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Modified Plasmodesmata in Sorghum (Sorghum bicolor L. Moench)
Leaf Tissues Infected by Maize Dwarf Mosaic Virus

Chang Won Choi*
Department of Biology, Division of Life Science, Pai Chai University, Taejon 302-735, Korea

The early acute response (EAR), a type of hypersensitive response, is defined by small chlorotic spots at the base of
the youngest leaf of sorghum (Sorghum bicolor 1. Moench) cultivar HOK, and usually appears within five days after
inoculation with maize dwarf mosaic virus strain A (MDMV-A). These chlorotic spots become necrotic one to two days
later and the leaf tissues are rapidly killed. In leaf tissues showing EAR, plasmodesmal fields contained many modi-
fied plasmodesmata of various sizes and structures within thickened cell walls. The membranous vesicles and
tubules, derived from the extended terminal structures of modified plasmodesmata, were blocked by callose-like
deposits in the area between the cell wall and plasmalemma. Also observed were two opposite-directed channels
united via a central cavity at the middle lamella of the cell wall, one end of which was connected to the plasmale-
mma, but the other end sealed off to form a bulbous extension. The localized structure, an extraprotoplasmic sac
containing aggregates of elongated virus-like particles associated with the modified plasmodesmata, was located
between the plasmalemma and the cell wall. The sac was bound by membranes, and appeared to be sealed and
completely excluded from the protoplasm. Extraprotoplasmic sacs appeared to be derived from the terminal exten-
sion of modified plasmodesmata, and these modification seem to be related to restriction of the viral spread.

Keywords: cell-wall abnormalities, early acute response, extraprotoplasmic sac, Maize Dwarf Mosaic Virus (MDMYV), modi-
fied plasmodesmata, viral spread

Young seedlings are generally more sensitive than tion, and plant growth and development (Robards
aged plants when inoculated with the virulent strain of and Lucas, 1990; Lucas et al., 1993). In addition,
a virus. When such a strain is inoculated into certain they are known to function as a major pathway for
monocot hosts, symptoms are expressed as an early the spread of plant viruses from cell to cell (Hull,
acute response (EAR) at the base of the youngest leaf 1989; Deom et al., 1992; Fujiwara et al., 1993).
in the terminal whorl and as a late chronic response Virus-like particles (VLPs) within the plasmodesmata
showing systemic mosaic in the old leaves (McKinney of virus-infected plants have been observed with an
and Greely, 1965). The EAR is possibly associated with electron microscope. In previous investigations, the
the restriction of viral spread, but not necessarily with modified plasmodesmata were not empty but often
the restriction of viral replication. Although the poten- contained VLPs aligned in a single or a double row
tial significance of this phenomenon was first recog- (Kim and Fulton, 1973; Allison and Shalla, 1974;
nized about 30 years ago, the mechanisms by which Murant et al., 1975; Weintraub et al., 1976; Robards
EAR operates have not been resolved. and Lucas, 1990). On the other hand, many plant

Cell-wall abnormalities accompanying modifica- viral genomes encode specific movement proteins
tion of plasmodesmata are frequently associated with (MP) which interact with components of the plas-
an increase in the number of paramural bodies modesmata and facilitate viral spread between cells
between the cell wall and the plasmalemma in virus- (Atabekov and Taliansky, 1990; Lucas et al., 1990;
infected leaf tissues (Bassi et al., 1974; McMullen et Deom et al., 1990, 1991; Berna et al., 1991; Wolf et
al., 1978; McMullen and Gardner, 1980; Choi 1996). al., 1991). Since the size exclusion limit (SEL) of plas-
Such structures often occur near plasmodesmata, modesmatal structures is not compatible with the pas-
complex trans-wall membranous structures, which sage of plant viruses, the pore structures must be
are intercellular connections between neighboring expanded sufficiently to allow the viral spread. Like
cells. Plasmodesmata are involved in intercellular viral spread through the modified plasmodesmata,
transport, cell-to-cell communication, cell differentia- inhibition of viral cell-to-cell movement via plas-

modesmata by callose-like deposits in areas surround-
*Corresponding author; fax +82-42-520-5617 ing local lesions has been described (Allison and
e-mail choicw@mail.paichai.ac.kr Shalla, 1974). Recently, it has been suggested that the
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deposit of callose in the constricted neck region of
plasmodesmata could atfect the pathway available for
solute movement (Oleson and Robards, 19901,

An extraprotoplasmic sac, has been found 1o be ire-
quently associated with the maoditied plasmodesmata
(Allison and Shalla, 1974: McMullen et al., 1977;
McMullen and Gardner, 1980). The sac appears to be
a closed structure that originates from the moditied
plasmodesmata. It was Tound to be sometimes titled
with aggregates of VLPs, embedded in the callose-like
deposit between the plasmalemma and the cell wall,
but often contained small spherical granules rather
than virus particles iIMcMullen and Gardner, 1980).
The structure is assumed to he a protective response
by the plant 10 restrict the spread ot virus (MeMullen
et al., 1977), but its nature is unknown. If the modifi-
cation of plasmodesmata for viral restriction is
induced by biochemical mechanisms similar to the
viral spread through the maodified plasmaodesmata,
the VLPs localized in the extraprotoplasmic  sac
should be similar to the forny involved in the spread.

In this paper is described the oceurrence and the
spatial relationship of cell-wall abnormalities, includ-
ing cell-wall thickenings, paramural bodies, maodified
plasmodesmata and  extraprotoplasmic sacs in- sor-
ghum leaf tissues infected with maize dwarl mosaic
virus (MDMV) A strain. The investigations reported
here suggest how the maodified plasmodesmata and
extraprotoplasmic sacs restrict cell-to-cell viral spread
in sorghum leat tissues showing EAR.

MATERIALS AND METHODS

Virus and Plants

MDMV strain A was maintained in johnsongrass and
sugarcane maosaic virus strain maize B (SCMV-MB) in
N28 corn plants, and both served as viral sources
(Choi, 1996). The inoculum sources were prepared by
grinding the infected leaves in deionized water (1:5,
wiv) using a morar and pestle. Both surfaces of the
third and emerging fourth leaves were dusted lightly
with 600-mesh carborundum, and rubbed twice by
the finger wipe method. MDDMV-A was inoclated into
sorghum (Sorghum bicolor L. Moench) ¢v HOK and
SCMV-MB inlo «v Pioneer8680).  Mock-inoculation
was perdormed by inoculation with deionized water
on carborundum-dusted leaves. Tissues of the fifth leat
of HOK showing EAR induced by MIDMV-A were har-
vested within five days after inoculation and those of
Pioneer8680 showing typical mosaic symptoms within
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two weeks atter inoculation, and both were propared
for the cytopathological studics.

Electron Microscopy

Infected sorghum leaf tissues were cut under a drop
of 25% (A glutaraldehyde in 0.1 M potassium
phosphate bufier (pH 7.2) and ixed in the same
butter solution tor 60 min under vacuum at 4°C. Post-
fixation was in 1 ml. of cold 1% (V) osmium tetrox-
idde in 0.1 M potassium phaosphate buifer (pH 7.2) for
60 min. The tissues were dehydrated ina cold ace-
tone series slarling at 25% with changes every 15-30
min up to 100¢% acetone, soaked for 2-4 h at room
temiperature in a mixture of Spurr low-viscosily plastic
andd Bo-Jax Mixture (23:77, vAr with DMP-30 (Tri-
dimethylamino methyl phenol) ised as the accelera-
tor (Choi, 19961, transferred 1o a fresh plastic mixture
in “micron” molds and polymerized at 60°C for 24 h.
Thin sections were made with o Porter Blum MT-2
ultramicrotome. stained with uranvl acetate tollowed
by lead ditrate, and observed with a Hitachi HU-12A
clectron microscope at 100 kV.

RESULTS

Early Acute Response (EAR)

Virulent strains of a virus can induce rapid func-
tional and structural modifications of the most sus-
ceptible feal tissues  during the  carly  stages  of
infection. EAR of sorghum ov HOK consisted of small
chiorotic spots at the base of the youngest leal (fifth)
in the terminal whorl, and usually appeared within
tive dlays after inoculation with MDMV-A. These chlo-
rotic spots became necrolic one to two days later,
ans | rapiclly killed the leaf tissues, but EAR developed
neither on the fifth leal tissues of ov Pioneer8680
showing systemic mosaic symptoms by SCMV-MB
nor on those of mock-inoculated HOK sorghum
plant. The EAR, therefore, is o type of hypersensitive
response that eventually takes the form of necrosis.
The infected plants then developed a late chronic
response showing typical mosaic symptoms on the
third and fourth leaves.

Modification of Plasmodesmata

The most distinctive modification of - plasmaodes-

mata was induced at the intertace between the cell
wall and plasmalemma in the cells of the fifth leal of
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Figure 1. Normal feature of plasmodesmata in uninfected
HOK sorghum plant. PD) (plasmaodesma), CW - (cell wall).
Figures 2-3. Electron micrographs of sorghum (S. hicolor L.
Moench) leaf cells infected with SCMV-MB. Figure 2. A field
containing various sizes of modified plasmodesmata (MP) in
leaf tissues of Pioneer8680) sorghum plant showing systemic
mosaic symptoms by SCMV-MB. Note the central cavities
(Ca) within the plasmodesmata. Figure 3. Desmotubules
(DY) within size-modified plasmodesmata in leaf tissues of
Pioneer8680 sorghum plant showing systemic mosaic symp-
toms. The cytoplasmic inclusions induced by SCMV-MB are
evident; laminated aggregates (L), and scrolls (5).

infected HOK sorghum plants within five days after
inoculation with MDMV-A. These changes were not
observed in uninfected HOK sorghum plants (Fig. 1).
In leaf tissues of Pioneer 8680 sorghum plants that
developed systemic. mosaic symptoms by SCMV-MB,
development of cavities and desmotubules within the

plasmodesmata were evident (Figs. 2 and 3), but
accompanying  cell-wall - abnormalities  were  less

prominent than in leaf tissues showing EAR by
MDMV-A. Typical cytoplasmic inclusions, including
laminated aggregates and scrolls, were induced by
SCMV-MB (Fig. 3). An increase of modified plas-

modesmata, and distinctive protrusions of plasmodes-
mata into the cytoplasm (Figs. 4, 9, and 10) were
typical cell-wall abnormalities found only in the leaf
tissues showing EAR. Cell-wall thickenings containing
modified plasmodesmata, paramural bodies and/or
large vesicles were often present together at the same
site along the cell wall (Figs. 5, 12, and 15). The plas-
modesmatal field contained many modified plas-
modesmala of various sizes within thickened cell
walls (Figs. & and 7). The filamentous materials filling
the central cavities have been described, and their
accumulation was related to the development of cav-
ities (Ding ¢t al., 1992), however the central cavitics
containing the filamentous materials were not found.
The membranous vesicles and tubules were derived
from the extended terminal structures of modified
plasmodesmata, which were blocked off from the
protoplasm by the callose-like deposits in the area
between the cell wall and plasmalemma (Figs. 8 and
15). Based on studies using ransgenic tobacco plants
that expressed an MP, the callose deposit has been
suggested 1o regulate the molecular SEL of plas-
modesmata (Wolf et al., 1991).

The maodified plasmodesmata observed in  this
study varied in length and diameter; they were mem-
brane-bound and terminated in a bulbous extension,
which was usually found between the plasmalemma
and cell wall (Figs. 8, 9, 10, and 11). Two opposite-
directed channels united via a central cavity at the
middle lamella of the cell wall, one end of which was
connected to the plasmalemma and the other end
closed to iorm a bulbous extension (Fig. 11). Elon-
galed plasmodesmata  containing  desmotubules
(Robards and Lucas, 1990) extending into areas
showing cell-wall abnormalities were often found
(Fig. 12). Some of them appeared simple but
extended in size, while others were complex plas-
modesmata branched at either ends (Fig. 15), sec-
ondary plasmodesmala (Ding et al., 1992).

Extraprotoplasmic Sac

A localized extraprotoplasmic sac, containing fila-
mentous aggregates of elongated VLPs, was often
observed in cells from longitudlinal sections of infected
tissues (Fig. 13). These structures were located
between the plasmalemma and the cell wall, bound
by membranes, associated with modified plasmodes-
mata, and appeared to be sealed and completely
excluded trom the protoplasm. Structures similar to
extraprotoplasmic sacs were frequently found without
contents (Fig. 14), while others contained electron-
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Figures 4-7. Electron micrographs ol sorghum (5. bicolor 1. Moench leat cells intected with MODMV. A, Figure 4. Electron micro-
graph showing cylindrical inclusions (C in the cytoplasm and cell wall abnormalibies associated with modified plasmodesmata
induced by early acute response in the sorghum caltivar HOK inoculated with MDMV-A. MP contains an extended protrusion
(unlabeled arrowhead) and a central cavity (Cal. Figure 5. Accumulation of paramaral bodies (PBY and fattened membranous
vesicles (unlabeled arrowheads) localized with modified plasmodesmata are present logether at the same site Figure 6. A cross-
sectional view o1 a lield containing many plasmadesmata within thickened celb walls (€CWL Note an extended protrusion of plas-
mocdesma (EP). Figure 7. A cross-sectional view of a field conlaining various sizes of plasmodesmata surrounded by thickened

cell walls. Some of the plasmodesmata contain central cavities.

dense materials (Figs. 14 and 15). The development
of extraprotoplasmic sacs appeared to generate from
either the terminal extension of modified plasmodes-
mata (Figs. 13 and 14 or formation by plasmalemma
(Fig. 15). However, the origin and function of the
modification are still unclear.

DISCUSSION

The EAR may depend entircly or partly on the
induced cytological maodifications, which results from
interactions between o specific sorghum  cultivar
(HOK) and MDMV strain A. It is assumed that EAR
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Figures 8-10. Electron micrographs of sorghum (8. bic olor L. Moenchi leaf cells infected with MDMV-A. Figure 8. A sunken
areas of plasmalemma (PL) caused by cell-wall thickenings contains modified plasmodesmata within a callose-like deposit (Cd).
Figure 9. Note the bulbous termination of extended plasmodesmata (EP). The open area (unlabeled arrowhead) is associated
with a modified plasmodesmata, which is connected to the ruptured membranes of plasmalemma. Figure 10. Cell-wall abnor-
malities associated with extended plasmodesmata. Note the desmatubules within modified plasmocdesmata.

results from the expression of host genes that restrict
viral spread at the intercellular level but not virus rep-
lication. Hence, its occurrence is presumably corre-
lated to cell-wall abnormalities. Cell-wall thickenings
appeared as a physical barrier to viral cell-to-cell
spread not only in the cells surrounding the necrotic
local lesions of hosts (Allison and Shalla, 1974), but
also in systemically-infected leaf tissues (Kim and Ful-

ton, 1973; McMullen et al., 1977; McMullen and
Cardner, 1980). Size-modified plasmodesmata in leaf
tissues showing systemic mosaic symptoms by SCMV-
MB were also observed, but distinctive cell-wall thick-
enings, accumulation of membranous vesicles and
tubules, bulbous extension of plasmodesmatal ends,
and localization of extraprotoplasmic sacs were pre-
dominantly in leaf tissues showing EAR by MDMV-A.
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Figure 11-15. Elcctron micrographs of sorghum ts, bhicolor L Mocns e lean cells inteored with MDANVAL Figure 110 A longitudi-
nal section of extended plasmodesmata with bhutbous protrusions P, connected by two central cavities separated by middie
famella sML) in HOK sorghum leat tisstes showirg carly acute response. Figure 12, Coll-wall abnormalitios accompanving vesi-
cles (Ve at one side of the cell wall. The desmotubules within maoditicd plasmodesata are evident . Figure 13, A longitudinal
section through extraprotoplasmic ~ac (£5) and its association with extended plasmodesmata in F1OR sorghum leal tissues
infected with MDMV-A, Notee the localized aggregates of virs-like particles (VP within sae and that kimitmg membranes of the
sac are not continuous with the plasmademma. Figure 14, The fonvation of mensbrane-bound sacs . located botween the
plasmalemma and cell wall /CW)L Figure 15, Extraprotoplasiic sacs, empty extraprotoplasmic sacs 1 and sacs with electron-
dense contents (29 located between the plasmalemma and cell wall Also notess the vesicle tonmation within the callose-like
deposits at both sides of the coll wall, associated with extended protitsions of phemodesmata, some 8 which are branched
winlabeled arrowhead).

it has been suggested that cell-wall abnormalities in 19775 Likewiwe, the EAR ol sorghum leaf tissues may
barley leal tissues showing EAR reduce the systemic he o transient response 1o viral intections that result in

spread of barley stripe mosaic virus (McMulien et al,, the death of leat tissues. It is postulated that MDMV
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triggers the host cell to produce abnormalities such as
plasmodesmata blocked by callose-like deposits dur-
ing the early infection process, and this modification
may restrict the viral spread.

The extended bulbous terminals in the modified
structure of plasmodesmata were located outside the
thickened cell walls, and they were often continuous
with membranous vesicles. It has been suggested that
the termination of extended plasmodesmata by a cal-
lose-like deposit may be at the origin of the extrapro-
toplasmic sacs (McMullen et al., 1977; McMullen
and Gardner, 1980). Because different types of
unusual structures were present together at the same
site, this spatial relationship may reflect the formation
of those structures.

Since the MP but no coat protein (CP) is required
for cell-to-cell movement of TMV, the modification of
plasmodesmata is proposed to be an MP-activated
process (Citovsky et al., 1990, 1992; Citovsky and
Zambryski, 1991; Ding et al., 1992). The TMV move-
ment model is the most studied system but potyviral
spread or cell-to-cell restriction may operate by differ-
ent mechanisms (Hull, 1989; Atabekov and Talian-
sky, 1990; Maule, 1991; Dolja et al., 1994, 1995).
The role of potyviral CP in virus movement has been
suggested in studies of a CP mutant of tobacco etch
virus it has been shown that the CP is required for
both cellHo-cell and vascular movement (Dolja et al.,
1994, 1995). Therefore, the potyvirus may increase
the plasmodesmatal permeability in a different man-
ner from that of TMV MP. In addition, the modified
plasmodesmata in this study have a desmotubule
radius similar to the average potyviral diameter. This
structural modification of plasmodesmata, an increase
in the physical diameter of the pores, may allow
intact viral particles to pass through.

The filamentous aggregates of the VLPs localized in
extraprotoplasmic sacs were frequently found to be
connected by a plasmodesmatal canal in previous
results (Allison and Shalla, 1974; McMullen and
Gardner, 1980). It is assumed that the VLPs may be
viral particles which were trapped in the extraproto-
plasmic sac after passage through the plasmodesmata.
Direct evidence for this hypothesis, however, will
require immunogold-labelling with capsid-protein
specific antiserum. The observations suggest that the
viral spread from cell to cell through the plasmodes-
mata may be inhibited by cell-wall abnormalities,
which would account for the restriction of virus in leaf
tissues showing EAR. The modified structures
described in this report represent a part of a defense
mechanism of the host plant to minimize viral spread,

whose function depends on the sensitivity of leaf tis-
sues to viral infection.
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