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Summary. Transfer cells in the nucellar projection of wheat grains
at 25 & 3 days after anthesis have been examined using light and
electron microscopy. Within the nucellar tissue, a sequential increase
in non-polarized wall ingrowth differentiation and cytoplasmic den-
sity was evident. Cells located near the pigment strand were the least
differentiated. The degree of differentiation increased progressively
i cells further removed from the pigment strand and the cells bor-
dering the endosperm cavity had degenerated. Four stages of transfer
cell development were identified at the light microscope level. Wall
ingrowth differentiation followed a sequence from a papillate form
through increased branching (antler-shaped ingrowths) which ulti-
mately anastomosed to form a complex labyrinth. The final stage
of wall ingrowth differentiation was compression which resulted in
massive ingrowths. In parallel with wall ingrowth deposition cyto-
plasmic density increased. During wall deposition, paramural and
multivesicular bodies were prominent and were in close association
with the wall ingrowths. The degeneration phase involved infilling
of cytoplasmic islets within the wall ingrowths. This was accom-
panied by complete loss of the protoplast. The significance of this
transfer cell development for sucrose efflux to the endosperm cavity
was assessed by computing potential sucrose fluxes across the plasma
membrane surface areas of the nucellar projection cells. Transfer cell
development amplified the total plasma membrane surface area by
22 fold. The potential sucrose flux, when compared with maximal
rates of facilitated membrane transport of sugars, indicated spare
capacity for sucrose efflux to the endosperm cavity. Indeed, when
the total flux was partitioned between the nucellar projection cells
at the three stages of transfer cell development, the fully differentiated
stage 1T cells located proximally to the endosperm cavity alone ex-
hibited spare transport capacity. StageIl cells could accommodate
the total rate of sucrose transfer, but stagel cells could not. It is
concluded that the nucellar projection tissue of wheat provides a
unique opportunity to study transfer cell development and the func-
tional role of these cells in supporting sucrose transport.
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Introduction

Transfer cells develop from many types of differen-
tiated plant cells and are found in a variety of different
plant organs (Pate and Gunning 1972). They are char-
acterized by convoluted wall ingrowths and, as a con-
sequence, amplification of their plasma membrane sur-
face areas. It is generally accepted that this membrane
amplification (3 to 20 fold; Bonnemain et al. 1991) fa-
cilitates apoplast/symplast solute exchange. Further,
there is an increasing body of evidence that underscores
the significant role of transfer cells in solute transport
(e.g., Gunning and Pate 1974, Jones and Dropkin 1976,
Gunning 1977, Newcomb and Peterson 1979, Lands-
berg 1986, Wimmers and Turgeon 1991, Offler and
Patrick 1993, Wang etal. 1994 2).

Transfer cells occur in tissues responsible for high sol-
ute fluxes (Pate and Gunning 1972). This could well
account for the changes in the cellular location of trans-
fer cells during seed development, for example, in de-
veloping seed of Vicia faba (Pate and Gunning 1972).
In this and other species, differentiation of transfer cells
is most evident at the maternal/embryonic interface.
Thus, early in seed development, the suspensor of Phas-
eolus and the cellular endosperm facing the perisperm
of Mesembryanthemum differentiate into transfer cells
(Pate and Gunning 1972). During the phase of rapid
dry matter accumulation, transfer cells commonly oc-
cur at the seed coat/cotyledon interface in seed of the
grain legume V. faba (Offler et al. 1989), the pericarp/
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aleurone interface in Sorghum caryopses (Maness and
McBee 1986), yellow foxtail (Rost and Lersten 1970),
and millet (Zee and O’Brien 1971), and the pericarp/
endosperm interface in maize kernels (Felker and Shan-
non 1980, Davis etal. 1990). Their importance during
this phase of seed growth has yet to be established
unequivocally. However, in the case of V. faba there
is correlative evidence linking transfer cell development
and enhanced cotyledon growth rate (Bonnemain etal.
1991) and, for the seed coat transfer cells, quantitative
structural studies (Offler and Patrick 1993) indicate
that they are the principal cellular site for membrane
transfer of sucrose to the seed apoplast.

In the developing grain of wheat and barley, the nu-
cellar cells of the crease region of the grain pericarp
project into the endosperm cavity. This so-called nu-
cellar projection is located between the maternal and
filial tissues (Cochrane 1983) and forms the terminus
for short-distance transfer of solutes within the ma-
ternal pericarp tissues (Wanget al. 1994 a). The nucellar
projection cells differentiate into transfer cells during
the filling phase of grain growth (Cochrane and Duffus
1980, Cochrane 1983, Wang et al. 1994 a). By quanti-
fying the plasma membrane surface area of these cells,
we have demonstrated that their capacity for mem-
brane exchange is commensurate with the dry weight
gain of the grain (Wang et al. 1994 a). Some structural
features of the nucellar projection traunsfer cells have
been described by Cochrane and Duffus (1980) for
barley. However, the account by these authors is limited
to comment on wall ingrowth morphology and there
is no equivalent statement for the nucellar projection
cells of wheat. This deficiency in our knowledge of the
structural characteristics of these specialized cells can
be attributed, at least in part, to technical difficulties
encountered in establishing fixation and staining pro-
cedures that permit all features of the cell ultrastructure
to be resolved.

The purpose of this paper is to describe the develop-
ment of nucellar projection transfer cells and to relate
the stage of development of these cells to their capacity
for plasma membrane efftux of sucrose. Grains at
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25 =+ 3 days after anthesis were sclected for study since
this is the mid-stage of the linear phase of grain filling
(Soficld et al. 1977) when grain dry weight gain is most
rapid.

Materials and methods
Plant material

Wheat plants (Triticum turgidum var. durum cv. Fransawi) were
grown in pots under glasshouse conditions for one month and there-
after in a controlled environment growth cabinet as described pre-
viously (Wang et al. 1993). Mineral nutrients were supplied asa 10g/
m® solution of Aquasol (Hortico Aust. Ltd, Sydney) at the rate of
0.5 cm® per plant per week. Plants were trimmed fo a single primary
tiller and the anthesis date for each ear was recorded.

Grains were selected for experiments from the “a” floret position
{Bremner and Rawson 1978) of spikelets located in the mid-region
of the ears at 25 & 3 d after anthesis.

Light and transmission electron microscopy

Transverse slices, 1 mm in thickness, were cut from the middle of 3
grains harvested from each of 3 plants and fixed using one of the
two procedures detailed below.

(a) Tissue slices were fixed in 2.5% glutaraldehyde and 2.5% par-
aformaldehyde in 50 mM cacodylate buffer at pH 7.0 at 0°C for 5h.
Following five 15 min washes in 50 mM cacodylate buffer, tissue was
post fixed with 1% osmium tetroxide in distilled water for 3h at
0°C. After five 15 min washes in distilled water, the tissue was treated
with 1% tannic acid for 2h at room temperature (method modified
from Park et al. 1982). This method was used to improve the contrast
of sections from Spurrs-embedded tissue to visualize cytoplasmic
contents.

(b) Tissue slices were fixed with 2.5% glutaraldehyde, 2.5% para-
formaldehyde and 2% tannic acid in 25mM phosphate buffer at
pH 7.0 for 2h at 0°C. Tissue was washed in five 15 min changes of
25mM phosphate buffer before being post fixed with 2% FeCl; for
2h at room temperature (method modified from Overall etal. 1982).
This procedure enhanced the visibility of wall structure.

At the completion of post fixation, tissue slices were washed twice
for 15 min each in either 50 mM cacodylate (a) or 25mM phosphate
(b) buffer and stored overnight in buffer at 0 °C. Following another
two 15 min rinses in buffer, the fixed tissue was dehydrated thronugh
a 10% step-graded acetone series at 0°C and infiltrated over 2 days
through a five-step graded series from 100% acetone to 100% Spurt’s
epoxy resin (Spurr 1969) and a further 7 days in 100% resin. Blocks
were polymerised by exposure to a temperature sequence of 37°C
for 12h, 48°C for 12h, and 70°C for 24 h over a period of 48h.
Semithin sections, 1-2 um thick, were cut with glass knives using a
Reichert-Jung Ultracut E, stained with 0.5% toluidine blue in sodium

Fig. 14, B. Light micrographs illustrating the nucellar projection of the developing wheat grain at 25 & 3 days after anthesis. Bars: 50 um.
A Transverse section of the nucellar projection showing the sequence of progressive development and degeneration of nucellar projection
transfer cells from those cells contiguous with the pigment strand to those adjacent to the endosperm cavity. Four developmental stages
based on wall thickness and cytoplasmic density are identified as stages I, II, 11, and IV. The cells at each stage of development are delineated
between the arrows. B Longitudinal section of the nucellar projection with transfer cells at the four developmental stages delineated by
arrows, Cu Cuticular layer; Fc endosperm cavity; £/ empty lumen; De dense cytoplasm; Ne nucellar epidermal cells; Np nucellar projection;
Ps pigment strand; ST developmental stagel; S 17 stage II; SIIT stage III; SIV stageIV
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carbonate buffered to pH9, and examined with a Zeiss Axiophot
photomicroscope.

Ultrathin sections, 60nm thick, were cut with a diamond knife,
stained with potassium permanganate and lead citrate (Bray and
Wagener 1978) and observed in either a Jeol JEM-100 CX or Jeol
JEM-1200 EX1I electron microscope.

Plasma membrane amplification, plasma membrane surface area, and
estimated sucrose flux

The plasma membrane amplification resulting from wall ingrowth
formation at stages [ to IT of development of the nucellar projection
transfer cells was calculated from the extended length of plasma
membrane in the vicinity of wall ingrowths and the length of the
corresponding secondary cell wall. This was done from electron
micrographs cut from 3 grains using a chartometer. Fourteen cells
were scored for stages] and I1T and 11 cells for stageII.

The plasma membrane surface area was obtained by summing the
longitudinal and cross sectional surface areas (LPMSA and
CSPMSA, respectively). In addition, an hypothetical estimate was
made excluding the contribution resulting from the formation of
wall ingrowths. LPMSA and CSPMSA per grain were estimated
separately for cells at stages I to IIT of transfer cell development and
for the nucellar epidermal cells (Fig. 1 A). These estimates were ob-
tained from light and electron micrographs of longitudinal and trans-
verse sections. LPMSA was obtained by multiplying transfer cell
plasma membrane perimeter in transverse section [cell perimeter (cm)
with wall ingrowths X appropriate amplification factor + cell pe-
rimeter without wall ingrowths (if applicable)] to the amplified length
in longitudinal section [crease tissue length (cm) X appropriate
amplification factor x the proportion of cell length with wall in-
growths + crease length without wall ingrowths (if applicable)].
CSPMSA was estimated by doubling the surface area of a transverse
section of the appropriate cells to allow for two end walls per cell
and multiplying this figure by the number of cells along the length
of the grain. (A weight ratio method was used to obtain the surface
area and the number of cells along the length of the grain was
estimated from the length of the crease region and mean cell length.)
Potential fluxes (mol/m®/s) for plasma membrane exchange of su-
crose were computed using the observed rate of sucrose delivery of
55 % 107 2 mol/s/grain (Wang et al. 1993) and the estimated plasma
membrane surface areas of the nucellar projection cells at stages]
to III of transfer cell development and of the nucellar epidermal
cells. These potential fluxes of sucrose were compared with values
for maximal fluxes for facilitated membrane transport of sugars (1
10 x 10~ 8mol/m?/s; see Liittge and Higinbotham 1979).

Results

In grain at 25+ 3 days after anthesis, the nucellar
projection is composed of 8-10 rows of cells which
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project into the endosperm cavity (Fig. 1). These cells
are separated from the crease vascular bundle by the
pigment strand which forms a bridge between the ends
of the cuticularized epidermis of the pericarp (Fig. 1 A)
and a barrier to transfer within the apoplast (Wang
etal. 1994 b). Non-polarized wall ingrowth differentia-
tion had occurred in most of the nucellar projection
cells of grains at 25 £ 3 days after anthesis. This is
consistent with the observation that wall ingrowth de-
velopment commences in the nucellar projection cells
between 7 and 9 days after anthesis and by 19 days
after anthesis most cells have wall ingrowths (Irwanto
and Offler unpubl. data). Examination of transverse
(Fig. 1 A) and longitudinal (Fig. 1 B) sections reveals a
sequential increase in wall differentiation and cyto-
plasmic density followed by degeneration of the cy-
toplasm. Cells located near the pigment strand appear
to be the least differentiated and those adjacent to the
endosperm cavity appear devoid of cytoplasm
(Fig. 1 A, B). A similar sequence of deposition of wall
material to form transfer cell wall ingrowths has been
reported for the basal endosperm of the maize kernel
{Davis etal. 1990). The differentiation of wall in-
growths, which is the basis for classifying these nucellar
projection cells as transfer cells (Gunning and Pate
1972), appears to occur as a continuum. However, the
following four stages can be identified at a light mi-
croscope level (Fig. 1).

StageI: Walls partially thickened (pitted) and cyto-
plasm organelle-rich and vacuolated.

Stage II: Walls darkly stained, thick and cytoplasm less
vacuolated.

Stage III: Walls massively thickened and cytoplasm
dense with small vacuoles.

Stage IV: Walls massively thickened and cytoplasm ab-
sent leaving an empty cell lumen.

In each of these four recognised stages of transfer cell
differentiation/degeneration the thickness of the cell
wall was found to be equivalent in both transverse and
longitudinal section {(cf. Fig. 1 A, B). The pattern of
progressive differentiation of wall ingrowth morphol-
ogy is presented below, together with observations on

Fig. 2 A-C. Electron micrographs of the nucellar projection showing predominantly developmental stagel transfer cells. A Transverse section
of the nucellar projection transfer cells located adjacent to the pigment strand. Note the papillate and antler-shaped wall ingrowths and pit-
fields of plasmodesmata (arrows) inierconnecting the transfer cells. Bar: 3.0 pm. B and C Parts of nucellar projection cells illustrating papillate
(B) and antler-shaped (C) wall ingrowths. Asterisks pinpoint vesicles adjacent to the wall ingrowths and in C arrows pinpoint plasmodesmata.
Bars: 0.5 um. Tissue was fixed in glutaraldehyde/paraformaldehyde/tannic acid and post-fixed with ferric chloride (see Materials and methods).
Awi Antler-shaped wall ingrowths; 5w/ ingrowth wall paralle] to the original secondary wall; Nu nucleus; Pwi papillate wall ingrowths; Rer
rough endoplasmic reticulum; S7 developmental stagel; SII stagell; Va vacuole
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cytoplasmic features and, in particular, those relevant
to transfer cell transport function.

Wall ingrowth morphology
Stagel

In cells at stage I, ingrowths were restricted to lengths
of wall separating primary pit-fields of plasmodesmata
and where the walls of three cells join (Fig.2A, C).
This pattern of initial deposition of wall ingrowths was
responsible for the uneven thickness of cell walls ob-
served under light microscopy (Fig. 1 A). Ingrowth de-~
velopment appeared to commence with deposition of
a band of more densely staining wall material laid down
parallel to the original secondary wall (Fig.2B, C).
This remained evident at least until stage I (Fig. 3C,
D) and sometimes for longer depending on the degree
of ingrowth compression. In some cells, the only ad-
ditional secondary wall development was this parallel
band (Fig. 2 B) while in adjacent cells wall ingrowths
arising from this band were papillate or antler-shaped
at the first stage of transfer cell development (Fig. 2 A~
(). The latter wall deposition resulted in a 3.84 fold
amplification of their plasma membranes (Table 1). Of
the total number of nucellar projection cells, approx-
imately 21% were at stagel of development in grain
at 25 + 3 days after anthesis (Table 1).

Stage I1

Cells at developmental stage IT had more extensive in-
growths which formed a complex branched and an-
astomosing labyrinth (Pate and Gunning 1972) in both
longitudinal (Fig.3C) and transverse (Fig.3D) sec-
tions. In some contiguous cells, extensive wall in-
growths were evident on one side of a common wall
while only small ingrowths (stageI) arose from the
other side (Fig. 3 A, B). At stage I, wall ingrowth for-
mation was responsible for a 6 fold amplification of
the plasma membrane but only 14% of the nucellar
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projection cells were at this stage of development
{Table 1). The wall ingrowths of both stagel and
stage I were more darkly stained than the original sec-
ondary wall (Figs.2B, C and 3D).

Stage ITT

By stage Il a massive wall ingrowth akin to flange-
shaped ingrowths (Pate and Gunning 1972) had formed
by fusion of the complex labyrinth (Figs. 3B and 4).
The inner border of the ingrowth wall remained irreg-
ularly and deeply lobed and resembled the microviili
of epithelial cells (Tripathi and Boulpaep 1989). The
entire cell wall exhibited this type of ingrowth in which
islets of cytoplasm were evident (Fig. 4 B, C). The some-
what flange-shaped appearance resulted from the un-
even distribution of the cytoplasmic islets within the
wall (Figs.4B and 5A). At this stage of the develop-
ment of the ingrowths, the cell wall microfibrillar or-
ganization was clearly discernable (Fig. 4 C). Microfi-
brils were loosely packed and their orientation followed
the contours of the ingrowths (Fig. 4 C). This organi-
zation of microfibrils has been recognised in the in-
growths of the thin-walled parenchyma transfer cells
of the seed coat of V. faba (Offler and Patrick 1993)
and may well be a common feature of ingrowth de-
position. The nucellar projection transfer cells exhib-
iting this ingrowth morphology were considered to be
fully differentiated (Figs. 3B, 4 A, B, and 5 A, B). They
have an amplification of 6.9 and constituted nearly
50% of the cells in the grain examined (Table 1).

StageIV

The cells bordering the endosperm cavity had degen-
erated (Fig. 1). These cells retained the massively thick-
ened wall of viable, fully developed transfer cells. How-
ever, in contrast to cells at stageIll, their entire wall
ingrowth labyrinth was compressed and infilled, ap-
parently by wall material (Figs. 5B and 6 A). The extent

Fig. 3 A-D. Electron micrographs to illustrate the nucellar projection cells at developmental stageIl. Bars: A and B, 0.3 pm; C and D, 0.5gm.
A Transverse section of a stage I transfer cell located adjacent to cells at stageI. Note that the wall ingrowths change from papillate and
antler-shaped to a complex branched and anastomosing labyrinth. Pit-fields of plasmodesmata are indicated by arrows. B Transverse section
of stage T transfer cells adjoining cells which have developed to stage ITI. Note that the wall ingrowth changes from the complex branched
and anastomosing labyrinth to a massive wall ingrowth akin to flanges in stage III (the latter indicated by asterisks). Pit-fields of plasmodesmata
are indicated by arrows. C and D Parts of the complex branched and anastomosing wall ingrowth labyrinth in longitudinal (C) and transverse
(D) section. Arrows indicate plasmodesmata. Note paramural bodies and short lengths of rough endoplasmic reticulum adjacent to, or fused
with, the plasma membrane of wall ingrowths (asterisks). Tissue was fixed in glutaraldehyde/paraformaldehyde/tannic acid and post-fixed
with ferric chloride (see Materials and methods). 4wi Antler-shaped wall ingrowths; Iwi ingrowth wall parallel to the original secondary wall;
Lwiwall ingrowth labyrinth; Mwi massive wall ingrowths; Nu nucleus; Pa paramural body; Rer rough endoplasmic reticulum; S I developmental

stage I; SIT stage [1; SIII stage I1I; Va vacuole
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Fig. 4 A~C. Electron micrographs of transverse sections of fully differentiated nucellar projection transfer cells (stage 111) located adjacent to
cells at stage L. Bars: A and C, 2pum; B, 1.0 pm. A Section of several cells showing the massive wall ingrowths with microvilli-like projections
at their inner border. The cytoplasm is dense with abundant mitochondria and an extensive rough endoplasmic reticulum network. Pit-fields
of plasmodesmata are indicated by arrows. B Portion of a cell showing the islets of cytoplasm formed by compression of the wall ingrowth
labyrinth and the microvilli-like projections at the inner border of the massive ingrowths. C High magnification micrograph of part of the
wall ingrowths showing the loosely packed microfibrils. Tissue was fixed in glutaraldehyde/paraformaldehyde/tannic acid and post-fixed with
ferric chloride (see Materials and methods). I Islet of cytoplasm; M mitochondrion; Mf microfibrils; Mp microvilli-like projections; Mwi
massive wall ingrowth; Nu nucleus; Pm plasma membrane; Rer rough endoplasmic reticulum; Va vacuole



Fig.5 A, B. Electron micrographs of transverse sections of {ully differentiated nucellar projection transfer cells (stage III) located adjacent to
cells at stageIV. Bars: 0.1pm. A A cell adjoined by stage III and stage IV transfer cells. Note the massive wall ingrowths and the dense
cytoplasm and prominent nucleus. B Part of a cell illustrating the massive wall ingrowths with microvilli-like projections at their inner border
and islets of cytoplasm. Note the dense cytoplasm characterized by smaller vacuoles and increased numbers of mitochondria relative to those
in cells at stages and II (Figs.2 A and 3 A, respectively). Tissue was fixed in glutaraldehyde/paraformaldehyde/tannic acid and post-fixed
with ferric chloride (see Materials and methods). I Islet of cytoplasm; A mitochondrion; Mp microvilli-like projections; Mwi massive wall
ingrowth; Nu nucleus; Rer rough endoplasmic reticulum; S ZI7 developmental stage IIT; S1V stage IV; Va vacuole
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Fig. 6 A, B. Electron micrographs of A a longitudinal section of part of a stage IV nucellar projection transfer cell and B an enlargement of
part of the wall ingrowth. Note that the entire wall ingrowth labyrinth is compressed and the cytoplasm has degenerated. No plasma membrane
is evident and the cytoplasmic islets are infilled. Bar: for A, 2.0pm; for B, 0.5 um. Tissue was fixed in glutaraldehyde/paraformaldehyde/
tannic acid and post-fixed with ferric chloride (see Materials and methods). Cwi Compressed wall ingrowths; D¢ degenerated cytoplasm; Ec
endosperm cavity; I infilled islet; MY microfibrils

to which this infilling had occurred differed between
cells (Fig. 5A and cf. Figs. 5B and 6 A). One or two
rows of these degenerated cells formed the inner border
of the nucellar projection tissue (Fig. 1} and accounted
for 18% of the total number of cells. These degenerated
cells were classified as stage IV,

Cytoplasmic characteristics

The transfer cells exhibited an organelle rich, dense
cytoplasm at stages I to III of differentiation (Figs. 2—
5). In general, they were characterized by a prominent
nucleus, abundant mitochondria, small lengths of
rough endoplasmic reticulum, polyribosomes, vesicles
and vacuoles of varying size. An overall increase in
cytoplasmic density occurred with differentiation
(Fig. 2A; cf. Fig4 A) which was mainly attributable to

H. L. Wang etal.: Wheat nucellar projection transfer cells

a decrease in vacuolation (Figs. 2-5). In stagel cells,
the rough endoplasmic reticulum was more obvious
than at the other two stages. Here both long and short
lengths of endoplasmic reticulum occurred in close as-
sociation with the wall ingrowths (Fig. 7 A) and in some
cells the rough endoplasmic reticulum was found touch-
ing or fused with the plasma membrane of the wall
ingrowths (Fig. 3 C, D). In their studies on the differ-
entiating tracheary elements in developing leaves of
sugar beet, Esau etal. (1966) found that the endo-
plasmic reticulum is associated with the plasma mem-
brane. These and other authors (e.g., Chrispeels 1980)
suggest that the rough endoplasmic reticulum may be
involved in cell wall deposition. Paramural bodies and
groups of small vesicles, “multivesicular bodies™ (Mar-
chant and Robards 1968) were prominent in cells at
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stages I and II of differentiation (Figs.3D and 7 A, B)
where they were found in association with the wall
ingrowths. While some of these bodies were also ob-
served in stage I1I cells (Fig. 7C), they were less con-
spicuous. Given the existance of the multivesicular bod-
ies, the paramural bodies can be classified as loma-
somes (see Marchant and Robard 1968). By stageIV
the cytoplasm had partially or completely degenerated,
in the latter case leaving an empty lumen (Figs. I and
6) and no plasma membrane (Fig. 6 B).

Potential membrane fluxes of sucrose

Previous studies using the apoplastic tracers PTS and
Calcofluor white (Wang etal. 1994 b) have established
continuity between the apoplast of the nucellar pro-
jection and the endosperm cavity. Given this, it can be
assumed that all the nucellar projection cells have the
potential to contribute to plasma membrane exchange
of sucrose to the endosperm cavity. Therefore, the po-
tential sucrose flux across the combined plasma mem-
brane surface areas of cells of stagesI to III and the
nucellar epidermal cells has been computed using the
observed rate of sucrose transport to the starchy en-
dosperm. In addition, a hypothetical flux estimate has
been made excluding the contribution to plasma mem-
brane surface area resulting from wall ingrowth de-
velopment. Both flux values are presented in Table 1.
When compared with values for maximal fluxes for
facilitated membrane transport of sugars (ie., 1-
10 x 10~ ¥ mol/m?/s; Liittge and Higinbotham 1979),
the potential flux in the absence of wall ingrowth de-
velopment was 5 fold higher than the reported maxi-
mum (Table 1). However, when the amplified plasma
membrane surface area was used (Table 1), the poten-
tial flux fell within the reported range (Table 1). This
latter flux value indicates that the nucellar projection
transfer cells have spare capacity for plasma membrane
exchange of sucrose to the endosperm cavity for ac-

Fig. 7 A-C. Electron micrographs of longitudinal sections of portions
of the nucellar projection transfer cells at stagesI (A}, II (B), and
I (C) of development. Tissue was triple-fixed sequentially with
glutaraldehyde/paraformaldehyde, osmium tetroxide, and tannic
acid (see Materials and methods). Note the abundance of mito-
chondria, rough endoplasmic reticulum and polyribosomes in the
cytoplasm. Numerous multivesicular and paramural bodies (arrows)
are located in close association with the wall ingrowths. Bars: 0.5 um.
M Mitochondrion; Mu multivesicular body; Pa paramural body; Pr
polyribosomes; Rer rough endoplasmic reticulum; Wi wall ingrowths
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Table 1. Plasma membrane amplification, surface areas, and potential sucrose fluxes of nucellar projection transfer cells in the developing

wheat grain at 25 & 3 days after anthesis

% total Amplification Plasma membrane surface area® Potential sucrose flux®
nucellar projection
cells® — ingrowths -+ ingrowths  — ingrowths  + ingrowths
Cells at stages
of development
Stagel 207+ 1.8 3.84 £ 0.05 17 85 322 64
Stage I 13.7+£09 6.04 £ 0.07 11 418 498 11
Stage 111 477+ 1.3 6.91 £ 0.13 40 1902 146 3
Stage IV¢ 179 £ 1.2
Nucellar epidermal cells - - 46 46 119 119
Total cells - - 114 2451 48 2.2

of nucellar projection

“Values are means and standard errors of measurements from sections from 3 grains of 3 plants

b Plasma membrane surface area in 10~ *m?
¢ Potential sucrose flux in 10~ ¥ mol/m?® plasma membrane/s
p /

4No plasma membrane exists in the nucellar transfer cells at developmental stage IV

cumulation by the endosperm (and see Wang etal.
1994 ).

The total flux was partitioned between nucellar pro-
jection cells at the three stages of transfer cell devel-
opment and the nucellar epidermal cells using the total
plasma membrane surface area offered by each cell
type. Assuming that the plasma membranes of all the
nucellar cells have an equal capacity for membrane
transport of sucrose, the flux estimates indicate that
cells at stage 1T of transfer cell development have spare
transport capacity (Table 1). Cells at stage Il could also
accommodate the total rate of sucrose transfer, but
those at stage I do not provide sufficient plasma mem-
brane surface area to facilitate efflux to the endosperm
cavity at observed rates of sucrose accumulation by
the endosperm (Table 1).

Discussion

In this paper, we have presented micrographs of tissue
fixed to either accentuate the features of the wall in-
growths (Figs. 2-6) or to provide the contrast required
to resolve cytoplasmic characteristics (Fig. 7). The pres-
ervation of wall structure was excellent when tissue was
fixed in a combination of glutaraldehyde, paraform-
aldehyde and tannic acid and post fixed in ferric
chloride (method modified from Overall etal. 1982).
On the other hand, sequential fixation with glutaral-
dehyde and paraformaldehyde, osmium tetroxide and
finally tannic acid (method modified from Park etal.

1982) resulted in enhanced resolution of cytoplasmic
features. Staining sections with potassium permanga-
nate and lead citrate was found to complement these
fixation procedures. The enhanced resolution of wall
ingrowth and cytoplasmic features of the transfer cells
offered by the use of these procedures has resulted in
the opportunity to study the pattern of wall ingrowth
formation in the nucellar projection of developing
wheat grains. The wall ingrowth formation observed
spans the phases from initial small ingrowths to highly
complex compressed forms (Figs.2-6). Further, in
most systems such a sequence can only be visnalized
by selecting tissue at a range of developmental stages.
For instance, development of epidermal transfer cells
of cotyledons of V. faba (Offler in Bonnemain etal.
1991). In many species, the wall ingrowth differentia-
tion stops short of becoming compressed. An example
of this phenomenon is found in the thin-walled par-
enchyma transfer cells of the seed coat of V. faba. Their
wall ingrowths are only papillate and become crushed
by the expanding cotyledon before more extensive in-
growth differentiation can occur (Offler and Patrick
1993),

To our knowledge, the sequence of wall ingrowth dif-
ferentiation exhibited in these four stages of transfer
cell development has not been described previously.
The descriptions of Cochrane and Duffus (1980) for
barley nucellar projection transfer cells suggest a sim-
ilar morphological sequence. However, the differentia-
tion sequence from a papillate form (stage I) through
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a process of increasing branching {(antler-shaped in-
growths, stage I) and anastomosing to form a complex
labyrinth (stageIl) and then compression (stagesIiI
and IV) has not been described for a single tissue. The
uniqueness of the system is not in the form of the
ingrowths at the different stages of development, but
in the coexistence of viable transfer cells exhibiting this
range of wall ingrowth morphology. Morphological
equivalents for papillate, antler-shaped and anasto-
mosing wall ingrowths occur in other systems (e.g., seed
coat transfer cells of V. faba, Offler and Patrick 1993;
placenta pad transfer cells of the caryopsis of Pappo-
phorum subbulbosum, Rost et al. 1984; and haustorium
sporophyte transfer cells of Funaria hygrometrica,
Browning and Gunning 1979, respectively). Further,
the massive compressed wall ingrowths of the final
stage of differentiation (stage I1T) are akin to the wall
ingrowths of the epidermal transfer cells of the coty-
ledons of V. faba (Offler unpubl. data). However, in
the case of these later cells, the inner border of the
ingrowth wall remained irregularly and deeply lobed.
Degeneration by infilling of cytoplasmic islets/inter-
stices and crushing has been reported for a number of
transfer cells (e.g., basal transfer cells of maize, Davis
etal. 1990). Given the variability of morphology ex-
hibited by the ingrowths (cf. Figs.2-5), the question
of classifying them as a single type of transfer cell arises.
However, wall ingrowth differentiation is clearly se-
guential and transitional forms between “antler” and
“compressed” ingrowths occur (Fig. 3 B). In addition,
at earlier stages of grain development, the first formed
ingrowths exhibit papillate and antler-shaped mor-
phology and at later stages of grain development cells
located in the equivalent position are characterized by
massive ingrowths (Irwanto and Offler unpubl.).

A similar sequential differentiation of transfer cells
from small to massive compressed ingrowths has been
documented for the maize caryopsis (Davis et al. 1990).
However, the finger-like ingrowths of these basal en-
dosperm cells in maize are morphologically distinct
from the ingrowths of the wheat transfer cells and their
development is polarized (Davis etal. 1990). Interest-
ingly, such polarization is a common feature of transfer
cells formed in seed systems. For example, the aleurone
transfer cells in barley (Cochrane and Duffus 1980)
and the transfer cells of the seed coat and cotyledon
of V. faba (Offler and Patrick 1993, Offler unpubl.
data). The absence of polarization in these nucellar
projection transfer cells may well indicate that sucrose
is delivered at rates which ensure a relatively even su-
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crose concentration throughout the nucellar tissue (and
see further on).

In general, the cytoplasmic characteristics of the nu-
cellar projection transfer cells equate with those re-
ported for other types of transfer cells (cf. Pate and
Gunning 1972, Bonnemain etal. 1991). Comparison
with other transfer cells of seed systems shows that
only minor differences exist. For example, Davis etal.
(1990) reported that the endoplasmic reticulum net-
work of the basal endosperm cells of the maize cary-
opsis appears as long lengths distributed throughout
the cytoplasm. The numerous paramural and multi-
vesicular bodies found in association with the wall in-
growths and particularly evident at stagesI and 1T of
differentiation (Fig.7 A, B; cf. Fig. 7C), suggest rapid
wall deposition, a function consistent with the contin-
uing deposition of the wall ingrowths. Paramural bod-
ies have been previously reported for transfer cells (Pate
and Gunning 1972), and lomasomes are thought to
have a role in wall formation by transferring polymers
for wall deposition. Moreover, in soybean cotyledon
cells (Grimes etal. 1992), the 62kDa sucrose binding
protein has been immunolocalized at the plasma mem-
brane and high levels were associated with paramural
bodies. Thus, the multivesicular and paramural bodies
of the nucellar projection transfer cells may also con-
tribute to their sucrose transport capacity.

In relation to the predicted role of these nucellar pro-
lection transfer cells as the principal cellular site for
plasma membrane efflux of sucrose {Wang ectal.
1994 a), the large numbers of mitochondria (Fig. 7) im-
ply a high metabolic rate commensurate with active
membrane transfer. Our previous studies (Wang etal.
1994 a) have demonstrated that the viable cells of the
nucellar projection are interconnected by sufficient
plasmodesmatal cross-sectional area (Figs. 2-4) to ac-
comodate symplastic delivery of sucrose to the total
plasma membrane surface area generated by the de-
velopment of wall ingrowths. This plasma membrane
surface area is amplified by 22 fold (Table 1}. In other
plant systems, for example, the seed coat (Offler and
Patrick 1993) and cotyledons (Offler unpubl. data) of
developing V. faba seed and the minor veins of Pisum
sativum leaves (Wimmers and Turgeon 1991), mor-
phological analysis and physiological studies have in-
dicated that wall ingrowths of transfer cells could in-
crease the capacity of the cells for solute transfer
through increasing their plasma membrane surface
areas. Itis apparent that in the absence of wall ingrowth
development there is insufficient plasma membrane to
support observed rates of sucrose transport. Wall in-
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growth development provides spare capacity, and it is
significant that the fully differentiated stageIIl cells
positioned proximally to the cavity alone have spare
transport capacity. This suggests that there is a scope
for regulatory increases in solute flow into the endo-
sperm cavity.
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