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Abstract 

Potato leafroll virus (PLRV) antigen was localized by immunogold labelling in semi-thin leaf sections of 
secondarily-infected potato plants cv. Bintje. Viral antigen was present in all cell types of the phloem tissue, 
but occurred most abundantly in the companion cells. Detectable amounts of PLRV antigen were found only in 
the sieve elements in veins with a large number of infected companion cells. Occasionally, parenchyma cells were 
also found to be infected. PLRV was not exclusively limited to the phloem tissue in the infected potato plants, 
but was also found in mesophyll cells neighbouring minor phloem vessels. Spread of virus from cell to cell in the 
mesophyll was not observed. The distribution of PLRV in the potato leaf tissue has implications on its availability 
for acquisition by aphids. 

Potato leafroll virus (PLRV), a member of the 
luteovirus group [Waterhouse et al., 1988], causes 
severe losses in potato crops worldwide [Kojima and 
Lapierre, 1988]. The virus is transmitted in a circu- 
lative non-propagative manner by a number of aphid 
species, of which Myzus persicae is the principal and 
most efficient vector [Sylvester, 1980]. 

Electron microscopic studies on potato plants 
infected with PLRV have revealed the presence of 
the virus-like particles in the phloem tissue, mature 
sieve elements, and companion cells, and plasmodes- 
mata between these two cell types [Shepardson et al., 
1980; Golinowski et al., 1987]. The sieve elements 
are the major nutritional source for aphids [Pollard, 
1973]. As a consequence, aphids acquire virus parti- 
cles along with phloem sap while feeding on infected 
plants. Previous work has shown that aphids acquire 
and transmit PLRV more readily from potato plants 
with higher titres of the virus than from plants with 
low titres [Barker and Harrison, 1986; Van den Heuvel 

et al., 1993]. This correlation was most obvious early 
in the growing season. However, later in the growing 
season, PLRV acquisition did not correlate with the 
titres of viral antigen in the leaves and was markedly 
reduced [Barker and Harrison, 1986; Harrison, 1981; 
Van den Heuvel et al., 1993]. A similar phenomenon 
was observed for PLRV-infected Physalis floridana. 
Leaves with distinct symptoms were poorer sources 
for PLRV acquisition than those showing faint symp- 
toms [MacKinnon, 1962; Peters and Elderson, 1984; 
Van den Heuvel et al., 1991]. Since viral antigen was 
still readily detected in P. floridana leaves with dis- 
tinct symptoms, and in potato plants later in the grow- 
ing season, apparently the amount of PLRV available 
for acquisition had decreased [MacKinnon, 1962; Van 
den Heuvel et al., 1991, 1993]. It is not yet clear what 
may have caused the reduced availability of the virus 
in older plants. One of the contributing factors may 
be the spread of PLRV to plant cells that are not nor- 
mally feed on by aphids. Barker [1987] reported that 



568 

a small number of parenchyma protoplasts obtained 
from Nicotiana clevelandii plants infected with PLRV 
were stained by fluorescent antibodies to the virus. To 
investigate whether PLRV also invades non-phloem 
tissue in potato, localization studies were performed on 
semi-thin sections of leaves from secondarily-infected 
potato plants cv. Bintje (plants grown from PLRV- 
infected tubers), using immunogold-labelling followed 
by silver enhancement. 

The leaf material from glasshouse-grown potato 
plants, three and five weeks after planting the tubers 
was used for these studies. Tubers were infected with 
the Wageningen isolate of PLRV [Van der Wilk et al., 
1989]. Three-week-old plants still in the sprout stage 
were used. At the moment of sampling, sections were 
made from the nearly symptomless top leaves. Single- 
aphid transmission experiments with one-day-old M. 
persicae nymphs were performed using these leaves 
as a virus source; the median acquisition access period 
(AAPs0), i.e. the period of time after which 50% of 
the nymphs acquired enough virus to become infec- 
tious, was less than 48 hours. In these experiments, 
30 nymphs were individually tested for their ability to 
infect a P. floridana seedling after acquisition access 
periods of 48, 72 and 96 h. Bottom leaves taken from 
five-week-old plants were poor sources for virus acqui- 
sition since the AAPs0 was longer than 96 hours, even 
though the virus was readily detected in the leaves by 
ELISA, and interveinal chlorosis and reddening of the 
leaf margins was clearly visible. 

For semi-thin sectioning, small pieces of tissue 
between primary and secondary veins of the PLRV- 
infected leaves were fixed with 3% (w/v) glutaralde- 
hyde, 2% (w/v) paraformaldehyde and 1.5 mM CaC12 
in a phosphate-citrate buffer, pH 7.2 (0.1 M Na2HPO4 
and 2.7 mM citric acid) for 1 h under a vacuum 
of approximately 60 mbar at room temperature, and 
held at 4 ~ for 16 h. Dehydration and low temper- 
ature embedding in LR-Gold was done essentially as 
described by Van Lent et al. [ 1990]. Semi-thin sections 
(0.5-1/tin) were cut with a glass knife on a LKB Ultra- 
tome, transferred onto a droplet of 40% acetone on 
dimethyldichlorosilane-treated glass slides and dried 
on a hot plate at 40 ~ for about 10 min. Mounted 
semi-thin sections of PLRV-infected leaf material and 
appropriate controls were preincubated with PB S-BSA 
(0.02 M sodium phosphate buffer, pH 7.4, containing 
0.14 M NaC1, 2 mM KCI and 1% (w/v)bovine serum 
albumin). After 1 h, PLRV-specific monoclonal (Mabs) 
and polyclonal antibodies at a concentration of 0.2 #g 
per mL PBS-BSA were added and incubated for 2 h. 

Sections were then washed with PBS and exposed to 
rabbit anti-mouse antibodies coupled to 10 nm gold 
particles for 1.5 h. The gold-conjugate was diluted in 
PBS to an optical density of 0.1 at 520 rim. Next, the 
sections were washed with PBS and the immobilized 
immune-complexes fixed in 1% (v/v) glutaraldehyde 
for 15 min. Glutaraldehyde was removed by extensive 
rinsing with distilled water. Subsequently, gold par- 
ticles were silver-enhanced by incubating the treated 
sections with a 1:1 mixture of initiator and enhancer 
(Intense BL silver staining kit; Janssen Pharmaceutica 
B.V., Tilburg, Netherlands) for 8-10 min followed by 
washing with distilled water and staining with 0.1% 
(w/v) toluidine blue. All incubation steps were per- 
formed at room temperature. Stained sections were 
examined with epi-illumination in a Leitz Orthoplan 
microscope equipped with water-immersion objective 
lenses and a polarization filter block (epipolarization 
microscopy). 

Since glutaraldehyde/paraformaldehyde (GA/PF) 
fixation of infected tissue can negatively affect the 
antigenic properties of the viral antigen [Garret et 
al., 1991], PLRV-specific Mabs were first tested for 
their ability to detect virus treated with GA/PF in a 
triple antibody sandwich (TAS) ELISA. In this assay, 
PLRV was trapped on the solid phase by polyclonal 
antibodies and incubated overnight at 4 o C with the 
same concentrations of GA and PF as used for fixa- 
tion of leaf material. All nine conformation-dependent 
PLRV-specific Mabs from the WAU-panel [Van den 
Heuvel et al., 1990], and SCR5 from the Scottish Crop 
Research Institute [Massalski and Harrison, 1987] 
were screened. It was noted that the GA/PF treatment 
greatly reduced the reactivity of the virus with these 
antibodies as compared to the untreated virus. Only 
WAU-A6, -A7, -A12, and SCR5 retained their capac- 
ity to tag the virus (results not shown). Since none of 
the WAU-Mabs gave a positive signal in the immuno- 
gold labelling experiments, SCR5 was used throughout 
this study. Western blot analysis showed that SCR5 is 
directed to a linear epitope of the major coat protein 
of PLRV. Testing the affinity of SCR5 for intact and 
degraded PLRV in ELISA revealed that it detected 
either type equally. Polyclonal antisera to PLRV were 
unsuitable to be used in the labelling procedures due 
to a high level of aspecific labelling of the tissue. 

The staining technique used in combination with 
epipolarization microscopy, revealed the presence of 
PLRV antigen as a bright blue-coloured signal, mainly 
in the phloem tissue. Based on the intensity of the 
colour reaction, viral antigen was most abundant in 
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Fig. 1. Leaf tissue from potato plants cv. Bintje secondarily infected with PLRV. Multiple companion cells (CC) are infected and accumulation 
of viral antigen in a sieve element (SE) is visible. SP, sieve plate; PP, parenchyma.Bar represents 50/zm. 

the companion cells (Fig. 1). Examination of serial 
sections from several pieces of a single leaf showed 
that the virus was quite unevenly distributed within a 
leaf. The number of companion cells infected varied 
markedly between the sections. The labelling signal 
in companion cells of older and younger leaves was 
comparable. This observation seems to contradict the 
fact that older leaves were poorer sources for virus 
acquisition than the younger ones. Unfortunately, it 
could not be assessed whether the viral antigen in these 
leaves derived form intact or degraded virus. None 
of the conformation-dependent Mabs from the WAU- 
panel could be used in the labelling procedures, and 
SCR5 recognizes a surface-exposed linear epitope. 

Presence of luteoviruses in sieve elements of 
phloem vessels was previously reported in ultrastruc- 
tural studies on beet westem yellows virus (BWYV) 
in Thlaspi arvense; virus particles in this virus/host 
combination were most conspicuously found associ- 
ated with peripheral endoplasmatic reticulum in the 
developing sieve elements [D'Arcy and De Zoeten, 
1979]. In our studies, however, we never observed a 
clear signal in these areas, irrespective of the age of the 
potato plants. Apparently, the level of PLRV antigen in 
functional sieve elements which mediate the systemic 
spread of the virus in the plant is too low to be detected 

by the technique used. However, in the bottom leaves 
of older plants, we infrequently detected PLRV anti- 
gen in the lumen of a single sieve element connected 
to an infected companion cell (Fig. 1). Thickened cell 
walls at these sites were readily discemable (Fig. 1). 
It is probable that phloem transport is obstructed in 
these elements due to excessive callose formation at 
the sieve plates. Luteovirus accumulation has so far 
only been reported in the lumina of degenerating sieve 
elements of T. arvense infected with BWYV [D'Arcy 
and De Zoeten, 1979]. 

Occasionally, we found PLRV antigen stained in 
the cytoplasm of phloem parenchyma cells of either old 
and young leaves (results not shown). More frequently, 
however, PLRV antigen was present in mesophyll cells 
neighbouring infected companion cells (Figs. 2a, b) 
in older leaves. Serial sectioning revealed that these 
mesophyll cells were always immediately adjacent to 
companion cells in minor veins protruding into the 
mesophyll tissue (Fig. 2b). Since the intensity of 
staining in both the mesophyll and companion cells was 
comparable, we concluded that either cell type sup- 
ports PLRV replication to a similar extend. Evidence 
for cell to cell spread of PLRV within the meso- 
phyll tissue was not observed. Even though we did 
not approach the distribution of PLRV in a quantita- 
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Fig. 2. (A) Mesophyll cells (MC) of a PLRV-infected potato plant cv. Bintje; (B) Protrusion of a minor phloem vessel (PV) into mesophyll 
tissue. CC, comparison cell. Bar represents 50 #m. 

tive manner, it could be concluded that the number 
of infected mesophyll cells was too low to explain 
the reduced availability of the virus in older potato 
plants. 

The localization studies revealed an uneven dis- 
tribution of PLRV in the phloem tissue. In some 
veins or part of veins infected companion cells were 
observed only occasionally, whereas in others many 
of these cells displayed clear labelling signals (Fig. 
1). Only in the latter situation, frequently seen in old 
leaves, the lumen of individual sieve elements con- 
tained detectable amounts of viral antigen. The uneven 
distribution of PLRV in the phloem tissue suggests that 
systemic transport of the virus in heavily virus-infested 
vessels is considerably impaired. While feeding on 
PLRV-infected potato, aphids apparently avoid these 
vessels, and as a result of increasing disease develop- 
ment and cytopathological changes in infected plant 
tissue, fewer aphids would acquire virus thus reduc- 
ing the likelihood of virus transmission. Electronically 
monitoring of aphid penetration behaviour [Tjallingii 
and Hogen Esch, 1992] combined with localization 
studies of the virus in the penetrated tissue might pro- 
vide further information on this matter. 
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