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ABSTRACT The development of embryo structures in plants is essential for the formation of the
adult plant organs. In cereals, this process has distinct features which have attracted attention
from different points of view. Differential gene expression analyses have been used in order to
identify genes useful as molecular markers of certain physiological, molecular or developmental
processes. Several maize mutants affected in embryo development have been isolated, but only
afraction of them have been characterized at the molecular level. Molecular markers can be useful
in the characterization of embryo defective mutants. Here, we describe the different techniques
used in the identification of molecular marker genes for embryo development. We describe in
more detail some groups of genes coding for cell wall proteins. We also describe the application
of these molecular markers in the characterization of some embryo mutants.
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Introduction

Embryogenesis is the process by which a single-celled
zygote develops into a mature embryo. Arabidopsis thaliana, as
a model for molecular biologists, has focused in the last de-
cades the interests of many plant embryologists. However,
although dicot and monocot species share many processes of
embryo development, they also present several differences.
Without going any further, the name of these two phylogenetic
groups derives from a distinct characteristic of the embryos, the
number of cotyledons. Another difference between both groups
of plants are that whereas in monocots the dormant embryo has
5-6 leaf primordia in dicots the formation of the first true leaf only
occurs after germination (Fig. 1). On the other hand, first cell
divisions in the monocot embryos do not follow the precise
pattern of cell divisions as they do in dicots. Furthermore, the
embryo axis is oblique respect to the suspensor-embryo proper
axis in monocot embryos but not in dicots.

Maize (Zea mays) is economically an important crop and has
a strong genetic background that includes an extensive collec-
tion of mutants affected in embryo development (Weil et al.,
2005). On the other hand, maize embryo is large and allows a
number of experimental approaches that are more difficult in
other species. For these reasons maize has been used as

model plant for monocot embryogenesis since one century ago
(Vernoud et al., 2005).

Gene discovery in maize embryogenesis

Understanding the molecular mechanisms that regulate em-
bryogenesis requires the determination of the genes involved in
the processes and the functions of the encoded proteins. The
characterization of the precise temporal and spatial expression
patterns of genes involved in maize embryo development will
provide additional candidate genes for functional studies and
marker genes useful for the in depth analysis of existing mutants.
Marker genes are genes expressed only in determinate cells, only
on certain developmental stages and/or only in response to
certain stimuli. Expression analyses of marker genes are a widely
used tool in developmental biology. In situ hybridization analyses
allow to identify morphologically aberrant tissues or to establish
hierarchical links between genes (Fontanet and Vicient, 2008).
Marker genes have been used in the study of plant embryo
development in different plant species, including maize (Bastida
et al., 2006).

For more than 20 years our group has been working on the
identification and characterization of genes involved in different
aspects of maize embryo development taking advantage of the
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Fig. 1. Anatomy of a mature maize embryo. Transversal sections of mature maize
embryos stainied with acryding orange, (A) at the coleoptile level and (B) at the
radicle level. Abbreviations: al, aleurone layer, ea, embryo axis; pe, pericarp, se,
starchy endosperm, sc, scutellum.

new techniques as they became available. cDNA library construc-
tion and sequencing in the 80s and early 90s allowed us to identify
genes abundantly expressed in maize kernel, such as glutelins
and zeins (Prat et al., 1985, 1987), hrgp coding for a cell wall
protein (Stiefel et al., 1988), the phospholipid-transfer protein ltp1
(Arondel et al., 1991) or the eukaryotic translation initiation factor
5, elF-5 (Lopez-Ribera et al.,, 1997; Lopez-Ribera and
Puigdoménech, 1999). Differential screening of cDNA libraries
allowed us to identify genes predominantly expressed in maize
embryo, such as ap17, encoding a clathrin coat assembly protein
(Rocaetal., 1998), and mark, an atypical receptor kinase (Llompart
et al., 2003), among others.

RT-PCR differential display has been widely used to isolate
genes with specific expression profiles. ddRT-PCR does not
require previous genomic information, allowing its use in non-
characterized species or in organs, tissues or cells in which few
transcriptomic studies have been performed and are
underrepresented inthe available microarray gene sets. Takingin
accountthat, atthis moment, maize microarrays available contain
only a portion of all maize genes, ddRT-PCR is still an interesting
alternative in certain studies. ddRT-PCR have been used by
different groups in order to identify genes involved in different
aspects of maize seed and embryo development (Magnard et al.,
2004).

We have compared different mMRNA populations using ddRT-
PCR to identify maize genes involved in embryo development.
We dissected 12 dap embryos into three parts: apical or shoot,
central or node, and basal or root. Genes expressed in the
different regions are likely to be involved in the formation of
different structures or organs. We have identified agene, ZmPRL,
which is more abundantly expressed in the embryo shoot region
(Bastida et al., 2002). ZmPRL encodes a MCM7 protein required
for DNA replication to ensure that only one round of replication
takes place in each cell cycle. In situ hybridization shows high
levels of expression in actively proliferating cells which is in
agreement with the expected pattern for a gene related to cell
cycle and proliferation.

We have also compared wild with longcell mutant type mRNA
kernel populations. In longcell mutant embryo development is
arrested in the early stages of embryogenesis (Graziano et al.,
2003; Bastida et al., 2006). We have identified and verified the
differential expression of twelve genes. For example, a gene
coding for a 1-L-myo-inositol 1 phosphate synthase (MIPS) is

under-regulated in longcell kernels. This enzyme cata-
lyzes the conversion of glucose-6-phosphate to myo-
inositol 1-phosphate, which is the first product in the
biosynthetic pathway of myo-inositol, which s, itself, the
starting material for phytic acid synthesis. Other genes
identified by differential display assay include genes
encoding knotted, CDC48, an RNA binding protein,
scarecrow, a protein kinase, a protease, cytochrome
b245, B-chain NADpH oxidase, pectate lyase-like pro-
tein, histone deacetylase 2b and cyclophilin (Bastida et
al., 2006).

Large-scale expression analysis is an important tool
for identifying differentially expressed and functionally
important development-regulated genes, as well as
revealing the genetic networks in which they are in-
volved. This expression analysis can be achieved using
techniques such as EST sequence profile, serial analysis of gene
expression (SAGE), massively parallel signature sequencing
(MPSS) or microarray hybridization. Important efforts have been
done in the characterization of the maize transcriptome. More
than one million maize EST sequences have been deposited in
Genebank dbEST database (release 011108) and near 10 %
corresponded to libraries constructed from kernels or parts of the
kernel. MPSS and SAGE have been used to identify expressed
genes in some maize organs, but they have not been extensively
used for embryogenesis studies. Different microarray platforms
have been developed for maize but they have been only slightly
used for maize embryo developmental studies.

Mutant analysis of maize embryogenesis

Mutant analysis represents one of the most reliable ap-
proaches to identify genes involved in plant embryo develop-
ment. A number of large screenings for embryo mutants have
provided a collection of nearly 750 loci essential for embryo-
genesis (Tzafrir et al., 2003) and have led to the idea that,
although few key regulatory genes exist, correct embryo devel-
opment requires the sequential and coordinated action of
genes of many different functional categories. Embryo lethality
is one of the most common mutant traits in plants (Magnard et
al. 2004) and several maize mutants affected in embryo devel-
opment have been obtained from stocks containing active
transposable elements (Dellaporta and Moreno, 1994) or by
EMS mutagenization (Sheridan and Neuffer, 1982). Morpho-
logical, cytological analysis, together with the use of gene
markers have provided valuable information on the regulation
of embryogenesis in maize and determined, for example, that
a interaction exists between endosperm and embryo during
seed development (Sheridan and Neuffer, 1982), that embryo
development can be blocked at a variety of different stages, that
the arrest of development can imply necrosis or not, and can be
associated to morphological alterations or not (Vernoud et al.,
2005).

We have been working in the phenotypic analysis of two
defective kernel mutants: lacchrima and longcell. Mutant
lacchrima is a recessive defective kernel (dek) mutant causing
severe morphological alterations in the embryo and a reduction
in endosperm size. In lacchrima, the embryo fails to acquire
bilateral symmetry and is a tear drop shape. Similar phenotypes



have been described and in several cases are due to perturba-
tions of auxin function such as auxin synthesis, transport,
perception or degradation (Berleth and Sachs, 2001).

On the other hand, longcell mutant is defective in embryo
and endosperm development (Graziano et al., 2003). The
mutant embryos are variable in shape but development is
always blocked before the early coleoptilar stage. Although the
endospermis reduced in size, it has the typical vitreous texture,
basal endosperm, transfer and aleurone layers (Bastida et al.,
2006). Despite their abnormal shape, mutant embryos have
often a suspensor-, scutellum-, embryo axis- and radicle-like
structures, but they never develop the shoot apical meristem
(SAM). Cellsin the scutellum-like structure are bigger and more
irregular in shape than in the embryo axis-like structure. Scan-
ning electron microscopy shows that cells in longcell embryos
are abnormally long compared to the wild type, first appearing
in the scutellum-like structure, next to where the SAM should
be, and spreading throughout the embryo. The expression of
several marker genes was examined in the longcell mutants.
During normal development, y-zein mRNA accumulates in the
subaleurone cells in the endosperm, but in longcell mutant -
zein MRNA is accumulated in all endosperm cells (Bastida et
al., 2006). The patterns of expression of genesinvolved in basic
metabolic processes, such as glyceraldehyde phosphate dehy-
drogenase, acyl carrier protein (AP17) and a clathrin adapter
protein, are not severely affected by the longcell mutation
during early and mid embryogenesis. Genes that are only
expressed after germination in wild type embryos are ex-
pressed during kernel development in longcell, for example, o-
amylase and B-glucanase. Differential display allowed us to
isolate genes up- and down-regulated in the mutant. Mutant
embryos die during development at around 35 dap. Cell death
inthese embryos shows some characteristics of a programmed
cell death process and is not necrotic. Different genes coding
for hydrolytic enzymes and genes involved in oxidative stress
are up-regulated in the mutant. Nuclei of mutant cells are
positive in TUNEL staining, which is characteristic of pro-
grammed cell death process and not found in necrotic cells.

Another aspect of mutant analysis is the characterization of
the genes whose mutation produces an embryo defective
phenotype. Two different approaches can be use: forward and
reverse genetics. Forward genetics starts with a mutant line
and follows the identification of the mutated gene, and reverse
genetics starts with a gene and follows the isolation of lines in
which the function of the gene has been altered. Forward
genetics in maize have been demonstrated to be extremely
difficult and have been only done for a few transposon tagged
embryo defective mutants. Mutant emb8516 is produced by an
insertion in the ZmPRPL35 gene, which encodes a plastid
ribosomal protein (Magnard et al., 2004; Ma et al., 2004).
Mutant empty pericarp2 (emp2) is the result of an insertion in a
gene encoding a heat shock binding protein (HSBP1) (Fu et al.,
2002), while empty pericarp4 has an insertion in a gene which
encodes a protein containing a pentatricopeptide repeat, lo-
cated in the mitochondria and possibly involved in the regula-
tion of expression of a small subset of mitochondrial transcripts
in the endosperm (Dolfini et al., 2007; Gutierrez-Marcos et al.,
2007).

Resources for maize reverse genetics have been developed
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in the last years (Weil et al., 2005). These systems are based
in the production of a collection of genomic DNAs from a
population of mutagenized plants by transposon insertion or by
chemical mutagenization. These DNA pools are screened for
the detection of insertions or point mutations in the desired
gene. Screening in the case of TILLING (Targeting Induced
Local Lesions in Genomes) is based on enzymatic- and electro-
phoresis-based mismatch detection and in the case of transpo-
son tagged populations is based on PCR or on sequence
comparation against databases of transposon flanking se-
quences (FSTs). Transposon tagged populations has been
mainly produced by crossing Mutator-active lines with inbred or
hybrid lines (Settles et al., 2007). These systems will provide
valuable information for maize embryologists. For example, two
mutants, zmsmu2-1 and zmsmu2-3 resulted from insertion of a
Mutator (Mu) transposable element show alterations in mer-
istem development (Chung et al., 2007). ZmsmuZ2 gene is
homologous to the nematode gene, smu-2, which is involved in
RNA splicing.

Cell wall proteins, cell division and embryogenesis

Progression through the cell cycle during embryogenesis re-
quires the accurate assembly of a new cell wall in the correct
orientation. Signaling between dividing cells directs the choice of
developmental pathway, and some of these signals are thought to
arise from the cell wall. Soluble signals such as arabinogalactan
proteins (AGPs) play a role in the control of somatic embryogen-
esis, while carbohydrate oligomers act on morphogenic path-
ways. During biosynthesis of the new cell walls, cellulose is
polymerized at the plasma membrane and deposited directly in
the wall, but most of the other matrix components are synthesised
in Golgi and delivered to the cell plate by secretory vesicles,
guided by a network of microtubules and microfilaments (Lerouxel
et al., 2006). Mutations in proteins involved in these processes,
such as emb30/gnom, knolle or hinkel, alter Arabidopsis embryo
development. Mutation in an Arabidopsis structural protein, the
hydroxyproline-rich glycoprotein (HRGP) RSH, has also been
shown to produce defective positioning of the cell plate during
cytokinesis in cells of the developing embryo. Similar HRGPs cell
wall structural proteins have been characterized in maize, be-
tween them we must consider AGPs, extensins, proline-rich
proteins (PRPs) and hybrid proline-rich proteins (HyPRPSs) that
present different degrees of glycosilation. Sugars are added to
these proteins mainly to hydroxyproline and serine by o-glyco-
sidic linkages. All of them present a signal peptide to be exported
outofthe cell. Between the main maize cell wall structural proteins
until now described we can mention:

AGPs: AGPs are known acidic proteoglycans highly
glycosylated with arabinogalactan chains generally through Hyp-
Gal and often contain Hyp/Pro-Ala or Ala-Hyp/Pro motifs. An AGP
protein, HRGP, was purified from maize cultured cells and it
shares glycosylation patterns with both extensins and AGPs.
Later maize AGPs epitopes distribution was analyzed on the
surface of maize embryogenic calli using JIM4 AGP monoclonal
antibodies by scanning electron microscopy (SEM). This AGP
epitope was distributed along callus surfaces being specifically
enriched in the outer extracellular layers covering compact clus-
ters of embryogenic meristematic callus cells (Samaj et al., 1999).



1652 M. José-Estanyol et al.

AGPs have been also recently identified when secreted during
maize microspore culture to allow androgenesis (Borderies et al.,
2004) with antibodies that recognize AGPs epitopes and have
shown that AGPs may be used to stimulate the development of
microspores to embryogenesis.

Extensins: Extensins are basic glycoproteins. A maize extensin
protein (ZmHRGP) has been purified from maize cells and peri-
carp cell walls and its cDNA was cloned from a coleoptile library
(Stiefel et al., 1988, 1990) and the homologous gene cloned and
sequenced from different maize lines and closely related species
such as teosinte (Stieffel et al., 1990; Raz et al., 1992), sorghum
(Raz et al. 1991) and rice (Caelles et al., 1992). The ZmMHRGP
protein was initially immunodetected in maize root tip cell walls of
young maize seedlings (Ludevid et al., 1990). ZmHRGP gene
expression was mainly associated to actively dividing tissues and
involved in the response to wounding (Ludevid et al., 1990),
ethylene (Tagu et al., 1992), symbiotic infection with Glomus
versiforme (Balestrini et al., 1994, 1997) and pathogens, being
induced by ascorbic acid and reduced glutathione (Garcia-Muniz
et al., 1998). During seed development ZmHRGP gene expres-
sion is found in the exocarp (Jose-Estanyol and Puigdoménech.,
2000) but it is also expressed in the embryo (Jose-Estanyol and
Puigdoménech, 1998a). At the pro-embryo stage ZmHRGP is
expressed in the basal cells and in the suspensor cells during the
transition stage, and in cells surrounding the emerging shoot
meristem at the coleoptilar stage. Once the embryo axis has
developed, ZmHRGP gene expression is localized in the
prometaxylem and procambium cells of the vascular cylinder in
the radicle, and in the prometaxylem of the coleoptile and leaf
primordia. No gene expression is observed in the scutellum (Ruiz-
Avila et al., 1991, 1992). ZmHRGP gene expression transiently
increases at the end of morphogenesis, when ABA accumulates,
but is finally repressed. Similar behaviour is observed when
excised immature embryos are incubated with the hormone. In
both cases a change in the cellular gene expression pattern has
been observed (Jose-Estanyol and Puigdoménech, 1998b). Ex-
pression of the gene in the developing flower (José-Estanyol and
Puigdoménech, 1998a) and growing pollen tubes (Torres et al.,
1995) have also been reported. The high level of ZmHRGP gene
expression in the silk has allowed to identify multiple bands by
Northern analysis that have been explained as secondary struc-
tures of zmHRGP mRNA (Garcia-Muniz et al. 1999). Functional
promoter analysis revealed different regulatory elements in maize
(Vallés et al. 1991, Tagu et al. 1992) and rice (Guo et al., 1994)
HRGP promoter regions, the latter not being responsive to wound-
ing. In the presence of the 3' untranslated region, the levels of
GUS activity directed by the maize HRGP and 35S promoters
could be modulated (Menossi et al., 2003). The zmHRGP pro-
moter has also shown to be responsive to elicitors, etephon and
ethylene (Menossi et al., 1997).

Two more extensins, Pex1 and Pex2, have been also charac-
terized in maize. Their amino acid sequence is highly conserved.
They are complex multidomain proteins with a globular N-domain
including a leucine-rich repeat (LRR) with an adjacent cysteine-
rich region, a transition zone and a extensin-like domain. Immu-
nocytochemical analysis at the ultrastructural level localized the
Pex1 protein to the intine in mature pollen and to the callosic
sheath of the pollen tube wall in germinating pollen. It has been
proposed that Pex proteins play arole in pollen tube growth during

pollination where extensin-like domains can anchor the protein to
the cell wall while the globular one could be involved in interac-
tions to each other or to pistil ligands.

PRPs: maize PRP has a PEPK repeatin which acidic and basic
amino acid residues alternate with proline, giving a flat hydropa-
thy profile suggesting an extended fibre-like structure that may
interact with itself and/or with other cell wall components through
ionic interactions (Vignols et al., 1999). ZmPRP is expressed in
almost all tissues analyzed with the exception of endosperm and
embryo. It is strongly expressed in the pericarp of the developing
seeds and in cortex cells surrounding metaxylem of germinated
maize plants, but is absent in phloem.

HyPRPs: ZmHyPRP, a marker of scutellum differentiation
(Jose-Estanyol and Puigdoménech, 1998a), is a gene mainly
expressed in the embryo (Jose-Estanyol et al., 1992) and to a
lesser extentin the endocarp (Jose-Estanyol and Puigdomenech,
2000). Once ABA is induced, after morphogenesis, ZmHyPRP
gene expression is repressed by the hormone. ZmHyPRP pro-
moter regulatory elements have been analyzed by stable and
transient maize transformation after promoter fusion to GUS
(Jose-Estanyol et al., 2005). The coding region of ZmHyPRP
encodes a protein with a signal peptide and two other domains, a
proline-rich repetitive domain and a C-terminal hydrophobic do-
main with a pattern of eight cysteines also presentin proteins such
as cell wall LTPs, dicotyledonous 2S albumin reserve proteins
and in cereal seed amylase and trypsin inhibitors. The structure
of this eight-cysteine motif (8CM) domain in all these different
families of proteins is a structural scaffold of four conserved
helical regions connected by variable loops, stabilized by four
cysteine bridges (Jose-Estanyol et al., 2004).

The future of maize embryology

Technical limitations have always accompanied plant embry-
ologists, especially when studying early events in embryo devel-
opment. The size and position of the embryos, surrounded by
other tissues, and their rapid development make it difficult to get
enough material for many molecular analyses. The frequent
lethality of the mutants affected in embryo development is an
additional problem. It is then not surprising that plant embryology
has co-evolved with technical progress. The publication of a draft
of the maize genome sequence together with the availability of
literally millions of EST sequences represents a milestone in
maize embryology, allowing the design of arrays for transcriptomic
assays with a more complete set of genes. Due to the size and
complexity of the embryos, microdissection techniques in combi-
nation with transcriptomics represent a major opportunity to
determine temporal and spatial patterns of expression of all
genes involved in embryo development. High-throughput in situ
MRNA hybridization will provide a more complete representation
of gene expression patterns. The accumulation of enough mate-
rial is the main problem in proteomic and metabolomic analysis on
maize embryos in very early stages of development, but, due to
the relative large size of the maize embryo compared to other
plants provides good opportunities to study mid and late embryo-
genesis using these technologies.

Genomics, transcriptomics and proteomics will provide clues
to the patterns of expression and protein accumulation of different
genes involved in embryo development, but not necessarily their



molecular functions. Mutant analysis will help to fill this gap.
Functional genomics has been a key tool in studying embryogen-
esis in Arabidopsis but its potential has not yet been totally
exploited in monocots such as maize. Here, the development of
large scale TILLING platforms for maize is of great importance.

In conclusion, our understanding of the regulation of maize
embryogenesis is evolving rapidly as many of the approaches
described here are underway. The availability of genomic se-
quences in maize and other organisms, and the development of
high-scale gene expression analyses, allowed the identification
of genes involved in specific molecular, physiological or develop-
mental processes that can be usefull as molecular markers in the
characterization of, for example, new mutants, as we did for
longcell maize mutant (Bastida et al., 2006). Unfortunately,
proteomic or metabolomic analysis on early maize embryos is still
difficult but miniaturization in the future may provide opportunities
alsointhese fields. Exciting times are coming for maize embryolo-
gists.
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