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ABSTRACT We describe mutations of three genes in
Arabidopsis thaliana—extra cotyledonl (xtcl), extra cotyledon2
(xtc2), and altered meristem programmingl (ampl)—that trans-
form leaves into cotyledons. In all three of these mutations,
this transformation is associated with a change in the timing
of events in embryogenesis. xtcI and xtc2 delay the morpho-
genesis of the embryo proper at the globular-to-heart transi-
tion but permit the shoot apex to develop to an unusually
advanced stage late in embryogenesis. Both mutations have
little or no effect on seed maturation and do not affect the
viability of the shoot or the rate of leaf initiation after
germination. ampl perturbs the pattern of cell division at an
early globular stage, dramatically increases the size of the
shoot apex and, like xfcI and xtc2, produces enlarged leaf
primordia during seed development. These unusual pheno-
types suggest that these genes play important regulatory roles
in embryogenesis and demonstrate that the development of
the shoot apical meristem and the development of the embryo
proper are regulated by independent processes that must be
temporally coordinated to ensure normal organ identity.

Embryogenesis in seed plants consists of several discrete
processes (1-4). During the early, morphogenetic phase of
embryogenesis, the primary axis of the plant is established, one
or more cotyledons are formed, and the primordia of the root
and shoot systems are initiated. The embryo subsequently
undergoes a process of maturation in which it acquires the
capacity for autonomous growth, accumulates nutritional re-
serves, becomes desiccation tolerant, and then enters a period
of dormancy. Upon germination, the seedling uses its stored
reserves, and the shoot and root meristems resume growth.
Recent work has shown that although these events usually
occur in a predictable temporal sequence, they are not part of
a linear developmental pathway (4). For example, in several
species, precocious germination leads to the simultaneous
expression of genes that are normally expressed only during
embryo maturation and genes that are normally expressed only
during germination (reviewed in ref. 1). Similarly, the leafy
cotyledonI-2 mutation in Arabidopsis causes plants to express
germination-specific genes without completely suppressing the
expression of a storage protein gene that is normally expressed
during the maturation phase of embryogenesis (5). Conversely,
the raspberry mutant of Arabidopsis thaliana is blocked at a
globular stage of embryogenesis, but expresses genes that are
normally activated much later (6).

To study how morphogenetic events are temporally coordi-
nated during embryogenesis, we screened for mutations of A.
thaliana that mimicked the cotyledon-leaf phenotype of pre-
cociously germinated Brassica napus embryos (7, 8). We

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9410209-6$2.00/0
PNAS is available online at http://www.pnas.org.

identified three mutations that have this phenotype. Here we
describe the effect of these mutations on the morphogenesis of
the embryo and provide evidence that the effect of these
mutations on leaf identity is the result of a change in the
relative timing of the development of the shoot meristem and
embryo proper.

MATERIALS AND METHODS

Mutagenesis and Screening. Five hundred milligrams of
Landsberg erecta (Ler) seeds (approximately 25,000 seeds)
were incubated at room temperature in 50 ml of water
overnight on a shaker. Thirty-four microliters of diepoxybu-
tane (Sigma) in 40 ml of water was added (for a final
concentration of 11 mM), and seeds were shaken in the light
at 150 rpm for 4 hr. Seeds were rinsed five times with 1 liter
of water in a 2-liter flask (5 min each rinse) and distributed in
flats of Metromix 200 (Scotts, Marysville, OH) at a density of
about 1,000 seeds per flat. Seeds were harvested from indi-
vidual M; plants, and approximately 20 M, progeny from each
M; plant were screened about 2 weeks after germination for
plants in which one or more of the first two leaves had fewer
than five trichomes. This criterion was used to identify extra
cotyledons in all subsequent experiments; under our growing
conditions, the first two leaves of wild-type Ler plants normally
have about 11 trichomes on their adaxial (i.e., upper) surface.
The mutations isolated in this screen were backcrossed to Ler
five times to eliminate second-site mutations, although no
obvious additional mutations were present in the original M,
families.

Mapping. anl, disl, and pt seed stocks were obtained from
the Arabidopsis Biological Resource Center (Ohio State Uni-
versity, Columbus, OH). ampl-1 was provided by A.
Chaudhury (Commonwealth Scientific and Industrial Re-
search Organization, Canberra, Australia), and seeds of the
emb mutants were provided by D. Meinke (Oklahoma State
University, Stillwater, OK). xtcI and xtc2 were mapped rela-
tive to anl and disl by screening for recombinants among the
xtc plants in the F, progeny of self-pollinated xtc anl/XTC
ANI and xtc disl/XTC DIS1 plants.

Timed Pollinations. Plants were grown at 22°C under con-
tinuous illumination in controlled environment rooms (Con-
viron, Winnipeg, Canada) at approximately 80% relative
humidity. Floral buds were emasculated and pollinated imme-
diately with pollen of the same genotype. Pollinations were
carried out over several days, but only plants that were
pollinated on the same day were harvested at each time point.
Although there was some variation in the stage of the embryos
in different siliques of the same genotype, there was no overlap
between mutant and wild-type plants, except very early in
development.

Abbreviations: DAP, days after pollination; DAI, days after imbibi-

tion.

*To whom reprint requests should be addressed. e-mail: spoethig@
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Histology. The morphology of mutant and wild-type em-
bryos was examined in whole mount preparations and in
sectioned material. Embryos were fixed at various times after
pollination in 3:1 acetic acid/ethanol, and then cleared with
modified Hoyer’s solution (7.5 g of gum arabic, 5 ml of glycerin,
100 g of chloral hydrate, 30 ml of water) for up to several days.
To visualize the vascular pattern of leaves and cotyledons,
seedlings fixed in 3:1 acetic acid/ethanol were stained with
0.005% toluidine blue in 0.001 M sodium acetate. Light and
electron microscopy were performed on specimens fixed over-
night in 3% glutaraldehyde/1.5% acrolein/1.5% paraformal-
dehyde, pH 6.8, postfixed for 2 hr in 1% OsQO,, and embedded
in Spurr’s resin.

RESULTS

The Isolation and Genetic Characterization of xftcl, xtc2,
and ampl (pt). To identify mutations that affect the transition
from embryonic to vegetative development, approximately
1,500 diepoxybutane-mutagenized M, families were screened
for abnormalities in the first two leaves. Two mutations that
cause one or both of these leaves to resemble cotyledons were
identified in this screen—extra cotyledon 1 (xtcl) and extra
cotyledon 2 (xtc2). We subsequently found that the primordia
timing mutation, which we determined to be an allele of the
altered meristem programmingl (ampl) gene, has a similar
effect on leaf identity. In these mutants, leaves that are
partially transformed into cotyledons (extra cotyledons) can be
readily distinguished from true cotyledons, because they are
located in the position of the first two leaves on the shoot (i.e.,
at 90° relative to the cotyledons and at higher node), they
emerge after cotyledons but before the first two leaf primordia
of wild-type plants, and they are smaller than cotyledons and
often irregular in shape (Fig. 1). Fully expanded extra coty-
ledons resemble cotyledons in that they have few or no
trichomes and have a simple venation pattern similar to that of
cotyledons (Fig. 2). Moreover, immature primordia of extra
cotyledons (examined 2 days after imbibition) possess large
numbers of starch grains, protein bodies and lipid bodies—

Fic. 1. The phenotype of (a) wild-type, (b) xtcl, (¢) xtc2, and (d)
ampl (pt) seedlings 2 weeks after germination. Leaves 1 and 2 are at
the top and bottom of each figure. The true cotyledons, which are
oriented horizontally, are smaller in mutant than in wild-type plants
and are hidden by leaf primordia in b, ¢, and d.
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F1G. 2. The morphology of a (a) cotyledon and (b) first leaf of a
wild-type plant, and the first leaf of (c) xtcl, (d) xtc2, and (e) amp1(pt)
seedlings. The first leaves of mutant plants have few or no trichomes,
and they have a simple venation pattern like that of cotyledons.

storage products that are normally found in cotyledons, but not
in leaves (Fig. 3) (1, 9).

The extra-cotyledon phenotype of xtc! and xtc2 shows
variable penetrance and expressivity. On average, only 30%
(n = 2,034) of the progeny of xtcl/xtcl plants and 70% (n =
1,744) of the progeny of xtc2 /xtc2 plants have extra cotyledons.
Most plants have only one such structure, which may be either
completely or only partially cotyledon-like. F; progeny (n =
165) from crosses between these mutants were wild type,
demonstrating that they are not allelic. This result was con-
firmed by the observation that these genes map to different
sites on chromosome 1. xtc/ and xtc2 map between the visible

FiG. 3. Electron micrographs of (a) a wild-type cotyledon and ()
awild-type first leaf primordium and the first leaf primordia of (c) xtc1,
(d) xtc2, and (e) ampl1(pt) seedlings 2 days after imbibition. Wild-type
leaf primordia are almost completely devoid of storage products,
whereas cotyledon-like leaf primordia have large numbers of lipid
bodies, starch grains, and the remnants of storage protein bodies. The
cotyledon in a is at a much more advanced stage of development than
the leaf primordia. (Scale bar = 5 um.)
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markers angustifolia (an) and distorted trichomes! (disI) in the
order and with the approximate map distances: anl—6—
xtc2—3—xtc1—10—dis1. The SSLP (10) marker nga63 maps
between xtc2 and xtcl, but its distance relative to these genes
has not been accurately determined. Crosses between xtc and
xtc2 and other defective embryo mutants (embl42, embl73,
and emb176) that map between anl and dis! demonstrated that
xtcl and xtc2 are not allelic to any of these loci.

The extra-cotyledon phenotype of amp(pt) in a Ler genetic
background is almost completely penetrant and is more ex-
treme than that of either xtc/ or xtc2. Seventy percent (n =
349) of ampl(pt) plants produce at least one leaf that is
completely devoid of trichomes, and all plants produce at least
one leaf with fewer than five trichomes. In addition, 26% (n =
416) of ampl(pt) seedlings have an additional #rue cotyledon;
this is also characteristic of the ampI-1 allele (11). Additional
true cotyledons can be readily distinguished from cotyledon-
like leaves, because they are identical in shape and size to true
cotyledons and emerge at the same time, at the same node, and
at 120° orientation relative to other true cotyledons. ampl-1
has been mapped to the bottom of chromosome 3, between ap3
and #5 (11).

The Extra-Cotyledon Phenotype Is Due to a Change in the
Relative Timing of Leaf and Embryo Development. The de-
velopmental basis of the extra-cotyledon phenotype initially
was suggested by the precocious appearance of transformed
leaves (Table 1). At 22°C under continuous light, the first two
leaf primordia of wild-type seedlings do not emerge until 5
days after imbibition (DAI), whereas in mutant plants these
leaf primordia frequently emerge 3 or 4 DAI. The phenotype
of the first two leaves in mutant plants is correlated with their
time of emergence. Leaves that are visible 3 DAI are com-
pletely devoid of trichomes and have a simple venation pattern;
leaves that emerge at progressively later times have increasing
numbers of adaxial trichomes. A histological examination of
sections of mature seeds demonstrated that 5 of 11 xtc!
embryos, 8 of 10 xtc2 embryos, and 16 of 19 ampI(pt) embryos
had enlarged leaf primordia. In mature wild-type embryos, the
primordia of the first two leaves sometimes protrude slightly
from the shoot meristem, but are more typically arrested
before this stage. These numbers are consistent with the
penetrance of the extra-cotyledon phenotype of these mutants
and suggested that the transformation of leaves into cotyledons
in these mutants might result from the precocious production
of leaf primordia during embryogenesis. To explore this hy-
pothesis, we examined the morphology of wild-type and mu-
tant embryos at various times after pollination (Fig. 4). Both
xtcl and xtc2 produce embryos with phenotypes ranging from
those arrested at a globular-to-heart stage of development to
phenotypically wild-type embryos. The following descriptions
pertain to the intermediate phenotype characteristic of the
majority of mutant embryos.

Table 1. The number of trichomes on the upper surface of leaves
that emerge on various DAI

Date of leaf emergence DAI

Genotype 3 4 5 6
Wild type 10.1 = 0.4

xtcl 0 59+07 11.7 = 0.5 11.3 =05
xtc2 0 8.7+08 11.0 £ 0.4

pt 0 37+05

ptpsd 4 *02 34+02

DAIwas measured starting from the day that seeds were transferred
to a growth chamber after 3 days on moist soil at 4° C. Only plants that
had fully expanded cotyledons by 3 DAI were scored. These data
represent the number of adaxial trichomes on leaf 1 or leaf 2. In
wild-type plants, these leaves emerge simultaneously at 5 DAI In
other genotypes, one or both of these leaves emerge at various times
after imbibition. Values are = the SEM.
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In wild-type plants, the embryo undergoes a transition from
an undifferentiated globular structure to heart-shaped embryo
with well defined shoot and root poles and cotyledon primor-
dia between 4 and 5 days after pollination (DAP) (Fig. 4¢). The
differentiation of the shoot meristem begins during this tran-
sition (12, 13). xtcI embryos are similar to wild-type embryos
4 DAP (Fig. 4b) but fail to undergo the globular-to-heart
transition at 5 DAP (Fig. 4f). Mutant embryos produce well
developed cotyledon primordia and a shoot apical meristem
primordium 1 day later (Fig. 4j), but the embryo is often
somewhat elongated at this stage, and cotyledons frequently
develop asynchronously and somewhat abnormally. xtc/ em-
bryos continue to increase in size at the same rate as wild-type
embryos after this initial delay (data not shown) and develop
enlarged meristems and leaf primordia by 8 DAP, which then
grow to an unusually large size by 10 DAP (Fig. 4n). xtc2
embryos also resemble wild-type embryos early in develop-
ment (Fig. 4c) but do not undergo the globular-to-heart
transition until wild-type embryos are at a bending cotyledon
stage (Fig. 4 g and k). Although they continue to grow
throughout the remainder of seed development, the cotyle-
dons and hypocotyl of xtc2 embryos do not expand fully, so that
mutant embryos often retain the morphology of late heart
stage or early torpedo stage embryos. Despite the arrested
development of the embryo proper, histological analysis of xtc2
embryos demonstrates that they produce an unusually large
shoot apical meristem and leaf primordia by 8 DAP (data not
shown). The size of the primordia at 10 DAP is shown in Fig.
40. Thus, both of these mutations perturb the morphogenesis
of the embryo at the globular-to-heart transition, but permit
the shoot meristem to develop to an advanced stage by the end
of embryogenesis.

FiG. 4. Wild-type and mutant embryos at 4 days (a, b, ¢, and d), 5
days (e, f, g, and h), 6 days (i, j, k, and /) and 10 days (m, n, o, and p)
after pollination. (a, e, i, and m) Wild type. (b, f, j, and n) xtcl. (c, g,
k, and o) xtc2. (d, h, I, and p) ampI(pt). If, leaf primordium. (Scale bar:
a-l = 50 um; m—p = 100 wm.)
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ampl(pt) also dissociates the development of the shoot
meristem from the development of the embryo proper, but in
a different way than xtcl or xtc2. In wild-type embryos, the
apical cell divides in a stereotypical pattern to produce the
globular embryo proper whereas the basal cell divides trans-
versely to produce the suspensor (15). In ampl(pt) embryos,
cell division in both the suspensor and the embryo proper is
highly abnormal. Early in development, cells in the apical
regions of the suspensor often undergo a series of vertical,
oblique, and transverse divisions (Fig. 4d), producing an
elongated rather than a spherical embryo proper. At about 5
DAP, cells in the entire apical half of the embryo acquire the
dense cytoplasmic appearance typical of cells in the shoot
meristem, and the embryo proper begins to expand laterally
(Fig. 4h). Two or three cotyledons arise near the midline of the
embryo 1 day later (Fig. 4/). The shoot meristem is prominent
in ampl(pt) embryos at 8 DAP, but the overall size of the
embryo proper is reduced by comparison to both xtcI and xtc2.
As in the case of these mutants, leaf primordia arise in
ampl(pt) embryos between 8 and 10 DAP (Fig. 4p).

To test the hypothesis that the effect of ampl(pt) on leaf
identity is due to the precocious development of the shoot
meristem, we examined the effect of the paused (psd) mutation
on the amp1(pt) phenotype. psd delays the initiation of the first
two leaves, but has no effect on the rate of leaf initiation once
these leaves are produced (16). Observations of cleared,
mature psd/psd; ampl(pt)/ampl(pt) double mutant embryos
demonstrated that they do not have enlarged leaf primordia
(data not shown); furthermore, the first two leaves of these
double mutants emerge about 2 days after the cotyledon-like
leaves in ampl(pt) plants (Table 1). As predicted, the extra-
cotyledon phenotype of ampl(pt) is strongly suppressed in
ampl(pt)/ampl(pt); psd/psd double mutants (Table 1; Fig. 5).
Although the first leaves of double mutants are similar in size
to the cotyledon-like leaves of ampI(pt) plants, their trichome
density and venation pattern resembles that of normal first leaf
(compare Fig. 2b and Fig. 5b). This result supports the
conclusion that the extra-cotyledon phenotype of ampI(pt) is
due to the precocious development of the shoot meristem,
rather than being a direct effect of ampl(pt) on leaf identity.
We did not test the effect of psd on xtcl and xtc2 because of
their highly variable penetrance and expressivity. It is signif-
icant, however, that the phenotype of the first leaves in these
mutants is correlated with their time of emergence, with
cotyledon-like leaves emerging sooner than phenotypically
normal first leaves (Table 1). Assuming that the time at which
aleaf primordium emerges after germination is directly related
to its size in the embryo, this observation is consistent with the
conclusion that the precocious development of leaves during
embryogenesis is responsible for their cotyledon-like pheno-

type.

FiG. 5. The first leaf of (a) ampl(pt)/ampl(pt), (b) ampl(pt)/
ampl(pt); psd/psd, and (c) psd/psd mutant plants. The double mutant
leaf in b resembles a normal first leaf in having well developed
trichomes and a complex venation pattern.

Proc. Natl. Acad. Sci. USA 94 (1997)

xtcl, xtc2, and ampl (pt) Do Not Affect the Viability of the
Shoot. All three of these mutations have pleiotropic effects on
shoot development after germination, but mutant plants are
vigorous, and they flower within about 2 days of wild-type
plants (Fig. 6). xtcI and xtc2 have no effect on the rate of leaf
initiation after germination (data not shown). However,
ampl(pt) produces a significant increase in the rate of leaf
initiation, as has been previously reported for other mutant
alleles of this locus (11, 16, 17). The rosette and the inflores-
cence stem of xtcl plants are smaller than in wild-type plants;
in addition, the inflorescence stem lacks epicuticular wax (i.e.,
it has a cer phenotype). Crosses between xtcl and cerl, which
maps near xtcl, demonstrated that these mutations are not
allelic. xtcl also has a number of effects on flower develop-
ment. In particular, xtc! causes flower buds to open prema-
turely, sometimes produces an increase in carpel number, and
reduces female fertility. Some cer mutations are semisterile
under conditions of low humidity. To determine if this is the
basis of the semisterility of xtcI, we enclosed plants in plastic
bags during inflorescence development to increase the relative
humidity, a treatment that previously has been shown to
restore fertility to cer mutations (18). This treatment did not
markedly increase the fertility xtcl, implying that the semis-
terility of this mutation is probably not due to its effect on
epicuticular wax production.

Although xtc2 seedlings are initially smaller that wild-type
seedlings and sometimes have slightly abnormal phyllotaxis,
this mutation has no other obvious effects on vegetative
development. The inflorescence morphology of xtc2 plants is
also normal, but mutant flowers are semisterile because they
shed little or no pollen. xtc2 also may produce an increase in
carpel number and prevent carpel fusion, but the expressivity
of these phenotypes is quite variable.

The postembryonic phenotype of amp1(pt) is similar to that
of the previously described ampl-1 allele (11). As noted above,
ampl (pt) increases the rate of leaf initiation after germination
and reduces apical dominance. ampl(pt) also produces a
general reduction in the size of leaves, inflorescence stems, and
floral organs. amp1(pt) occasionally produces fasciated inflo-
rescence stem, but does not affect the number of floral organs
or have any obvious effect on the pattern of floral develop-
ment.

DISCUSSION

Previous studies have demonstrated that genes involved in the
physiological maturation and subsequent germination of an

Fi1G. 6. Mature wild-type and mutant plants. (Left to Right) Ler,
xtcl, xtc2, and ampl(pt).
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embryo are part of several independent developmental path-
ways that must be properly coordinated if the embryo is to
develop normally (2, 4). Evidence also shows that the mor-
phogenesis of different parts of the embryo may depend on the
coordination of otherwise independent processes. In particu-
lar, mutant alleles of twn (19), susi, sus2, and sus3 (20) disrupt
the development of the embryo proper and cause the suspen-
sor either to initiate a secondary embryo or to undergo a
pattern of cellular differentiation typical of the embryo proper.
This phenotype suggests that the development of the suspensor
is regulated by the embryo proper, and that in the absence of
the embryo proper the suspensor is capable of displaying a
much greater developmental potential than it does normally
(21). The developmental relationship between other parts of
the embryo (cotyledons, hypocotyl, shoot apical meristem, and
root apical meristem) is less clear. Mutations that delete the
shoot apical meristem in Arabidopsis (12) and petunia (22)
have little or no effect on other aspects of embryogenesis,
implying that pattern formation in the embryo proper does not
depend on information provided by the shoot apical meristem.
Most of the “pattern formation” mutations in Arabidopsis have
global effects on the morphogenesis or growth of the embryo,
although they generally affect one particular part of the
embryo more than another (23-26). Whether this reflects a
general requirement for these genes throughout the embryo or
is a consequence of interactions between different parts of the
embryo remains to be determined. The mutants described here
are interesting because they suggest that although the devel-
opment of the embryo proper does not depend on the shoot
meristem, the developmental state of the embryo does influ-
ence the development of the shoot meristem. Thus, the
temporal coordination of the development of the shoot apex
and the embryo proper may be important during the early
morphogenesis of the shoot.

This conclusion is based on the observation that inxtcl, xtc2,
and ampl(pt) the transformation of leaves into cotyledons is
associated with a change in the relative timing of the devel-
opment of the embryo proper and the shoot apex. The
dissociation of shoot meristem development and the develop-
ment of the embryo proper occurs in slightly different ways in
ampl(pt), xtcl, and xtc2. In ampl(pt) embryos, the shoot
meristem develops to an unusually large size at the globular
stage of development, well before the shoot meristem is fully
developed in wild-type embryos. By contrast, xtcl and xtc2
delay the development of the embryo proper and subsequently
permit the shoot meristem to develop to a greater extent that
it would under normal conditions. The result of this dissoci-
ation of shoot and embryo proper development is that leaf
primordia develop precociously during embryogenesis. Evi-
dence that the transformation of leaf primordia into cotyle-
dons is a consequence of their precocious development rather
than being a direct effect of these mutations on leaf identity is
provided by the fact that the psd mutation suppresses the
extra-cotyledon phenotype of ampl(pt), and by the observa-
tion that the phenotype of the first two leaves of mutant plants
is correlated with their time of emergence. Thus, leaf primor-
dia that develop precociously during embryogenesis (and
therefore emerge precociously after germination) are more
likely to become transformed into cotyledons than leaves
whose development is delayed.

The mutants described here are phenotypically similar to
Brassica napus embryos that have been forced to germinate
precociously (7, 8), but differ from these B. napus seedlings in
several respects. First, whereas B. napus seedlings continue to
produce extra cotyledons for several plastochrons after ger-
mination, this does not appear to be true forxtc/ andxtc2. Both
of these mutants produce no more than two extra cotyledons,
and these structures always emerge precociously relative to the
first two leaves of wild-type plants; leaf primordia that emerge
at the same time as wild-type leaves (i.e., 5 DAI) are com-

Proc. Natl. Acad. Sci. USA 94 (1997) 10213

pletely normal. We conclude, therefore, that the effect of these
mutations on leaf identity is confined to leaves initiated before
germination. The situation is less clear in the case of ampI(pt)
because this mutation may produce seedlings in which four or
more leaves have a reduced number of trichomes. We occa-
sionally have observed more than two enlarged leaf primordia
in mature mutant embryos, but the complex morphology of
these embryos has made it difficult to accurately determine
their number of leaf primordia. It is possible that ampl(pt)
plants produce extra cotyledons both before and after germi-
nation. Second, whereas the extra cotyledons produced in B.
napus are frequently mosaic structures, consisting of discrete
longitudinal sectors of leaf-like and cotyledon-like tissue (8),
the extra cotyledons produced by the mutants described here
appear to be homogeneous; these structures are either com-
pletely cotyledon-like or display a general reduction in
trichome density or vascular complexity rather that having
discrete leaf-like and cotyledon-like domains. Finally, it should
be emphasized that ampl(pt), xtcl, or xtc2 probably do not act
by inducing a germination program because all three muta-
tions have desiccation-tolerant seeds. In summary, the trans-
formation of leaves into cotyledons appears to occur by at least
three mechanisms (precocious germination, precocious devel-
opment of the shoot apex, and the delayed development of the
embryo proper), all of which result in a change in the relative
timing of shoot and embryo proper development.

Changes in developmental timing (heterochrony) have been
widely invoked as a source of novelty in evolution (27, 28), but
the significance of this phenomenon in plant evolution is still
unclear. Genetic analyses of heterochrony in plants have
focused on the phenomenon of shoot maturation, which
involves characteristic changes in the morphology, anatomy,
and physiology of leaves produced at different stages in shoot
development (29, 30). Based on the results of this study, it is
reasonable to propose that the character of the first few leaves
of a plant may be influenced by the developmental stage of the
embryo at the time each of these leaves were initiated. In fact,
in maize (31-34) there is evidence that the development of the
first two leaves may be regulated differently than leaves
produced later in embryogenesis. It is fascinating that the
number of leaf primordia produced during seed development
(i.e., the number of leaves in the plumule) varies widely in
different species. As far as we know, the evolutionary signif-
icance of this interspecific variation in plumule leaf number has
not been carefully investigated. If leaves produced during
embryogenesis, or at particular times in embryogenesis, are
fundamentally different from leaves produced at other times,
then variation in the duration or rate of meristem development
during embryogenesis may generate novel types of leaves and
provide an explanation for this general and poorly understood
aspect of plant biology.

Although ampl-1 and its alleles, hauptling (S. Ploense,
personal communication) and cop2 (17), are known to have an
effect on the number of true cotyledons and on the rate of leaf
initiation after germination (11, 16, 17, 35), the effect of amp1
mutations on the morphogenesis of the embryo and on leaf
identity has not been previously described. ampl(pt) differs
from other mutations that increase the size of the meristem
(36-38) in that it does not increase floral organ number and
only infrequently produces stem fasciation. The significance of
this observation remains to be demonstrated because we do
not know that ampl(pt) increases the size of the shoot mer-
istem during the postembryonic growth of the shoot. In any
event, the highly pleiotropic effects of this mutation imply that
AMPI functions in many aspects of plant development and is
not confined in its activity to the shoot apical meristem.
Chaudhury et al. (14) have shown that the level of cytokinin in
ampl-1 mutants is six times greater than in wild-type plants
and attribute the phenotype of this mutation to this elevated
level of cytokinin. The precocious development of the shoot
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meristem in ampl(pt) mutants is consistent with this hypoth-
esis, because cytokinin has long been known to promote shoot
meristem development (39, 40). However, it is notable that
ampl(pt) mutants do not produce excessive amounts of an-
thocyanin. Because an increase in anthocyanin production is
one of the most characteristic effects of exogenously applied
cytokinin (41), it remains to be determined whether the
elevated level of cytokinin in ampl-1 is responsible for its
mutant phenotype or is a secondary effect of this mutation.

xtcl and xtc2 represent a novel class of embryonic muta-
tions. Many mutations that arrest embryogenesis or perturb
the morphogenesis of the embryo have been described (3, 35),
but we are unaware of any previously described mutations that
delay embryogenesis at the globular-to-heart transition but do
not have major effects on the viability of the embryo or the
development of the shoot after germination. This intriguing
phenotype suggests that X7CI and X7C2 may function to
regulate this important developmental transition. A more
detailed analysis of the effect of xfcl and xfc2 on embryonic
gene expression, as well as the isolation and characterization
of additional alleles of these genes, should provide a clearer
picture of their role in Arabidopsis embryogenesis.
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