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FiGs. 16-20. Infection of Vicia faba. Fig. 16. (16 h p.i.) Cytoplasmic aggregate (arrow) around the IEV after the halt in cytoplasmic
streaming. There is also a cytoplasmic aggregate in the neighbouring cell. X 1187. Fig. 17. (24 h p.i.) Wrinkled cuticle after cell collapse.
x725. Fig. 18. (12 h p.i.) Video-enhanced microscopy of cell collapse. Two frames in a sequence of about 6 mins. (a) Cytoplasmic aggregate
(arrows) around the IEV. The nucleus is visible. (b) The same site, plasmalemma contracted away from cell wall. Note the change in size of
the plant nucleus in a and b. Fig. 19. (24 h p.i.) A dark brown area around the penetration peg. (a) Plane of focus on a collapsed basidiospore
and penetration peg. The nucleus close to the dark pigmented zone is visible in the living cell. (b) The same site, at a lower plane of focus,
shows the dark brown area deeper in the plant cell. Note cytoplasmic aggregate (arrow) near the dark brown area. X 1000. Fig. 20. (24 h
p.i.) Collapsed, dark pigmented IEV in living plant cell. Around the collapsed IEV the cytoplasmic aggregate (arrows) is visible. X 1225,
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Reaction of host plant cells

There was no visible change in the epidermal cells under-
neath germinating basidiospores. The first plant response was
formation of a cytoplasmic aggregate during development of
the appressorium (Fig. 8). This aggregate disappeared about
1 h later in most cases. At 1012 h after inoculation, the fun-
gus penetrated epidermal cells and formed the [EV. Again, the
epidermal cells reacted by forming a large cytoplasmic aggre-
gate (Fig. 9). At this time, papillae (Fig. 9) were observed at
73% of penetration sites. At 14 h p.i., or about 2 h after pen-
etration, the nuclei in 30% of invaded cells were close to the
IEV. At about 4 h after penetration, nuclei were close to the
IEV in 83% of invaded cells. Nuclear size did not change sig-
nificantly during infection.

A few infected epidermal cells showed signs of disorgani-
sation during the 1st day after inoculation (Fig. 10). At 120 h
p.i., only 1-2% of the primary infected cells were necrotic.
In such cells fungal hyphae appeared intact (Fig. 11) and rami-
fied into the neighbouring cells in the same way as hyphae
infecting living cells.

Reactions of nonhost plant cells

As observed in host plant cells, cytoplasmic aggregates
appeared during development of appressoria and again during
penetration of epidermal cell walls. A papilla was also
observed in most cases (Figs. 12, 13).

At about 2 h after penetration, nuclei were close to the IEV
in 78% of infected cells. At about 4 h after penetration, almost
all nuclei of infected cells (97%) were close to the IEV. Com-
pared with nuclei in uninfected cells (17.2 = 2.1 um X 12.4
*+ 2.9 pm), nuclei close to the IEV increased considerably in
size (19.1 = 2.8 wm X 14.6 = 2.9 wm). If the invaded cells
collapsed, their nuclei decreased markedly in size to 8.7 =+
22 um X 7.0 = 1.0 pm. Nuclei in neighbouring cells did
not change their size but migrated towards the infected cell
and remained close to the wall of the infected cell (Figs. 14,
15).

At 20 h after inoculation (10-30 h p.i.), cytoplasmic
streaming in the invaded cells halted, and an aggregate sur-
rounded the IEV (Fig. 16). Components within the cyto-
plasmic aggregate showed Brownian movement. Cell collapse
started after the quiescence of the Brownian movement. The
process of cell collapse finished with either contraction or
granulation of the cytoplasm of infected cells (Figs. 14, 15).
In the case of contraction, the cell wall showed shrinkage and
the cuticle became wrinkled (Fig. 17). Video-enhanced
microscopy showed the course of cytoplasmic disorganisation,
which occurred approximately 6 min after cessation of
cytoplasmic movement (Fig. 18). No necrosis was observed
in neighbouring uninfected cells. During and after the collapse
of the infected cell, however, the neighbouring cells reacted
by producing cytoplasmic aggregate adjacent to the collapsed
cell (Fig. 16). In other infected cells necrosis did not occur.
Instead, cytoplasmic streaming continued and a dark brown
material completely surrounded the IEV (Figs. 19-20). Cells
showing necrosis or the dark brown material were observed at
a ratio of 7:3 at 36 h p.i.

Discussion

The development and cytology of basidiospore infection
structures were very similar to those observed in cleared tissue
of infected cowpea (Heath 1989). Also, infection structures

induced on artificial membranes were quite similar to those
observed in the leaf (Freytag er al. 1988). However, in the
present study, the use of living cells and short intervals of
observation helped us to understand the different plant
responses associated with infection structure formation during
host and nonhost interactions.

The cowpea rust basidiospores were not able to recognize
differentially the surface of the cuticle of the two plant species.
However, penetration efficiency was affected by plant species,
although this did not determine the outcome of the interaction.
This is indicated by the fact that on bean leaves penetration
efficiency is very low (Heath 1989), while on broad bean
leaves penetration efficiency is obviously higher than on the
host plant cowpea. This may indicate that the penetration of
the plant epidermis is dependent on the thickness and rigidity
of the cuticle (Melander and Craigie 1927).

The first visible reaction of the plant cells is formation of a
cytoplasmic aggregate of quite variable size below appres-
soria. This aggregate disappears soon after formation, but a
second cytoplasmic aggregate develops a few hours later, dur-
ing the intraepidermal vesicle formation. The fungus seems to
start to elicit and suppress defence reactions of the plant cell
before the epidermal cell wall is penetrated. Somewhat similar
observations have been made during infections by Erysiphe
graminis (Bushnell 1971; Bushnell and Bergquist 1975; Kunoh
et al. 1985; Mendgen et al. 1987) and Phytophthora infestans
(Kitazawa et al. 1973, Tomiyama 1956). It has been suggested
that a chemical substance induces formation of such cyto-
plasmic aggregates (Kunoh ez al. 1985).

The hypersensitive necrosis of nonhost plant cells after
basidiospore infection has been studied with cleared leaf tissue
(Freytag 1990; Heath 1989) and more recently in resistant liv-
ing plant cells of cowpea leaf veins (Chen and Heath 1991).
Rapid limited necrosis of the invaded nonhost cells occurred
after formation of the IEV. Fungal growth in the necrotic cells
appeared to be restricted. The limitation of biotrophic fungal
growth may be by starvation due to failure to take up nutrients
from necrotic plant cells (Heath 1981; Liu et al., 1989;
Mansfield et al. 1989). It is also possible that the accumulation
of phytoalexins or other antimicrobial substances in necrotic
plant cells leads to the cessation of fungal growth (Liu et al.
1989).

Besides the hypersensitive reaction, our results indicated
another possible mechanism of resistance, namely the depo-
sition of brown material around infection structures. The com-
position of this material is not known, but it may correspond
to the encasement of fungal growth seen in ultrastructural stud-
ies (Allen and Friend 1983; Coffey 1976; Heath 1971). These
two different mechanisms of nonhost resistance may be trig-
gered at the stage of IEV formation.

Nuclear movements also occur during the course of infec-
tion. Such movements are well known after wounding
(Pappelis et al. 1974) but are also quite characteristic for rust
infection (Bhattacharya and Shaw 1986). In addition, in resist-
ant combinations nuclear migration to the infection site seems
to be faster (Pappelis ez al. 1974) or the migration forces more
induced (Tomiyama 1956). Changes in nuclear size during
infection have been reported for other host—parasite combi-
nations (Bhattacharya and Shaw 1986; Contreras and
Boothroyd 1975; Kulfinski and Pappelis 1971). The increase
of nuclear size and high speed of cytoplasmic streaming
(H. Xu, unpublished data) might reflect extremely high met-
abolic activity in an infected cell.
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These findings indicate that the hypersensitive cell death
associated with nonhost resistance of Vicia faba involves a
sequence of different cytological events.
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