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Plant endoparasitic nematodes spend most of their life
cycle hidden within plant roots and worldwide cause major
losses to agriculture every year. Root-knot nematodes
(‘RKNs’, Meloidogyne spp.) are sedentary endoparasitic
nematodes that establish permanent feeding sites within
plant roots as 2nd-stage juveniles (J2), and then spend the
rest of their life-cycle at this site. In contrast, root-lesion
nematodes (Pratylenchus spp.) are migratory endoparasites
that move in roots and feed on different root cells, causing
typical symptoms of brown lesions.

There is great interest in studying the initial infection
stages of both sedentary and migratory endoparasitic
nematodes. In the case of RKNSs, it is known that host cells
undergo key initial changes of cell-cycle activation, DNA
synthesis and nuclear division during the first 48 hr of
infection and host cell selection (de Almeida Engler et al.,
1999; Jones, 1981; Jones and Payne, 1978; Niebel et al., 1996).
In the case of root-lesion nematodes, tracking invasive
movement and behavior in root tissues also has potential to
reveal the nature of resistant responses limiting the comple-
tion of the life-cycle. A major challenge is that current meth-
ods to identify nematodes inside plant roots during early
stages of infection are either destructive or do not provide
sufficient temporal or spatial resolution.

Fluorescent compounds have been used to track solute
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movement in host plant tissues during parasitic nematode
infection (Bockenhoff et al., 1996; Hofmann et al., 2007,
Hutangura, 1999). Expression of fluorescent proteins has
also been used to study feeding cell biology (Hofmann and
Grundler, 2006; Hoth et al., 2005; Hoth et al., 2008) and is a
common approach to identify specific cell types in plant
roots (Birnbaum et al., 2003; Brady et al., 2007; Lee et al.,
2006). Research on initial stages of nematode infection
would thus greatly benefit from a fluorescence-based
approach that would also enable invading nematodes to be
identified in plant roots with high spatial resolution.

Live cyst nematodes have recently been marked fluo-
rescently using fluorescein isothiocyanate (FITC)
(Schroeder and MacGuidwin, 2007). FITC is a fluorescent
fluorescein conjugate that has also been used to show
uptake from solution by J2 RKNs (Rosso et al., 2005). An
earlier study made use of a different fluorescein conjugate,
fluorescein diacetate (FDA), to label RKN juveniles and to
distinguish between living and dead nematodes (Bird,
1979). FDA is a non-fluorescent conjugate that becomes flu-
orescent after entering a cell and being hydrolyzed by
endogenous esterases. In addition to facilitating identifica-
tion of live nematodes, background fluorescent signals and
requirement for extensive washing are kept to a minimum
because FDA does not fluoresce, and free fluorescein
remains in live cells. In this study, we tested whether FDA
can be applied to label individual nematodes fluorescently
for direct non-destructive observation of their movement
inside plant roots.

MATERIALS AND METHODS

Nematode stocks and FDA treatment:

Meloidogyne hapla Chitwood were collected from an
infected field used for tomato cultivation (Niseko,
Hokkaido, Japan) and stocks were maintained on tomato
plants (Kyoryoku Beiju variety; Takii Seed, Tokyo, Japan)
in a glasshouse. Meloidogyne javanica (Treub) were collect-
ed from plants of Solanum nigrum on Murdoch University
campus (Perth, Australia) and stocks maintained on tomato
plants (Tomato Grosse Lisse Improved; Terranova Seeds,
Smithfield, Australia) grown in a glasshouse. For infections
with RKNs, egg masses were collected from infected tomato
roots grown in the glasshouse, washed once with sterile
water containing 0.1% streptomycin sulfate, followed by at
least two washes with sterile water. Egg masses were col-
lected by centrifugation (1 min at 1,000 x g) between each
wash. The egg masses were then placed in sterile water and
incubated at room temperature to hatch. Freshly hatched
juveniles (J2s) were allowed to migrate through five sheets
of sterile ‘Kimwipe’ tissues for approximately 6 hr, and then
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active nematodes were collected by centrifugation.

Root-lesion nematodes (Pratylenchus penetrans (Cobb))
were isolated from infected strawberry plants and stocks
maintained on alfalfa callus cultures as previously
described (Yamada et al., 2005). For experimental treatment
and infections, root-lesion nematodes of mixed stages (J2,
J3, J4 and adult) were isolated using the Baermann funnel
method (25°C, 3 days) after physical disruption of the cal-
lus.

Stock solutions of FDA (Sigma-Aldrich Japan K.K.,
Tokyo, Japan) were prepared as described (Bird, 1979).
Working solutions of 0.01%, 0.001% and 0.0001% FDA
were then prepared by dilution in distilled water. Stock
solutions of 10% w/v resorcinol (Sigma-Aldrich) were pre-
pared freshly by dissolving in distilled water. Working
solutions of 1% w/v resorcinol were then prepared by dilu-
tion in distilled water. Freshly hatched M. hapla J2s or iso-
lated P. penetrans were incubated in FDA solutions either
with or without 1% resorcinol in the dark for 2 or 4 hr as
described in the results. Following incubation, nematodes
were washed once with sterile water by centrifugation (1
min at 1,000 x g) and resuspended in a sterile solution of
0.2% agar. Treated nematodes were then either observed
directly, or used for plant inoculations.

Plant materials and nematode infection:

Tomato plants used for infection were purchased from
Takii Seed (Tokyo, Japan; Kyoryoku Beiju variety).
Infections of Arabidopsis thaliana were carried out using
either Col-0 wild-type, or the S17 transgenic line (Lee et al.,
2006) containing a green fluorescent protein (GFP) gene
downstream of the At2g22850 gene promoter that drives
expression in pericycle cells at the phloem pole in roots.

Seeds of tomato and Arabidopsis were sterilized by
incubation in 5% NaOClI, 0.0025% Triton X-100 for 5 min,
followed by 5 washes in sterile water. Seedlings were culti-
vated on sterile media as previously described (Hutangura
et al., 1998), except only 2 seeds were added to each dish
and plates were kept at 23°C. Treated and untreated M.
hapla J2s were applied to tomato plants at 9 days after sow-
ing (das). Treated and untreated M. hapla J2s, M. javanica
J2s and P. penetrans were applied to Arabidopsis plants at
10 das. Each experiment was carried out with at least four
separate plates (1 to 2 plants per plate) and independently
repeated at least in duplicate. For infections, approximately
20 nematodes were applied per plant. Following inocula-
tion, plants were kept in the dark and roots examined by
confocal microscopy at either 1 day post inoculation (dpi) or
3 dpi as described in the results. Acid fuchsin staining of
plants roots was also carried out as previously described by
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Byrd et al. (1983).

Microscopic observation of nematodes and roots:

Bright-field and epifluorescent wide-field microscopy
was performed with a Nikon AZ100 Multizoom microscope
(Nikon Instech, Tokyo, Japan) fitted with a mercury fiber
illuminator (Intensilight; Nikon Instech) and a GFP-B filter
unit (Excitation 460-500 nm, Dichroic 505 nm, Emission
510-560 nm; Nikon Instech). Images were captured with
either a DS-2MBWC (for fluorescence and monochrome
images) or a DS-Fil (for color images) camera head connect-
ed to DS-U2 control unit USB interface (Nikon Instech), and
saved using NIS-Elements Imaging Software (Nikon
Instech). Laser confocal microscopy of M. javanica in
Arabidopsis roots was performed using a Nikon Diaphot-
TMD inverted microscope attached to a BioRad MRC-1024
Laser Scanning Confocal Imaging System with a 488 nm
excitation wavelength and 500-540 nm emission wave-
length. Laser scanning confocal microscopy of P. penetrans
in Arabidopsis roots was performed using a Leica SP2 con-
focal microscope with a 488 nm excitation wavelength and
500-540 nm emission wavelength. All raw images were
saved using the relevant microscope software and then
processed using ImageJ software.

RESULTS AND DISCUSSION

Low concentrations of FDA marked live RKNs:

A 0.01% solution of FDA was previously shown to pro-
duce discrete patterns of fluorescence specifically in live
RKNs (Bird, 1979). Resorcinol has also recently been used
to stimulate uptake of solution by J2 RKNs (Huang et al.,
2006; Rosso et al., 2005), and thus freshly hatched M. hapla
J2 were first treated with a solution of 0.01% FDA and 1%
resorcinol. Similar to that described by Bird (1979), discrete
fluorescent particles were observed within M. hapla J2
nematodes, however, fluorescent precipitates also appeared
in the solution during treatment and the treated nematodes
appeared to lose active movement. Ten-fold dilutions of
FDA were then tested to reduce the background fluores-
cence. A 0.001% FDA, 1% resorcinol solution was found to
provide comparable fluorescence and greatly reduced back-
ground fluorescent precipitate, although nematodes still
appeared to lose activity (data not shown). These results
were consistent with resorcinol causing reduced nematode
viability, and thus a solution of 0.001% FDA alone was
next tested. Following 2 hr exposure to 0.001% FDA alone,
M. hapla juveniles retained their active movement and
showed a similar pattern of fluorescence to that observed in
previous treatments (Fig. 1A, movie available upon
request). The same successful fluorescent marking with
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Fig. 1. Fig. 1. Low concentrations of FDA treatment resulted in
marked, active root-knot nematodes.
A: Freshly hatched Meloidogyne hapla were treated with
0.001% FDA for 2 hr in the dark and examined by wide-field
bright-field (upper panel, 35 msec exposure) or epifluores-
cence (lower panel, 265 msec exposure) microscopy. Both
images are part of a movie series (available upon request).
Scale bar = 50 um. B: M. hapla J2s treated with 0.001% FDA
were inoculated onto tomato plants growing in vitro.
Nematodes were detected by acid fuchsin staining 7 days post
inoculation. Scale bar = 250 um.

active movement and no background precipitate was
observed in over four independent repeats with M. hapla,
and was also observed in three independent repeats with
M. javanica. Based on this data, 0.001% FDA alone was
selected as the preferred treatment for fluorescent labeling
of live RKNs. To confirm that treated RKNs remained
viable, M. hapla treated with 0.001% FDA were next
applied to tomato plants growing on sterile media. Galls
consistent with nematode infection were clearly observed
on tomato roots within the first four days of inoculation.
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Fig. 2. Fluorescent endoparasitic nematodes can be identified in
plant roots by epifluorescence microscopy.
A: FDA-treated freshly hatched Meloidogyne javanica were
inoculated onto in vitro cultures of Arabidopsis and examined
by confocal microscopy at 3 days post inoculation. B: FDA-
treated Pratylenchus penetrans were inoculated onto in vitro
cultures of the S17 transgenic Arabidopsis line and examined
by confocal microscopy after 3 days.
Fluorescence images (pseudocolored green) are shown in the
left panels with location of nematodes indicated by white
arrow. To demonstrate the spatial location of the nematode
within the root, the same fluorescence image is shown merged
with the bright field image in the right panels. Nematodes are
outlined with a black line and anterior end marked with star.
Fluorescence due to expression of GFP in specific root cells is
shown with black arrow. Scale bars = 50 pm.

These galls were further confirmed to contain multiple
infections and enlarged RKNs consistent with developing
juveniles at 7 days post inoculation (dpi) (Fig. 1B). This
demonstrated that treated fluorescent RKNs did indeed
remain viable and were able to invade plant roots and suc-
cessfully initiate infection sites.

Infecting fluorescent RKNs were observed within plant
roots:

During the early stages of infection prior to changes in
root cell morphology, it is difficult to distinguish whether
the nematode has actually begun feeding or is still moving
through the root. A common method to identify nematodes
inside plant roots is acid fuchsin staining, however this is a
destructive assay that kills both the nematode and plant
cells. This destruction of nematode and root tissue inhibits
subsequent molecular or biochemical analysis of the early
infection stages. Fluorescent M. javanica RKNs that had
been treated with 0.001% FDA could be readily identified
within host Arabidopsis roots (Fig. 2A) and were confirmed
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to be active by observation of nematode movement (movie
available upon request). The fluorescence from FDA treat-
ment remained present for at least four days after treat-
ment.

Root-lesion nematodes were auto-fluorescent and also
observed within plant roots:

The above results demonstrated that FDA was a suit-
able live stain for RKNs during infection of host roots. We
next asked whether the same approach could be used for
the root-lesion migratory endoparasitic nematode, P. pene-
trans. Similar to that for RKNs, P. penetrans remained
active following treatment with 0.001% FDA solution.
However, unlike RKN J2s, P. penetrans also displayed read-
ily observed green autofluorescence even in the absence of
FDA treatment. Both juveniles and adults of P. penetrans
displayed similar levels of this autofluorescence. To test
whether either fluorescence remained present during root
infection and enabled direct observation in plant roots, P.
penetrans were inoculated onto transgenic plants express-
ing GFP specifically at phloem poles and roots were exam-
ined at 1 dpi by confocal microscopy. Both FDA-treated
and untreated nematodes showed suitable green autofluo-
rescence that could readily be detected in Arabidopsis roots
in conjunction with detection of GFP expression in specific
root cells (Fig. 2B). At present, the source of the autofluores-
cence in P. penetrans is not known. It is also unclear
whether this is influenced by previous culture conditions or
whether it also exists in other root-lesion nematode species.
However, the fact that it was not observed in RKNs indi-
cates further analysis of this autofluorescence may provide
important insight into root-lesion nematode biology.

The advantage of the FDA fluorescence and root-lesion
autofluorescence is that the green fluorescence is a similar
wavelength to that of GFP commonly used as a gene
reporter in plant research. Particularly in the case of
Arabidopsis, many transgenic lines now exist that contain
GFP under control of promoters driving distinct expression
in specific root cell types (Birnbaum et al., 2003; Brady et
al., 2007; Lee et al., 2006). As far as we are aware, this is the
first published report of a fluorescent marked plant para-
sitic nematode being directly observed alive and moving
inside a plant root. This provides an exciting new strategy
for studying early host biological events associated with
successful establishment of parasitic nematode infection
sites.
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