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Conversely, in the shoot, in which the morphogenesis of lat-
eral organs is exogenous, histogenesis usually follows mor-
phogenesis (Hagemann, 1967).

The most distinctive and earliest expression of root apex
origin is the inception of the root cap (von Guttenberg, 1968).
Characteristically, the cap originates acroscopically by peri-
clinal subdivision of the preexisting protoderm or dermatogen
lineages, regardless of whether or not it incorporates deriva-
tives of the distal cell of the suspensor (hypophysis) as it does
in Arabidopsis. Once the “cap” is differentiated, by defini-
tion, the “body” of the root is also delimited in accordance
with the Kérper-Kappe or body~cap concept of Schiepp
(1917). Because the initial differentiation of the body of the radi-
cle must necessarily occur after the differentiation of the cap,
there will be a delay in the inception and activity of the so-
called initial cells of the body.

However, even though we recognize these lineage pat-
terns in the basal part of the globular embryo, we view them
simply as the markers of the root’s inception, not as its cause.
This perspective is consistent with our deductions on the re-
lationship of cell lineage patterns and embryo morphogene-
sis described earlier. Moreover, Van den Berg et al. (1995)
have provided corroborating evidence from ablation experi-
ments showing that cell lineages in Arabidopsis seedling
roots are not correlated with cell fates. Their study supports
not only our diminished emphasis on cell lineages for the
characterization of plant meristems but also our lack of em-
phasis on the putative role of individual cells such as the hy-
pophysis in the origin of the root apical meristem (Souéeges,
1934). Indeed, if one examines the origin of the root apical
meristem as it relates to the overall size of the developing
embryo, it becomes clear that the specific site of the incipi-
ent root apical meristem is critically dependent on the avail-
able space in the basal half of the globular embryo. Small
embryos like those of C. bursa-pastoris and Arabidopsis uti-
lize the hypophysis to construct a substantial portion of their
root apical meristems, whereas intermediate-sized embryos
position their root apical meristems somewhat distally from
the hypophysis so that it serves, if at all, to generate only the
columella (Souéges, 1920; Mahlberg, 1960). Large embryos
organize their root apical meristems deeper within the basal
region, away from the embryo~suspensor junction (Nast,
1941).

Finally, with most of the recent attention on root apical
meristem inception focusing on cell lineages, the occur-
rence of cellular heterogeneity or zonation in the root apex
comparable to that shown in the shoot apex has not been
commented upon. For example, in the embryo of D. pul-
chella illustrated in Figure 5, cells at the summit of the body
of the root are larger and have larger, less densely chromatic
nuclei with smaller nucleoli. These root apical cells are virtu-
ally identical to those noted in the |IZ of the shoot apex (com-
pare root apex with IZ in Figure 5E). Because of their cell
lineage alignment with the cortical tissues of the root, these
four keystonelike apical cells were termed cortical initials
(Kaplan, 1969) and can be traced to even earlier, precotyle-

donary stages of embryogenesis (Figure 5B). Do these cells
represent the earliest expression of a quiescent center? Fur-
thermore, is this cell differentiation in the root apical mer-
istem accompanied by localized patterns of gene expression
comparable to the KNOTTED-type expression pattern ob-
served in embryonic SAMs by Long et al. (1996)? Given that
differing nuclear properties might be indicative of differential
gene activity, this aspect of embryonic root apical meristem
activity deserves more attention.

A NEW MODEL FOR DICOTYLEDON EMBRYOGENESIS

The Model

In light of the deductions we have drawn in the preceding
sections, we present a revised model for dicotyledon em-
bryogenesis in Figure 7. This model focuses on the general
morphogenesis of a dicotyledonous embryo from the zygote
to the arrest of embryo development at dormancy. Because
we have explained that the cell lineage patterns do not de-
termine embryo form, we have omitted the lineages from
these diagrams. Rather, we have outlined the major tissue
tracts representing the primary meristematic tissues to show
how embryo histogenesis correlates with its morphogenesis.

After fertilization, most dicotyledonous embryos undergo
an initial phase of linear growth (linear proembryo; Figures 7A
and 7B), which is followed by formation of a three-dimen-
sional parenchyma at the chalazal end of the proembryo (Fig-
ure 7C). Parenchyma formation differentiates the distal body
of the embryo proper from the proximal, typically filamentous
suspensor. During early embryogenesis, greater growth in
length occurs in the proximal suspensor than in the distal
embryo body because the suspensor plays an initial role in
thrusting the embryo proper into a central position in the en-
dosperm mass. Once it has reached its full length, elongation
in the suspensor ceases, and morphogenesis is restricted to
the distal parenchyma mass (Figures 7C and 7D). During this
initial spherical or globular phase in bipolar dicotyledonous
embryos, the shoot and root apical meristems become de-
fined, and the first sign of tissue definition is expressed by
the simultaneous differentiation of the procambial core and
peripheral cortex as well as the protoderm (Figure 7D). Defi-
nition of the SAM is marked by cytohistological zonation,
whereas root meristem delineation is by cap formation and
zonation (Figures 7D and 7E). Once the SAM is differenti-
ated, it initiates the first two appendages of the shoot, the
cotyledons (Figure 7E), and may continue to initiate subse-
quent leaves before the onset of seed dormancy. The root
pole, by contrast, shows relatively little growth until germi-
nation (Figures 7E and 7F).

The advantages of this revised model over the traditional
characterization of embryogenesis are that (1) it takes the
focus away from cell lineages and emphasizes the overall
aspects of morphogenesis; (2) it eliminates the use of arbi-
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Figure 7. New Model for the Description of Embryogenesis in Dicotyledonous Flowering Plants.

In this model, the processes that occur during embryo development rather than the overall shape of the embryo are emphasized.

(A) to (C) Initial morphogenesis of the embryo. (A) The zygote. (B) A linear proembryo. (C) The embryo proper.

(D) Initial histogenesis and meristem organization of the embryo. The embryo proper differentiates into the three primary meristematic tissues:
(1) peripherai protoderm or epidermal precursor; (2) central procambium or vascular precursor; and {3) subepidermal ground tissue or cortical
precursor. Simultaneously, the meristems of the shoot and root are first differentiated at the opposite poles of the embryo.

(E) Initial organogenesis of the embryo. The initial organogenetic event at the shoot pole is expressed by the inception of the first two leaves, the
cotyledons. The root apex is defined by root cap formation via periclinal subdivision of proximal protoderm lineages.

(F) Subsequent growth, organogenesis, and histogenesis. The major organ components, including cotyledons and hypocotyl, elongate at this

stage.

trary shape designations in favor of the developmental pro-
cesses; and (3) it emphasizes that embryogenesis is not an
isolated event in the life history of the plant but the initiation
of developmental processes that occur during the entire life
of the plant. We now apply this model to the interpretation of
the phenotypes of selected Arabidopsis embryo mutants.

Using the New Model for Evaluating Embryo Mutants

Recent interest in the process of plant embryogenesis has
come from the application of molecular and genetic tech-
niques and perspectives to the problems of embryo devel-
opment and the interesting mutants these efforts have
produced (Jiirgens et al., 1991; Mayer et al., 1991; Meinke,
1991a). Although not the first to describe certain embryo

mutants, Jlirgens and his colleagues were the first to
present a conceptual model, derived largely from Drosophila
developmental genetics, for interpreting the relationship be-
tween the mutants and the wild type.

Following a Drosophila-based terminology system and
starting from a strict cell lineage concept of embryo devel-
opment, Jirgens and his co-workers termed the laying
down of the basic plant ground plan as “pattern formation”
and referred to its genetically controlled, sequentially aligned
subdivisions as “pattern formation elements” (Mayer et al.,
1991). Furthermore, these authors distinguished two basic
patterns: longitudinal (apical-basal) and transverse (radial).
The apical-basal pattern is considered to reflect the parti-
tioning of the embryonic axis into three major regions, api-
cal, central, and basal (Mayer et al., 1991), which in turn
have been traced back to the original octant tiers in the
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proembryo. Thus, the earliest manifestation of the pattern
formation process is considered to be expressed by the cell
division pattern.

The phenotypes of the mutant seedlings were then inter-
preted as resulting- from hypothetical deletions from the
wild-type plant body of certain longitudinal domains (Mayer
et al., 1991). For example, a deletion encompassing the apical
domain that forms the SAM and cotyledons in the wild-type
seedling results in the gurke phenotype. The facke! or torch-
shaped mutant is interpreted to be missing the central domain,
that is, the hypocotyl region of the seedling. The monopteros
mutant is said to be missing the basal region, that is, the hy-
pocotyl and root pole, whereas the gnom (gn; dwarf or
gnome) mutant is cone shaped or spherical because it ex-
hibits terminal deletions of both the apical and basal poles.

Can these Arabidopsis mutants be described by using the
model of embryogenesis we have just presented? Yes, they
can, if we view these mutants not as being a result of the dele-
tion of a particular embryo domain but rather as a conse-
quence of a change in differential growth. From the vast
literature of comparative morphology (Troll, 1937, 1939,
1943), virtually all variation in plant form and proportion can
be described as a result of differential growth. Because the
nature of multicellularity in plants represents the internal
partitioning of a tubular cytoplasmic body (Kaplan and
Hagemann, 1991), organ deletion is almost never observed
as a mode of structural change in plants, except for rarely
occurring abscission events (Kaplan et al., 1982).

For example, using our model for dicotyledon embryogen-
esis (Figure 7), the gurke mutant would be the result of the
lack of differentiation of a SAM. If no SAM is differentiated,
there will be no cotyledons. Similarly, we suggest that the
fackel mutant results from the lack of hypocotyl extension
and not from'a deletion of the central domain. Likewise, the
root apical meristem has merely failed to differentiate in the
monopteros embryo, whereas the gn embryo is not the re-
sult of deleting both terminal domains but rather is due to
embryo development arresting at the spherical stage before
the meristems are initiated.

These interpretations, based on the model in Figure 7, are
further reinforced by recent efforts to clone the genes re-
sponsible for the mutant phenotypes. So far, none of the
cloned genes for these “domain” mutants appears to be
embryo specific. The deduced sequence of the GN protein
is similar to yeast Sec7, a protein involved in vesicle trans-
port between the endoplasmic reticulum and the Golgi
(Shevell et al., 1994). The KNOLLE gene appears to encode
a syntaxin-like protein (Lukowitz et al., 1996). Thus, there is
no obvious strictly embryogenic function for GN and KNOLLE.
Rather, they appear to act in general plant processes, such
as secretion and cytokinesis, in which an impaired protein
might reasonably be expected to cause developmental ar-
rest. In other words, these mutants exhibit structural abnor-
malities in embryo development not because they are
missing a pattern formation element or domain but because
the plant cannot proceed through the normal developmental

stages of embryogenesis because of a breakdown in some
fundamental cellular process.

CONCLUDING REMARKS

In this article, we have used a broad comparative ap-
proach to assess critically the fundamental concepts of em-
bryogenesis in plants. In particular, we have emphasized
that the traditional focus on embryonic cell lineages must
be redirected to the more central problem of meristem ori-
gin. We have shown that the concepts derived from ani-
mal developmental biology have artificially isolated the early
stages of plant embryogenesis from the rest of the plant’s
ontogeny and have also resulted in interpretations of em-
bryo mutants that are divorced from our vast knowledge of
plant morphology.

Although plant developmental biology has certainly been
enhanced by the powerful tools that molecular biologists
have brought from their studies on animals and microbes,
we argue for the uniqueness of plant development and
against the natural tendency to import animal-based con-
cepts to plant systems. Plants represent a distinct eukary-
otic lineage and long ago independently evolved their own
morphogenetic mechanisms for constructing a multicellular
body. Nevertheless, the similarity observed between GN or
KNOLLE and various yeast proteins or between various sig-
nal transduction pathway components in plants and animals
(Baker et al., 1997; Clark et al., 1997) no doubt reflects the
conserved functions these proteins have at the cellular level.

The most fundamental event that occurs during embryo-
genesis in plants is the differentiation of meristems of the
shoot and root and the onset of their activity in organogene-
sis. Thus, we see no difference between the origin of SAMs
in typical embryos and their inception as lateral branches, in
somatic embryos or in vegetative propagules, except that
the latter structures often arise as part of the parent plant
body instead of being isolated in a new, separate individual.
In fact, the leaf-borne shoots in the dicotyledon Bryophylium
calycinum have been called “foliar embryos” (Yarbrough,
1932) because of their resemblance to plant embryos. Only
in their origin as a product of fertilization are plant embryos
comparable to animal embryos, and that is where the re-
semblance ends.

These perspectives become more significant in the efforts
to identify unique genes directing embryogenesis. Given
that the body plans of most animals are established by pro-
cesses that occur only during early embryogenesis, it is rea-
sonable to search for regulatory genes whose expression is
restricted to the earliest periods of an animal’s development.
However, embryogenesis in plants is not a special stage but
the first expression of an iterative process that continues at
the plant’s meristems during its entire life. It follows that the
key regulatory genes, such as STM, and genes encoding
signal pathway components, such as WUSCHEL (Laux et



al., 1996) or CLAVATAT? (Clark et al., 1997), that are ex-
pressed in embryos remain expressed in meristems to a
greater or lesser extent postembryonically. The only genes
isolated to date whose expression may be restricted to
the earliest stages of plant development encode seed stor-
age proteins that are critical for the nutrition of the embryo
and dispersal of the plant but so far appear not to be essen-
tial for seed development.

Nevertheless, progress in our understanding of the ge-
netic basis of embryogenesis in plants depends as much on
the proper conceptual framework as it does on technologi-
cal advances. Without the former, there can be no advances
in the latter, no matter how sophisticated the technology
may be. In the case of plant embryogenesis and develop-
ment in general, there will be no real progress until the fun-
damentals of the process are sorted out. These fundamentals
cannot be discerned from single-species model systems, no
matter how representative they may seem. Thus, there must
be a dialog between the practitioners of comparative mar-
phology and those of molecular genstics in order for progress
to be made.
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