mouse Alexa-
488, respectively. During double immunolocalizations anti-y-
tubulin polyclonal antiserum of Arabidopsis (29) was detected
with the anti-rabbit Alexa-488 and the anti-o-tubulin clone DM
1A was detected with anti-goat Alexa-594.

Immunolocalization of nematode proteins in preparasitic
J2. To validate our protocol, seven antibodies were used for

Mi-CBM2-bearing proteins

Mi-PEL3

Mi-6D4

Fig. 2. Immunolocalization of nematode proteins in methacrylate sections of
preparasitic juveniles of Meloidogyne incognita. A and B, Localization of
Mi-CBM2-bearing proteins in the subventral glands (svg), subventral gland
extensions (svge), and subventral gland ampullae (svga). C and D, Locali-
zation of Mi-PEL3 protein in the subventral glands (svg), subventral gland
extensions (svge), and subventral gland ampullae (svga). E and F, Locali-
zation of Mi-6D4 protein in the subventral glands (svg), dorsal gland (dg),
dorsal gland extension (dge), and dorsal gland ampulla (dga). Left panel,
fluorescence images of ALEXA-488 and DAPI-stained nuclei appear
paired with corresponding DIC overlays on the right panel. m, metacorpus.
Bars = 10 um.

localization in nematode tissues using the BM method. Our re-
sults show that all seven antibodies cross reacted with the respec-
tive nematode organs or with the cytoskeleton (Figs. 1 to 3).
Longitudinal sections of preparasitic nematodes showed labeling
of the amphids by the Mi-MAP-1 antibody (Fig. 1A and B). Sec-
tions allowed good antibody penetration in all amphidial struc-
tures, including amphidial glands and the duct that connects the
gland to the amphidial pore (Fig. 1A and B). When compared
with a whole-mount immunolocalization procedure, Mi-MAP-1
localized mainly in the amphidial pores, suggesting difficulties
with antibody penetration into the respective amphidial glands
(Fig. 1C and D; 33,37).

It has been shown previously that both Mi-CBM2-bearing and
Mi-PEL3 antibodies localized to the subventral glands of

14-3-3

MBP

MBP and a-tubulin

Fig. 3. Immunolocalization of nematode proteins in methacrylate sections of
preparasitic juveniles of Meloidogyne incognita. A and B, Localization of 14-
3-3 proteins in the subventral glands (svg). C and D, Localization of micro-
tubule binding proteins (MBP) in the amphids (a). E and F, Double-
immunolocalization of MBP in the amphids, and a-tubulins within the nema-
tode body cells. A and C, Fluorescence images of ALEXA-488 and ALEXA-
594-stained nuclei appear paired with corresponding DIC overlays (B and D)
on the right panel. m, metacorpus. Bars = 10 pm.
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preparasitic J2, using a whole-mount methodology (37). Here, we
could show for both proteins, the labeling of the two nematode
subventral glands, their gland extensions and corresponding gland
ampullae, localized posteriorly to the nematode metacorpus (Fig.
2A to D). Whereas for the Mi-6D4 protein strong labeling was
detected in the dorsal gland and respective gland extension that
ends up in the dorsal ampulla, terminating near the base of the
stylet (Fig. 2E and F). In addition, and as shown before (19), we
could also observe a weak reaction of this antibody against the
nematode subventral glands (Fig. 2E and F).

The localization of the 14-3-3 was observed in the subventral
glands (Fig. 3A and B), as previously suggested by transcript
localization with in situ hybridization (21). This localization was
further confirmed by electron microscope observations where the
14-3-3 protein was seen within the secretory granules of the
subventral glands of preparasitic J2.

The anti-y-tubulin of Arabidopsis cross reacted with an
unknown microtubule binding protein (MBP) of M. incognita
localized to the amphidial glands (Fig. 3C and D). This result was
confirmed by electron microscopy where this protein was
apparently abundant within the amphids associated with micro-
tubules (Supplementary Figure 3). Double immunolocalization
experiments localized microtubules throughout the nematode
body using anti-a-tubulins, simultaneously with the anti-y-tubulin
that localized an MBP within the nematode amphidial glands
(Fig. 3E and F).

Females

Females

Males

Fig. 4. Immunolocalization of Mi-MAP-1 protein in methacrylate sections of
Meloidogyne incognita sedentary stages. A to D, Localization of Mi-MAP-1
protein in the amphids (a) of sedentary females. E and F, Localization of
Mi-MAP-1 protein in the amphids (a) of a coiled male in the J4 cuticle.
Left panel, fluorescence images of Alexa-488 and DAPI-stained nuclei appear
paired with corresponding DIC overlays on the right panel. m, metacorpus.
Bars = 10 um.
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Control experiments using respective pre-immune sera in place
of the primary antibody (Supplementary Figures 4 and 5) or in the
absence of primary antibody, revealed no background fluores-
cence in any nematode tissue.

Immunolocalization of proteins in sedentary nematode
stages. One key goal of the current study was to validate the
protocol in sedentary parasitic stages extracted from infested
roots. Therefore, sections containing a pool of mixed sedentary
nematode stages extracted from infected tomato roots were used
for the localization of four antibodies, namely Mi-CBM2-bearing
proteins, Mi-MAP-1, Mi-PEL3, and Mi-6D4. As for preparasitic
stages, Mi-MAP-1 was consistently localized in the amphids of
sedentary stages (Fig. 4A to D), including male amphids coiled in
the J4 cuticle (Fig. 4E and F). Few studies have shown protein
localization within amphids of M. incognita (6,7,26,35). Although

Mi-CBM2-bearing proteins

Mi-PEL3

Mi-6D4

Fig. 5. Immunolocalization of nematode proteins in methacrylate sections of
Meloidogyne incognita sedentary stages. A and B, Localization of Mi-CBM2-
bearing proteins at the oral aperture (arrow). C and D, Localization of Mi-
PEL3 protein at the oral aperture (arrow). E and F, Localization of Mi-6D4
protein in the dorsal gland (dg) and dorsal gland ampulla. Left panel, fluores-
cence images of Alexa-488 and DAPI-stained nuclei appear paired with corre-
sponding DIC overlays on the right panel. m, metacorpus. Bars = 10 um.



it has been suggested that the amphids of mature adult RKN
females might be nonfunctional (35), other studies have demon-
strated labeling of an antigen in developing females (7).

Consistent with RKN development, as second-stage juveniles
become sedentary, the subventral glands become reduced and
seemingly inactive, while the dorsal gland enlarges and shows
increased activity during nematode parasitism, including adult
females (4). There is evidence that cell wall-degrading enzymes,
produced by the subventral glands, are secreted during migratory
juveniles. These proteins are thought to assume a critical role in
plant cell wall degradation and softening, as they are mainly
expressed in J2s (13,17,24,31). Secretion of these enzymes seems
to occur during penetration and migration of RKN within the host
roots (13,37). Surprisingly, in some sections of sedentary nema-
todes extracted from the roots, we still observed fluorescence of
both Mi-CBM2-bearing proteins (Fig. 5A and B) and Mi-PEL3
(Fig. 5C and D) at the nematode oral aperture. These data were
consistent with our previous results where both Mi-CBM2-
bearing proteins and Mi-PEL3 antibodies could also be localized
at the stylet tip of sedentary second-stage juveniles within the
host root, most likely resulting from a residual activity of both
subventral glands (37). Alternatively, strong Mi-6D4 accumu-
lation in the dorsal gland and respective gland ampulla (Fig. SE
and F), exemplify a protein present at later stages of RKN
development. As well, we validated the localization of the Mi-
CBM2-bearing protein in the vagina of adult females (Fig. 6A
and B). Although it has been suggested that these proteins could
be expressed by the rectal glands of the adult females (31), our
results suggest that no link exists between the rectal glands and
these proteins since no signal was detected in sections containing
the rectal glands of adult RKN. Thus, it remains to be determined
whether the female vagina itself, or some other organ, produced
this protein.

Control experiments, using the respective pre-immune serum of
the corresponding primary antibodies, as well as the use of only
the secondary antibody, revealed virtually no background fluores-
cence for all nematode tissues (Supplementary Figure 6).

Conclusions. Here we present an adapted BM embedding and
immunolocalization protocol that optimally preserves the integrity
of nematode organs and tissues for all life cycle stages (pre-
parasitic and sedentary), including gall development. It also
allows the accessibility of antibodies for protein localization.
Embedded biological material can be stored indefinitely, a large
number of serial sections can be analyzed and more than one
protein can be simultaneously visualized. The method also allows
the use of nuclear or other organelle staining. Consecutive slides
used for immunolocalization can also be used for in situ
hybridizations (23), offering higher resolution, although with less
sensitivity than when performed in thicker paraffin sections. This
method will be extremely useful in the near future, when a collec-

bearing protein

Mi-CBM2

Fig. 6. Immunolocalization of Mi-CBM2-bearing proteins in the vulva of
Meloidogyne incognita adult females. A, Fluorescence images of Alexa-488
and DAPI-stained nuclei appear paired with corresponding DIC overlay (B). v,
vulva. Bars = 10 pm.

tion of nematode proteins, involved in growth and reproduction
and potentially secreted, can be localized before and during
parasitism within the nematode as well as in the plant tissue.
Thus, in a quite simple manner, a bank of BM blocks, containing
samples and sectioned slides, can be generated and systematically
screened for nematode protein(s) localization. An additional
benefit is to extend this method to the simultaneous localization
of plant proteins. This method can be ultimately broadened to the
localization of proteins during other interactions between
microbes and host plants.
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