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abi3 alele showed germination-related proteins were synthe-
sized during the maturation stage in the double mutant (Meurs
et al., 1992). Although no visible germination was apparent,
this result suggests highly non-dormant phenotypes may result
because germinative development is induced while the embryo
is still maturing.

Here we present developmental studies of molecular, phys-
iological and morphological aspects of a severe alele of abi3.
The aterations we have observed in differentiation of the shoot
apex and vascular tissue in a severe abi3 alele indicate that
these mutants are in a germinative stage of development well
before seed desiccation begins. Our analyses also suggest that
the ABI3 gene product (ABI3) is not only essential for entry
into the maturation stage of embryo devel opment, but also that
mutant embryos continue directly into a germinative program
while in the seed.

MATERIALS AND METHODS

Plant materials and growth conditions

The mutant abi3 alele, ahi3-3, used in this study is one of the most
severe alleles of this locus (Nambara et a., 1992, 1994). Plants were
grown on rockwool moistened with a nutrient medium described previ-
oudy (Fujiwaraet d., 1992) under continuous fluorescent light at 22°C.

A transgenic strain, designated cab3-GUS, carrying the B-glu-
curonidase (GUS) gene under the control of the promoter of a gene
encoding a chlorophyll a/b binding protein (Cab) has been described
previously (Chory and Peto, 1990). The cab3-GUS strain was crossed
to the abi3 mutant and a line homozygous for both abi3 and the
transgene was established from the F> generation.

Physiological analysis

Siliques were staged for phenotypic analysis of whole embryos and
for dark germination experiments by tying colored thread around the
peduncle on the day of flower opening and intact siliques were
harvested on the indicated number of days after flowering (DAF).
Seed sterilization for dark germination experiments was carried out
either under a green safe light (Nambara et al., 1991) or within 3
minutes under normal lighting conditions. Dissected seeds were
placed on nutrient agar plates containing 1% sucrose. Both mutant
and wild-type seeds were scored for growth after 7 days of incuba-
tion in darkness at 22°C.

The water content of the seeds was determined as follows. Siliques
were harvested 6-18 DAF and approximately 100 seeds were excised
from siliques with a needle. These were weighed both within 8
minutes of harvesting and after being allowed to desiccate at room
temperature for 3 days. The decrease in seed weight due to desicca
tion was not significant for at least 10 minutes after dissection for
seeds older than 8 DAF. Exact numbers of seeds were counted after
desiccation.

Northern hybridization

Siliques were staged as described for physiological anaysis, and
northern analysis was performed as previously described (Nambara et
al., 1992; Naito et a., 1994). RNA equivalent to that obtained from
1.5 siliques was loaded into each lane. The Arabidopsis 12S SSP
genes (CRA, CRB, and CRC; Pang et al., 1988) and the 2S SSP gene
(AT2S1; Guerche et a., 1990) were used to probe seed reserve protein
expression. The LEA76 gene probe encodes one of the late embryo-
genesis abundant protein (Lea) genes of Brassica napus (Harada et
al., 1989). 32P-labeled DNA probes were prepared by random primer
labeling (Feinberg and V ogel stein, 1984). We obtained similar results
in triplicate experiments conducted with each probe. A representative
result is presented for each probe.

Whole-mount preparations

Wild-type and abi3 seeds harvested 12 DAF were incubated for 1 hour
or less on agar to soften seed coats and facilitate dissection of embryos
from the seed. Germinating wild-type seedlings were imbibed on
agar-solidified nutrient medium for the number of hours indicated
then prepared for whole-mount observation. Dissected embryos or
germinating seedlings were fixed in 70% ethanol for 2 days, then
dehydrated in 1 change of 95% ethanol, followed by 2 changes of
100% ethanol. Each dehydration step lasted 2-4 hours. Dehydrated
seedlings were cleared overnight in a saturated solution of chloral
hydrate (60 g chlora hydrate in 15 ml H20) then mounted on slides
in amodified Hoyer’s solution (9 g gum arabic, 60 g chloral hydrate,
6 ml glycerol, in 15 ml H2O; Cunningham, 1972), and viewed under
a dissecting microscope. A minimum of 15 embryos or seedlings at
each stage of development were observed and representative embryos
were photographed using a Reichert Polyvar compound photomicro-
scope with Nomarski (differential interference contrast) optics and
Kodak TMAX 100 black-and-white film.

GUS assays

Immature seeds were dissected from siliques with a needle. Fifteen
immature seeds or 30 seedlings that were grown under 18 hours
light/6 hours dark condition were used for GUS assays as described
using 4-methylumbelliferyl-B-D-glucuronide as a substrate (Jefferson
et al., 1987).

RESULTS

Seed development in abi3 mutant

The early wild-type embryo passes through a number of mor-
phological stages during which it is essentialy colorless (Fig.
1A). At approximately 6 DAF it begins to green and remains
green until 12-13 DAF (Fig. 1C), after which the embryo loses
color and the seed coat begins to turn brown (Fig. 1E). The
degreening of the embryo is also marked by a rapid decrease
in water content (Fig. 2), which by 16 DAF yields a mature,
white, quiescent embryo in a brown seed coat (Fig. 1G).

Mutant abi3 embryos develop normal green cotyledonsin a
manner similar to wild-type and appear morphologically
normal by 8 DAF (Fig. 1C,D). After that point, however, they
fail to degreen and remain fully hydrated at a stage when wild-
type seeds are beginning to lose water (Figs 1F, 2). By 12-14
DAF, anthocyanin accumulation can be detected at the
cotyledon margins, which has not been observed in wild-type
embryos (Fig. 1E-H). Although mutant embryos remain green
and maintain ahigher water content than wild-type during most
of embryo maturation, the embryo finally desiccates by 16-18
DAF (Fig. 2) suggesting that ovule abscission does occur in
abi3 embryosyielding a shriveled seed containing adark green
embryo (Fig. 1H).

Expression of seed-specific genes

The temporally regulated expression of a number of gene
families during seed development has been studied in an
attempt to distinguish between specific stages of seed devel-
opment at the molecular level (Goldberg et al., 1989; Hughes
and Galau, 1991). In Arabidopsis, 12S cruciferin and 2S napin
gene expression marks the end of embryo pattern formation
and the beginning of the mid-stage of embryo development
when storage reserves accumulate. Lea mRNAs, which are
thought to play arole in protecting the embryo from desicca



tion, are usually expressed later than storage reserves and mark
the developmental stage after ovule abscission (Dure, 1993).

Three 12S cruciferin genes, CRA, CRB, and CRC (Pang et
al., 1988), and a 2S napin gene, AT2SL (Guerche et al., 1990),
were used to follow the SSP gene expression. The three 12S
genesisolated in Columbia background do not cross hybridize
to each other (Pang et al., 1988) while the AT2S1 gene detects
all four 2S family genes (Guerche et al., 1990). In wild-type,
these SSP gene mRNASs showed similar patterns of accumu-
lation, reaching amaximal level 10-12 DAF and then decreas-
ing (Fig. 3A-D). In contrast, in the abi3 mutant accumulation
of SSP gene mRNAs was highly reduced (Fig. 3F-1) with the
exception of the CRB gene, which accumulated to a near-
normal level (Fig. 3G). Lea mRNA accumulation which was
not detected until 10 DAF in wild-type (Fig. 3E), could not
be detected in the mutant under the conditions used in these
experiments (Fig. 3J). The reduction of Lea mRNA accumu-
lation in the severe abi3 mutant seed is similar in pattern to
that reported using an Arabidopsis Lea gene probe in
expression studies of aweak allele of abi3 (Finkelstein, 1993).
Taken together with the morphologica studies, the reduction
in expression of the MRNAs associated with mid to late stages
of embryo development suggest abi3 mutants complete the
embryo pattern formation but are unable to successfully
complete the maturation stage of embryo and seed develop-
ment, which include the establishment of dormancy and des-
iccation tolerance.

Germination in darkness

Wild-type Arabidopsis requires light for efficient germination.
The light requirement for germination can be circumvented by
the addition of exogenous GA, suggesting light either directly
or indirectly activates the synthesis of GA or increases the sen-
sitivity of the seed to this hormone (Karssen and Lacka, 1985).
The severe abi3 alleles used in this study were originally iden-
tified due to the mutant’ s ability to germinate in the absence of
GA synthesis in the light (Nambara et a., 1992, 1994), sug-
gesting such mutants might germinate well in darkness.

We tested this possibility by imbibing abi3 and wild-type
seeds in darkness for seven days. Mutant abi3 seeds harvested
at 14 DAF showed 100% germination in the dark and 85-90%
of these seedlings were similar in morphology to GA-induced
dark germinated wild-type seeds (Fig. 4A). The remaining
seedlings differed markedly from their siblings and although
variable in phenotype al had fully expanded cotyledons
attached to elongated cotyledonary petioles, and fully formed,
unexpanded leaves bearing trichomes (Fig. 4B,C).

The unexpected ability of abi3 seedlings to produce
expanded cotyledons and leaves in darkness could be
accounted for if abi3 embryos have entered germinative devel-
opment while still in seeds in siliques. If true, abi3 seeds
imbibed in darkness are functionally equivalent to wild-type
seeds that have been imbibed and germinated in light before
being placed in darkness. To test this hypothesis, mature wild-
type seeds were imbibed for varying lengths of timein the light
and then moved to darkness for 7 days. Seeds imbibed in the
light for 72 hours and then placed in darkness resulted in 100%
germination with approximately half of the seedlings having
expanded cotyledons and the first pair of foliage leaves (Fig.
4D), which is very similar to that observed in dark-germinated
abi3 seedlings (Fig. 4B,C). Our result with wild-type seeds

Late embryo development in Arabidopsis 631

supports the hypothesis that late stage abi3 embryos are in a
germinative state of development while in the seed.

Development of the first leaf pair and vascular
differentiation in abi3 embryos

To clarify whether or not the |eaf development observed in the
dark-germinated abi3 seedlings occurred before or after imbi-
bition, embryos dissected from seeds harvested 12 DAF, as
well as germinating seedlings were prepared for whole-mount
observation and photographed. The shoot apical meristems of
al wild-type embryos observed were essentialy flat (Fig.
5A,D) and correspond well to those described by Irish and
Sussex (1992). Wild-type seedlings imbibed for 48 hours were
essentially identical in appearance to wild-type embryos
dissected from seeds harvested 12 DAF, except that the
imbibed cotyledons were dightly larger and the root tips were
more elongated. In contrast, two distinct populations of apical
meristems were observed in abi3 embryos fixed 12 DAF.
Approximately 90% of these embryos contained apical
meristems at the leaf buttress stage of development. The height
of the meristem (measured from the level of cotyledon attach-
ment) was twice that of wild-type embryos and precursors of
thefirst two leaves were clearly present as leaf buttresses (Fig.
5H). This stage of meristem development corresponds to that
observed in wild-type seedlings 48 hours after initiation of
imbibition (HAI, Fig. 5B,E). The remaining (approximately
10%) abi3 embryos contained meristems with well developed
leaf primordia (Fig. 5G,1), corresponding to a stage of apical
meristem development similar to that observed in germinating
wild-type seedlings 72 HAI (Fig. 5C,F).

The shoot apical meristems of 12-day old abi3 embryos
clearly had entered a developmental program corresponding to
that observed in germinating wild-type seedlings. In addition
to this, all the abi3 embryos we observed exhibited a marked
degree of vascular differentiation (Fig. 5G-1). The procam-
bium, which eventually differentiates to form the entire
vascular system, was clear and could be traced in several focal
planes throughout all embryos and seedlings observed
(indicated by a double headed arrow in Fig. 5E). Severa cell
files of the procambium in abi3 embryos (Fig. 5G-1) and in
wild-type seedlings observed 48-72 HAIl (Fig. 5E,F) had
helical secondary cell wall thickenings, indicating that an early
stage of vascular differentiation, i.e. differentiation of pro-
toxylem tracheary elements, had occurred. Protoxylem differ-
entiation within the stem-root axis and cotyledons can be very
clearly observed throughout abi3 embryos at lower levels of
magnification (Fig. 5G). By observing the procambium using
al available planes of focus, we confirmed that at least one
continuous strand of protoxylem extended throughout the
stem-root axis and each cotyledon of wild-type seedlings
observed 72 HAI (Fig. 5C,F). Wild-type seedlings observed 48
HAI clearly exhibited some degree of protoxylem differen-
tiation (Fig. 5E), however continuous strands of protoxylem
were not found in these seedlings. There were regions of the
cotyledons and just below the shoot apical meristem in which
fully differentiated tracheal elements could not be observed
(Fig. 5B,E).

Expression of Cab promoter during abi3 embryo
maturation

Physiological and morphological observations of late embryo-
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genesis in abi3 mutants suggest genes induced after wild-type  promoter activity of a gene encoding a chlorophyll a/b binding
seed germination should be activated during late embryogene- protein (Cab), a gene that has been shown to be induced by
sisin abi3 mutants. We tested this hypothesis by analyzingthe  light after germination (Chory and Peto, 1990; Kubasek et al.,

Fig. 1. Seed development in wild-type (A,C,E and G) and abi3 mutants (B,D,F and H) of Arabidopsis. Embryos dissected from seeds of wild-
type and abi3 harvested 4 (A,B), 8 (C,D), 12 (E,F) and 16 (G,H) DAF are shown. Embryos were dissected after imbibing seeds on agar plates
for 20 minutes, then photographed immediately. The 16-day old embryos and seeds appear more hydrated in this photograph than seeds that
haven't been dissected or photographed. All photographs were taken at the same magnification. Scale bar, 300 um.
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Fig. 5. Shoot apical meristem formation and vascular differentiation in embryos and germinating seedlings. (A-F) Wild-type embryo and
seedlings. (A,D) Wild-type embryo dissected from a seed harvested 12 DAF. The shoot apical meristem isflat. (B,E) A wild-type seedling
imbibed for 48 hours. Meristem development has progressed such that buttresses of the first foliage leaf primordia are apparent. The diameter
of the procambium is indicated by a double headed-arrow. (C,F) A wild-type seedling imbibed for 72 hours. Primordial leaves are apparent in
the meristem and protoxylem differentiation is continuous throughout the seedling. (G-1) abi3 embryos dissected from seeds harvested 12 DAF.
(G) Protoxylem tracheal elements have differentiated within the procambium of the stem-root axis and cotyledons of the embryo, but this has
not occurred in wild-type embryos of the same age (A). (H,1) abi3 embryonic shoot apical meristems exhibit leaf primordia characteristic of
wild-type seedlings imbibed for 48 and 72 hours (E,F). The degree of protoxylem differentiation in abi3 embryos at 12 DAF (G-I) isonly
comparable with that in wild-type seedlings imbibed for 72 hours (C,F). bp, leaf buttress primordia; Ip, true leaf primordia; m, shoot apical
meristemn; pc, procambium; px, protoxylem. All scale bars, 100 pm.



