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Abstract Immunoelectron microscopy is a powerful method to diagnose viral dis-
eases and to study the distribution of the viral agent within plant cells
and tissues. Nevertheless, current protocols for the immunological detec-
tion of viral diseases with transmission electron microscopy (TEM) in
plants take between 3 and 6 days and are therefore not suited for rapid
diagnosis of virus diseases in plants. In this study, we describe a method
that allows rapid cytohistochemical detection of tobacco mosaic virus
(TMV) in leaves of tobacco plants.
With the help of microwave irradiation, sample preparation of the leaves

was reduced to 90 min. After sample sectioning, virus particles were stained
on the sections by immunogold labelling of the viral coat protein, which took
100 min. After investigation with the TEM, a clear visualization of TMV in
tobacco cells was achieved altogether in about half a day. Comparison of gold
particle density by image analysis revealed that samples prepared with the
help of microwave irradiation yielded significantly higher gold particle
density as samples prepared conventionally at room temperature.
This study clearly demonstrates that microwave-assisted plant sample prep-

aration in combination with cytohistochemical localization of viral coat
protein is well suited for rapid diagnosis of plant virus diseases in altogether
about half a day by TEM.

Keywords immunoelectron microscopy, immunogold, microwave-assisted sample
preparation, tobacco mosaic virus, transmission electron microscopy
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Introduction

Immunoelectron microscopy is often used to diag-
nose viral diseases and to study the localization of
viral particles within plant cells and tissues [1–6].
Sample preparation for such studies is quite time-
and labour-consuming as most substances infiltrate
the specimen quite slowly, as polymerization of
the resin is time-consuming and as most steps
have to be performed manually. Fixation, buffer
washes, dehydration and infiltration of the sample
take up to 2 days, whereas polymerization of the
sample takes between 5 h and 3 days [1–9]. After

polymerization, the sample has to be sectioned
and treated with immunohistochemical methods.
Such protocols involve the blocking of the
sections, treatment with primary and secondary
antibodies and several washes with buffers
and distilled water. These steps can take between
4 and 17 h if overnight steps are included
[1,2,4,5,8,10,11]. Considering all these different
steps, the procedure can take between 3 and
6 days from the harvesting of the sample until the
detection of the virus within the plant cell by
immunogold labelling.
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Recently, we have developed protocols for ultra-
structural investigations that reduce plant sample
preparation time for transmission electron micros-
copy (TEM) from 4 days to about 2–4 h [12–14].
Reduction in sample preparation time by microwave
irradiation can be attributed to dielectric heating.
This causes a rise in temperature within the whole
sample, whereas conventional heating increases the
temperature at the surface of the sample first and
slowly works its way into the sample afterwards.
The increase in temperature within the whole
sample during microwave-assisted sample prepar-
ation enhances and accelerates the diffusion of
reagents, protein cross-linking during fixation and
the polymerization of the resin [15–17]. Thus, less
time is needed for microwave-assisted sample prep-
aration. Even though microwave-assisted sample
preparation yields the same ultrastructural results
as conventional sample preparation at room tem-
perature (RT) [12,13], it remains unclear whether it
alters the antigenicity of the plant sample. In previ-
ous studies, we have shown that with the help of
microwave irradiation, fixation for plant samples
can be reduced from 90 min to about 4 min without
the loss of the antigenicity of the sample [10].
Similar results were found by other groups for plant
species such as Allium cepa [18], tobacco [2,19] and
pumpkin [2]. Nevertheless, the use of microwave ir-
radiation during these procedures was limited to
fixation and did not reduce sample preparation
times for the following procedure. Thus, sample
preparation times still took up to 4 days. Such pro-
tocols cannot, therefore, be used for rapid diagnosis
of plant diseases or for evaluation of the distribu-
tion of the viral agents within a cell or plant.
In this study, we have applied microwave irradi-

ation in order to rapidly identify tobacco mosaic
virus (TMV) in infected leaves by immunoelectron
microscopy. To verify the obtained results, we have
compared the achieved labelling results between
samples prepared with the help of microwave irradi-
ation and conventional sample preparation at RT.
TMV belongs to the genus of Tobamovirus, which is
the most prevalent viral pathogen in tobacco plants
and responsible for large crop losses every year
[20]. Thus, the rapid diagnosis of TMV is of great
importance to set measurements that help to con-
strain the spread of TMV in the field.

Methods

Plant material and virus inoculation

Nicotiana tabacum (L.) cv. Samsun nn, obtained
from the German resource centre for biological ma-
terial (DSMZ, Braunschweig, Germany), were
grown in growth chambers with a day and night
temperature of 24°C and 20°C, respectively, an illu-
mination of 250 µmol m−2 s−1, a photoperiod of 16 h
and a humidity of 70%. Plants were kept in pots
with soil and were watered adequately. Five-week-
old Nicotiana plants were inoculated with TMV
obtained from the German resource centre for
biological material (DSMZ, strain id. for TMV:
DSMZ PV-0107, TMV U1). For inoculation, 1 g of
TMV-infected plant material (leaves of N. tabacum
(L.) cv. Samsun nn showing strong symptoms) was
homogenized in 1 ml of 0.06 M Sörensen phosphate
buffer (pH 7.2) [21]. Then, celite (Sigma-Aldrich
GmbH, Vienna, Austria) was applied to the hom-
ogenate and the inoculum was rubbed onto the first
true leaves of the plants of one plant group. Next,
mock inoculation was conducted on control plants
by rubbing the buffer with celite onto the first
leaves. Two weeks post inoculation, the youngest
fully developed leaves (approximately 8 cm long
and 5 cm in width) of control and TMV-infected
plants (Fig. 1a and b) were harvested 2 h after the
onset of daylight. Samples were taken from the
centre of the leaves close to the middle vein and
prepared for further investigations.

Conventional sample preparation

Sections of leaves (1 mm2) from control and
TMV-infected plants were cut on a modelling wax
plate in a drop of 2.5% paraformaldehyde and 0.5%
glutaraldehyde dissolved in 0.06 M Sörensen phos-
phate buffer at pH 7.2. Samples were then trans-
ferred into glass vials and fixed for 90 min at RT in
the medium. Specimens were rinsed in buffer (4
times at 15 min each) and dehydrated for 20 min
each step in a graded series of increasing concentra-
tions of acetone (50, 70 and 90%). Samples were infil-
trated with increasing concentrations (30, 50, 70 and
100%) of LR-White resin (London Resin Company
Ltd, Berkshire, UK) mixed with 90%-acetone for a
minimum of 3 h per step. Samples were left over-
night (about 12 h) in 70% LR-White resin diluted with
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90% acetone. Infiltration was continued for 5 h the
next day using 100% LR-White resin. Samples were
embedded in pure, fresh LR-White resin and poly-
merized at 50°C for 48 h.

Sample preparation using microwave irradiation

Sample preparation was performed with an auto-
mated microwave tissue processor (Leica EM AMW,
Leica Microsystems, Vienna, Austria). For sample
preparation, small sections of leaves (1 mm2) from
control and TMV-infected plants were cut on a wax
plate in a drop of 2.5% paraformaldehyde and 0.5%
glutaraldehyde dissolved in 0.06 M Sörensen phos-
phate buffer at pH 7.2 and transferred immediately
into small baskets with a mesh width of

approximately 200 µm. Two baskets holding four
sections each were filled with TMV-infected plant
samples and the remaining two baskets with
control samples. These baskets were then trans-
ferred into the chamber of the microwave processor
which already contained a vial filled with the previ-
ously stated fixative solution. Sample preparation
was started approximately 2 min after cutting of the
samples by starting the programmed protocol
(Table 1). Sample preparation time for the different
steps was determined and optimized in several pre-
liminary trials. After the samples were infiltrated with
pure LR-White resin (London Resin Company Ltd),
they were transferred manually into small plastic
vials filled with fresh 100% LR-White containing 1
drop (30 mg) of accelerator (London Resin Company

Fig. 1. Images of control and TMV-infected leaves and cells. When compared with the control (a), TMV-infected leaves showed strong
symptoms of TMV-disease such as mosaic patterns and dark blisters (b). No ultrastructural differences in the structural preservation could be
observed between samples prepared conventionally at RT (c and d) and samples prepared with the help of microwave irradiation (e and f).
Control cells (c and e) lack ultrastructural alterations of TMV-disease and do not show immunogold labelling of TMV-coat protein on the
sections. TMV-infected samples (d and f) show ultrastructural alterations of TMV such as accumulations of virions in the cytosol (marked by
arrowheads). In the latter, gold particles bound to TMV-coat protein were found in large quantities. Higher amounts of gold particles bound
to TMV-coat protein could be detected in samples prepared with the help of microwave irradiation (f) compared with samples prepared
conventionally at RT (d). C = chloroplasts with and without starch (St), M =mitochondria, N = nuclei, Px = peroxisomes. Scale bar, 1 cm for
(a) and (b) and 1 µm for (c)–(f).
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Ltd) per 10 ml of LR-White. Polymerization of
LR-White containing the samples was performed
under anaerobic conditions for a maximum of 30 min
on ice to avoid excess heating of the sample.

Immunocytohistochemistry

Immunogold labelling of TMV-coat protein was per-
formed with ultrathin sections on coated nickel
grids with the automated immunogold labelling
system Leica EM IGL (Leica, Microsystems, Vienna,
Austria). The ideal dilutions and incubation times
of the primary (anti-TMV U1 rabbit IgG; DSMZ,
Braunschweig, Germany) and 10 nm gold-
conjugated secondary antibody (goat anti rabbit
IgG; British BioCell International, Cardiff, UK) were
determined in preliminary studies by evaluating
the labelling density after a series of labelling
experiments. The final dilution of primary and sec-
ondary antibodies used in this study showed a
minimum of background labelling outside the
sample with a maximum of specific labelling in the
sample. The sections were blocked for 15 min with
2% bovine serum albumin (BSA, Sigma-Aldrich, St

Louis, MO, USA) in phosphate buffered saline
(PBS, pH 7.2) and then treated with the primary
antibody against TMV-coat protein diluted 1:500 in
PBS containing 1% BSA for 30 min at RT. After a
short rinse in PBS (3 times 5 min each), samples
were incubated with a 10 nm gold-conjugated sec-
ondary antibody diluted 1:100 in PBS for 30 min at
RT. After a short wash in distilled water (2 times 5
min), labelled grids were post stained with uranyl
acetate (2% dissolved in aqua bidest) for 15 s and
investigated in a Philips CM10 transmission elec-
tron microscope. Several negative controls were
made with sections of TMV-infected leaves to
support the specificity of the immunogold proced-
ure. Negative controls were treated with (i) pre-
immune serum instead of the primary antibody,
(ii) gold-conjugated secondary antibody (goat anti-
rabbit IgG) without prior incubation of the section
with the primary antibody or (iii) non-specific sec-
ondary antibody (goat anti rat IgG). These negative
controls did not contain gold particles bound to
TMV (Fig. 2), indicating that the obtained signal in
TMV-infected samples (Fig. 1) specifically visua-
lized the presence of TMV.
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Table 1. Protocol for sample preparation using microwave irradiation

Vial number Step Duration (min) Max. temp. (°C) Reagent Microwave mode Max. power (W)

1 1 4 37 2.5% paraformaldehyde and 0.5%
glutaraldehyde in phosphate buffer

Continuous 15

2 4 20 Continuous 0
3 4 37 Continuous 15
4 4 20 Continuous 0

2 5 1 37 Phosphate buffer Slope 20
3 6 1 37 Phosphate buffer Pulse 15
4 7 1 37 Phosphate buffer Slope 20
5 8 1 37 Phosphate buffer Continuous 15
6 9 3 37 50% Acetone Slope 20
7 10 3 37 70% Acetone Slope 20
8 11 3 37 90% Acetone Slope 20
9 12 5 37 LR-White:90% Acetone = 1:2 Continuous 10
10 13 5 40 LR-White:90% Acetone = 1:1 Continuous 10
11 14 5 45 LR-White:90% Acetone = 2:1 Continuous 10
12 15 5 50 100% LR-White Continuous 12
13 16 5 50 100% LR-White Continuous 12
14 17 5 50 100% LR-White Continuous 12

Total time 59

Vial number represents the order in which the vial was loaded into the carousel of the processor. The Step column shows the actual process.
Max. temp. is the maximum temperature reached in the vial before the microwave irradiation was turned off. The reagents loaded in the vials
are shown in the fifth column. The Microwave mode column shows the microwave irradiation setting: Continuous = rapid temperature
increase, holding the set temperature; Slope = gentle temperature increase, final temperature reached at the end; Pulsed = Rapid temperature
increase, power turned off until the temperature dropped 5°C, power resumed to reach temperature. The last column shows the maximum
power of the microwave irradiation.
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Results and discussion

The results of this study clearly demonstrate that
microwave-assisted plant sample preparation does
not alter the ultrastructure and antigenicity of the
plant sample. Samples prepared conventionally
showed ultrastructure (Fig. 1c and d) similar to that
of samples prepared with the help of microwave ir-
radiation (Fig. 1e and f). These results are similar
to those of other studies where microwave irradi-
ation was used for the fixation of the plant sample
without altering the ultrastructure and antigenicity
of the plant sample despite a reduction of sample
fixation time [2,10,18,19]. Nevertheless, the use of
microwave irradiation in these studies was limited
to the fixation process but was not used during the
other steps of sample preparation. Thus, besides re-
duction of fixation time, no further reduction in
sample preparation time in comparison with con-
ventional sample preparation at RT was achieved.
In this study, sample preparation time was reduced
from about 3 days to 90 min (Table 2). Fixation
could be reduced from 90 to 16 min with the micro-
wave device used in this study, which is similar to
the fixation time of 20 min that has been achieved
using another microwave device for plant sample
preparation [18]. Nevertheless, shorter fixation
times (between 17 s and 4 min) could be achieved
with other microwave devices for similar proce-
dures [2,10,19], indicating that sample fixation time
strongly depends on the microwave device.

Even though the ultrastructure in this study was
not as well preserved in comparison with sample
preparation protocols where osmium tetroxide was
additionally used as post-fixative [12,13], all plant
organelles could be clearly identified in all samples
independent of the sample preparation method
(Fig. 1c–f). Although osmium tetroxide could not
be used in this study as it altered the antigenicity of
the sample, fine structures such as thylakoids in
chloroplasts and cristae in mitochondria were
visible (Fig. 1e and f). In TMV-infected samples,
large areas of virions accumulating in the cytosol
were visible (Fig. 1d and f), which are typical ultra-
structural alterations induced by this viral agent in
tobacco [13,22,23]. Cytohistochemical labelling of
TMV-coat protein identified these virions as TMV as
gold particle labelling could be detected in these
areas (Fig. 1d and f). Gold particle density in these
areas was higher in samples prepared with the help

Fig. 2. TEM micrographs of TMV-infected leaf cells on sections treated as negative controls. Transmission electron micrographs of parts of
TMV-infected cells after microwave-assisted (a) and conventional sample preparation at room temperature (b and c) treated as negative
controls. Gold particles were absent when cells were treated with pre-immune serum instead of the primary antibody (a), after the omission
of the primary antibody (b) and after the treatment with an unspecific secondary gold-conjugated antibody (c). C = chloroplasts with and
without starch (St), M =mitochondria, N = nucleus. Scale bar, 1 µm.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Plant sample preparation times

Step Microwave Conventional

Fixation 16 min 90 min
Buffer washes 4 min 60 min
Dehydration 9 min 60 min
Infiltration 30 min 23 h
Polymerization 30 min 48 h
Total time 89 min (1 h and

29 min)
4470 min (74 h and
30 min)

Comparison of time needed for the different steps between
microwave-assisted (Microwave) and conventional sample
preparation at RT (Conventional).
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of microwave irradiation (Fig. 1f) compared with
samples prepared conventionally at RT (Fig. 1d,
Table 3). An improved antigenicity of samples fixed
with the help of microwave irradiation has also
been described by other authors [15,18,24–26].
Considering these results, this study clearly demon-
strates that the described protocol allows the detec-
tion of TMV within infected leaves within about half
a day after the harvesting of the sample. As other
comparable protocols described in the literature for
plant samples usually need between 3 and 6 days
[1,2,4,5,8,10,11], this method represents the fastest
protocol currently available in the literature for
immunoelectron microscopy of plant samples. As
most steps were performed automatically, this pro-
cedure does not only mean a massive reduction in
sample preparation time but also saves a lot of
labour and time that can be used otherwise. For
example, it is possible to perform negative staining
of viral particles and the determination of their size
during microwave-assisted plant sample preparation.
Additionally, it is possible to perform microwave-
assisted sample preparation for ultrastructural
analysis as described recently [12–15] during immu-
nogold labelling. This would allow a combined ultra-
structural and cytohistochemical diagnosis of plant
virus diseases within about a single day.

Conclusions

Summing up, the results of this study demonstrate
that microwave-assisted plant sample preparation
decreases plant sample preparation time for TEM
from 3 to 6 days needed for conventional sample
preparation at RT to 90 min without negatively
affecting the antigenicity of the sample. In combin-
ation with the cytohistochemical localization of
viral coat protein, this method is well suited for the
rapid diagnosis of plant virus diseases in about half
a day by TEM.
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