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Abstract Maize (Zea mays L.) endosperm transfer cells are
essential for kernel growth and development so they have a
significant impact on grain yield. Although structural and
ultrastructural studies have been published, little is known
about the development of these cells, and prior to this study,
there was a general consensus that they contain only flange
ingrowths. We characterized the development of maize endo-
sperm transfer cells by bright field microscopy, transmission
electron microscopy, and confocal laser scanning microscopy.
Themost basal endosperm transfer cells (MBETC) have flange
and reticulate ingrowths, whereas inner transfer cells only have
flange ingrowths. Reticulate and flange ingrowths are mostly
formed in different locations of the MBETC as early as 5 days
after pollination, and they are distinguishable from each other
at all stages of development. Ingrowth structure and ultrastruc-
ture and cellulose microfibril compaction and orientation pat-
terns are discussed during transfer cell development. This
study provides important insights into how both types of
ingrowths are formed in maize endosperm transfer cells.
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Abbreviations
MBETC Most basal endosperm transfer cells
CLSM Confocal laser scanning microscopy
DAP Days after pollination
GDD Growing degree days
OPW Outer periclinal wall
TEM Transmission electron microscopy

Introduction

Maize endosperm is a triploid storage tissue accounting for up
to 80% of the kernel biomass. There are three major cell types
in the endosperm: the cells that accumulate starch and protein
(starchy endosperm), the aleurone layer, and the transfer cells
(Becraft 2001; Becraft and Yi 2011). The starchy endosperm
is further divided into specialized regions known as the sub-
aleurone, the embryo-surrounding region, and the conducting
zone (Becraft 2001).

The transfer cells are located in the placento-chalazal
region adjacent to the main vascular tissues of the pedicel,
they extend up to six cells in depth (Davis et al. 1990) and
are the first cells to differentiate in the endosperm, com-
mencing approximately 6 days after pollination (DAP)
(Charlton et al. 1995; Becraft 2001). These cells have adap-
ted to transport assimilates into the starchy endosperm cells
and they undergo a characteristic form of cell wall growth in
which uneven thickenings ultimately develop into distinct
ingrowths. Potentially, the transport capacity is enhanced by
amplification of plasmalemma surface area and by enrich-
ment of transporters, thus facilitating the apo/symplasmic
transport of solutes (Offler et al. 2003). After several weeks,
the transfer cells undergo senescence during the stage at
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which most of the endosperm is at an advanced stage of
apoptosis (Young and Gallie 2000).

Reticulate or flange ingrowths form in transfer cells of many
species (Gunning and Pate 1969; Talbot et al. 2002; Offler et al.
2003;McCurdy et al. 2008), although in only a few studies has it
been recognized that they coexist in the same cells (Talbot et al.
2002; Pugh et al. 2010). Reticulate wall ingrowths are more
common and have a unique morphology, emerging as small
projections or papillae from the underlying wall at discrete but
apparently random loci, then branching and often fusing later-
ally to form a fenestrated layer of wall material that will ulti-
mately become a multi-layered labyrinth (Talbot et al. 2001,
2007b; Offler et al. 2003; McCurdy et al. 2008). Cellulose
deposition is the driving force in the prevailing model for
reticulate wall ingrowth formation following the emergence of
discrete papillae (Talbot et al. 2007b; McCurdy et al. 2008).
Tangled and apparently disorganized microfibrils form near the
plasma membrane with no relationship to the microfibrils of the
underlying primary cell wall, and the papillae emerge from
raised patches that accumulate more material than surrounding
areas (Talbot et al. 2001, 2007b), probably reflecting that cellu-
lose synthase complexes are delivered to the plasma membrane
randomly and directed by microtubules (McCurdy et al. 2008).

Flange wall ingrowths form thin ribs as well as broad flat or
thick and anastomosed sheet structures (Talbot et al. 2002,
2007a) superficially resembling the secondary wall thickenings
of tracheary elements, although they may not be lignified
(Gunning and Pate 1974; Vaughn et al. 2007). The wall material
appears to be deposited progressively along the full length of
these structures, eventually producing a complex, dense network
of ingrowth material characterizing the elaborate and often
branched/interwoven flange morphology (Talbot et al. 2002;
McCurdy et al. 2008). Flange wall ingrowths involve the orga-
nization of cellulose microfibrils that are more densely packed
than reticulate ingrowths as revealed by transmission electron
microscopy (TEM) (Davis et al. 1990; Talbot et al. 2002; Offler
et al. 2003). Flange ingrowth projections arise from the addition
of more microfibrils, the cellulose must be deposited by cellu-
lose synthase complexes following microtubules (Offler et al.
2003; Talbot et al. 2007a; McCurdy et al. 2008).

Wall ingrowths have a very similar composition as com-
pared with the adjacent primary walls. Studies showed that
cellulose, xyloglucan, and pectins are distributed uniformly
within the wall (Vaughn et al. 2007), but extensins, arabinoga-
lactan proteins, and callose are distributed with distinct patterns
in reticulate ingrowths (Dahiya and Brewin 2000; Vaughn et al.
2007). The chemical composition of transfer cell wall
ingrowths is essentially the same as that of archetypical cell
walls, suggesting any morphological differences do not reflect
underlying differences in composition (DeWitt et al. 1999;
Vaughn et al. 2007).

Maize endosperm transfer cells are considered to contain
flange ingrowths that are thin and rib shaped, becoming

progressively crossed-linked and fused towards the base of
the cell (Davis et al. 1990; Felker and Shannon 1980; Talbot et
al. 2002, 2007a; Offler et al. 2003; McCurdy et al. 2008; Kang
et al. 2009). Next to the outer periclinal wall (i.e., the periph-
eral periclinal wall of the most basal endosperm transfer cells
(MBETC) adjacent to the placental cavity—outer periclinal
wall (OPW)), lateral protrusions that resemble those in retic-
ulate wall ingrowths, appear to be spatially coordinated and
will create an extensive branching of the flange ingrowths
(Talbot et al. 2002; McCurdy et al. 2008). In the MBETC, the
wall material fills most of the cell lumen, comprising anasto-
mosed ribs in the apical portion and a dense network of wall
material in the basal portion (Talbot et al. 2002, 2007a), but in
the inner transfer cells, there is a gradual reduction on the
numbers and extension of ingrowths the further they are away
from the OPW (Davis et al. 1990). Our developmental anal-
ysis of maize endosperm transfer cell differentiation showed
that the MBETC develop flange and reticulate wall ingrowths
simultaneously but in separate regions, whereas the inner
transfer cells only form flange ingrowths. The formation pat-
terns of both ingrowths are discussed.

Materials and methods

Plant material, growth conditions, and sampling

Maize seeds (Zea mays L., inbred W64A) were planted in a
naturally lit greenhouse in 20-L pots containing Andosol loam
soil (in 2009 and 2011) at the Universidade dos Açores
campus of Angra do Heroísmo. Plants were fertilized weekly,
alternating 3 g of commercial fertilizer (20/5/10) with 100 mL
of Hoagland's solution per pot (Hoagland and Arnon 1938).
Controlled pollinations were carried out on all test plants.

The temperature was recorded daily during early kernel
development allowing the calculation of growing degree days
(GDD) according to the formula GDD0Σ(ADT−BT), where
ADT is the average daily temperature and BT is the base
temperature of 10 °C (Gilmore and Rogers 1958). Minimum
temperatures <10 °C were adjusted to 10 °C, and maximum
temperatures >30 °C were adjusted to 30 °C. The develop-
mental stages were therefore described as DAP and references
were made to GDD.

For each sampling date, 35 to 50 kernels were collected
from at least 9 different ears, and endosperm transfer cells
located between the germinal side and the mid placento-
chalazal region were analyzed.

Bright field microscopy

Tissues were prepared and fixed in two alternative ways: (1)
kernels were sectioned longitudinally (200–500 μm thick-
ness) with a Leica VT 1200 vibratome (Leica Microsystems,
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Wetzlar, Germany) in 4 % paraformaldehyde plus 0.1 %
glutaraldehyde in a buffer containing 60 mM PIPES, 25 mM
HEPES, 2 mM MgCl2, 10 mM EGTA and 5 % dimethyl-
sulfoxide at pH 6.9 (PHEM/DMSO), and after sectioning
were fixed in 4 % glutaraldehyde plus 4 % paraformalde-
hyde in PIPES buffer and second postfixed in 2 % osmium
tetroxide in the same buffer (Salema and Brandão 1973) for
2 h at room temperature in each step (Monjardino et al.
2007); (2) kernels were hand sectioned with a razor blade,
discarding most of the endosperm tissue except for the basal
endosperm region, and were immediately fixed in 4 % glu-
taraldehyde plus 2 % osmium tetroxide for 2 h. The fixed
sections were dehydrated in acetone and progressively infil-
trated in Spurr's resin over 8 days at room temperature
(Monjardino et al. 2007) before polymerization at 60 °C.
Most of the images were obtained from samples that were
prepared with the first methodology.

Semi thin sections (400–800 nm thickness) were
obtained on a LKB 2188 NOVA Ultramicrotome (LKB
NOVA, Bromma, Sweden) using glass knives. The sections
were transferred to glass slides, stained with toluidine blue,
examined under a Zeiss microscope Axioimager A1 (Carl
Zeiss Oberkochen, Germany) and images were recorded
with a Zeiss digital camera Axiocam MRc.

Transmission electron microscopy

Samples were obtained as in bright field microscopy, but
most of the images were obtained from samples that were
prepared and fixed with the second methodology. Ultrathin
sections (40–60 nm thickness) were prepared on a LKB
2188 NOVA Ultramicrotome (LKB NOVA, Bromma, Swe-
den) using diamond knives (DDK, Wilmington, DE, USA).
The sections were mounted on 200 mesh copper or nickel
grids, stained with uranyl acetate and lead citrate for 15 min
each, and examined under a JEOL JEM 1400 TEM (Tokyo,
Japan). Images were digitally recorded using a Gatan SC
1000 ORIUS CCD camera (Warrendale, PA, USA).

Confocal laser scanning microscopy

Kernels were sectioned longitudinally (70–100 μm thick-
nesses) on a Leica VT 1200 vibratome in 4 % paraformalde-
hyde plus 0.1 % glutaraldehyde in PHEM/DMSO buffer for
2 h, after which the sections were washed in a buffer containing
137 mM NaCl, 2.7 mM KCl, 40.2 mM Na2HPO4, and
17.6 mM KH2PO4 at pH 7.4 (PBS), stained with filtered
0.01 % calcofluor white for 1 min, and washed again in PBS
buffer. Sections were visualized under a Zeiss confocal laser
scanning microscopy (CLSM) 510 with excitation λ at 405 nm
(UV diode laser) and detection at 420–480 nm. The projected
images were obtained from Z stacks at a resolution of 1,024×
1,024 pixels. The Z stacks contained 22–60 planes at 0.37 μm

intervals. All selected images were imported into Adobe Photo-
shop CS software (Adobe Systems, San Jose, CA) for presen-
tation and photomontages were produced in the same software.

Results

Flange and reticulate ingrowth development occurred mostly
from 5 to 12 DAP (75–192 GDD), although there were still
some variations in their ultrastructure up to 20 DAP (302–318
GDD, Figs. 1, 2, and 3). The MBETC developed both flange
and reticulate ingrowths, whereas the inner transfer cells only
developed flange ingrowths (Figs. 2 and 3). The higher den-
sity of ingrowths in the MBETC must have been responsible
for staining more intensively, especially after 10 DAP
(Fig. 1b–d). Ingrowth composition, regardless of being retic-
ulate or flange, probably is not the cause of such differences
(Offler et al. 2003) because it usually is similar to the adjacent
primary wall (DeWitt et al. 1999; Dahiya and Brewin 2000;
Vaughn et al. 2007).

The further away the transfer cells were from the OPW,
the shorter the flange ingrowths (Fig. 1). Considering that
the MBETC are the only cells that contain both types of
ingrowths and where the flange ingrowths are more exten-
sive, the experiments focused on these cells.

Reticulate ingrowths

At 5 DAP and using TEM, in many sections, the cells of the
placento-chalazal region were initiating reticulate ingrowth
formations (Fig. 2a–b). However at the CLSM, most of the
walls of the cells from this region labeled lightly and uniform-
ly with calcofluor white (data not shown), unlike later devel-
opment stages where the ingrowths were clearly identified
(Fig. 2c, e, g). Reticulate ingrowths started developing at this
stage, with the formation of randomly distributed initiation
sites (Fig. 2a–b), but rapidly increasing their numbers to a
point that they no longer could be individualized (6 DAP,
Fig. 2c–d). The initiation sites were normally characterized
by the formation of papillae (Fig. 2a), as described in previous
studies (Talbot et al. 2007b; Vaughn et al. 2007), but some-
times they formed loop-like structures (Fig. 2b) that eventu-
ally fused with the adjacent ingrowths and created a
fenestrated layer of less electron dense material than the
adjacent OPW (Fig. 2d). The observations of the CLSM
suggest the presence of short and mixed structures of cellulose
material abound on the cytoplasmic side of the OPWat 6 DAP
(Fig. 2c). Electron dense material from vesicles apparently
flowed into the ingrowths starting at 6 DAP (Fig. 2d) and they
probably originated from the Golgi apparatus.

At 7 DAP in most of the analyzed cells, the reticulate
ingrowths had expanded approximately 5 μm into the cyto-
sol (Fig. 2e–f). Cellulose predominated mostly near the
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OPW, whereas in the inner side multiple vesicles fused with
the ingrowths (Fig. 2f). This is a period of active develop-
ment of the ingrowths, where a complex labyrinth is still
being formed next to the OPW and up to 5 μm of the
adjacent anticlinal walls.

As the kernels reached about one fourth of their devel-
opment, at 10 and 12 DAP, reticulate ingrowths were almost
fully developed (Fig. 2g–i), because they were very similar
to those at 20 DAP (Fig. 2j; Davis et al. 1990; Talbot et al.
2002; Kang et al. 2009). The orientation of the cellulose
microfibrils was variable, but they were predominantly per-
pendicular to the cell long axis (Fig. 2i–j). The labyrinth of
reticulate ingrowths had expanded approximately 7 μm into
the cytosol (Fig. 2g) and the spaces were mostly filled with
mitochondria (Fig. 2i–j). However, even at 20 DAP, vesicles
were still being added to the reticulate ingrowths (Fig. 2j),
which is a sign that these ingrowths were still being formed,
despite the observation that their expansion into the cytosol
had not changed significantly from 10 to 20 DAP.

Flange ingrowths

Flange ingrowths were also initiated at 5 DAP (Fig. 3a–c)
and were mostly located next to the anticlinal walls (at least
5 μm apart from the OPW) and inner periclinal walls. The
initiation sites were dispersed, but contrarily to the reticulate
ingrowths, the flange ingrowths remained mostly individu-
alized later in development. These ingrowths were made of

an electron dense material resembling the adjacent primary
walls, sometimes forming a continuous stretch of wall ma-
terial (Fig. 3c), which apparently was mostly cellulose. At
this stage, the flange ingrowths were not usually detected
with CLSM (data not shown).

At 6 DAP as the flange ingrowths expanded, part of the
anticlinal walls more than doubled in their width (Fig. 3d–f).
Ingrowths were predominantly longitudinal, thus causing
extensive wall enlargement, except near the plasmodesmata
(Fig. 3e–f). The expansion of flange ingrowths in the
MBETC was variable: in some cells the anticlinal walls
started showing a predominantly longitudinal cellulose mi-
crofibril orientation (Fig. 3g), whereas in others, the
ingrowths have expanded and thickened to the point of
projecting into the cytosol (Fig. 3h–i).

At 7 DAP, the ingrowths enlarged significantly; they
were mostly formed of cellulose material (Fig. 3j–k) and
vesicles were added to the growing edges (Fig. 3j). The
orientation of cellulose microfibrils was essentially longitu-
dinal, either of ingrowths adjacent to the anticlinal (Fig. 3j–
k) or inner periclinal walls (data no shown), which were
mostly perpendicular to the microfibrils of the reticulate
ingrowths (Fig. 2j–k). Frequently, newly added microfibrils
ran parallel to the existing ones of the adjacent primary wall,
but at some point they detached from them and projected
inwards (Fig. 3k).

As the transfer cells progressed in their development, at
10 and 12 DAP, cellulose remained an important constituent

Fig. 1 Bright filed microscopy
of longitudinal sections of maize
endosperm transfer cells at
6 DAP (a), 10 DAP (b), 14 DAP
(c), and 20 DAP (d). MBETC:
most basal endosperm transfer
cells. Scale bars050 μm
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of the ingrowths, unlike the reticulate ingrowths the micro-
fibrils were closely packed (Fig. 3l) and were essentially
longitudinally oriented (Fig. 3m–n). The mostly longitudi-
nal or oblique flange ingrowths often extended as much as
the anticlinal walls (Figs. 2g and 3m–n), thus forming
anastomosed rib-like structures, as reported in other studies
(Talbot et al. 2002, 2007a). However, in some cells (less
than 10 %), microfibril and ingrowth orientation was

transverse to the long axis of the cell (Fig. 3n), but it is
not clear how this occurred.

At mid-endosperm development (20 DAP), the MBETC
did not appear changed from previous stages (10–12 DAP),
except that the flange ingrowths have evolved from the more
distal part of OPW to the region where the reticulate ingrowths
exist, often overlapping them and filling much of the cytosol
(Fig. 3o). The flange ingrowths' microfibrils were oriented

Fig. 2 Longitudinal sections of maize endosperm transfer cells' retic-
ulate ingrowths from 5 to 20 DAP. The images a, b, d, f, h–j were
obtained with TEM, whereas the images c, e, and g were obtained with
CLSM. a–b sections of the MBETC at 5 DAP with newly formed
papillae (a, white arrows) or loop-like structures (b, white arrows)
adjacent to the OPW. c section of two of the MBETC at 6 DAP in
which the reticulate ingrowths cover most of the cytoplasmic side of
the OPW (white arrows pointing more generally the reticulate
ingrowths, than in images a and b). d detailed sections of reticulate
ingrowths (white arrows) forming at least one fenestrated layer with
vesicles apparently fusing with it (white arrow heads) at 6 DAP. e
section of transfer cells at 7 DAP in which there was a clear separation
between the reticulate (R) and flange ingrowths (F). f detailed images
of the labyrinth of reticulate ingrowths (white arrows) at 7 DAP, the
spaces within were filled with material with electron density similar to

the included in vesicles that were apparently still fusing with it (white
arrow heads). g section of the MBETC at 10 DAP, still denoting a clear
separation between the reticulate (R) and flange ingrowths (F). h de-
tailed image of the labyrinth at 10 DAP with electron dense material
filling most of the spaces within. i detailed image of the labyrinth at
12 DAP with mitochondria filling most of the spaces and cellulose
microfibrils mostly oriented perpendicularly to the cell long axis,
although they have different orientations and they are not very densely
packed. j detailed image of the labyrinth at 20 DAP, mitochondria still
fill the spaces in between, but there are also vesicles (white arrow
heads) apparently being added to these structures and other cell com-
ponents that cannot be identified. OPW: outer periclinal wall; white
arrow: reticulate ingrowth; white arrow head: vesicles apparently
being added to expanding ingrowths; R: reticulate ingrowths region;
F: flange ingrowths. Scale bars: a, b, d, f, h–j01 μm; c, e, g020 μm
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transverse to the cell long axis, but apparently that was due to
bending of these structures, because as they approached the
reticulate ingrowths, probably due to space constraints, they
curved as did their microfibrils (Fig. 3o). The inner transfer
cells continued having a much lower quantity of ingrowths
than the MBETC (Fig. 1); the ingrowths were exclusively
flange and became more extensive and interwoven as these
cells developed (Figs. 1 and 3o). At this stage, plasmodesmata
were mostly found in non-thickened regions of the primary
wall, but occasionally were located in slightly thickened
regions (Fig. 3p). It is not clear whether the plasmodesmata
constrained ingrowth formation, or if they were restricted to
regions of the primary wall that happened not to contain any
ingrowths. Certainly, plasmodesmata exist between the most
basal and inner transfer cells and they should contribute to
assimilate flux to inner transfer cells.

Discussion

Ingrowth initiation started at 5 DAP, whereas it usually is
reported to start around 6 DAP (Charlton et al. 1995; Becraft
2001). The difference may arise from the fact that the plants
used in this study were grown in warmer conditions than
previous studies, therefore they accumulated between 75
and 81 GDD in 5 days, which is approximately the same
for 6 day grown kernels at an average temperature of 23.5 °C.
However, we cannot rule out the possibility of the use of
different genotypes contributes to differences in transfer cell
developmental rates.

The reticulate ingrowths started as discrete papillae
emerging directly from the OPW, their numbers increased
and rapidly formed a fenestrated layer of apparently disor-
ganized cell wall structures with various electron densities,
but mostly less than in the adjacent OPW. These data sug-
gest that the compaction of cell wall material in the reticu-
late ingrowths is less pronounced than in the adjacent OPW.
Other layers were formed on top of this cell wall material
creating a labyrinth that covered the cytoplasmic side of the
OPW. The orientation of cellulose fibers in the reticulate
ingrowths was variable, but predominantly transverse to the
long axis of the cell. Apart from cellulose, other components
were added, normally including vesicles that most likely
originated from the Golgi apparatus. Unlike the seed coat
of Vicia faba L. (Wardini et al. 2007; McCurdy et al. 2008),
we have not observed a uniform wall layer on the cytoplas-
mic side of the OPW prior to or during reticulate ingrowth
initiation (Monjardino et al. 2007; Fig. 2a–b). The variations
in electron density of the OPW (Fig. 2a–b, d) were probably
due to previous fusions of nucellar and integument cell
walls (Monjardino et al. 2007) and they were thicker and
more electron dense than the unified wall layer reported by
Wardini et al. (2007).

The flange ingrowths started as localized enlargements of
the anticlinal and inner periclinal walls, the electron density
of the structures within was very similar to the adjacent
primary walls and remained for further developmental
stages. These ingrowths were essentially made of cellulose
and other constituents probably originating from vesicles of
the Golgi apparatus. Unlike the reticulate ingrowths, the
flange ingrowths remained discrete from adjacent structures
throughout development. They, were also formed in the
inner two to six cells, the cellulose fibers were more densely
packed throughout development and oriented longitudinally
to the long axis of the cell, the ingrowths often expanded as
much as the length of the cell (in some cases they reached
60 μm in length) and formed long rib-like structures that
often were anastomosed.

The coexistence of reticulate and flange ingrowths in the
MBETC is unique in that they arose from distinct locations
(the reticulate ingrowths were located exclusively near the
OPW and the adjacent 5–10 μm of the anticlinal walls,
whereas the flange ingrowths were located mostly next to
the remaining walls of these cells) and they were both
formed at the same time. At least 95 % of the cells of this
region contained both types of ingrowths. However, in a

�Fig. 3 Longitudinal sections of maize endosperm transfer cells'
flange ingrowths from 5 to 20 DAP. All images were obtained from
the MBETC; images g–i and m–o also show inner transfer cells. The
images a–f, j–l, and o–p were obtained with TEM, whereas the
images g–i and m–n were obtained with CLSM. a–c detailed view
of initiating flange ingrowths (white arrows) adjacent to the anticlinal
walls (AW) at 5 DAP. d–f flange ingrowths at 6 DAP, but not
developing near plasmodesmata (black arrow heads). g–i images of
6 DAP transfer cells with different stages of flange ingrowth (white
arrows) development (g being in a less advanced stage of develop-
ment and i in the most advanced stage of development with flange
ingrowths clearly identified). j–k flange ingrowths (white arrows) at
7 DAP, the cellulose fibers are longitudinally oriented and run parallel
to the adjacent anticlinal walls (AW, and usually parallel or oblique to
the cell long axis), with vesicles added to their edges (white arrow
head). l detail of 10 DAP flange ingrowths, where cellulose micro-
fibrils were mostly longitudinally oriented, vesicles and mitochondria
were abundant among them. m–n 10 DAP transfer cells with flange
ingrowths mostly oriented parallel or oblique to the cell axis, although
in some cases the flange ingrowths can be oriented transversely (T),
as in image n. o general view of transfer cells at 20 DAP in which the
flange ingrowths (white arrows) evolved to the reticulate ingrowths
region (near the OPW), but there was still a clear separation between
both types of ingrowths. p detailed view of the inner periclinal and
adjacent anticlinal wall at 20 DAP where plamodesmata were visible
in parts of the primary wall that were not thickened except two that
were located in regions of the wall where thickening due to ingrowth
formation occurred (black arrows). AW: anticlinal wall; OPW: outer
periclinal wall; white arrow: flange ingrowth; black arrow head:
plasmodesmus in regions of the anticlinal wall where there is no
ingrowth development; white arrow head: vesicles apparently being
added to expanding ingrowth; T: microfibrils transverse to the cell
axis; black arrow: plasmodesmus in ingrowth expanded walls; IPW:
inner periclinal wall. Scale bars: a, e, j–l, p01 μm; b0250 nm; c, f0
500 nm; d, o05 μm; g–i, m–n020 μm
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very limited number of samples (less than 1 %), we ob-
served that both ingrowths arose from the OPW, but the

presence of the reticulate ingrowths significantly outnum-
bered the flange ingrowths (data not shown). The
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coexistence of both types of ingrowths in the same cells has
been reported previously (Talbot et al. 2002; Pugh et al.
2010). In cells of nucellar projections of Hordeum vulgare
L., the reticulate type is prevalent, but in some cells, both
types coexist without clear separation between them (Talbot
et al. 2002) as in maize endosperm transfer cells (Figs. 2 and
3). The transfer cells from the seed coat of Gossypium
hirsutum L. also contain both types of ingrowths in the same
cells, but the reticulate ingrowths are formed over the pre-
viously existing flange ingrowths (Pugh et al. 2010), which
differs significantly from our data.

Felker and Shannon (1980), Griffith et al. (1987), Felker
et al. (1990), and others have reported the prevalence of
passive transport of sugars through these cells during maize
kernel development, mostly due to the activity of cell wall-
bound invertases (Thompson et al. 2001). It has been sug-
gested by Cheng et al. (1996) that the sucrose gradient in
MBETC must have a direct impact on the activity of the
membrane-bound and soluble forms of invertase. Consider-
ing that the reticulate ingrowths are concentrated near the
OPW, they may be more influenced by the concentration of
sucrose or other assimilates than the flange ingrowths. Al-
ternatively, the reticulate ingrowths may be more efficient
than the flange ingrowths on assimilate uptake into the
endosperm.

Sugars (mostly monosaccharides) are transported into the
endosperm by diffusion and actively by membrane carriers
(Felker and Goodwin 1988; Thompson et al. 2001). Mito-
chondria were still very abundant next to both ingrowths at 12
and 20 DAP (Figs. 2j–k and 3o–p), and their cisternae were
intact (unlike the cellularization stages when the cisternae
were barely visible; Monjardino et al. 2007), suggesting that
they are active. In addition, to assist the synthesis of new cell
wall material, which was still occurring at 20 DAP (Fig. 2k),
these organelles must also have contributed to active transport
of assimilates into the endosperm (Thompson et al. 2001).
However, the extent by which it may occur is yet to be
determined. Understanding more thoroughly the mechanisms
of assimilate uptake into the endosperm may be greatly im-
proved by considering the existence of the two types of
ingrowths in maize endosperm transfer cells.

In conclusion, reticulate and flange ingrowths coexist from
earlier stages of development in the MBETC; they always
differ from each other at ultrastructural level and are located in
different sites of the same cells. The inner transfer cells only
develop flange ingrowths. The reticulate ingrowths form a
fenestrated complex next to the OPW have less densely
packed cellulose microfibrils with various orientations, but
still predominantly transverse to the cell's long axis, and are
developed at 12 DAP. The flange ingrowths develop for
longer periods, at least until 20 DAP, the microfibrils are more
densely packed, mostly oriented parallel or oblique to the cell
long axis, and they form long and often interwoven structures.

The coexistence of both types of ingrowths in maize MBETC,
to our knowledge, has not been reported in any other species.
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