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Abstract Endosperm transfer cells (ETC) mainly occur

in the endosperm epithelial layer near the pedicel. They

transport the nutrient unloaded by the maternal vascular

tissue to filial tissues. Wall ingrowths of ETC can facilitate

solute transportation. Sugar, especially glucose, is found to

modulate the promoter activity of ZmMRP-1, a determi-

nant of transfer cell-specific expression. The ZmMRP-1-

encoded protein can transactivate the promoters of transfer

cell-specific genes. Signalling and early events leading to

wall ingrowth formation depend upon gene expression.

Sucrose synthase and the cytoskeleton probably play a

primary role in the wall ingrowth formation. The major

solutes transferred by ETC are amino acids, sucrose, and

monosaccharides, which is consistent with the expression

of their transporters and transport-associated genes. In this

paper, we review current opinions on the differentiation,

wall ingrowth formation, and function of ETC in maize.

According to the experimental materials provided by pre-

decessors, we also give some speculations about the dif-

ferentiation mechanisms of ETC and process of wall

ingrowth formation.
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Abbreviations

TC Transfer cells

ETC Endosperm transfer cells

BETL Basal endosperm transfer layer

DAP Days after pollination

Introduction

The endosperm develops from the central cell of the

megagametophyte after introduction of the second male

gamete into the diploid central cell. Of the three forms of

endosperm in angiosperms, the nuclear type is prevalent in

economically important species, including the cereals.

Landmarks in nuclear endosperm development are the

coenocytic, cellularization, differentiation, and maturation

stages. The differentiated endosperm contains four major

cell types: starchy endosperm, aleurone, transfer cells, and

the cells of the embryo surrounding region. Specification of

cell fates in the cereal endosperm appears to occur via

positional signalling; cells in peripheral positions, except

over the main vascular tissues, assume aleurone cell fate.

Cells over the main vascular tissue become transfer cells

and all interior cells become starchy endosperm cells

(Olsen 2001). Endosperm transfer cells (ETC) are charac-

terized by the presence of cell wall ingrowths, which

increase the surface of the cellular membrane up to 22-fold

and make ETC very efficient in the uptake of nutrients

from adjacent maternal vascular tissue to the endosperm

(Wang et al. 1994).

In maize, the endosperm epithelial cells facing the pla-

centochalazal area differentiate into ETC (Thompson et al.

2001). The most basal transfer cells have more wall
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ingrowths than those that are successively deeper in the

endosperm (Fig. 1C). When viewed in cross section, the

wall ingrowths of contiguous cells tend to originate from

common loci (Davis et al. 1990). The simplest morpho-

logical form of wall ingrowths is thin and rib-shaped pro-

jections deposited in the basal ETC of maize (Talbot et al.

2002). During the development of ETC, wall ingrowths go

through the process of occurrence, growth, and decreasing

(Fig. 1 A–D). Within the last few years, the application of

molecular biological techniques has provided new evi-

dence concerning the differentiation mechanisms of ETC

in maize. New opinions on wall ingrowth formation and

function of ETC have also been brought forward.

Differentiation mechanisms of ETC in maize

Studies on transfer cells in the cotyledons of Vicia faba

suggest the involvement of sugar uptake in the induction of

transfer cell differentiation (Offler et al. 1997). Wardini

et al. (2007) have concluded that transfer cells are induced

by sucrose rapidly and that signalling and early events

leading to wall ingrowth formation depend upon gene

expression. Endosperm phenotypes resulting from mutation

of the mn1 locus, which codes for INCW2, attend degen-

eration of the maternal placental tissues (Miller and

Chourey 1992; Cheng et al. 1996). Since hydrolysis of

sucrose to hexose is a key step in sugar import to the

endosperm, the placental defects might result from reduced

flux. The reduced grain filling1 (rgf1) mutant has a similar

phenotype to mn1 but has apparently normal sugar levels,

suggesting the lesion may be impaired sugar sensing. Both

mn1 and rgf1 showed morphologically normal basal

transfer cells but in the rgf1 mutant the levels of BETL-1

and BETL-2 proteins were decreased (Maitz et al. 2000).

This did not occur in mn1 or several starch biosynthetic

mutants. The basal transfer cell-specific INCW1 transcript

shows sugar-dependent post-transcriptional regulation

(Cheng et al. 1999). Thus, sugars influence gene expression

in the basal transfer cells.

Molecular evidence suggests that positional cues

demarcate the presumptive transfer cell region even prior

to cellularization. The expression activity of the barley

END1 gene and its ortholog from wheat were studied using

in situ hybridization (Doan et al. 1996; Drea et al. 2005). In

both barley and wheat END1 is expressed in the coenocyte

above the nucellar projection during the free-nuclear

division stage. After cellularization, END1 transcripts

accumulate mainly in the ventral endosperm over the

nucellar projection, but from 8 DAP a low level of

expression can also be detected in the modified aleurone

and the neighboring starchy endosperm (Doan et al. 1996).

It was hypothesized that a signal from the placenta induces

the expression of END1 and that this transcript may be

anchored to the cytoskeleton in this region of the syncitial

endosperm.

Fig. 1 Maize endosperm

transfer cells (ETC) at 6, 9, 21,

and 30 days after pollination

(91,000, bar 10 lm). a There

are only a few wall ingrowths in

the first-layer ETC; b wall

ingrowths of the first-layer ETC

increase a little and wall

ingrowths in cells of other inner

layers also appear; c wall

ingrowths of ETC increase a lot,

especially the first layer; d wall

ingrowths of ETC distort and

decrease. a the first-layer ETC;

WI wall ingrowths
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Rose et al. (1999) identified a family of genes that

exhibit a highly conserved amino acid motif, SHA-

QK(Y/F)F, within the single MYB-related DNA binding

domain. Members of this family of MYB-related proteins

are known to be DNA-binding proteins (MybSt1; Bara-

nowskij et al. 1994), and transcriptional regulators, such as

LeMYB1 (Rose et al. 1999). Gómez et al. (2009) have

shown that in epidermal cells committed to develop into

aleurone cells, the ectopic expression of the transfer cell-

specific transcriptional activator Myb-Related Protein-1

(MRP-1) is sufficient to temporarily transform them into

transfer cells. These transformed cells acquire distinct

transfer cell features, such as cell wall ingrowths and an

elongated shape. In addition, they express a number of

MRP-1 target genes presumably involved in defense.

Gómez et al. (2009) have also shown that the expression of

MRP-1 is needed to maintain the transfer cell phenotype.

Later in development, an observed reduction in the ectopic

expression of MRP-1 was followed by the reversion of the

transformed cells, which then acquire aleurone cell

features.

ZmMRP-1 also belongs to the subfamily of 1MYB tran-

scription factors with a DNA binding domain containing a

single MYB repeat. The gene is expressed specifically in

ETC, accumulating at the basal pole of the endosperm coe-

nocyte soon after fertilization. The ZmMRP-1-encoded

protein is localized in nuclei and can transactivate the pro-

moters of transfer cell-specific gene BETL-1 (Gómez et al.

2002) as well as the promoters of MEG1 (Gutiérrez-Marcos

et al. 2004), and ZmTCRR-1 (Muñiz et al. 2006). A role for

ZmMRP-1 in regulating transfer cell differentiation is pro-

posed. Barrero et al. (2009) have investigated the signals

controlling the expression of ZmMRP-1 through the pro-

duction of transgenic lines of maize, Arabidopsis, tobacco,

and barley containing ZmMRP-1 promoter: GUS reporter

constructs. The GUS signal predominantly appeared in

regions of active transport between source and sink tissues,

including nematode-induced feeding structures, and at sites

of vascular connection between the developing organs, and

the main plant vasculature. In those cases, promoter induc-

tion was associated with the initial developmental stages of

transport structures. Significantly, transfer cells also differ-

entiated in these regions suggesting that, independent of

species, location or morphological features, transfer cells

might differentiate in a similar way under the influence of

conserved induction signals. In planta and yeast experiments

showed that the promoter activity is modulated by carbo-

hydrates, glucose being the most effective inducer.

BETL-1 expression has been found to commence at 9

DAP, reach a maximum between 12 and 16 DAP, and

decline after 16 DAP. The initial accumulation of the BETI

polypeptide reaches a plateau by 16 DAP and declines

thereafter, becoming undetectable by 20 DAP. This is an

undersigned coincidence with the configuration changes of

wall ingrowths in ETC (Fig. 1). Therefore, the BETL-I

protein may play a role in the structural specialization of

the transfer cells (Hueros et al. 1995). Maternally expres-

sed gene1 (MEG1) shows a maternal parent-of-origin

expression pattern during early stages of endosperm

development but biallelic expression at later stages. MEG1

is exclusively expressed in the basal transfer region of the

endosperm. The putatively processed MEG1 protein is

glycosylated and subsequently localized to the labyrinthine

ingrowths of the transfer cell walls. Hence, the discovery of

a parent-of-origin gene expressed solely in the basal

transfer region opens the door to epigenetic mecha-

nisms operating in the endosperm to regulate certain

aspects of nutrient trafficking from the maternal tissue into

the developing seed (Gutiérrez-Marcos et al. 2004).

ZmTCRR-1 codes for a member of the type-A response

regulator class of proteins. The gene was found to be

expressed exclusively in the endosperm transfer-cell layer

8–14 days after pollination, when transfer-cell differentia-

tion is most active. The ZmTCRR-1 protein was detected

not only in the transfer-cell layer, but also in the conductive

tissue deep inside the endosperm, where there is no tran-

scription of the gene. This suggests that two-component

systems might be involved in intercellular signal trans-

mission (Muñiz et al. 2006).

On the basis of above, the differentiation mechanisms of

ETC in maize can be speculated as follows: (1) sucrose

unloaded by phloem terminals is hydrolyzed into glucose

and fructose; (2) glucose gets into the endosperm epithelial

cells facing the pedicel and modulates the promoter activity

of ZmMRP-1; (3) the ZmMRP-1 encodes proteins that

transactivate the promoters of gene BETL-1, MEG1, and

ZmTCRR-1; (4) The proteins encoded by gene BETL-1

and MEG1 (or/and other genes) probably join in the for-

mation of wall ingrowths and the proteins encoded by gene

ZmTCRR-1 join in the intracellular signal transmission.

The proteins encoded by these genes are probably related

to the gradual changes from the first-layer ETC to the

starchy endosperm cells.

Formation of wall ingrowths in maize ETC

Wall ingrowths are a distinguishing feature of transfer cells

and serve to amplify the plasma membrane surface area

available for solute transport. Morphologically, two cate-

gories of ingrowths are recognized: reticulate and flange.

Reticulate-type wall ingrowths are characterized by the

deposition of small papillae that emerge from the under-

lying wall at discrete but apparently random loci, then

branch, and interconnect to form a complex labyrinth of

variable morphology. In comparison, flange-type ingrowths
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are deposited as curvilinear ribs of wall material that

remain in contact with the underlying wall along their

length and become variously elaborate in different transfer

cell types (Talbot et al. 2002). A possible alternative

mechanism for controlling the morphology of wall

ingrowths is that precursor materials are locally incorpo-

rated into wall ingrowths by self-assembly (DeWitt et al.

1999). Self-assembly is a process by which molecules

spontaneously form ordered structures and is influenced by

specific interactions between these molecules (Jarvis

1992). The intrinsic molecular properties of cellulose may

act as a ‘‘template’’ for the deposition of other wall poly-

saccharides, and these components partly organize them-

selves within the wall by self-assembly (Jarvis 1992,

Taylor and Haigler 1993). If such a mechanism operates in

the construction of wall ingrowths in transfer cells, the

morphology of wall ingrowths would depend on the proper

timing and position of wall precursor deposition and

packing arrangements of these components within the wall

(DeWitt et al. 1999).

Vaughn et al. (2007) demonstrated that wall ingrowths

in the Vicia faba epidermal transfer cells are rich in cel-

lulose, hemicellulose, pectin, callose, and arabinogalactan

proteins similar to the primary cell wall. The cellulose

microfibrils of flange wall ingrowths are aligned parallel

along the length of the ingrowth (Talbot et al. 2007). So

enzymes for cellulose synthesis are important to wall

ingrowth formation. A role for sucrose synthase in wall

ingrowth deposition is supported by immunocytochemical

evidence showing accumulation of SuSy in coat TCs of

developing cotton seed (Ruan et al. 1997), and lack of

normal TC development in these cells in SuSy anti-sense

lines (Ruan et al. 2003). A tip-growing mechanism for

building wall ingrowths presumably requires targeted

delivery of cell wall vesicles either directly or to the

vicinity of the ingrowth. The actin cytoskeleton might

perform such roles, possibly by directed assembly of fila-

ments targeted to ingrowth loci, or by restricting exocytosis

of vesicles to discrete domains of the plasma membrane by

causing localized depolymerization of a dense cortical

actin meshwork (Offler et al. 2003).

The simplest morphological form of wall ingrowths

deposited in the ETC in maize is thin, rib-shaped projec-

tions. In these cells, extensive deposition of wall material

occurs in the basal end of the cell. Spaces between the ribs

of wall material appear to become progressively cross-

linked and fused towards the base of the cell. This process

apparently occurs by broadening of the ribs and the

establishment of small lateral protrusions connecting

adjacent ribs. These lateral protrusions resemble those

observed in reticulate-type wall ingrowths and, in some

instances, their formation appears to be spatially coordi-

nated. In mature cells, most of the cell lumen are filled with

wall material, with anastomosed ribs of wall ingrowth in

the upper portion of the cell and a dense network of wall

material in the basal portion of the cell (Talbot et al. 2002).

On the basis of the above, the process of wall ingrowth

formation in maize ETC can be speculated as follows: (1)

Bundling of cortical microtubules defines a plasma mem-

brane domain where exocytosis of vesicles carrying cel-

lulose synthesizing enzymes and matrix polysaccharides

occurs (McCurdy et al. 2008). (2) Bundled cortical

microtubules determine localized synthesis of cellulose

microfibrils and exocytosis of non-cellulosic polysaccha-

rides within these domains (McCurdy et al. 2008). Lining

the bundles of cortical microtubules, many short wall

ingrowths form (Fig. 2a). The conplane wall ingrowths

elongate, branch and fuse, and become more and more

flange-like (Fig. 2b). (3) Bundles of cortical microtubules

are positioned between ribs of wall material, developed

wall ingrowths (McCurdy et al. 2008). The mature state of

the wall ingrowths is ribs of wall material with a dense

network of wall material between them (Fig. 2c).

Function of ETC in maize

In secretion or absorption processes, solutes are transported

across the plasmalemma between the symplastic and apo-

plastic compartments. For this purpose, certain plant cells

have developed a specialised transfer cell morphology

characterized by wall ingrowths, which amplify the asso-

ciated plasmalemma surface area up to 20-fold. In maize,

the vascular terminals form a cup-shaped cushion at the

base of the endosperm (Fig. 3b). At least ten layers of

crushed, dead maternal cells, the placentochalazal zone

(Kladnick et al. 2004) extend between the vascular termi-

nals, and the endosperm (Fig. 3a, c). The endosperm epi-

thelial cells facing the placentochalazal area differentiate

into ETC (Thompson et al. 2001). The nutrient unloaded by

the vascular terminals gets through the placentochalazal

cells and enters the apoplastic compartment (Felker and

Shannon. 1980). Finally, the nutrient is transported into the

filial tissues by the ETC (Davis et al. 1990).

The major solutes transferred are amino acids, sucrose,

and monosaccharides. Expression of invertase and mono-

saccharide transporters early in both cereal and legume

seed development orchestrates the distribution of free

sugars which play an important role in regulating transfer

cell function and determining final endosperm or embryo

cell number (Thompson et al. 2001). Transport-associated

genes expressed in ETC encode transporters catalyzing

proton-coupled cotransport, such as HvSUT1 (Weschke

et al. 2000). Expression of these genes confirms the spec-

ificity of the developmental stage selected for analysis

(8 DAF). Characteristic for this developmental stage is the
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strong increase of HvSUT1 activity (Weschke et al. 2000)

as well as the switch from high to low hexose to sucrose

ratios in the developing endosperm (Weschke et al. 2003).

Furthermore, genes encoding storage proteins are strongly

up-regulated at the transcriptional level (Sreenivasulu et al.

2004). High mRNA levels of putative amino permeases in

ETC at the beginning of protein accumulation suggest a

role for the uptake of amino acids into the endosperm

(Thiel et al. 2008). Charlton et al. (1995) suggested that

seed abortion resulting from crosses between diploid maize

lines with 4 N male parents is attributable to a complete

suppression of the basal endosperm transfer layer (BETL)

development at an early stage of seed development in such

crosses. In another study, Maitz et al. (2000) reported a

reduced grain filling (rgf1) locus that is associated with

reduced expression of BETL markers and a loss of 70%

seed weight at maturity. Similarly, the globby1 (Costa et al.

2003), empty pericarp4 (emp4; Gutierrez-Marcos et al.

2007), and baseless1 (Gutierrez-Marcos et al. 2006)

mutants exhibit abnormal BETL at an early stage of seed

development and, ultimately, the aborted seed lethal

phenotypes.

Future prospects

ETC play an important part in nutrient transport between

the vascular tissue and the endosperm in cereal. Lots of

research on the ETC has been done from the morphological

observation to the molecular-level investigation. However,

there are still many unknown or uncertain features of the

ETC.

(1) The ZmMRP-1-encoded protein is localized in nuclei

and can transactivate the promoters of transfer cell-specific

gene BETL-1 (Gómez et al. 2002) as well as the promoters

of MEG1 (Gutiérrez-Marcos et al. 2004), and ZmTCRR-1

Fig. 2 a, b Wall in growths of

maize ETC under transmission

electron microscope (95,800,

bar 2 lm); c wall in growths of

maize ETC under scanning

electron microscope (919,200,

bar 2 lm). a Wall ingrowths are

short; b wall in growths

elongate, brunch, and fuse;

c wall ingrowths are ribs of wall

material with dense network of

wall material between them.

WI wall ingrowths
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(Muñiz et al. 2006). ZmMRP-1, a determinant of transfer

cell-specific expression (Gómez et al. 2002), is induced

most effectively by glucose (Barrero et al. 2009). However,

how glucose induces ETC differentiation is still not clear.

(2) Several groups of genes have been found to be

expressed only or mainly in ETC, such as BETL1–4

(Hueros G 1995,1999), MEG1 (Gutiérrez-Marcos et al.

2004), and ZmTCRR-1 (Muñiz et al. 2006). However,

functions have only been assigned to just a few of the

genes, and conclusive evidence elucidating which genes

direct wall ingrowth formation is lacking.

(3) ZmMRPI-1 and ZmMRPI-2, belonging to the C2H2

zinc finger protein family, interact with ZmMRP-1 and

modulate its activity on transfer cell-specific promoters

(Royo et al. 2009). This shows us a new pathway of

transfer cell differentiation regulation. So further work

needs to be done in this field.

(4) Wall ingrowths lie at one pole of the ETC and

the most basal transfer cells have more wall ingrowths

than those that are successively deeper in the endosperm.

The peripheral cells at the base of the endosperm differ-

entiate into transfer cells instead of aleurone cells. The

exact mechanisms for that above need more molecular-

level evidences to illuminate.

(5) DeWitt et al. (1999) described a possible alternative

mechanism for controlling the morphology of wall

ingrowths in which precursor materials are locally incor-

porated into wall ingrowths by self-assembly. McCurdy

et al. (2008) suggested that sucrose synthase and the

cytoskeleton play a primary role in the wall ingrowth for-

mation and have given the models. However, the exact

procedure of wall ingrowth formation needs to be clarified.

(6) ETC are characterized by the presence of cell wall

ingrowths, which increase the surface of the cellular mem-

brane up to 22-fold and make ETC very efficient in the

uptake of nutrients from adjacent maternal vascular tissue to

the endosperm (Wang et al. 1994). The molecular-level

evidence proving the function of ETC has been provided.

However, the exact way that the ETC transport the amino

acids, sucrose, and monosaccharides is still uncertain.

Fig. 3 a Placentochalazal cells

of maize caryopsis at 14 days

after pollination under

transmission electron

microscope (95,800, bar
2 lm); b the base of maize

endosperm under fluorescence

microscope at 17 days after

pollination (9100, bar 50 lm);

c the base of maize endosperm

under light microscope at

9 days after pollination (9200,

bar 30 lm). a The

placentochalazal cells are

crushed; b vascular terminals at

the base of maize endosperm

form a cup-shaped cushion;

c there is the placentochalazal

zone between vascular terminals

and endosperm transfer cells.

En endosperm, ETC endosperm

transfer cells, VT vascular

terminals, Pe pericarp,

PC placentochalazal cells
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