
INTRODUCTION

Plant cells are connected via plasmodesmata, cytoplasmic
channels that transverse plant cell-walls. Plasmodesmata
provide symplastic continuity between cells, facilitating
communication and allowing co-ordination of growth and
development. Plasmodesmata are plasma membrane-lined
and have a core of modified endoplasmic reticulum (ER) in
their center (Robards, 1971; Tilney et al., 1991). Transport
through plasmodesmata is thought to occur primarily through
the cytoplasmic space between the plasma membrane and
modified ER (Ding et al., 1992; Gunning, 1976; Overall et al.,
1982). An important measure of plasmodesmatal function is
their size exclusion limit (SEL), the upper limit in the size of
macromolecules that can freely diffuse from cell to cell
(Goodwin, 1983; Kempers et al., 1993; Kempers and Van Bel,
1997; Tucker, 1982). The aperture of plasmodesmata is
regulated temporally, spatially, and physiologically throughout
the development of a plant, although SEL may be fixed in
certain cell types or at specific stages of development (for
reviews, see Botha and Cross, 2000; Ding, 1998; Jackson,
2000; Pickard and Beachy, 1999; Zambryski and Crawford,
2000).

Work to date on plasmodesmata has focused primarily on
their ultrastructure (Ding et al., 1992), their roles during the

spread of plant viruses (Carrington et al., 1996; Lazarowitz
and Beachy, 1999), and their SEL and functional state in
different tissues or during different stages of postgermination
development (Crawford and Zambryski, 2000; Crawford and
Zambryski, 2001; Duckett et al., 1994; Gisel et al., 1999;
Oparka et al., 1999). Furthermore, recent work implies
plasmodesmata have critical roles during complex
morphogenesis, selectively allowing movement of some, but
not all, transcription factors in the apical meristem (Hantke
et al., 1995; Lucas et al., 1995; Sessions et al., 2000).
Plasmodesmata are also important players in plant defense,
most dramatically illustrated in the recent wealth of data on
gene silencing (Baulcombe, 2001; Mourrain et al., 2000;
Palauqui and Balzergue, 1999; Palauqui et al., 1997; Voinnet
et al., 1998; Voinnet et al., 2000).

Despite the abundance of information on the structure and
function of plasmodesmata, there are few reports that aim to
identify the genes that control plasmodesmata architecture or
regulatory components (Chisholm et al., 2000; Lartey et al.,
1998; Russin et al., 1996). Thus, we set out to specifically
design a genetic screen to identify mutants with altered
plasmodesmata. The screen begins with the premise that plants
with defective plasmodesmata would likely have growth
abnormalities, and that homozygous mutants might not survive
beyond early seedling stages. Therefore, we focused our
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Plasmodesmata provide routes for communication and
nutrient transfer between plant cells by interconnecting the
cytoplasm of adjacent cells. A simple fluorescent tracer
loading assay was developed to monitor patterns of
cell-to-cell transport via plasmodesmata specifically
during embryogenesis. A developmental transition in
plasmodesmatal size exclusion limit was found to occur at
the torpedo stage of embryogenesis in Arabidopsis; at
this time, plasmodesmata are down-regulated, allowing
transport of small (approx. 0.5 kDa) but not large (approx.
10 kDa) tracers. This assay system was used to screen for
embryo-defective mutants, designated increased size
exclusion limit of plasmodesmata (ise), that maintain dilated
plasmodesmata at the torpedo stage. The morphology of
ise1and ise2mutants discussed here resembled that of the

wild-type during embryo development, although the rate
of their embryogenesis was slower. The ISE1 gene was
mapped to position 13 cM on chromosome I using PCR-
based biallelic markers. ise2was found to be allelic to the
previously characterized mutant emb25 which maps to
position 100 cM on chromosome I. The results presented
have implications for intercellular signaling pathways
that regulate embryonic development, and furthermore
represent the first attempt to screen directly for mutants
of Arabidopsis with altered size exclusion limit of
plasmodesmata.
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genetic screen on Arabidopsis mutant lines segregating
embryo-defective phenotypes. Such lines are maintained
and propagated as heterozygotes, but their siliques bear
homozygous mutant embryos. 

A protocol to assess plasmodesmatal SEL during embryo
development was designed. Embryos were first removed from
their seed coats and then incubated in the presence of
fluorescent hydrophilic symplastic tracers. Movement of small
and large tracers between cells of embryos was subsequently
monitored microscopically. Studies with low molecular mass
tracers (approx. 0.5 kDa) revealed that the Arabidopsiswild-
type embryo consisted of a single symplastic domain, wherein
all cells are cytoplasmically interconnected via functional
plasmodesmata until late in embryo development. Assays
using large tracers (approx. 10 kDa) indicated a decrease in
plasmodesmatal SEL in wild-type embryos that initiates in the
torpedo stage of development. Two mutant lines, increased size
exclusion limit of plasmodesmata (ise), ise1 and ise2, are
distinct from wild-type embryos in allowing the symplastic
movement of large 10 kDa dextran probes during, and
subsequent to, the torpedo stage of embryo development.

MATERIALS AND METHODS

Isolation of embryo-defective mutants with increased SEL
Stages of embryonic development of Arabidopsis thalianawere
adapted from Meinke (Meinke, 1994) and West and Harada (West and
Harada, 1993). M2 ethyl methane sulfonate (EMS) mutagenized seeds
were purchased from Lehle Seeds (#M2E-04-06, ecotype Landsberg
erecta, Round Rock, TX, USA). 13,000 lines were screened visually
for altered embryo morphology at the torpedo stage of development.
5,000 lines segregating embryo-defective phenotypes were assayed
for increased SEL. We focused on two mutants that showed a
similar, dramatic increase in SEL (ise1and ise2). Twelve additional
mutants with less dramatic tracer movement phenotypes were
also identified, but have not been further characterized. We also
assayed a number of known mutants, including some from the
collection of Meinke and colleagues (Franzmann et al., 1995)
(http://mutant.lse.okstate.edu/embryopage/embryopage.html). One
known mutant, emb25 (Franzmann et al., 1989) also showed an
increased SEL. It was subsequently found allelic to ise2by genetic
complementation.

Probe-movement assays on embryos
Siliques were opened using fine forceps and all seeds were collected.
Typically, each silique contained an average of 60 seeds. Seeds were
placed on a glass microscope slide with 15-20 µl of 1/2 Murashige
and Skoog (MS) liquid culture medium containing fluorescent tracer
solutions (see below). A cover slip (22×22 mm) was placed over this
solution, and embryos were released from their seed coats by slight
tapping with a fingertip or a cotton swab. Embryos were incubated in
tracer solutions for 5 minutes at room temperature. Fluorescent tracers
were then washed out from under the cover slip with excessive 1/2
MS solution. A cotton swab was placed on one side of cover slip to
absorb washing medium and 1/2 MS solution was added to the other
side of cover slip. This procedure was repeated until no apparent tracer
remained in the solution under the cover slip. Embryos were then
immediately observed by fluorescent microscopy. We initially
examined probe movement in wild-type embryos to establish the
foundation for the mutant screen.

Plant growth 
Plants were grown at 22°C in a greenhouse. Seeds were sown on the

surface of a 1:1 mix of Sunshine-mix (Fisons Horticultural Inc.,
Bellevue, WA, USA) and vermiculite. Flats with pots were placed at
4°C for 4 days before germination. Plants were initially grown in
short-day conditions, 8 hour light/16 hours dark cycle, for 2 weeks,
to increase vegetative growth and subsequent inflorescence vigor.
Plants were then transferred to long-day conditions, 16 hours light/8
hours dark cycle to induce flowering.

Fluorescent probes
HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid; mol. mass 524 Da,
Molecular Probes, H-348, Eugene, OR, USA) was prepared in 1/2 MS
liquid culture medium at 5 mg/ml. Fluorescein isothiocyanate (FITC)-
conjugated dextrans (Sigma, FD-10S, St. Louis, MO, USA) were
prepared in 1/2 MS at 5 mg/ml. 10 kDa F-dextrans were purified using
a sizing column with a 10 kDa cut-off (Amicon, YM-10 Microcon filters,
Bedford, MA, USA), to remove low molecular mass contaminants
present in commercially prepared FTIC-conjugated dextrans (Oparka,
1991). All fluorescent probes were prepared just before the movement
assay. 

Fluorescent microscopy
Embryos loaded with fluorescent tracers were analyzed using a Zeiss
Axiophot epifluorescence microscope equipped with mercury high-
intensity light source and a color CCD camera (Optronics, Goleta,
CA, USA). Screening for embryos loaded with fluorescent dyes was
carried out by direct observation. Images were captured using Scion
Image 1.60 for CG7 software (Scion Corp., Frederick, MD, USA).
HPTS and FITC-dextran were analyzed using a Zeiss FITC filter set
(exciter BP470/20; dichroic beam splitter 510; emitter LP520), and a
Chroma FITC filter set (exciter BP480/30; dichroic beam splitter
LP505; emitter BP535/40). Embryos were also observed with a Zeiss
510 confocal laser scanning microscope system, equipped with Argon
ion (488 nm) for HPTS and FITC fluorescence, and helium neon
lasers (543 nm), to monitor chlorophyll autofluorescence and the
cytoplasmic localization of fluorescent tracers (Carl Zeiss, Inc.,
Thornwood, NY, USA). Images were reconstructed using Adobe
Photoshop software (Adobe, San Jose, CA, USA).

Light and scanning electron microscopy 
For light microscopy, seeds were frozen in a Bal-Tec HPM 010 High
Pressure Freezer (Bal-Tec, Liechtenstein) and subsequently freeze
substituted in 2% osmium tetroxide, 0.2% uranyl acetate in acetone.
Following high pressure freeze substitution, samples were infiltrated
with a decreasing series of acetone:LR white resin and embedded in
fresh LR White resin (Ted Pella, CA, USA). Individual seeds were
mounted on blocks and sectioned to a thickness of 1 µm using a
diamond knife. Sections were heat-fixed to microscope slides, stained
with 1% Toluidine Blue plus 1% borax for 4-5 seconds, and washed
with distilled water. Coverslips were mounted with Merko-Glass and
slides were examined using a Zeiss Axiophot microscope with bright-
field optics. Dissecting microscope images of isolated embryos and
seedlings and Nomarski images of embryos were obtained as
described elsewhere (Meinke, 1994).

For scanning electron microscopy, seedling roots were fixed in FAA
(3.7% formaldehyde, 50% ethanol, 5% acetic acid) for 24 hours at
4°C and stored in 70% ethanol. Following dehydration through a
graded ethanol series at 4°C the tissue was critical point dried in liquid
carbon dioxide. Samples were mounted on stubs and coated with 20
nm of palladium and photographed using a DS-130 scanning electron
microscope (International Scientific Instruments, Santa Clara, CA,
USA) with an accelerating voltage of 10 kV.

Genetic analysis
Segregation analyses and complementation tests were performed as
described elsewhere (Koornneef et al., 1998). Homozygous isemutants
are sterile. Therefore, heterozygotes were used to propagate the mutation
and to perform genetic crosses. Heterozygous plants were identified by
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screening five consecutive siliques for the presence of 25% mutant seeds.
Reciprocal crosses were performed between the ise mutants. F1 seeds
from an average of 10 siliques from each cross were analyzed. Two ise
mutants were considered allelic if their F1 seeds segregated wild-type to
mutants at a ratio of 3:1 and non-allelic if all F1 were wild type.

Molecular mapping
To determine the map position of ISEgenes using molecular markers,
heterozygous +/ise plants (Landsberg erecta; Ler) were crossed to
wild-type female plants of Columbia (Col) ecotype to introduce
polymorphism into mutant lines (Glazebrook et al., 1998). In the
resulting F1 generation, 50% of plants were wild-type and 50% were
heterozygous for the ise mutation. Heterozygous F1 plants were
allowed to self and F2 segregating populations were used for mapping.
F2 plants segregated for DNA polymorphism between Ler and Col,
as well as the mutant phenotype. The wild type:heterozygote
segregation ratio was 1:2, indicating the mutant phenotype was the
result of a single nuclear gene mutation. Homozygous F2 individuals
were used for mapping. Mutant homozygotes do not survive on soil,
and were not available for DNA extraction. F2 wild-type plants,
containing the reciprocal products of meiotic recombination, were
used for DNA analyses. Mapping was achieved using cleaved
amplified polymorphic sequences (CAPS) markers (Glazebrook et al.,
1998) (http://www.Arabidopsis.org/aboutcaps.html), and simple
sequence length polymorphisms (SSLP) markers (Schaffner, 1996)
(http://genome.bio.upenn.edu/SSLP_info/SSLP.html). Once linkage
to a particular DNA marker was detected, the recombination
frequency between the DNA marker and the ISElocus was determined
and converted to map distance (Koornneef and Stam, 1992). 

RESULTS

Strategy to identify mutant embryos with increased
SEL of plasmodesmata
Alterations of plasmodesmatal function are likely to lead to
defects in overall plant development, and might be expected to
manifest as morphological defects that first appear during
embryo development. Thus, to identify plasmodesmata
mutants, we screened mutant embryos of M2 lines generated
by EMS seed mutagenesis. Note, the logic and mechanics of
the genetic screen are presented first. However, this screen is
based on our observations of fluorescent tracer uptake during
wild-type embryogenesis (see below). 

The chronological stages of embryo development in
Arabidopsisare summarized in Fig. 1. The strategy used to
identify mutants with increased size exclusion limits(ise) is
illustrated in Fig. 2. Screening for isemutants was conducted in
two steps. First, mutants with altered morphology in the torpedo
stage of embryo development were identified under bright-field
illumination. Second, mutant and wild-type sibling embryos
were incubated with fluorescently labeled 10 kDa dextrans that
normally do not traffic cell-to-cell in wild-type mid-torpedo
embryos (Figs 3, 4). After extensive washing, embryos were
observed using epifluorescence illumination to determine if the
F-dextran moved freely between the cells of embryos. Initial
probe uptake occurred through cells that were broken during
removal of embryos from their seed coats (see Figs 3, 4, 5). 

Heart and torpedo embryos (Fig. 1) emit red fluorescence
upon blue light excitation, due to the presence of chlorophyll
in cells. In contrast, a small subset of the morphologically
mutant embryos emit green fluorescence following incubation
with 10 kDa F-dextran indicating this large tracer has trafficked
cell to cell (diagrammed in lower panel of Fig. 2, and shown

in Fig. 6F,G). Visual screening of 13,000 lines identified 5000
lines segregating for morphological defects at the torpedo stage
of embryogenesis. Fourteen of these 5000 embryo mutant lines
allowed traffic of 10 kDa F-dextrans at the mid-torpedo stage
of development compared to wild-type (see below). Two
mutants, ise1and ise2, segregated as single recessive loci, and
were characterized further. Complementation studies revealed
ise1and ise2are independent loci. 

Symplastic tracer movement in wild-type embryos
The above strategy was developed specifically to screen
embryos relatively late in embryo development, during the
early to mid-torpedo stages. This time was chosen for several
reasons. First, our screen is challenging as it requires extensive
fluorescent microscopy. It is essential that embryos, and their
individual cells, are large enough to be viewed easily under low
magnification during large scale screening. Torpedo embryos
have developed the overall plant body organization, with
elongated cotyledons and root initials, and embryos with
morphological defects can be distinguished easily at this stage
(Goldberg et al., 1994; Mayer et al., 1991). Furthermore, size
is important for the critical wash step to remove excess
fluorescent probe; earlier staged embryos are much smaller and
are often lost during this procedure. Most importantly, we
distinguished a developmental change in plasmodesmatal
function in wild-type embryos particularly during this time
frame; this latter result was uncovered in our characterization
of tracer movement in wild-type embryos described below.

Wild-type embryos were screened for their ability to take up
small and large fluorescent tracers. HPTS (524 Da) is widely
used as a low molecular mass symplastic tracer. HPTS is stable,
non-toxic, membrane impermeable, and confined to the
cytoplasm and nuclei once it is introduced into cells (Wright
and Oparka, 1996). The results in Fig. 3A-D show that HPTS

Fig. 1.Schematic representation of stages of embryo development in
Arabidopsis. The zygote divides to from an embryo composed of a
filamentous suspensor (S) that maintains contact with maternal
tissues, and a terminal embryo proper (EP). The embryo becomes
green at the heart stage of development when chlorophyll and
chloroplasts first form. The suspensor degenerates during the torpedo
stage. This diagram was adapted from more detailed descriptions of
embryo development (Meinke, 1994; West and Harada, 1993) and
simplified to highlight stages related to the study reported here. A,
apical cell; B, basal cell; C, cotyledon; PE, protoderm; PV,
provascular tissues; H, hypocotyl; R, radicle; SC, seed coat; En,
endosperm.

http://www.Arabidopsis.org/aboutcaps.html
http://genome.bio.upenn.edu/SSLP_info/SSLP.html
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moves freely between all cells of wild-type embryos, indicating
that their plasmodesmata allow the passive diffusion of small
molecules, and that their SELs are larger than 0.5 kDa. HPTS
movement was first observed in globular embryos (not shown).
In early heart embryos, cytoplasmic and strong nuclear (Fig. 3A,
arrowhead) fluorescence was observed. Apoplastic regions,
corresponding to the cell walls, were devoid of HPTS and
appeared as dark lines between cells (Fig. 3A, arrow); thus, HPTS
evidently does not traffic via the apoplastic pathway in embryos.
The same pattern of symplastic movement is evident in late heart
(Fig. 3B), early torpedo (Fig. 3C) and mid-torpedo (Fig. 3D)
embryos. In mid-torpedo embryos, well-arranged cell files are
apparent in both cotyledons and hypocotyls (Fig. 3I). At higher
magnification, cytoplasm, nuclei and chloroplasts are clearly
distinguished, and the cell wall space between cells is devoid of
fluorescence (Fig. 3J-L). Thus, all cells in embryos of all stages
of embryogenesis analyzed here contain open and functional
plasmodesmata allowing traffic of low molecular mass tracer.
These data suggest that the embryo consists of a single symplastic
domain, whereas adult plants contain several symplastic domains,
for example in young versus more mature tissues (Crawford and
Zambryski, 2001; Duckett et al., 1994; Gisel et al., 1999). 

F-dextrans, 10 kDa and larger, are used extensively to
monitor plasmodesmata SEL in leaf tissues. Microinjection
and high pressure biolistic methods for introduction of tracers
showed that leaf cells restrict the movement of such large
probes (Itaya et al., 2000; Kempers et al., 1993; Oparka and
Prior, 1992; Waigmann et al., 1994; Wolf et al., 1989). Recent
less invasive methods, such as low pressure biolistic
bombardment and loading of tracers through the vascular
system has revealed that many leaf cells contain dilated
plasmodesmata, allowing traffic of green fluorescent protein
(GFP, 27 kDa) and dextrans of at least 20 kDa (Crawford and
Zambryski, 2000; Imlau et al., 1999; Oparka et al., 1999).
Thus, here we assessed embryos for their ability to traffic large
F-dextrans using simple non-pressure loading of tracer through
small areas, where cells were broken during removal of
embryos from their seed coats.

Movement of 10 kDa F-dextran was assessed in wild-type
embryos at different developmental stages. Movement
frequencies at each developmental stage were scored and
summarized in Table 1. Two surprising results were obtained.
First, young embryos, up to the heart stage of development
were able to traffic 10 kDa F-dextrans. This result supports
recent findings that the SEL of plasmodesmata is high,
especially in young tissues (Crawford and Zambryski, 2001).
Second, there is a transition between the early and mid-torpedo
stages where embryos cease to traffic 10 kDa probes. In a
typical wild-type preparation, 50% of heart embryos tested (9
out of 18) were loaded with 10 kDa F-dextrans (Fig. 3E,F).
19.4% of early torpedo embryos were loaded (7 out of 36) (Fig.
3G), but no mid-torpedo embryos were loaded (58 tested) (Fig.
3H). Thus, embryos restrict symplastic movement of 10 kDa
F-dextrans as they mature. 

The pattern of symplastic movement during wild-type
embryogenesis was assessed also using 3 kDa F-dextran. The
results obtained were identical to those seen with HPTS, i.e.,
movement throughout the entire embryo from heart to late
torpedo stages (not shown). That 3 kDa dextrans move throughout
embryogenesis suggests that plugging of plasmodesmata by
callose deposition is unlikely to explain the stage specific down-
regulation of 10 kDa F-dextran symplastic movement, as such
deposition leads to inhibition of movement of even small tracers
such as Lucifer Yellow (Moore-Gordon et al., 1998).

Location and direction of probe uptake
Studies with 10 kDa tracer provide insight into the locationand
directionof probe traffic and uptake. Embryos that fail to take
up dextrans typically have small patches of fluorescence either
at the hypocotyl-cotyledon junction, or at the tip of the radicle
(Fig. 3G,H). Probes are evidently taken up initially into a
subset of the cells most susceptible to damage during removal
of the embryos from their seed coats, for example, in the area
of folding of the cotyledons, or the more exposed and
protrusive radicle tip, as well as in the fragile region of the
suspensor/radicle connection. If the SEL is smaller than the
size of the probe, further symplastic movement of probes does
not occur. This is illustrated in Fig. 4A, with yellow jagged
lines indicating areas most often damaged and black jagged
lines indicating areas less frequently damaged. Fig. 4B shows
the pattern of 10 kDa F-dextran movement into cells
specifically, and only, at the bottom edge of a detached
cotyledon from a wild-type mid-torpedo embryo; cytoplasmic
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Fig. 2.Genetic screen for isemutants Mature Arabidopsissiliques
contain about 60 seeds; roughly half are drawn for simplicity. Dark
green seeds contain wild-type embryos, and light green seeds contain
defective embryos. Embryos were released from their seed coats (sc)
and viewed under bright-field illumination. In the example
diagrammed here, wild-type is dark green and has reached the mid-
torpedo stage, while the mutant is light green and retarded in
morphological development (see Fig. 6B,C,D for in vivo results).
Embryos were incubated with 10 kDa F-dextran for 5 minutes at
room temperature, washed extensively, then viewed by fluorescence
microscopy. Wild-type (wt) and most morphologically defective
embryos emit red autoflorescence due to cholorophyll, and are
unable to transport 10 kDa dextran (left bottom panel). A small
fraction of embryo-defective lines (called increased size exclusion of
plasmodesmata, ise) take up and allow movement of 10 kDa F-
dextran, and thus exhibit green fluorescence (right bottom panel).
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localization of 10 kDa F-dextran is limited to the cells at the
broken edge. Fig. 4C shows similar results of F-dextran uptake
to single protodermal cells; the adjacent protodermal cells are
devoid of tracer, either because they are intact (failure of probe
uptake) or severely damaged (failure of probe retainment). Fig.
4D diagrams how a partially broken cell wall and plasma
membrane may provide the initial entrance site for uptake
(green arrow) of symplastic tracers (green circles), 10 kDa F-
dextran or HPTS. Further symplastic transport (yellow arrows)
is then determined by the SEL of plasmodesmata connected to
cells at the partially broken edge. 

Data revealing the direction of tracer movement further
support that probe uptake occurs initially from broken cells at
the edges of damaged regions. This conclusion derives from
time course studies. Mid-torpedo embryos were incubated with
HPTS for shorter times (1-3 minutes) (Fig. 5). A small number
of cells at the base of the detached cotyledons are initially
loaded with HPTS (Fig. 5A). Instead of even progress toward
the top, HPTS first moves to the center (Fig. 5B) and then
distributes radially into surrounding ground tissues and
protodermal layers, eventually transporting throughout the
cotyledon (Fig. 5C,D). In whole embryos, HPTS moves into
the radicle and then throughout the hypocotyl (Fig. 5E,F).
Probe loading and immediate washing results in a ‘pulse’ of
tracer. For example, as the probe moves up the hypocotyl the
tip of the radicle shows only weak fluorescence. Both “ends”
delimiting the region of high fluorescence in the hypocotyl then

indicate the site of initial loading (radicle) and site of continued
transport, at the base of the cotyledons (asterisked). (See also
Fig. 6F below, for ise1 loading with dextran.)

Symplastic tracer movement within mutant embryos 
Studies with wild-type embryos revealed a window of time,
corresponding to the mid-torpedo stage, when symplastic
transport of large 10 kDa F-dextrans ceased. Thus, we used this
developmental time to screen for embryo-defective lines with
the ability to continue to traffic dextrans. In contrast to wild-
type mid-torpedo embryos, ise1homozygous mutant embryos
maintain a large SEL (Table 1). 89.2% of ise1embryos (66/74)
allowed symplastic probe movement through most of the

Fig. 3. Characterization of cell-to-
cell transport in Arabidopsiswild-
type embryos. Ler embryos at
different stages of development are
loaded with either HPTS (A-D,
I-L) or 10 kDa F-dextran (E-H).
All cells in embryos allow the
movement of HPTS, indicating
that the embryo constitutes a
single symplastic domain, from
early heart (A), late heart (B),
early torpedo (C), to mid-torpedo
(D) stages of embryo development.
Cellular localization of HPTS
shows the tracer in the cytoplasm
as well as the nuclei (arrowhead in
A) but excluded from apoplastic
regions (arrow in A). (I) Higher
magnification of part of the root of
the embryo in D showing HPTS
distribution. (J-L) Detail of two
single cells from I. Chlorophyll
autofluorescence (c) marks the
cytoplasm. HPTS is found both in
cytoplasm, indicated by
chloroplasts, and nuclei (n). L
combines the images from J and
K. In contrast to HPTS, 10 kDa F-
dextrans move only in early heart
(E) and mid heart (F) embryos.
Early (G) and mid (H) torpedo
embryos do not allow the
movement of corresponding
dextran. Instead, small numbers of cells are loaded at the tip of radicle (arrowhead) and the region where cotyledons join the hypocotyl (arrow).
The images in A-D and I-L are optical sections captured by confocal laser scanning microscopy. Images in E-H were obtained by epifluorescence
microscopy, and are therefore less highly resolved (see Materials and Methods for detail). Scale bars, 50 µm in A-I; 5 µm in J-L.

Table 1. Comparison of movement frequency of 10 kDa
F-dextran in wild-type and ise1mutant embryos of

Arabidopsis
Heart Early Mid 

embryos torpedo embryos torpedo embryos

Ler WT 50% (9*/18†) 19.4% (7/36) 0% (0/58)
ise1/ ise1 ND ND 89.2% (66/74)

Ler WT: Landsberg erectawild type.
*Number of embryos allowing the movement of tracers. Probes are

considered to move between cells of embryos when more than half of the
cells in embryos exhibit green fluorescence.

†Number of embryos tested.
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embryo, when sibling wild-type embryos did not (0/58). ise1
embryos typically allowed the cell-to-cell movement of 10 kDa
F-dextrans throughout the entire hypocotyl and the radicle
(Fig. 6F). In many ise1embryos, 10 kDa F-dextran also moved
cell-to-cell into the bases of the cotyledons. 10 kDa F-dextrans
were located consistently in cytoplasmic regions as well as
nuclei (Fig. 6G, arrowhead). Unloaded apoplastic regions
appeared as dark lines (Fig. 6G, arrow), demarcating the loaded
cytoplasm of individual cells. 

Smaller symplastic tracers, such as HPTS (524 Da) and
Cascade Blue (596 Da, not shown), were also loaded into ise1

mutant embryos to examine whether ise1embryos consist of a
single symplastic domain. As in wild-type embryos, HPTS
moved throughout all cells of ise1 embryos (Fig. 6H). ise1
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Fig. 4.Uptake and subsequent movement of symplastic tracers in
cells of wild-type mid-torpedo embryos. (A) When embryos are
removed from their seed coats, physical damage occurs in a subset of
cells. As a result, small regions of cell walls and plasma membranes
are broken to a sub-lethal level to provide an initial entrance site for
uptake of symplastic tracers such as HPTS and F-dextran, which do
not usually cross plasma membranes. Yellow jagged lines indicate
the most common site of damage in our loading assay (see Results).
Black jagged lines the random abraded sites on the protodermal
layer, which are observed less frequently. co, cotyledon; ra, radicle;
sc, seed coat. (B) A small number of cells at the base of the detached
cotyledons from mid-torpedo embryos are cytoplasmically loaded
with 10 kDa F-dextran (asterisks). Yet further movement to
neighboring cells does not occur so that rest of the cells show only
chlorophyll auto-fluorescence (red). Scale bar, 50 µm. (C) A typical
example of loaded cells in a region at the edge of the protodermal
layer where abrasion has occurred (marked as black jagged lines in
A). Individual cells in the protodermal layer take up 10 kDa F-
dextrans (green arrows) and show cytoplasmic localization of the
probe. However, subsequent movement of the probe is inhibited
(yellow arrows with red X). Scale bar, 5 µm. (D) A diagram showing
that a partially broken cell wall and plasma membrane (jagged edge)
may provide the initial entrance site for uptake (green arrow) of
symplastic tracers, F-dextran or HPTS (green circles). Further
symplastic transport (yellow arrows) is then determined by the SEL
of plasmodesmata and the size of symplastic tracers introduced. 

Fig. 5.Tracer loading and movement in wild-type embryos. Mid-
torpedo embryos were incubated with HPTS for a shorter amount of
time (1-3 minutes versus 5 minutes in other experiments) to allow
observation of partially loaded embryos. (A) A detached cotyledon
reveals the movement of HPTS only in a small number of cells at the
base. Arrow indicates the direction of probe movement. (B) A
detached cotyledon partially loaded in the center (c), and the tracer has
subsequently spread into ground tissues (g). (C) A detached cotyledon
showing complete loading with HPTS. (D) The same cotyledon as in C
viewed with a different filter set allowing visualization of combined
chlorophyll and FITC fluorescence. Loaded region with HPTS appears
yellowish green owing to the additive effect between red
autofluorescence from chlorophyll and green emission from HPTS.
(E) A whole embryo, fully loaded with HPTS in its radicle (ra) and
hypocotyl (hy), but partially loaded at the base (*) of cotyledons (co).
(F) The same embryo as in E monitored with a different filter set
allowing visualization of combined chlorophyll and FITC
fluorescence. Images were obtained by using Chroma FITC (HPTS
fluorescence; A,B,C,E) and Zeiss FITC (chlorophyll plus HPTS
fluorescence; D,F) filter sets on a compound epifluorescence
microscope (see Materials and Methods). Scale bars, 50 µm.
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embryos showed well arranged cell files particularly in the
hypocotyl and the radicle (Fig. 6F,H). The overall shape of the
embryo was not markedly different from wild type, although

the cotyledons were typically smaller. ise1 embryos do not
have severe morphological defects common in known cell wall
and cytokinesis mutants, such as keule, knolleand cyt1(Assaad
et al., 2001; Lauber et al., 1997; Nickle and Meinke, 1998). In
these mutants, cells are often grossly enlarged and irregularly
shaped, and planes of cell divisions are variably mis-oriented.
Consequently, the overall shape of the embryo is markedly
different from wild type. Enlarged multinucleated cells with
incomplete cell walls are clearly visible following loading with
HPTS (Fig. 6E). ise2 (emb25) mutant embryos display a
similar overall morphology compared to ise1, and allowed
similar symplastic movement of the 10 kDa F-dextrans
throughout the radicle and hypocotyl (not shown). 

In summary, the time when morphological defects of ise
mutants are manifested, corresponds to the time when wild-
type embryos discontinue cell-to-cell traffic of 10 kDa dextran.
That ise mutants continue to traffic 10 kDa dextrans suggests
that this transport phenotype is correlated with their
developmental retardation, and that ise mutants are altered in

Fig. 6.Cell-to-cell movement of fluorescent tracers in ise1mutant
embryos of Arabidopsis. (A) Immature siliques of both wild-type and
+/ise1heterozygous plants contain seeds developing synchronously
during early embryo development, up to the heart stage. (B) A later
stage silique of +/ise1heterozygous plants contains dark green seeds
(arrowhead) and light green seeds (arrow) in a ratio of 3:1. Seeds are
0.5 mm in length. (C,D) Embryos from the same silique; dark green
seeds contain mid-torpedo wild-type embryos (C) and light green
seeds contain ise1/ise1 mutant embryos (D), both showing red
chlorophyll autofluorescence. (E) A keuleembryo at torpedo stage
loaded with HPTS. (F) A ise1/ise1embryo allow the movement of
10 kDa F-dextran. The hypocotyl and the radicle show uniform and
complete loading, and the cotyledons show partial loading at their
bases. (G) Detail of the hypocotyl in F. 10 kDa F-dextran localizes in
the cytoplasm as well as nuclei (arrowhead), but not in the cell wall
in apoplastic regions (arrow). (H) A ise1/ise1embryo fully loaded
with HTPS, showing that the ise1embryo constitutes a single
symplast with open plasmodesmata. Scale bars, 50 µm.

Fig. 7.Light micrographs of mid-torpedo embryos. At the mid-
torpedo stage, wild-type (A,C) and sibling ise1 mutant (B,D)
embryos are similar in cell size and regular patterns of cell division
(arrows) both in the hypocotyl (A,B) and the radicle (C,D) viewed
with Nomarski optics. Toluidine Blue staining of hypocotyl thin
sections of wild-type (E) and mutant (F) embryos shows that cells in
the provascular regions (pv) are narrow and elongated in both.
Vacuoles (v) in mutant cells (F) are larger in size and fewer in
number than in cells of wild-type (E). Scale bars, 40 µm.
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plasmodesmata function. Close to 5000 lines examined that
had embryo defects evident during the torpedo stage of
embryogenesis, did not traffic 10 kDa F-dextrans. Thus, the ise
phenotype is specific to few lines, and is not a general defect
simply associated with altered developmental patterning. 

Morphological characterization of ise1
Homozygous ise1seeds resemble wild-type seeds during early
stages of development; Fig. 6A shows seeds containing heart
stage embryos and the mutant seeds cannot be distinguished.
Wild-type seeds (both +/+ and +/ise1) enlarge and turn darker
green during the torpedo stage of embryo development due to
chlorophyll accumulation in embryos, visible through the
translucent seed coats. ise1mutant seeds, however, are retarded
in morphogenesis and remain light green in color compared
to their dark green wild-type siblings at this stage (Fig. 6B).
Both mutant and wild-type seeds turn brown at maturity.
No unfertilized ovules were observed in siliques from ise1
heterozygotes segregating for wild-type and mutant embryos
(not shown), indicating that ISE1gene acts postfertilization.

ise1 mutant embryos are distinguished morphologically
from wild-type siblings at the mid-torpedo stage. When wild-
type embryos are in the mid-torpedo stage, ise1mutants first
appear as more heart-shaped corresponding in size to a wild-
type early torpedo (not shown). When wild-type embryos are
at the mid-torpedo stage, ise1 embryos continue to grow and
appear like early torpedo embryos in size and morphology
(compare Fig. 6C and 6D). At this time, ise1 embryos are
approximately 50% smaller in size than wild type; growth

subsequent to this time is slow. At maturity, ise1 embryos
appear mid-torpedo in shape and size. 

Nomarski views in Fig. 7A-D show that the organization of
cell files in the hypocotyl and radicle regions of wild-type and
ise1 mutant embryos are comparable. Fig. 7E and F shows thin
sections from hypocotyl regions of wild-type and ise1 mutant
embryos stained with Toluidine Blue. The provascular tissues
(pv) are well formed in mutant embryos, as in wild type. The
only notable difference is that cells in mutant tissues have a
smaller number of large vacuoles (v), whereas cells in wild-
type embryos contain a large number of small vacuoles. Taken
together, the planes of cell division as well as overall tissue
differentiation appear unaffected in ise1. 

ise1seeds are tolerant to desiccation, and germinate on agar
culture medium to produce very small and stunted plants (Fig.
8A). A further hint that plasmodesmata regulation is altered
in ise1 is provided by scanning electron micrographs
comparing wild-type and ise1 primary roots postgermination
(Fig. 8B,C). While wild-type root epidermal cell files alternate
in production of root hairs (Benfey and Scheres, 2000), all
epidermal cell files in ise1roots produces root hairs. These data
suggest that alteration of symplastic pathways may lead to
homogenization of cell types (see Discussion). 

Genetics and molecular mapping of the ISE genes
The ise1mutant phenotype segregates as a single recessive trait.
In wild-type plants, the average length of siliques is 12.5±0.3
mm (n=20) and each silique contains 60±2 seeds. ise1
heterozygous plants (+/ise1) have siliques with average length
of 12.3±0.3 mm (n=20) and individual siliques contain 59±2
seeds displaying 3:1 segregation of normal to homozygous
mutant seeds (880:300, χ2=0.08, P>0.5). When ise1
heterozygous plants (+/ise1) are crossed to wild-type plants, 1:1
segregation ratios of wild-type to heterozygotes (34:36, χ2=0.06,
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Fig. 8. Postgermination phenotype of ise1mutant. (A) Wild-type
(wt) and sibling ise1 seedlings 18 days postgermination on culture
plates. At this stage the wild-type seedling has 4 true leaves with
trichomes as well as an elongated primary root, but the mutant has
only a pair of macroscopic cotyledons and a very short primary root.
(B) Scanning electron micrograph of the root epidermis of wild-type
2 days postgermination shows cell files with root hairs (red circles)
and without root hairs (yellow X). In the ise1root epidermis (C),
however, all cell files produce root hairs (red circles) indicating a
homogenization of cell fate. Scale bars, 50 µm.

Fig. 9.The molecular genetic map of ISEgenes on chromosome I.
ISE1gene maps between CAPS markers, NCC1 and GAPB on
chromosome I. The black bar represents chromosome I and numbers
above the bar indicate the genetic location of corresponding markers
shown below. ISE1maps 0.51 cM apart from NCC1 and its
approximate location is marked as a white block on the bar. ISE2
maps between GAPB and ADH on chromosome I and its
approximate location is marked as a vertical line. The genetic map
positions given are taken from the Lister and Dean recombinant
inbred (RI) map from The ArabidopsisInformation Resource (TAIR,
http://www.Arabidopsis.org/search/marker_search.html) as well as
Nottingham ArabidopsisStock Centre (NASC) RI map
(http://nasc.nott.ac.uk/new_ri_map.html). The number of
recombinants and the total number of chromosomes tested are noted
with a slash under the corresponding markers. 

http://www.Arabidopsis.org/search/marker_search.html
http://nasc.nott.ac.uk/new_ri_map.html
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P>0.5) are observed in F1 progeny; heterozygosity is determined
by examination of siliques for the segregation of mutant embryos
in F2 progeny from selfed F1 plants. The overall segregation of
heterozygotes to wild-type plants in F2 progenies is 2:1
(937:1880, χ2=0.06, P>0.5), consistent with the inheritance of
a single recessive locus and seedling lethal phenotype. 

Heterozygous +/iseplants in Ler were crossed to wild-type
female plants of the Col ecotype to test the linkage of ISE loci
with previously mapped polymorphic markers (Chang et al.,
1988). Heterozygous F1 plants were selfed to produce progeny
segregating chromosomes from both parents. Molecular
mapping was performed using DNA from F2 wild-type plants
which are homozygous for the Col allele at the ISE loci
(Col/Col), as homozygous mutants plants (Ler/Ler) are
seedling lethal. Wild-type individuals were selected by
checking that their immature siliques contained only wild-type
embryos. PCR-based biallelic markers, CAPS and SSLPs,
were used to map the ISE1 locus to the 13 cM region of
chromosome I (Fig. 9). Using the same method, ISE2 was
mapped to 100 cM on chromosome I. This location is close to
a known embryo-defective line, emb25 (Franzmann et al.,
1989). A genetic complementation test indicated that ise2was
allelic to emb25. 

DISCUSSION

Plants may be viewed as a mosaic of symplastic domains that
share a common cytoplasm bounded by the plasma membranes
of connected cells, that may act as relatively distinct
operational subunits (Ehlers et al., 1999; Erwee and Goodwin,
1985). The formation of symplastic domains often precedes
the appearance of morphologically distinct structures in
development (Gisel et al., 1999; Palevitz and Hepler, 1985).
To date, cell-to-cell trafficking patterns during plant
embryogenesis have not been extensively studied. The
relatively simple fluorescent tracer loading method developed
here allows embryos of Arabidopsisto be easily assessed for
symplastic transport via plasmodesmata. All cells of the
embryo from early heart to mid-torpedo stages traffic small
probes between 0.5 and 3 kDa. Surprisingly, even large
dextrans of 10 kDa traffic throughout the embryo until the early
torpedo stage. However, while small probes continue to traffic,
there is a developmental transition that begins between heart
and early torpedo stages, when 10 kDa tracers are no longer
able to traffic throughout the embryo. Thus, in wild-type
embryos plasmodesmata are open in all cells throughout all
stages, as monitored by small tracers; however, the degree of
dilation changes, as monitored by 10 kDa dextrans.
Interestingly, the embryo remains a single symplast until at
least the mid-torpedo stage studied here, as whenever tracer
(small or large) traffics, it does so throughout the entire
embryo. Future studies will begin to address small and large
tracer transport in post-torpedo embryos and early seedlings.

The down-regulation of plasmodesmata aperture correlates
with the initiation of autotrophic development in embryos.
Early Arabidopsis embryos depend upon the suspensor
connection to the maternal endosperm tissues for nutrients and
growth regulators. The suspensor connection degenerates by
the early torpedo stage. Embryos start synthesizing chlorophyll
and become green at the early heart stage (Meinke and Sussex,

1979). The granal system in chloroplasts, essential for
photosynthesis and autotrophic growth, is well developed by
the torpedo stage of embryo development (Mansfield and
Briarty, 1991). Embryogenesis up to this point has been
recently referred to as the growth phase (Raz et al., 2001).
Thus, the decrease in SEL of plasmodesmata corresponds to
when embryos have determined most of their basic essential
tissues and organ types, and subsequent growth is largely due
to expansion. Down-regulation of plasmodesmata may aid the
onset of developmental programming towards dormancy at
seed maturation. 

The down-regulation of plasmodesmata coupled to
developmental progression has been documented in other
tissues. Symplastic transport within the shoot apical meristem
is temporarily restricted during the transition to floral
development (Gisel et al., 1999). Also in tobacco leaves during
the transition from sink (the less mature, net carbon importing)
to source (the more mature, net carbon exporting) tissue,
plasmodesmata are substantially down-regulated with a
structural switch from simple to branched forms (Crawford and
Zambryski, 2001; Oparka et al., 1999). GFP (27 kDa) and
GFP-fusion proteins greater than 50 kDa can freely move in
sink leaves. In contrast, such GFP tracers move to a lesser
extent in source leaves. In embryo sacs of Torenia fournieri
(Han et al., 2000), the SEL of plasmodesmata between the
central cell and the egg apparatus cells decreases progressively
from 10 kDa to 3 kDa, as the embryo sac matures. 

Arabidopsisroot epidermal cells are symplastically coupled
in the undifferentiated cells of the root meristematic region and
the elongation zone. These epidermal cells, however, become
symplastically isolated as they mature and differentiate
(Duckett et al., 1994). Interestingly, ise1 mutants exhibit
morphological defects in the roots of germinating mutant
seedlings. All ise1root epidermal cell files produce root hairs,
whereas in the wild-type, root hair producing cell files alternate
with cell files that do not produce root hairs (Benfey and
Scheres, 2000). The homogenization of cell types in the root
epidermis of ise1may be due to the lack of symplastic isolation
that normally occurs in wild-type Arabidopsisroot epidermal
cells.

Dye coupling in the embryo sac of Torenia fournieriusing
microinjection was studied, as its embryo sac is relatively
large, and protrudes from the ovule (Han et al., 2000). In
contrast, Arabidopsisembryos are very small and enclosed by
maternal tissues, making it difficult to apply methods such as
microinjection or particle bombardment. Further, such
methods can lead to plasmodesmata closure if performed at
high pressures (Itaya et al., 1997; Itaya et al., 2000). Here,
extrusion of embryos from their seed coats was found to result
in sub-lethal cell damage at the radicle tips and at cotyledon-
hypocotyl junctions; such damaged cells provide sites of entry
for hydrophilic fluorescent symplastic tracers. Tracers were
taken up from liquid medium bathing the embryos, via
endogenous pathways, without any application of pressure. In
a similar method called scrape-loading used for mammalian
cells, a tear in the plasma membrane of cells creates an initial
entrance point for symplastic tracers into the cytoplasm
without affecting cell viability (Blomstrand et al., 1999; el-
Fouly et al., 1987; Saleh and Takemoto, 2000). This method is
widely used to monitor animal cell-to-cell communication via
gap junctions (Carruba et al., 1999). Another similar method
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is a commonly used tool in virus inoculation to plant leaves,
called ‘mechanical transmission’. For instance, tobacco mosaic
virus moves its nucleic acids through plasmodesmata during
infection. Yet its initial entrance to plant cells occurs through
transient breaks in the plasma membrane caused by mechanical
abrasion (Walkey, 1985).

ise1 and ise2 mutant embryos have an increased
size exclusion limit of plasmodesmata
The present studies were undertaken to gain insight into cell-
to-cell trafficking patterns during embryogenesis, a critical
stage in plant development. In addition, these studies were
provoked by the need to identify genes involved in
plasmodesmata structure and function. It was reasoned that
mutations in such genes would lead to gross alterations in plant
development and loss of viability; such mutants would likely
be detected as defective embryos. The non-invasive tracer
loading method developed here was applied to screen embryo-
defective lines for altered patterns of tracer movement. Our
analysis with wild-type embryos uncovered a window of time
when plasmodesmata down-regulate their ability to traffic 10
kDa F-dextrans. Thus, we screened embryo-defective mutants
at the torpedo stage for the ability to continue to traffic 10 kDa
F-dextrans at a time when wild-type embryos cannot. Fourteen
lines, out of 5000 examined, were designatedincreased size
exclusion limit(ise), as they allowed trafficking at the mid-
torpedo stage of development. Only a small portion of lines
(0.28%) with defects at this stage, displayed altered tracer
movement. Thus, the isephenotype is not generally associated
with altered development at the torpedo stage. One line, ise1,
characterized in detail herein, continued to allow 10 kDa F-
dextran movement even at late torpedo stage (I. K.,
unpublished results). 

There are 4 general classes of mutations that might be
expected to lead to larger SEL, (1) those affecting cytokinesis,
cell plate, or cell wall structure, (2) mutations in
plasmodesmata structural genes, (3) mutations in genes that
directly regulate plasmodesmatal function, or (4) mutations in
genes that indirectly affect plasmodesmata aperture. The most
logical way to distinguish these possibilities might be to
perform detailed ultrastructural studies of cell wall regions
containing plasmodesmata in mutants. However, recent data
suggest this approach is not adequate. A maize mutant, sxd1,
shows clear modification in ultrastructure of plasmodesmata
(Russin et al., 1996); however, molecular cloning reveals the
SXD1gene encodes a nuclear encoded chloroplast localized
protein (Provencher et al., 2001). Thus, knowing the SXD1
gene does not explain how its mutation leads to alterations of
plasmodesmata ultrastructure. In turn, these data provoke the
prediction that critical players in plasmodesmata function or
regulation may not induce a readily observable alteration in
plasmodesmata architecture. In fact, preliminary electron
microscopic studies suggest that plasmodesmata in ise1are not
dramatically altered (data not shown).

With regard to ise1embryos, the increased SEL phenotype
is not likely to be caused by defects in either the plasma
membrane or the cell wall as ise1 embryos showed well
arranged cell files, and the overall morphology of ise1embryos
resembled wild type. Mutant embryos with gapped or
incomplete cell walls, such as knolle (Lukowitz et al., 1996),
keule(Assaad et al., 1996; Assaad et al., 2001) and cyt1(Nickle

and Meinke, 1998) have severe overall morphological defects
and can be easily identified. HPTS was present only in
cytoplasmic regions of the ise mutants and was not observed
in cell wall perimeters, implying tracer trafficked cell-to-cell
via narrow plasmodesmata bridges that span the cell wall
between adjacent cells. As gross morphology of cells, tissues,
and plasmodesmata is preserved in ise mutants, the mutations
probably do not affect a major plasmodesmata structural
component. Thus, ise mutations may affect a minor
plasmodesmata structural component, or more likely affect
genes that regulate plasmodesmata function (directly or
indirectly). Molecular studies to clone ISEgenes are underway.
The determination of their encoded products will provide
insight into how these dynamic plasmodesmata channels
function during embryonic development.
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