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Abstract The present study concerns three aspects of
barley androgenesis: (1) the morphology and histology of
the embryos during their development, (2) the time course
of fluorescent symplasmic tracers’ distribution, and (3) the
correlation between symplasmic communication and cell
differentiation. The results indicate that barley embryos,
which are developing via an androgenic pathway, resemble
their zygotic counterparts with respect to their develop-
mental stages, morphology and histology. Analysis of the
distribution of the symplasmic tracers, HPTS, and uncaged
fluorescein indicates the symplasmic isolation of (1) the
protodermis from the underlying cells of the late globular
stage onwards, and (2) the embryonic organs at the mature
stage of development.
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Abbreviations

CMNB  5-Carboxymethoxy-2-nitrobenzyl

SEL Size exclusion limit

HPTS 8-Hydroxypyrene-1,3,6-trisulfonic acid,
trisodium salt

HPTSA  Acetic derivative of HPTS

Introduction

Under in vitro conditions, plant microspores can develop
androgenic embryos via a process called microspore
embryogenesis, as was first shown for Datura microspores
by Guha and Maheshwari (1966). More recently, andro-
genic embryos have been obtained from many different
plants, both monocots (Testillano et al. 2002; Konieczny
et al. 2003) and dicots (Bugarova and Pret’ova 1996;
Chanana et al. 2005).

Barley androgenesis is important for plant breeding as it
allows production of homozygous plants and their genetic
analysis, and efforts have been made for improving the
efficiency by which barley plants with desirable traits can
be obtained using the androgenic pathway (Davies and
Morton 1998; Wang et al. 2000; Maraschin et al. 2003).
These improvements have been helped by appropriate
molecular analysis (Maraschin et al. 2003; 2005a, b).
However, little work has been done to analyze the mor-
phology, histology, and cytology of androgenic embryos,
topics which may be considered as major prerequisites for a
correct understanding of embryogenesis and its underlying
molecular, biochemical and physiological parameters.

An interesting aspect of barley androgenesis is the
possibility that symplasmic domains emerge during the
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development of the embryo. For example, during zygotic
embryogenesis of Arabidopsis thaliana symplasmic com-
munication between the embryo cells changes (Gisel et al.
1999; Roberts and Oparka 2003; Kim and Zambryski
2005). It has been postulated that diminished symplasmic
communication between embryo cells and the formation of
symplasmic domains is involved in cellular differentiation
(Duckett et al. 1994; Gisel et al. 1999; Kim and Zambryski
2005), and that these domains may lead to the partitioning
of the embryo into distinct areas of histo- and organogen-
esis. In vitro androgenesis proves to be a convenient model
system to study such aspects of embryogenesis because the
stages of embryo development can be easily monitored.

The aim of the present study, therefore, was to (1)
describe the morphology and histology of androgenic
barley embryos, (2) analyze the distribution of symplasmic
tracers within the embryos at different stages of develop-
ment, and (3) answer the question whether there is any
correlation between changes in symplasmic communica-
tion of embryo cells and cell differentiation.

Materials and methods
Materials and culture condition

Androgenesis was produced in anther culture of Hordeum
vulgare L. cv. Morex. Donor plants of H. vulgare L.
(kindly provided by Department of Plant Agriculture,
Guelph, Canada) were grown in a phytotron at 18 °C/14 °C
day/night with 16 h photoperiod. Spikes were collected
when microspores were at their early-mid to mid-late
stages of development (Szarejko 2003). Tillers containing
spikes at the appropriate stage were surface sterilized by
spraying with 70% ethanol and spikes were then transferred
to a 12-cm diameter Petri dish for a cold pre-treatment of
21 days at 4 °C. Anthers were then excised with forceps
and groups of 20-30 anthers were placed in 5-cm diameter
Petri dishes, each containing 3 mL of semi-liquid induction
medium BAC3 (Szarejko 2003). The dishes were sealed
with parafilm and placed in an incubator in darkness at
27 °C for 3—4 weeks.

Sample processing for stereo- and bright
field microscopy

The cultured androgenic embryos in different stages of
development were taken for histological analysis. Samples
were fixed in 2.5% glutaraldehyde in 0.2 M phosphate
buffer, pH 7.4, dehydrated in an ethanol series and
embedded in Steedman’s wax according to the procedure
of Vitha et al. (1997). After polymerization, the samples
were cut into a series of sections (10 pum thick) and stained
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with periodic acid Schiff reagent (PAS) + toluidine blue.
Sections were examined under an Olympus BX42 micro-
scope (Olympus) equipped with a CCD photo camera.
Sections of at least 10 embryos were studied at every
developmental stage of androgenesis.

Measurement of zygotic and androgenic embryos

Zygotic embryos were excised from H. vulgare L. cv.
Morex seeds, which were treated with distilled, aerated
water for several hours at room temperature. To determine
their size, 50 zygotic and androgenic embryos, both at the
mature stage of development, were measured under a ste-
reomicroscope (Nikon SMZ 1500) and the average
dimensions were calculated.

Analysis of symplasmic tracers distribution
in androgenic embryos

Distribution of fluorescent probe of symplasmic connection
within the androgenic embryos was monitored using CMNB-
caged fluorescein [fluorescein bis-(5-carboxymethoxy-2-
nitrobenzyl) ether, dipotassium salt] (Molecular Probes,
cat. no. F7103) according to the method of Martens et al.
(2004). Briefly, CMNB-caged fluorescein was dissolved in
1 mL of 0.2% dimethyl sulfoxide (a stock solution). The
stock solution of CMNB-caged fluorescein was dissolved
in demineralized water to final concentration of 0.01%.
Embryos were treated for 1 h in darkness with 0.01%
CMNB-caged fluorescein. Afterwards, embryos were
washed in demineralized water, placed upon a microscopic
slide and covered with a cover glass. Uncaging of CMNB-
caged fluorescein was performed using a laser scanning
confocal microscope (LSM 510; Zeiss) which was built
onto an Axiovert 200 M fluorescence microscope (Zeiss)
as follows: the selected part of the embryo was illuminated
with UV light (using a UV + Vis lamp and a BP365/12
excitation filter) for 5-30 s. Such a procedure released
uncaged fluorescein within the protodermis and 2-3 cell
layers of underlying tissue (thus the analysis of symplasmic
connection between embryo cells with the use of the
uncaged fluorescein took place along the longitudinal axis
of the embryo). The region of illumination was restricted
by a field aperture, allowing passage of UV light to a
precisely delineated region. Uncaged fluorescein (MW =
332 Da) was excited by 488-nm light produced by an argon
laser. Detection of the fluorochrome was performed using
a filter set consisting of an HFT UV/488/543/633 beam
splitter in combination with an NFT 545 beam splitter
and a BP 500-530 band-pass filter. Under such conditions
the emission of uncaged fluorescein is between 510 and
530 nm, producing a green—yellow fluorescence.
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Uncaging of the fluorescein was performed in different
regions of the embryos and at different stages of their
development. At the globular stage, the area of uncaging
was performed in the centre of the embryo, and at the
transitional stage uncaging was done separately in the
apical and basal embryonic poles. At the coleoptile and
mature stage, uncaging was performed separately in a
scutellum, a coleoptile, a SAM (shoot apical meristem)
and a coleorhiza. The spatial pattern of uncaged fluores-
cein distribution was monitored and photographed
immediately after uncaging and at 10-min intervals during
the following hour. Symplasmic communication between
the radicle and other embryo organs was examined indi-
rectly: the fluorochrome was released in the coleoptile,
the scutellum or the coleorhiza, and the fluorochrome
movement (in the direction of the radicle) was monitored
as mentioned above.

Another symplasmic movement tracer used was HPTSA
(8-acetoxypyrene-1,3,6-trisulfonic acid, trisodium salt)
(Sigma—Aldrich, Cat. No. 00879). HPTSA solution was
made by dissolving 5 mg of the fluorochrome in 1 mL of
Y2 MS medium (Murashige and Skoog 1962). HPTSA is a
membrane-permeable, non-fluorescent acetic derivative of
HPTS (MW = 520 Da). After entering the cell cytoplasm,
the acetic groups of the fluorochrome are cleaved by
intracellular nonspecific esterases and the membrane-
impermeable, fluorescent form of the fluorochrome is
released (Wright and Oparka 1996). The embryos were
immersed in the HPTSA solution for 15-60 min. The
length of incubation time depended on the stage of embryo
development and was determined by preliminary experi-
ments. In these experiments, embryos (at different stages of
development) were incubated in the fluorochrome solution
for 5, 10, 15, 30, 45, 60, 90, 120 and 180 min. After each
period of time, the distribution of HPTS (within embryos)
was checked (analysis was performed only on these
embryos in which the fluorochrome was not detected in the
cell walls). The incubation time was the shortest period in
which the pattern of fluorochrome distribution did not
change. On the basis of preliminary experiments, globular
embryos were incubated in the solution for 15 min,
embryos at the transitional stages for 30 min, and embryos
at coleoptilar and mature stages for 1 h. After the incuba-
tion, embryos were washed at least five times with > MS
medium. Distributions of HPTS were analyzed using a
laser scanning confocal microscope (LSM 510; Zeiss).
Embryos were viewed using a 5, 10 or 20x long-working-
distance objective (Plan-Neofluar 5x, Plan-Neofluar 10x,
LD-Achroplan 20x). Conditions used for excitation and
detection of the HPTS (510-520 nm) were identical to
those described for uncaged fluorescein. Optical sections
through embryos were made to allow analysis of HPTS
distribution within them.

CMNB-caged fluorescein was used as a symplasmic
tracer to analyze diffusive cell-to-cell communication
between different embryo organs, whereas HPTSA was
used to analyze this communication between different
embryonic tissues. For each developmental stage and for
each tested fluorochrome at least 20 androgenic embryos
were analyzed. Viability of the embryos was checked by
staining with 0.05% Evans Blue for 10-15 min. Dead
embryos were excluded from this study.

Results
General morphology of androgenic embryos

The developmental stages of androgenesis were recorded
as globular, transitional, coleoptilar and mature. According
to Zimmermann and Werr (2005), when outgrowth of the
scutellum was evident, such a stage was designated as
transitional; when the coleoptile was visible, such a stage
was named as coleoptilar.

The average length of androgenic embryos was
1.45 mm (SD =+ 0.39) and for zygotic counterparts (in the
similar—mature—stage of development) average length
was 3.51 mm (SD =+ 0.17).

In the culture of androgenic material, structures were
frequently seen which resembled embryos but which, on
closer examination, proved not to be true embryos. Anal-
yses of serial longitudinal sections revealed them to contain
unorganized masses of cells with vessel members inside.
Protodermal and dividing cells were lacking (data not
shown).

Such histological analysis of structures developed in the
culture seemed to be essential for proper interpretation of
received results concerning fluorochromes distribution
within the androgenic embryos.

Histology of androgenic embryos in different stages
of development

At the early globular stage, the embryo consisted of a well-
developed protodermis (Fig. 1a) under which were several
layers of cells with large vacuoles and with many starch
grains. At this early stage of development, polarization of
the embryo was visible in the form of 3—4 layers of cells
which were organized in defined radial files and which
probably would have developed into the coleorhiza
(Fig. 1a).

At the more advanced globular stage, 4-5 layers of the
ground meristem cells were present under the protodermis
(Fig. 1b). Deep in the embryo (20-30 pm from the embryo
surface, depending on embryo size), a zone of dividing
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Fig. 1 Histology of barley androgenic embryos at different stages of
development. a Except for their basal part (white arrow), embryos at
the early globular stage possessed one layer of protodermal cells.
Underneath the protodermis, cells with large vacuoles and many
starch grains were visible. b At a later globular stage, a zone of
dividing cells was present in the centre of the embryo. ¢ At the
transitional stage, the scutellum (sc) and coleorhiza (col) were visible.
A zone of dividing cells (ellipse) was located in the ventral-basal part
of the embryo. d At the coleoptilar stage, the coleoptile (co), shoot
meristem (sm), scutellum (sc), and coleorhiza (col) were present.
d dorsal side of the embryo, p protodermis, v ventral side of the
embryo, zdc zone of dividing cells. Longitudinal sections through
embryos stained with PAS + toluidine blue. Bars = 50 um

cells with dense cytoplasm, small vacuoles, and nuclei in
mitosis, was present (Fig. 1b).

At the transitional stage, apical-basal and ventral-dorsal
polarization of the embryo was clearly visible. The proto-
dermis covered the embryo, apart from the area which
would give rise to the coleorhiza (Fig. 1c). The developing
coleorhiza consisted of ground meristem cells with many
starch grains. The outgrowth of a scutellum was also vis-
ible (Fig. 1c). It consisted of the ground meristem cells
with large vacuoles. In ventral-basal directions, a zone of
dividing cells was recognized (Fig. 1c). It will develop into
the proper embryo, with the shoot meristem at the ventral/
apical side and the root meristem at the dorsal/basal side.

At the coleoptilar stage, a developing coleoptile and
a shoot meristem as well as a developing scutellum and a
root meristem with a coleorhiza, were observed (Fig. 1d; a
root meristem is not visible on this section).

@ Springer

Fig. 2 Histology of a barley androgenic embryo at a mature stage of
development. a At this stage, androgenic embryos consisted of a
shoot and a root meristem, a coleorhiza, a scutellum and 4-6 leaf
primordia. In addition to the main root, adventitious roots were also
present. b The protodermis of the scutellum consisted of narrow cells.
ar adventitious root, col coleorhiza, Ip leaf primordia, rm root
meristem, sc scutellum, sm shoot meristem. Longitudinal sections
through the embryo stained with PAS + toluidine blue. Bars =
300 pm (a), 30 pm (b)

At the mature stage of development (Fig. 2a), the
androgenic embryo consisted of a well-developed shoot
axis/stem and a root meristem, a coleorhiza, a scutellum, a
coleoptile (not visible in the section shown) and 4-6 leaf
primordia. The shoot meristem consisted of tunica and
corpus. The radicula was covered by a root cap and a
rhizodermis was well developed. Underneath the rhizo-
dermis, 2-3 cell layers of the ground tissue were present.
The provascular tissue consisted of several layers of cells.
Adventitious roots were also present (Fig. 2a). At a
matured stage of development the radicle was separated
from the coleorhiza (there was not any connection
between the rhizodermis and cells of the coleorhiza (Suppl.
Fig. S1 a).

The protodermis of the coleoptile consisted of narrow
and elongated cells. The ground meristem in the coleoptile
consisted of 5-6 layers of cells (counting from the proto-
dermis to the provascular tissue) which were vacuolated
and larger in size in comparison to the protodermis. The
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procambium of the coleoptile comprised 2-3 layers of
narrow and elongated cells with dense cytoplasm. In the
coleoptile the secondary-wall thickening in protoxylem
tracheary elements was in the form of helical bars (data not
shown). The leaf primordia were also well developed
(Fig. 2a) and showed a protodermis under which the
ground meristem and procambium were located. The scu-
tellum was the most abundant part of the androgenic
embryos (Fig. 2a). Its protodermal cells were elongated
along anticlinal direction and formed a single layer of cells
that were set close together (Fig. 2b).

Uncaged fluorescein distribution
in androgenic embryos

Analysis along the apical-basal axis

At the very early globular stage, the fluorochrome was
present in all embryo cells (Fig. 3a).

At the transitional stage, after uncaging of CMNB-caged
fluorescein in the apical pole of the embryo, the fluoro-
chrome was present in all cells of this pole and was absent
in cells of the basal pole (Fig. 3b). This indicates that the
embryo at the transitional stage could be divided into two
symplasmic subdomains: apical and basal. The apical
subdomain consisted of a scutellum and a developing shoot
and root apical meristem and the basal subdomain con-
tained a coleorhiza (all confirmed by histological analysis).
In the apical subdomain, two areas with lower fluorescence
were present to the left and right of the central axis
(Fig. 3b). When the fluorochrome was uncaged in a few
cells of the basal pole of the embryo, it became present in
all cells of this pole but was always absent in cells of the
apical pole (Fig. 3c).

At the coleoptilar stage and in mature androgenic
embryos, after uncaging CMNB-caged fluorescein in a
specific area of an embryo organ, fluorochrome was present
in all cells of that organ but not in other cells of the
embryo. For instance fluorochrome released into the cole-
orhiza (Fig. 3d) or SAM (Fig. 3e) was present only in cells
of those organs. Thus, the SAM (with leaf primordia),
radicle, coleoptile, scutellum and coleorhiza are isolated
from each other (Suppl. Fig. S1 b-e).

HPTS distribution in androgenic embryos
Analysis in the radial direction

Embryos at the globular stage treated with HPTSA dis-
played three different patterns of symplasmic fluorescent
tracer distribution. In the early globular stage, the fluoro-
chrome was present in all embryo cells and fluorescence
intensity was similar in each cell (Fig. 4a). In the older

Fig. 3 Pattern of uncaged fluorescein distribution in barley andro-
genic embryos at different stages of development. a Fluorescein
released into a few cells of the globular embryo has diffused into
other cells of the embryo. b At the transitional stage, fluorescein was
present in all cells of an apical pole after releasing the fluorochrome
into some cells of this pole. Fluorescein was absent from the basal
pole of the embryo (arrow). The intensity of fluorochrome fluores-
cence was lesser in a specific group of protodermal and underlying
cells (dotted ellipsis) than in other cells of the apical pole. ¢ At the
transitional stage, after uncaging the fluorescein in a few cells of the
basal pole, uncaged fluorescein was present in other cells of this pole
but was absent in the cells of the apical pole (arrow). d At the
coleoptilar stage, the fluorochrome was present in all cells of
the coleorhiza after its release into a group of cells of this organ.
The intensity of fluorescein fluorescence was the strongest in the
protodermis (arrows). Fluorescein was absent in other organs such as
scutellum (dashed arrow). e After uncaging of the caged fluorescein
in a few cells of the embryonic shoot apical meristem at the
coleoptilar stage, fluorescence was observed in other cells of the
meristem. f Bright field image of the embryo whose SAM was shown
in e. co coleoptile, col coleorhiza. White circle marks the area where
CMNB-caged fluorescein was uncaged. White lines indicate the shape
of the embryo as seen in bright field. Images were collected by
confocal laser scanning microscopy. Bars = 100 pm (a—d and f),
50 um (e)

globular stage, the fluorochrome was also present in all
embryo cells but fluorescence intensity was greater in the
centre of the embryo than in the peripheral/surface region
(Fig. 4b). In embryos at the late globular, transitional,
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Fig. 4 Pattern of HPTS distribution in barley androgenic embryos at
different stages of development. a In an embryo at the early globular
stage, the fluorochrome was present in all embryonic cells. b A
similar situation was observed for the globular stage, but the intensity
of fluorescence was stronger in the centre of the embryo (zdc). ¢ At
the late globular stage, the fluorochrome was present only in the
protodermis. d—f This pattern of HPTS distribution was maintained at
later stages of embryo development: transitional (d), coleoptilar (e),

coleoptilar and mature stage of development, the fluoro-
chrome was present only in the protodermis (Fig. 4c—f).

Discussion

One objective of our study was to analyze the development
of barley androgenic embryos in order to provide a context
for the second part of our study, the defining of symplasmic
(sub) domains during androgenesis. Morphological and
histological analysis showed that (1) androgenic embryos
pass through all developmental stages that are typical of
zygotic embryos of grasses (Raghavan 1986), and (2)
mature androgenic embryos possess all the same morpho-
logical and histological features as their zygotic counter-
parts (Bosnes et al. 1987).

Information on androgenesis in grasses is scarce, but
morphology and organ arrangement of mature androgenic
embryos of wheat (Indrianto et al. 2001) resemble that of
barley. Development of nonzygotic barley embryos was
previously studied morphologically and histologically only
in somatic embryos derived from callus cells (Nonohay
et al. 1999). Unlike our results, these studies showed that
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and mature (f). The white lines indicate the shape of the embryos
obtained from bright field micrographs. col coleorhiza, p protodermis,
sc scutellum, sm shoot meristem, zdc zone of dividing cells. Arrows
point to protodermis. Dashed arrow points to a coleorhiza. Figure 4c
and e show overlays of the images from fluorescence and bright field.
The images were collected by confocal laser scanning microscopy.
Bars = 50 pm (a, b, d), 100 pm (c, e), 200 pm (f)

the scutellum developed into a leafy structure and differ-
entiation of the root system proceeded without the forma-
tion of embryogenic adventitious roots (Nonohay et al.
1999). Androgenic embryos differ from zygotic ones only
in having a smaller size, as already described for monocot
and dicot species (Nonohay et al. 1999). Taking these
findings into consideration it might be suggested that, in
the case of barley, androgenesis is more comparable to
zygotic embryogenesis than it is to somatic embryogenesis.

In recent years, cell-to-cell communication has been
postulated as an important factor controling plant growth,
development and cell differentiation (Roberts and Oparka
2003; Zambryski 2004; Kim et al. 2005; Kobayashi et al.
2007; Tominga et al. 2008). In this intercellular commu-
nication, plasmodesmata are the key component because
they participate not only in the transportation of solutes but
also in the selective exchange of proteins, transcriptional
factors, and ribonucleic acids (Wu et al. 2002; Kim and
Zambryski 2005; Kobayashi et al. 2007).

During zygotic embryogenesis of Arabidopsis thaliana,
development of symplasmic (sub) domains coincides with
the radial and apical-basal differentiation of an embryo
body (Kim et al. 2002; Kim and Zambryski 2005; Stadler
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et al. 2005). Distribution of symplasmic fluorochromes
(HPTS and uncaged fluorescein) in the early globular stage
of barley androgenic embryos suggests that, at this stage,
the embryo is a single symplasmic unit where all cells are
connected by functional plasmodesmata. It can be pointed
out that such an interpretation is not correct if we take into
consideration distribution of HPTS within embryos. We
observed steady-state pattern of this fluorochome distri-
bution within an embryo. It cannot be ruled out that
HPTSA (non-fluorescent form) can penetrate cells inside
the embryo via an apoplasmic rout and after uptake by
inner embryo cells, further spread may occur symplasmi-
cally. However, determined distribution of the uncaged
fluorescein within the embryo at this stage of development
supports suggestion that there is no symplasmic barrier
between embryo cells. A simple symplasmic domain was
also shown for globular zygotic embryos of A. thaliana
where no visible differences between embryonic cells were
present (Kim et al. 2002; Kim and Zambryski 2005).

The first symplasmic subdomains of the barley andro-
genic embryo are visible in a late globular stage. These are
an outer, the protodermis, subdomain and an inner subdo-
main which includes the underlying cells (Fig. 5a). In
androgenesis, the differentiation of a protodermis must play
a key role in embryo development since without a properly
developed protodermis; androgenesis would probably be
inhibited at the globular stage, as was shown for carrot
embryos (de Jong et al. 1992). It is also possible that
symplasmic isolation of the protodermis is necessary to
maintain anticlinal cell divisions in this tissue (Considine
and Knox 1981).

During zygotic embryogenesis of A. thaliana symplas-
mic subdomains are found along the apical-basal axis (Kim
et al. 2005). These subdomains correspond to the sites of
future embryonic organs, as shown by gene expression
patterns (Kim et al. 2005). Symplasmic subdomains along
the apical-basal axis of androgenic embryo also corre-
sponded to embryo organs. At the transitional stage of
androgenesis, the apical and basal poles were visible as
separate symplasmic subdomains (Fig. 5b). This was
probably the result of developmental changes which the
embryo in that stage went through: outgrowth of the scu-
tellum and the arising of the SAM and the radicula.
Detection of two areas with lower fluorescence intensity in
an apical subdomain at the transitional stage of androgenic
embryos (Fig. 3b) is worth to discuss. On the basis of the
location of these cells and histological analysis of the
embryo (compare to Fig. 1c) in that stage, it can be con-
cluded that these cells were the ones that built up a zone of
dividing cells involved in creation of the embryo body and
scutellum.

During further embryo development, new subdomains
occurred which corresponded to embryo organs: the SAM

Fig. 5 Symplasmic subdomains in barley androgenic embryos. a At
the late globular stage, two symplasmic subdomains were indicated:
outer (the protodermis—blue) and inner (other cells of the embryo—
green). b At the transitional stage, apical-outer (blue), apical-inner
(green), basal-outer (purple), and basal-inner (yellow) symplasmic
subdomains occur. Dotted ellipses indicate the embryo proper (1) and
scutellum (2) subdomains. ¢ At the coleoptilar and mature stage,
symplasmic subdomains correspond to the scutellum, the coleoptile,
the SAM (with leaf primordia at the mature stage), the radicle, and the
coleorhiza. Moreover, in each subdomain (except the radicle) two
other subdomains can be distinguished: outer and inner. Together,
there are: outer and inner subdomains of the scutellum (blue and
green, respectively), outer and inner subdomains of the coleoptile
(pink and light blue, respectively), outer and inner subdomains of the
SAM and leaf primordia (dark pink and orange, respectively), outer
and inner subdomains of the coleorhiza (purple and yellow, respec-
tively), and a single radicular subdomain (gray). Black lines indicate
boundaries between the apical and basal poles of the embryos.
Crossed arrows show that symplasmic movement does not occur
between symplasmic subdomains. co coleoptile, col coleorhiza, SAM
shoot apical meristem, sc scutellum, sp space between radicle and
coleorhiza

with leaf primordia (the shoot axis), coleoptile, scutellum,
radicle, coleorhiza (Fig. 5c). This further step in symplas-
mic isolation probably inhibits cell-to-cell signaling thus
enabling cell differentiation and specific embryo organ
formation.

Symplasmic subdomains within the androgenic embryo
were proven with the use of only low-molecular symplas-
mic transport fluorochromes with molecular weights of
about 0.5 kDa. Thus, the results indicate that the size
exclusion limit (SEL) for plasmodesmata at the boundaries
between symplasmic subdomains within the barley andro-
genic embryo is rather low. In the case of the zygotic
embryo of Arabidopsis, low-molecular tracers can move
through plasmodesmata at all developmental stages (Kim
and Zambryski 2005). The average SEL value of plasmo-
desmata during normal plant development is about 1 kDa
(Zambryski and Crawford 2000). However, in some other
examples SELs less than 1 kDa were noticed (Erwee et al.
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1985; Rinne and van der Schoot 1998; Gisel et al. 1999;
Stadler et al. 2005).

Symplasmic trafficking of small fluorescent molecules
does not necessarily reflect the plasmodesmatal capacities
in macromolecular transport (Itaya et al. 2002). The dif-
ferences between transport of small and large molecules
result from particular mechanism of transport. Small
molecules diffuse from cell to cell via plasmodesmata
(Crawford and Zambryski 2000; Liarzi and Epel 2005)
whereas macromolecules are actively transported using
portions of the cytoskeleton (Haywood et al. 2002; Oparka
2004). Some of macromolecules can also traverse the
symplast by a diffusion-like process, an instance of which
is the LEAFY transcriptional factor (Wu et al. 2003).
Therefore, the obtained patterns of the fluorochrome dis-
tribution might also reflect patterns of macromolecular
diffusion.

In conclusion, morphological and histological similari-
ties between androgenesis and zygotic embryogenesis
suggest that androgenesis can substitute for zygotic
embryogenesis in experiments examining the regulatory
mechanisms of the latter process. The observed correlation
between symplasmic isolation and cell differentiation
might suggest a similarity between zygotic and androgenic
embryo development. If so, then symplasmic communica-
tion/isolation may be a universal mechanism controling
cell differentiation, histogenesis and organogenesis during
the plant development. Further studies should aim at elu-
cidating the precise timing of symplasmic-domain occur-
rence during embryo development by analysing the
distribution of symplasmic transport fluorochromes in
barley mutants expressing cell type-specific markers.
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