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Plasmodesmata mediate direct cell-to-cell communication in
plants. One of their significant features is that primary plasmodes-
mata formed at the time of cytokinesis often undergo structural
modifications, by the de novo addition of cytoplasmic strands
across cell walls, to become complex secondary plasmodesmata
during plant development. Whether such modifications allow plas-
modesmata to gain special transport functions has been an out-
standing issue in plant biology. Here we present data showing that
the cucumber mosaic virus 3a movement protein (MP):green fluo-
rescent protein (GFP) fusion was not targeted to primary plasmo-
desmata in the epidermis of young or mature leaves in transgenic
tobacco (Nicotiana tabacum) plants constitutively expressing the
3a:GFP fusion gene. Furthermore, the cucumber mosaic virus 3a
MP:GFP fusion protein produced in planta by biolistic bombard-
ment of the 3a:GFP fusion gene did not traffic between cells inter-
connected by primary plasmodesmata in the epidermis of a young
leaf. In contrast, the 3a MP:GFP was targeted to complex secondary
plasmodesmata and trafficked from cell to cell when a leaf reached
a certain developmental stage. These data provide the first experi-
mental evidence, to our knowledge, that primary and complex
secondary plasmodesmata have different protein-trafficking func-
tions and suggest that complex secondary plasmodesmata may be
formed to traffic specific macromolecules that are important for
certain stages of leaf development.

Plasmodesmata are intercellular connections that allow
direct cell-to-cell communication in plants. Traditionally,
they were thought to be able to permit only passive diffu-
sion of small molecules, but recent studies have demon-
strated that plasmodesmata can also mediate cell-to-cell traf-
ficking of macromolecules such as proteins and nucleic acids
of viral origin (Fujiwara et al., 1993; Noueiry et al., 1994;
Ding et al., 1995, 1997; Waigmann and Zambryski, 1995;
Nguyen et al., 1996; Canto et al., 1997; Itaya et al., 1997; Rojas
et al., 1997) and of plant origin (Bostwick et al., 1992; Fisher
et al., 1992; Nakamura et al., 1993; Sakuth et al., 1993;
Jackson et al., 1994; Ishiwatari et al., 1995; Lucas et al., 1995;

Schobert et al., 1995; Perbal et al., 1996; Balachandran et al.,
1997; Clark et al., 1997; Kühn et al., 1997; Murillo et al.,
1997). These findings indicate that intercellular trafficking
of macromolecules through plasmodesmata is potentially
an important means of coordinating developmental and
physiological processes at the transcellular level (Lucas et
al., 1993; Lucas, 1995; Mezitt and Lucas, 1996; Ding, 1997,
1998; Jackson and Hake, 1997; Ding et al., 1998).

A prominent feature of plasmodesmata is their structural
modifications associated with plant development. Previous
work (Ding et al., 1992, 1993) showed that, at an early stage
of tobacco (Nicotiana tabacum) leaf development, mesophyll
cells are connected solely by simple primary plasmodes-
mata that are formed at the time of cytokinesis. During leaf
maturation, however, the majority of these primary plas-
modesmata undergo structural modification to become
highly branched by laterally fusing with neighboring pri-
mary plasmodesmata and by the de novo addition of new
cytoplasmic strands across the existing cell walls. The re-
sulting branched plasmodesmata are known as secondary
plasmodesmata (Jones, 1976; Ding et al., 1992, 1993; Ding
and Lucas, 1996) or, more specifically, complex secondary
plasmodesmata (Ding, 1998). Modification of primary plas-
modesmata to form complex secondary plasmodesmata is
likely a general phenomenon in plant development (Jones,
1976; Ding et al., 1993; Volk et al., 1996) and may be of
functional significance.

Studies of the interactions between the 30-kD MP of
TMV and plasmodesmata suggest that primary and com-
plex secondary plasmodesmata differ in some functional
aspects. In TMV MP-transgenic tobacco plants, MP is lo-
calized to complex secondary plasmodesmata in the meso-
phyll and bundle sheath of mature leaves (Ding et al., 1992;
Moore et al., 1992) but not to any primary plasmodesmata
in young and mature leaves (Ding et al., 1992). Further-
more, MP is able to modify the size-exclusion limit of
complex secondary plasmodesmata in the mesophyll and
bundle sheath from 1 kD to greater than 10 kD in mature
leaves but not that of primary plasmodesmata in young
leaves (even though MP is produced in such leaves) (Deom
et al., 1990; Ding et al., 1992).
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In contrast, Waigmann et al. (1994) showed that micro-
injected recombinant TMV MP produced from engineered
Escherichia coli is able to increase the size-exclusion limit of
plasmodesmata in the mesophyll of young leaves of non-
transgenic tobacco plants, implying that TMV MP might
interact with primary plasmodesmata in young leaves.
Why the TMV MP has different effects on the plasmodes-
mata size-exclusion limit in young leaves of transgenic
(Deom et al., 1990; Ding et al., 1992) and nontransgenic
tobacco plants (Waigmann et al., 1994) is not well under-
stood. Nevertheless, these observations raise a number of
important issues concerning the functions of different
plasmodesmata: Is localization to complex secondary but
not primary plasmodesmata a peculiar feature of TMV
MP, or does it have broader implications in protein-
plasmodesmata interactions? And is such preferential lo-
calization indicative of the different abilities of these plas-
modesmata to support intercellular trafficking of a
particular protein? Resolution of these issues is necessary
to advance our understanding of the functions of plasmod-
esmata in plant growth and development. To resolve these
issues, further studies are needed to determine how other
proteins interact with plasmodesmata. More important,
such studies must include testing directly the ability of
primary or complex secondary plasmodesmata to facilitate
intercellular trafficking of a specific protein, in addition to
examining how the protein is localized to plasmodesmata
and how it affects the size-exclusion limit of plasmodesmata.

Intercellular protein trafficking has been mainly studied
by microinjection techniques. In developing alternative
methods, we recently utilized biolistic bombardment (San-
ford, 1988) to deliver a DNA construct into epidermal cells
of mature tobacco leaves to produce a CMV 3a MP:GFP
fusion directly in planta. The fusion protein produced in
this manner trafficked from cell to cell, as detected under a
fluorescence microscope (Itaya et al., 1997). CMV 3a MP:
GFP fusion produced during infection of an engineered
CMV expressing the 3a:GFP gene also trafficked from cell
to cell in tobacco leaf epidermis (Canto et al., 1997). These
data are consistent with previous microinjection results
showing cell-to-cell trafficking of a recombinant CMV 3a
MP in mature tobacco leaf mesophyll (Ding et al., 1995).

We used an integrative approach that included structural
analysis, immunolabeling, and biolistic bombardment to
study the functions of primary and complex secondary
plasmodesmata in trafficking CMV 3a MP:GFP in tobacco
leaf epidermis. In this report we show that biolistically
produced 3a MP:GFP fusion protein did not traffic between
epidermal cells interconnected by primary plasmodesmata
in young leaves. As these primary plasmodesmata became
complex secondary plasmodesmata during further leaf de-
velopment, 3a MP:GFP began to traffic between epidermal
cells. Furthermore, in transgenic tobacco plants constitu-
tively producing 3a MP:GFP, this fusion protein was local-
ized to complex secondary but not to primary plasmodes-
mata as a function of leaf development. The implications of
these findings in studying the functions of different
plasmodesmata in plant growth and development are
discussed.

MATERIALS AND METHODS

Plant Material

Tobacco (Nicotiana tabacum L. cv Samsun NN) plants
were grown in a growth chamber under a day/night tem-
perature regime of 24°C for 15 h/18°C for 9 h. During the
day the light level was approximately 260 mmol m22 s21.
Nine- to ten-week-old plants were used for the experiments.

Gene Constructs for Tobacco Transformation

Construction of expression vectors pRTL2-MP3a:GFP
and pRTL2-GFP was described previously (Itaya et al.,
1997). These vectors contain, respectively, the CMV 3a:GFP
fusion gene and the GFP gene under the control of the
CaMV 35S promoter. The 35S:3a:GFP fusion gene and the
35S:GFP gene inserted in pRTL2-MP3a:GFP and pRTL2-
GFP (Itaya et al., 1997) were amplified by PCR using
primer SacI-35S (CGAGCTCGCATGCCTGCAGGTCA)
and primer term-HindIII (AAGCTTGCATGCCTGCAG-
GTCA). The PCR products were ligated into binary vector
pBIN19 using a DNA-ligation kit (Takara Shuzo, Ltd.,
Otsu, Japan) following the manufacturer’s instructions. Re-
combinant plasmids were used to transform Escherichia coli
(DH5a) using the protocol of Pope and Kent (1996). Trans-
formed E. coli were grown on Luria-Bertani (Km 50 mg
mL21) plates for selection. Purified plasmids from isolated
colonies were digested by SacI and HindIII to check the size
of inserts. The constructs were also sequenced to confirm
correct DNA sequences. Positive plasmids were bom-
barded into tobacco leaves to check further the function of
genes.

Plasmids containing the correct genes were then trans-
ferred via electroporation into Agrobacterium tumefaciens
strain LBA 4404, which carries the helper plasmid
pAL4404. Competent A. tumefaciens cells were first pre-
pared by growth at 29°C in YM medium (0.04% [w/v]
yeast extract, 1% [w/v] mannitol, 0.01% [w/v] NaCl, 0.02%
[w/v] MgSO4z7H2O, 0.05% [w/v] K2HPO4z3H2O, pH 7.0,
and 500 mg mL21 streptomycin) for approximately 2 d until
the A600 reached 0.7. The culture was chilled on ice for 15
min and then centrifuged at 5000 rpm for 15 min at 4°C.
The pellet was washed with 7 mL of sterile Hepes, pH 7.0
(0.2-mm filter sterilization), and resuspended in 200 mL of
sterile Hepes containing 10% (v/v) glycerol. Cells were
split into 45-mL aliquots, frozen in liquid nitrogen, and
stored at 220°C.

For electroporation, competent cells were thawed on ice
and mixed with approximately 0.3 mg of plasmid and then
incubated on ice for 2 min. The mixture was transferred to
a prechilled electroporation cuvette (0.2-cm gap) and elec-
troporated at a field strength of 2.5 kV cm21 with a Gene
Pulser (Bio-Rad). One milliliter of prechilled YM broth was
added to the cuvette immediately after electroporation.
The mixture was incubated with gentle shaking for 1 h at
29°C. One hundred microliters of the culture was spread
onto selective YM plates (kanamycin 50 mg mL21 and
streptomycin 500 mg mL21) and incubated at 29°C for 2 to
3 d. Colony PCR was performed to check for the presence
of the correct insert in A. tumefaciens.
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Tobacco Transformation

A standard leaf-disc transformation method (Horsch et
al., 1985) was used to generate transformants of tobacco
expressing 3a:GFP and GFP. Transformants initially grow-
ing in the selection medium were further selected by fluo-
rescence microscopic examination for expression of 3a MP:
GFP and GFP. Positive transformants were then
transferred to soil in pots and were allowed to grow to
maturity in a growth chamber.

Among the 16 primary transformants generated, three
were found to show 3a MP:GFP production in all epider-
mal cells during initial screening by fluorescence micros-
copy. These transgenic lines were designated AI3a:GFP1,
AI3a:GFP2, and AI3a:GFP3. These plants were self-
fertilized and seeds were collected. The seeds were planted
in soil directly, and progeny plants expressing the 3a:GFP
or GFP gene were selected by fluorescence microscopic
examination. Immunoblot analysis was performed to con-
firm the presence of 3a MP:GFP and GFP in these plants, as
described below.

Immunoblot Analysis of CMV 3a MP:GFP- and
GFP-Transgenic Tobacco Plants

Crude protein extracts were prepared from the trans-
genic and nontransgenic control plants following the pro-
tocol of Vaquero et al. (1994). Fresh leaves (0.1 g) were
ground in liquid nitrogen and homogenized in 1 mL of
grinding buffer (10 mm KCL, 5 mm MgCl2, 0.4 m Suc, 10%
[v/v] glycerol, and 10 mm 2-mercaptoethanol in Tris-HCl
buffer, pH 7.5). The mixture was centrifuged at 1000 rpm
for 10 min at 4°C. The supernatant was collected and used
for dot blotting.

For immunoblot analysis, 10 mL of the crude protein
extract was blotted onto nitrocellulose membranes. The
membranes were incubated in a blocking buffer consisting
of 5% (w/v) nonfat dry milk in TBST (25 mm Tris-HCl, pH
7.4, 140 mm NaCl, 2.7 mm KCl, and 0.1% Tween 20) for 1 h
and then incubated with a rabbit-derived polyclonal anti-
body against GFP (Clontech, Palo Alto, CA) overnight.
After several buffer washes, the membranes were treated
for 1 h with a goat-derived anti-rabbit IgG antibody con-
jugated to alkaline phosphatase. After the membranes were
washed again with buffer, color reaction was carried out
using a detection kit (Boehringer Mannheim) following the
manufacturer’s instructions.

CMV 3a MP:GFP and Callose Colocalization

Leaf blades from 3a MP:GFP-transgenic tobacco plants
were submerged in a fixative (3.7% paraformaldehyde,
0.2% picric acid, 50 mm potassium phosphate, and 5 mm
EGTA, pH 6.8) and cut into 2- 3 3-mm segments. The leaf
segments were then fixed in the same fixative for 2 h at
room temperature.

After buffer (50 mm potassium phosphate and 5 mm
EGTA, pH 6.8) washes, the segments were gradually infil-
trated with a 2:1 mixture of 20% (w/v) Suc:Tissue Tek
optimal cutting temperature compound (Ted Pella, Inc.,

Redding, CA). The infiltration was completed in three
steps: 30% (v/v) of the mixture for 30 min, 60% for 30 min,
and 100% for 1 h.

Two to three infiltrated leaf segments were stacked in
one drop of absolute Tissue Tek on a piece of laboratory
film (Parafilm, American National Can, Greenwich, CT) at
room temperature and were then frozen in a CTD cryostat
(International Equipment Co., Needham Heights, MA).
Ten-micrometer cryosections were obtained and attached
to a microscope slide coated with a mixture of 1% (w/v)
gelatin and 0.1% (w/v) chrome alum. The slides with tissue
sections were incubated on a warming plate at 40°C for at
least 2 h before further processing.

The slides were incubated in PBS buffer (140 mm NaCl,
2.7 mm KCl, 10 mm Na2HPO4, and 1.8 mm KH2PO4, pH 7.4)
containing 3% (w/v) BSA (fraction V, fatty acid free, Boehr-
inger Mannheim) and 1% (v/v) Nonidet P-40 (Sigma) for
30 min at room temperature to wash away the optimal
cutting temperature compound, block nonspecific antibody
binding, and extract autofluorescent compounds from the
sectioned tissues. Afterward, the sections were incubated
in a monoclonal antibody against callose (Biosupplies Aus-
tralia, Parkville, Australia) diluted 1:50 in PBS containing
1% BSA and 0.05% (v/v) Triton X-100 for 1.5 to 2 h at 37°C.
Following PBS washes for 10 to 15 min, the sections were
incubated in a goat-derived and Texas Red-conjugated
anti-mouse IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA) at 1:50 dilution in PBS containing 1% BSA
and 0.05% Triton X-100 for 1 to 1.5 h at 37°C. The sections
were washed with PBS, embedded in a mounting medium,
and covered with a coverslip. The slides were placed in the
dark for at least 1 h prior to microscopic examination.

The labeled sections were examined with either an epi-
fluorescence microscope (Optiphot-2, Nikon) or a confocal
microscope (model MRC-1024, Bio-Rad). Two sets of filter
combinations were used with the epifluorescence micro-
scope. GFP was detected with a filter set consisting of a
blue excitation filter (420–490 nm), a dichroic mirror (510
nm), and a green barrier filter (520–560 nm). Texas Red
fluorescence was detected with a filter set consisting of a
green excitation filter (546/10 nm), a 580-nm dichroic mir-
ror, and an orange-red barrier filter (590 nm). Fluorescent
images were acquired with a CCD (charge-coupled device)
camera (model C2400, Hamamatsu Photonic Systems,
Bridgewater, NJ) and processed using an image-processing
system (Argus 20, Hamamatsu).

Other sections were examined using a confocal micro-
scope at the imaging center at the Department of Genetics
and Cell Biology, University of Minnesota, St. Paul. The
confocal microscope was attached to an inverted micro-
scope (Diaphot, Nikon) equipped with a 15-mW krypton/
argon laser. For 3a MP:GFP and Texas Red visualization,
the 488-/568-nm excitation lines were used with a 585-nm
double-dichroic mirror and a 585-nm ELP20 barrier filter.
Digital images were collected on a personal computer
(model 300 ProSignia, Compaq Computer Corporation,
Houston, TX) using LaserSharp software (version 2.1, Bio-
Rad). Images were further analyzed using imaging soft-
ware (version 1.62 NIH Image, National Institutes of
Health, Bethesda, MD).
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Tissue Processing for Electron Microscopy

For structural analysis of plasmodesmata during leaf
development, tobacco leaves were initially fixed in 4%
(v/v) glutaraldehyde/0.1% (v/v) tannic acid and then
fixed in 2% (w/v) osmium tetroxide, as described by Ding
et al. (1992). The fixed samples were then embedded in
Spurr’s medium (Spurr, 1996). Thin sections of 60 to 70 nm
were stained with 2% (w/v) uranyl acetate in 70% (v/v)
methanol and then lead citrate for transmission electron
microscopic examination (Ding et al., 1992).

For immunolabeling, leaf tissues from 3a MP:GFP-
transgenic and nontransgenic control tobacco plants were
fixed in 2% (w/v) paraformaldehyde/0.5% (v/v) glutaral-
dehyde and embedded in London White resin for obtain-
ing thin sections (Ding et al., 1992).

Immunolabeling of CMV 3a MP:GFP

Immunolabeling of 3a MP:GFP was performed as de-
scribed previously (Ding et al., 1992). Thin sections of
tobacco leaf samples from 3a MP:GFP-transgenic tobacco
plants and from nontransgenic control tobacco plants were
first incubated for 1 h in TBST buffer, which consisted of 50
mm Tris-HCl, pH 7.4, 150 mm NaCl, 2% (w/v) BSA, and
0.1% (v/v) Tween 20 (Sigma). Afterward, the sections were
incubated for 1 h in a rabbit-derived polyclonal antibody
(IgG) against CMV 3a MP (C. Masuta, unpublished data) at
1:200 dilutions. Following TBST buffer washes, the sections
were incubated for 1 h in a goat-derived and 10-nm gold-
conjugated anti-rabbit IgG antibody (Sigma). After buffer
and distilled-water washes, the sections were stained with
2% (w/v) uranyl acetate in methanol followed by lead
citrate. All sections were then examined with an electron
microscope (model JEM-100CX II, JEOL) operated at 80 kV.

Biolistic Bombardment and Fluorescence Microscopy

Biolistic bombardment and fluorescence microscopy
were essentially as described previously (Itaya et al., 1997).
A segment of detached tobacco leaf from the tip or the base
was immediately placed in a Petri dish containing wet filter
paper. The fresh cut end of the leaf segment was covered
with a wet cotton ball. The gene constructs were delivered
into the lower epidermis of the leaf segment using a biolis-
tic PDS 1000/He system (Bio-Rad) at a pressure of
1300 p.s.i. After bombardment, the leaf samples were kept
in Petri dishes at 24°C as described above. Images of GFP
were detected and processed as described previously (Itaya
et al., 1997).

RESULTS

Development of Complex Secondary Plasmodesmata
between Epidermal Cells

We focused our investigation on plasmodesmatal func-
tions in tobacco leaf epidermis because this tissue is well
suited for biolistic bombardment and fluorescence micro-
scopic observation with little tissue manipulation (Itaya et

al., 1997). The central issue under investigation was
whether primary and complex secondary plasmodesmata
function differently in interacting with and supporting in-
tercellular trafficking of 3a MP:GFP. Therefore, it was nec-
essary to obtain detailed information about plasmodesmal
structure in the leaf epidermis at various developmental
stages. Figure 1 gives a schematic view of an approximately
9-week-old tobacco plant with the leaves studied in detail
highlighted. Preliminary studies showed that CMV 3a MP:
GFP produced in the epidermal cells of a 4-cm or younger
leaf did not traffic from cell to cell, in contrast to older
leaves. Thus, we arbitrarily defined this young leaf as the
first leaf for convenience of description. The second and
third leaves were the next successively older leaves. The
trafficking patterns of 3a MP:GFP in the epidermis of
leaves at successive developmental stages are presented in
a later section.

Because maturation of a tobacco leaf progresses from the
tip to the base regions (Turgeon, 1989), the tip region in a
leaf at an early stage of development will be more devel-
oped than the base region. Previous work with mesophyll
tissue of tobacco showed that modification of primary plas-
modesmata into complex secondary plasmodesmata also
progresses from tip to base in a developing leaf (Ding et al.,
1992). Therefore, we studied the structure of epidermal
plasmodesmata in both the tip and the base regions of each
experimental leaf. As shown in Figures 2A and 3, all plas-
modesmata connecting epidermal cells in the base of the
first leaf were simple primary plasmodesmata. In the tip of
this leaf, although approximately 86% of the plasmodes-
mata were still primary, 14% had become branched (Figs. 2,
B and C, and 3). These branched plasmodesmata were
either H or Y shaped (Fig. 2C) and had no central cavity.
The H-shaped plasmodesmata were apparently derived
from the fusion of two neighboring primary plasmodes-
mata and were previously called “modified primary plas-
modesmata” (Ding et al., 1993). The Y-shaped plasmodes-

Figure 1. Schematic view of a 10-week-old tobacco plant showing
the leaves used in the present study. For the first, second, and third
leaves, both the tip and the base regions (defined by the dashed lines)
were investigated in terms of the structure and development of
plasmodesmata and the interactions between CMV 3a MP:GFP and
plasmodesmata.
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Figure 2. Structure and development of plasmodesmata between epidermal cells during tobacco leaf maturation. A, Primary
plasmodesmata (arrows) in the base of the first leaf (see Fig. 1 for numbering of leaves). B, Primary plasmodesmata in the
tip of the first leaf. C, H- and Y-shaped branched plasmodesmata in the tip of the first leaf. D, Primary plasmodesmata in the
base of the second leaf. E, Primary (arrows) and branched (arrowhead) plasmodesmata in the base of the second leaf. F,
Primary (arrow) and branched (arrowhead) plasmodesmata in the tip of the second leaf. G, Branched plasmodesmata in the
tip of the second leaf. H, Branched plasmodesmata in the base of the third leaf. I, Branched plasmodesmata in the tip of the
third leaf. Note the presence of a central cavity in the plasmodesmata (arrow). J, Truncated plasmodesmata between an
epidermal cell (EC) and a mature guard cell (GC). Scale bars 5 0.5 mm.
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mata most likely came from the de novo addition of a new
cytoplasmic strand to a primary plasmodesmata across the
existing cell walls.

In the base of the second leaf, approximately 84% of the
plasmodesmata were primary and 16% were either H or Y
shaped (Figs. 2, D and E, and 3). This pattern was similar to
that found in the tip of the first leaf. In the tip of the second
leaf, primary plasmodesmata were only about 13% of the
total, and 87% of the plasmodesmata had become
branched. In contrast to the H- or Y-shaped branched plas-
modesmata found in the tip of the first leaf and at the base
of the second leaf, a prominent feature of the branched
plasmodesmata in the tip of the second leaf was that mul-
tiple branches (more than three in many cases) were con-
fluent at a central cavity in the middle lamellar region of
the cell walls (Fig. 2, F and G). This structural feature and
distribution pattern of the branched plasmodesmata were
maintained throughout leaf development. As shown in
Figures 2, H and I, and 3, structures and percentages of
branched plasmodesmata in the base and tip of the third
leaf were very similar to those found at the tip of the
second leaf. Thus, modification of primary plasmodesmata
into highly branched plasmodesmata occurred most dra-
matically and appeared to reach a maximal level in the tip
of the second leaf.

Based on the data presented above, the highly branched
plasmodesmata between tobacco epidermal cells were ap-
parently formed utilizing similar mechanisms, as found for
the formation of complex secondary plasmodesmata be-
tween mesophyll cells (Ding et al., 1992, 1993). Following
the terminology used for tobacco mesophyll (Ding et al.,
1992, 1993; Ding and Lucas, 1996; Ding, 1998), we will refer
to the highly branched plasmodesmata found in the tip of
the second leaf and older leaves as “complex secondary
plasmodesmata.” The conditions and limitations of the
usage of this term have been discussed previously (Ding et
al., 1992; Ding, 1998). The full development of complex
secondary plasmodesmata from the tip of the second leaf
onward was directly correlated with the ability of these leaf

tissues to allow plasmodesmal localization and cell-to-cell
trafficking of 3a MP:GFP, as discussed below.

Truncated plasmodesmata were observed on an epider-
mal cell side that abutted a mature guard cell (Fig. 2J).
Whether these plasmodesmata had been formed previ-
ously or they were formed after the plasmodesmata on the
guard cell side were completely sealed during leaf matu-
ration was not investigated. Nevertheless, our observation
that truncated plasmodesmata exist between epidermal
and mature guard cells is consistent with earlier findings
by Willmer and Sexton (1979) and Willie and Lucas (1984)
in tobacco and several other species. 3a MP:GFP was found
to be targeted to these plasmodesmata in a transgenic
tobacco plant (see below).

CMV 3a MP:GFP Fusion Protein Was Localized to
Complex Secondary Plasmodesmata, and Not Primary
Plasmodesmata, during Leaf Development in
Transgenic Tobacco

To determine how 3a MP:GFP would interact with plas-
modesmata during leaf development, we generated trans-
genic tobacco plants expressing the CMV 3a:GFP fusion
gene under the control of the constitutive CaMV 35S pro-
moter (see “Materials and Methods” for details). Trans-
genic line AI3a:GFP1 showed a higher level of 3a MP:GFP
fluorescence than other lines and was therefore chosen for
detailed study. The presence of the fusion protein in leaves
of different developmental stages was also confirmed by
immunoblot analysis, as shown in Figure 4.

Detailed analysis of AI3a:GFP1 plants revealed the ap-
pearance of distinct green fluorescent dots in the cell walls
of epidermis and mesophyll as a function of leaf develop-
ment. In the base of the second leaf (Fig. 5A) and the entire
first leaf (data not shown), there were no green fluorescent
dots in the cell walls of epidermal cells overlaying the
mesophyll. In the tip of the second leaf, green fluorescent
dots started to appear in the walls of epidermal cells (Fig.
5B). In the third (Fig. 5C) and older leaves, green fluores-

Figure 3. Distribution of primary versus
branched plasmodesmata (PD) between epider-
mal cells during tobacco leaf development. To-
tal numbers of plasmodesmata examined for the
different leaf regions were 315 for the base of
first leaf, 474 for the tip of first leaf, 547 for the
base of second leaf, 559 for the tip of second
leaf, 380 for the base of third leaf, and 480 for
the tip of third leaf. The plasmodesmata were
counted from 200 to 300 cellular interfaces de-
rived from two different tobacco plants.
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cent dots were detected in the epidermal cell walls from the
tip to the base region of every leaf. Some fluorescent dots
also appeared to be present in the cell walls adjoining
epidermal and guard cells (Fig. 5C, arrowhead). Transgenic
tobacco plants producing GFP alone did not exhibit any
fluorescent dots in the cell walls of any leaves (Fig. 5D).
GFP accumulated in the nucleus and cytoplasm of every
cell.

We performed immunolabeling studies with transgenic
tobacco plants to determine whether the green fluorescent
dots of 3a MP:GFP in the cell walls represented localization
of the fusion protein in plasmodesmata. Since callose is
typically deposited in the cell wall area immediately sur-
rounding the orifice of a plasmodesmata, especially when a
tissue is wounded or during aldehyde fixation (Hughes
and Gunning, 1980; Northcote et al., 1989; Vaughn et al.,
1996), a colocalization of callose and green fluorescent dots
would indicate that the latter represent 3a MP:GFP in
plasmodesmata. This strategy has been used to localize
TMV MP:GFP to plasmodesmata in tobacco infected with
an engineered TMV (Oparka et al., 1997) and 3a MP:GFP to
plasmodesmata in tobacco infected with potato virus X
expressing a 3a:GFP fusion gene (Blackman et al., 1998).

Using a monoclonal antibody against callose (1,3-b-
glucan) and a Texas Red-conjugated secondary antibody to
label cryosections, we localized callose to the cell walls as
punctate dots in the epidermis and mesophyll of the 3a
MP:GFP-transgenic tobacco plants. Confocal microscopic
examination of the distribution patterns of 3a MP:GFP
fluorescent dots and callose staining on any given section
indicated that 3a MP:GFP and callose were colocalized in
most cases (Fig. 5, E–G).

Our data therefore demonstrated that the green fluores-
cent dots in the cell walls were 3a MP:GFP localized to
plasmodesmata. Furthermore, 3a MP:GFP localization to
plasmodesmata was a function of leaf development in
transgenic tobacco plants. Specifically, this pattern sug-
gests that 3a MP:GFP might be localized to complex sec-

ondary plasmodesmata, as TMV MP does in the mesophyll
of transgenic tobacco plants (Ding et al., 1992). To test this
possibility, we performed further immunolabeling experi-
ments at the electron microscope level using a rabbit-
derived polyclonal antibody (IgG) against CMV 3a MP and
a goat-derived, 10-nm gold-conjugated secondary antibody
against rabbit IgG. By this method, we localized 3a MP:
GFP to complex secondary plasmodesmata in the meso-
phyll and epidermal cells of transgenic leaves (Fig. 6, A and
B). In addition, 3a MP:GFP was localized to the truncated
plasmodesmata between guard cells and epidermal cells
(Fig. 6C). 3a MP:GFP was absent from primary plasmo-
desmata in the third (Fig. 6D) and younger (data not
shown) leaves. Therefore, we concluded that the green
fluorescent dots observed at the fluorescence microscope
level represented localization of the 3a MP:GFP specifically
to complex secondary plasmodesmata.

Cell-to-Cell Trafficking of CMV 3a MP:GFP Fusion Protein
in Tobacco Leaf Epidermis Was Correlated with the
Development of Complex Secondary Plasmodesmata
during Leaf Maturation

Having established that 3a MP:GFP was localized to
complex secondary plasmodesmata as a function of leaf
development in transgenic tobacco plants, we then asked
whether this localization pattern was indicative of the ca-
pabilities of primary and/or complex secondary plasmo-
desmata to facilitate 3a MP:GFP cell-to-cell trafficking in
tobacco leaves. To answer this question, we used a biolistic
bombardment method to deliver plasmid pRTL2–3a:GFP,
which carries the 3a:GFP fusion gene under the control of
the CaMV 35S promoter (Itaya et al., 1997) into the epider-
mis of nontransgenic tobacco leaves at successive develop-
mental stages to produce 3a MP:GFP fusion protein and
then monitored its trafficking or nontrafficking function.

When the plasmid was bombarded into either the base or
the tip of the first leaf, the 3a MP:GFP fusion protein was
produced in epidermal cells. The green fluorescence was
confined to the cytoplasm. There were no fluorescent dots
in the cell walls, indicating that the fusion protein was not
targeted to plasmodesmata. The fusion protein also did not
move into neighboring cells (Fig. 7A; Table I).

In the base of the second leaf the 3a MP:GFP produced in
a cell was not targeted to plasmodesmata and did not
traffic out of the cell (Fig. 7B; Table I). In contrast, the
fusion protein produced in the tip of the same leaf was
targeted to plasmodesmata, as manifested by the presence
of fluorescent dots in the cell walls, and trafficked from cell
to cell (Fig. 7C; Table I). In the third leaf, 3a MP:GFP was
targeted to plasmodesmata and was able to traffic from cell
to cell in both the base (Fig. 7, D and E) and the tip regions
(Table I).

The cell-to-cell trafficking pattern of 3a MP:GFP in non-
transgenic tobacco plants was positively correlated with
the localization pattern of 3a MP:GFP in transgenic plants.
This fusion protein was not localized to and did not traffic
through primary plasmodesmata in young leaves. At a leaf
developmental stage at which complex secondary plas-
modesmata became predominant (the tip of the second leaf

Figure 4. Immunoblot analysis showing the presence of 3a MP:GFP
and GFP in transgenic tobacco plants expressing these proteins. The
control is a nontransgenic tobacco plant. The fusion protein was
detected with a rabbit-derived polyclonal antibody against GFP and
then with a goat-derived anti-rabbit IgG antibody conjugated to
alkaline phosphatase.
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Figure 5. Localization of CMV 3a MP:GFP to plasmodesmata during leaf development in a transgenic tobacco plant
(AI3a:GFP1). A, Base of second leaf. Green fluorescence is visible in the cytoplasm of all epidermal and guard cells. There
are no fluorescent dots in the cell walls. The first leaf showed the same image. B, Tip of the same second leaf as in A. Green
fluorescent dots (arrows) are present in the cell walls between epidermal cells. C, Tip of third leaf. Green fluorescent dots
(arrows) are prominent between all epidermal cells. In addition, such dots are also visible in the part of epidermal cell wall
abutting a mature guard cell (arrowhead). D, Tip of third leaf from a transgenic tobacco plant expressing the GFP gene only.
GFP fluorescence is prominent in all epidermal and guard cells and accumulates in the nucleus of every cell. Note the
absence of green fluorescent dots in the walls between the cells. E, Confocal image of 3a MP:GFP fluorescent dots in walls
between mesophyll cells in the tip of a third leaf. This image was obtained from a cryosection of leaf tissue. F, Confocal
image of callose in the same cryosection, detected with a monoclonal anti-callose antibody and a Texas Red-conjugated
secondary antibody. G, Superimposed confocal images of E and F demonstrating colocalization of 3a MP:GFP and callose.
Scale bars 5 40 mm.
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in the present study), the fusion protein was localized to
complex secondary plasmodesmata and trafficked from
cell to cell. Therefore, the formation of complex secondary
plasmodesmata appears to be necessary for 3a MP:GFP
cell-to-cell trafficking.

In control experiments GFP alone or GFP fused to mu-
tant M5 of 3a MP, which was shown previously to be
incapable of trafficking from cell to cell (Itaya et al., 1997),
did not traffic from cell to cell in either first or third leaves
(Table I). These results confirmed that cell-to-cell traffick-
ing of 3a MP:GFP during tobacco leaf development was a
specific function mediated by 3a MP.

Targeting to Complex Secondary Plasmodesmata Was
Required for CMV 3a MP:GFP Trafficking

When 3a MP:GFP trafficked from cell to cell in the tip of
the second leaf and the entire third leaf, green fluorescent
dots were observed in the walls of cells producing this
fusion protein and the surrounding cells—an indication
that the fusion protein was targeted to complex secondary
plasmodesmata. The fusion protein never trafficked out of
a cell that did not exhibit green fluorescent dots in the cell
walls of these leaves (Fig. 7F). Because our extensive elec-
tron microscopic studies revealed that complex secondary
plasmodesmata predominantly connected all epidermal
cells in these leaves, the lack of fluorescent dots in a cell
such as that shown in Figure 7F indicates that factors yet to
be identified contributed to the lack of targeting of 3a
MP:GFP to complex secondary plasmodesmata. Therefore,
targeting to complex secondary plasmodesmata is appar-
ently required for 3a MP:GFP intercellular trafficking.

DISCUSSION

We have demonstrated that the ability of CMV 3a MP:
GFP to interact with plasmodesmata and to traffic between
tobacco leaf epidermal cells is a function of leaf develop-
ment. Specifically, our data indicated that 3a MP:GFP does

not interact with and traffic cell to cell through primary
plasmodesmata in young tobacco leaves, and yet the same
fusion protein is able to interact with and traffic through
complex secondary plasmodesmata formed during further
leaf development. Primary and complex secondary plas-
modesmata therefore have different protein-trafficking
functions. It is unlikely that such differences are significant
for only the intercellular trafficking of a viral protein.

We suggest that primary and complex secondary plas-
modesmata can differentially traffic endogenous macro-
molecules that are critical for specific stages of plant de-
velopment. This is consistent with the view that complex
secondary plasmodesmata are probably important for later
stages of leaf development, based on the observation that
arrested formation of complex secondary plasmodesmata
in the mesophyll of a transgenic tobacco plant expressing
an acid invertase is correlated with accelerated leaf senes-
cence (Ding et al., 1993). Because modification of primary
plasmodesmata into complex secondary plasmodesmata
appears to be a general phenomenon associated with plant
development (Jones, 1976; Ding et al., 1992, 1993; Ding
and Lucas, 1996; Volk et al., 1996), elucidating the specific
functions of such modifications should enhance our
understanding of cell-to-cell communication in plant
development.

Vaquero et al. (1996) previously showed immunolocal-
ization of CMV 3a MP in the cell walls, and presumably to
plasmodesmata, in CMV-infected as well as in CMV 3a
MP-transgenic tobacco plants. Blackman et al. (1998)
showed clear and conclusive evidence for plasmodesmatal
localization of 3a MP during CMV infection and of 3a
MP:GFP expressed from a potato virus X vector. Those
studies, however, did not distinguish between primary and
complex secondary plasmodesmata and did not examine
the localization pattern of 3a MP or 3a MP:GFP as a func-
tion of leaf development. Our data extended those obser-
vations by showing that 3a MP:GFP is localized exclusively
to complex secondary plasmodesmata, not to primary plas-
modesmata of young or mature leaves of transgenic to-

Figure 6. Immunolabeling of CMV 3a MP:GFP
fusion protein to complex secondary plasmo-
desmata in transgenic tobacco plants. The fu-
sion protein was detected with a polyclonal
anti-CMV 3a MP antibody and a 10-nm gold-
conjugated secondary antibody. A, Complex
secondary plasmodesmal between two meso-
phyll cells showing gold labeling. B, Complex
secondary plasmodesmal between two epider-
mal cells showing gold labeling. C, Truncated
plasmodesmal between an epidermal cell (EC)
and a guard cell (GC) showing gold labeling. D,
Primary plasmodesmata from a third leaf show-
ing no gold labeling. CW, Cell wall. Scale
bars 5 0.25 mm.
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bacco plants. This pattern of localization is similar to that of
TMV MP in transgenic tobacco (Ding et al., 1992). Thus,
preferential interaction with complex secondary plasmo-

desmata is not a peculiar feature of a particular protein
(TMV MP or CMV 3a MP); rather, it is likely a function
shared by many proteins. These pooled data further sup-

Figure 7. Cell-to-cell trafficking of CMV 3a MP:GFP in tobacco leaf epidermis as a function of leaf development. The fusion
protein was produced upon biolistic bombardment of the 3a:GFP fusion gene. A, 3a MP:GFP produced in an epidermal cell
in the tip of the first leaf, which does not traffic into neighboring cells. B, 3a MP:GFP produced in an epidermal cell in the
base of the second leaf, which also remains in a single cell. C, 3a MP:GFP produced in an epidermal cell (asterisk) in the
tip of the second leaf, which trafficks into neighboring cells. Note the presence of green fluorescent dots in the walls of
the cell producing the fusion protein and in neighboring cells (arrows). D, 3a MP:GFP produced in the base of the third leaf,
which trafficks from cell to cell. The asterisk denotes the cell producing the protein. The arrow points to a guard cell that
produces 3a MP:GFP but does not permit cell-to-cell trafficking of the fusion protein. E, High-magnification view of D
showing the presence of fluorescent dots in the cell walls. F, 3a MP:GFP produced in an epidermal cell in the base of the
third leaf. The fusion protein was not targeted to complex secondary plasmodesmata, as determined by the lack of green
fluorescent dots in the cell walls. The protein does not traffic into neighboring cells. Scale bars 5 20 mm.
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port the view that primary and complex secondary plas-
modesmata have unique trafficking functions that are of
broad biological significance.

The molecular basis underlying the different abilities of
primary and complex secondary plasmodesmata to allow
3a MP:GFP to traffic from cell to cell remains to be eluci-
dated. There are a number of possibilities. First, during leaf
development, modification of primary plasmodesmata into
complex secondary plasmodesmata is accompanied by
changes in the biochemical composition of these plasmo-
desmata, so complex secondary plasmodesmata may pos-
sess the factor (receptor?) that is necessary for 3a MP:GFP
trafficking. Second, a cytosolic factor that recognizes and
shuttles 3a MP:GFP to plasmodesmata is expressed only at
certain stages of leaf development. It may be this factor,
and not plasmodesmata structure or biochemical compo-
nents, that dictates developmental regulation of 3a MP:GFP
trafficking. Third, specific interactions among 3a MP:GFP,
a cytosolic factor, and a plasmodesmal component are
necessary for trafficking, and both the necessary cytosolic
factor and the plasmodesmal component are expressed
only at a certain leaf developmental stage. Irrespective of
the specific mechanisms involved, our data suggest that
tobacco leaf development may provide a useful system for
biochemical and molecular characterization of cellular fac-
tors that participate in intercellular protein trafficking
through plasmodesmata.

In search of cellular factors essential for plasmodesma-
mediated protein trafficking, it should be noted that a
putative protein kinase that can phosphorylate the TMV
30-kD MP has been detected in the cell walls of tobacco leaf
mesophyll. In particular, the activity of this kinase is also a
function of tobacco leaf development, being absent from
young leaves and present in more mature leaves (Citovsky
et al., 1993). Thus, there is a possibility that this kinase is a
component of complex secondary plasmodesmata in to-
bacco leaves (Citovsky et al., 1993). Citovsky et al. (1993)
speculated that phosphorylation of TMV MP may lead to
its inactivation and then accumulation in complex second-

ary plasmodesmata in transgenic tobacco plants, thereby
sequestering this protein to this location (possibly as a
plant defense mechanism).

The data in the present study suggest the possibility that,
contrary to the speculation of Citovsky et al. (1993), the
phosphorylation of an MP such as CMV 3a MP, and per-
haps even TMV MP, is required for intercellular trafficking.
Accumulation of 3a MP:GFP and TMV MP (Ding et al.,
1992) in complex secondary plasmodesmata might there-
fore be due to a different type of protein modification.
Alternatively, phosphorylation of an MP may lead to its
accumulation in a complex secondary plasmodesmata, as
suggested by Citovsky et al. (1993), and a different mech-
anism is responsible for the trafficking of MP through the
plasmodesmata. Further experimental studies in this direc-
tion should provide important insights into the mecha-
nisms that regulate intercellular protein trafficking through
plasmodesmata.

Targeting of 3a MP:GFP to truncated plasmodesmata
between the epidermal and mature guard cells was unex-
pected, because these plasmodesmata apparently do not
have intercellular transport functions (Erwee et al., 1985;
Palevitz and Hepler, 1985; Ding et al., 1997). Nevertheless,
this finding implies that protein targeting to plasmo-
desmata is an autonomous function of a cell and is not
necessarily coupled to protein translocation through plas-
modesmata or protein release from plasmodesmata for
import into a neighboring cell. Thus, targeting to and re-
lease from plasmodesmata may be separate steps in inter-
cellular protein trafficking that require specific interactions
between the trafficking protein and dedicated cellular fac-
tors (Carrington et al., 1996; Ding, 1998).

Although our investigation was not specifically aimed at
providing a mechanistic explanation of how CMV moves
from cell to cell, the finding that 3a MP:GFP does not traffic
from cell to cell in a young leaf raises the question of how
a virus such as CMV, which can infect young leaves (Coo-
per and Dodds, 1995; Ding et al., 1995), moves intercellu-
larly. Based on the observation that CMV virions are absent
from plasmodesmata in infected tobacco cells and that 3a
MP can traffic CMV RNA from cell to cell, Ding et al. (1995)
suggested that CMV moves from cell to cell as a ribonu-
cleoprotein complex. CMV replicase (Gal-On et al., 1994)
and coat protein (Suzuki et al., 1991; Boccard and Baul-
combe, 1993; Canto et al., 1997) also appear to be required
for CMV cell-to-cell movement. Blackman et al. (1998) re-
cently proposed that a CMV ribonucleoprotein complex
that moves from cell to cell consists of CMV RNA, 3a MP,
and coat protein. Thus, it is possible that CMV 3a MP will
traffic from cell to cell through primary plasmodesmata in
young leaves in the presence of other viral factors under
infection conditions and that such trafficking is necessary
for viral genome trafficking. Alternatively, cell-to-cell traf-
ficking of 3a MP can enhance viral genome trafficking but
is not absolutely required. These possibilities need to be
tested in future studies.

Canto et al. (1997) observed cell-to-cell spreading of bi-
olistically produced GFP in both N. tabacum and Nicotiana
benthamiana leaf epidermis. We have been unable to con-
firm that finding with our extensive experiments with to-

Table I. Cell-to-cell trafficking of CMV 3a MP:GFP fusion protein
in the epidermis of tobacco

The proteins (fusion or nonfusion) were produced in planta after
plasmids containing the respective genes were delivered into the
tobacco epidermis by a particle gun. Three to four leaves from
different plants were used in each experiment, except for the first
leaf, for which 10 samples were used. The data are the number of
cells permitting cell-to-cell trafficking of a protein over the total cells
producing the protein.

Leaf
No.

Leaf
Section

3a MP:GFP 3a MP (M5):GFP GFP

Onea 2/174 0/40 0/200
Two Base 0/34 –b –

Tip 9/20 – –
Three Base 14/25 0/53 0/75

Tip 7/13 – –
a For the first leaf, identical results were obtained when the genes

were bombarded into either the tip or the base regions, so the data
were pooled. b –, Not done.
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bacco. In the study of Canto et al. (1997), the spreading of
free GFP from cell to cell was observed 5 d after bombard-
ment. In our experiments we could detect GFP fluorescence
approximately 9 to 10 h after plasmid bombardment. GFP
fluorescence remained in single cells for 3 to 7 d, depend-
ing on the cells, and then disappeared completely. Our
preliminary studies in Arabidopsis and cucumber indicate
that biolistically produced GFP can indeed spread from cell
to cell in some tissues (A. Itaya, Y.-M. Woo, and B. Ding,
unpublished results); therefore, cell-to-cell spreading of
free GFP may be associated with a particular plant species,
tissue, growth condition, or development stage.

Our transgenic tobacco plants expressing 3a MP:GFP
may have other applications. For instance, such plants may
be used to map development of complex secondary plas-
modesmata at the light microscope level by detecting the
presence of 3a MP:GFP fluorescence dots in the cell walls.
This should make it possible to examine the effects of
various environmental and physiological factors on com-
plex secondary plasmodesma formation in tobacco leaves.
Since these plants now contain an endogenous and visible
marker for complex secondary plasmodesmata, they may
also be used to test whether a putative plasmodesmal
protein is localized to plasmodesmata in immunolabeling
studies at the light microscope level. This might be espe-
cially useful when the immunolabeling intensity is limited
at the electron microscope level.
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