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Sequential steps for developmental arrest in Arabidopsis seeds
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SUMMARY

The continuous growth of the plant embryo is interrupted  phenotype and double mutants are highly viviparous.
during the seed maturation processes which results in a Embryo growth arrest is regulated by cell division activities
dormant seed. The embryo continues development after in both the embryo and the endosperm, which are
germination when it grows into a seedling. The embryo gradually switched off at the mature embryo stage. In the
growth phase starts after morphogenesis and ends when fus3/lecmutants, however, cell division in both the embryo
the embryo fills the seed sac. Very little is known about the and endosperm is not arrested, but rather is prolonged
processes regulating this phase. We describe mutants that throughout seed maturation. Furthermore ectopic cell
affect embryo growth in two sequential developmental division occurs in seedlings. Our results indicate that seed
stages. Firstly, embryo growth arrest is regulated by the dormancy is secured via at least two sequential
FUS3/LEC type genes, as mutations in these genes cause alevelopmental processes: embryo growth arrest, which is
continuation of growth in immature embryos. Secondly, a regulated by cell division and embryo dormancy.

later stage of embryo dormancy is regulated by ABI3 and

abscisic acid; abi3 and abal mutants exhibit premature

germination only after embryos mature. Mutations  Key words: Embryo growth, Growth arrest, Embryo dormafus
affecting both developmental stages result in an additive lec, Arabidopsis thaliana

INTRODUCTION characterized by an interruption of growth and is associated
with changes of cell growth activity and gene expression.

Multicellular organisms require proper timing for control of During normal seed development embryo arrest is reversed
their development. This requires the correct timing of cellpon germination, when proper environmental conditions are
division, cell-fate commitment and differentiation, which in provided and the dry seeds imbibe water. Germination, or
plants determines the phase transition between the embryo, tieaking of dormancy, is initially characterised by cell
seedling and the adult organism. Phase transitions impllongation, which allows the embryo to break through the
changes of cell division rates and patterns, leading to changssrrounding envelopes (Mansfield and Briarty, 1996). After
in plant growth rate and the formations of new structuresgermination, during seedling growth, cell division resumes.
Entering a new phase requires a change in the balance ofSeed development has been extensively studied in
expression of numerous genes (Kerstetter and Poethig, 1998yabidopsisusing mutants defective in various aspects of the
How developmental timing is controlled is still not well process. Mutants affecting the morphogenesis phase result in
understood. lethality or seedlings exhibiting abnormal phenotypes (Mayer

Seed development comprises two major phases: embryt al., 1991). Seed maturation mutants, however, exhibit a
development and seed maturation. Embryogenesis starts witbrmal seedling phenotype, but properties of germination and
a morphogenesis phase and ends at the heart stage whendalimancy, as well as desiccation tolerance are defective
embryo structures have been formed (Mayer et al., 1991). It (Koornneef and Karssen, 1994; Goldberg et al., 1994).
followed by a growth phase during which the embryo fills the Two major groups of seed maturation genes, differing in the
seed sac (Goldberg et al., 1994). At the end of embryo growtiumber of pleiotropic effects they have, can be recognised
phase, cell division in the embryo arrests. The signals thgHoldsworth et al., 1999). The first group includes loci that
induce cell division arrest and in what way arrest triggers theave a broad effect during seed maturation such a&BHz
initiation of the following maturation phase is not known. LaterFUS3 and LEC loci. In abi3, lecl and fus3 mutants the
during development the seed, containing a full size embry@ccumulation of storage compounds, various proteins,
undergoes maturation during which food reserves accumulathlorophyll and anthocyanins, dormancy and desiccation
and dormancy and desiccation tolerance develop (Goldberg elerance are defective (Holdsworth et al., 1999; Wobus
al.,, 1994). The change from embryogenesis to maturation end Weber, 1999). Thécl, lec2and fus3 mutants differ
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morphologically from th&bi3 mutants as they form trichomes mutants from the same background were crossed. Plants were grown
on their cotyledons, which are also absent in wild typein an air-conditioned greenhouse at 18-25°C with additional light
Although the master regulatoRJS3 LEC1 and ABI3 have  provided in winter (at least 16 hours photoperiod from Philips HP1-
been cloned is it not clear how they function during seed/400 W lamps). For premature germination studies immature
development. One possibility is that they function together a§'|“?“eSGV"ere. h‘t"’!r"eSteg' cut tﬁpe” and p'tated on 0'4./"dwaier'ac?ar
transcription factors and can form hetero-oligomerich oS- Serminaton anc growth experments were carned out under
S . . - %:)ntlnuous light at 22-24°C.
combinations that regulate various maturation-associate
genes (Parcy et al., 1997; Wobus and Weber, 1999). The secagds staining and imaging
group contains mutants with diverse defects in restrictegys staining was done as described by Raz and Koornneef (Raz and
aspects of seed maturation, an example of which is theoornneef, 2001). Microscopic analyses were carried with Nomarski
wrinkled seed mutant (Focks and Benning, 1998) defective imptics using a Nikon Optiphot microscope. For confocal microscope
seed storage accumulation. In addition, mutants that do nebalyses immature seeds were stained using the Feulgen staining
germinate such asomatose(Russell et al., 2000) ansly = method (Siddigi et al., 1999) and analysed with a laser confocal
(Steber et al., 1998) or mutants with reduced seed dormangyjcroscope (Bio-Rad laser, COMOS 7 operating software).
(Léon-Kloosterziel et al., 1996) can also be classified in thi§estern biot analysis

second group. Among the seed germination and dorman

tant h that al fect additi | st f Itl?yotein extractions were carried out in PBS+1% Tween. Protein
mutants are those that also arrect adaiional stages o paiémple buffer was added and proteins were boiled for 5 minutes. The

development. These include abscisic acid (ABA; Koornneekyiraction mix was centrifuged for 5 minutes and supernatant was
et al., 1998) and gibberellin (GA) biosynthesis mutantsransferred into a new tube. Aliquots of proteins were separated on
(Koornneef and van der Veen, 1980), and those with an alterady SDS-PAGE using the Bio-Rad mini system. Blotting and
testa pigmentation or structure (Debeaujon et al., 2000). Thmmunodetection with HRP reagents (ECL) was carried according to
study of ABA and GA mutants irabidopsisand maize the Bio-Rad protocol. Membranes were stained with Ponceau-S
has shown that, during germination, GA antagonises ABASigma). KNOLLE protein was_detected with anti-Kl_\IOLLE antibody
signalling (Koornneef et al., 1998; White and Rivin, 2000).(Lauber et al., 1997)B-tubulin was detected with monoclonal
This dormancy has both embryo and testa componentntibodies (Sigma.
Without ABA and also when the seed coat is mechanically|q cytometry
remoyed_or genetlcall_y weakened, seeds do not require GA f%r cell cycle analyses, suspensions of intact nuclei were prepared
germination (Debeaujon and Koornneef, 2000). from fresh seeds (Arumuganthan and Earle, 1991). Samples of 50-30
While the processes and genes regulating morphogenesiseds were chopped with a razor blade in ice-cold nucleus-isolation
and maturation are being identified, little is known about theuffer (10 mM MgSQ.7H20, 50 mM KCI, 5 mM Hepes, 1 mg/ml
embryo growth phase. We have used previously describeITT and 2.5 mg/ml Triton X-100, 1% (w/v) PVP-40) on ice. Each
mutants to study the embryo growth phase. Detailed analysesed batch was measured in duplicate. After chopping, the suspension
of seed maturation mutants in relation to developmental timingyas passed through an @ nylon mesh and stained with propidium
during the embryo growth phase, together with assessment igglide (1 mg /ml) for 10 minutes. DNA analyses were performed with
cell cycle activity allows us to suggest two distinct & Beckman-Coulter EPICS XL-MCL flow cytometer (Beckman-

- ulter, Miami, FL, USA) equipped with an argon ion laser at 488
developmental processes during seed development. We sh . The amount of DNA, proportional to the red fluorescent signal,

that 'thefus'/lecmutants affect embryo gro‘{‘”h as early as thqs expressed as arbitrary C values in which 1C represents the amount
walking-stick stage, and the cell cycle during later stages. Thg pna of the unreplicated haploid chromosome complement. The
abi3 and abal mutants, however, do not affect cell division number of nuclei present in each peak of the histogram, 2C, 3C, 4C,
but result in premature germination during early maturatiorsC and 8C, was analysed by measuring the peak area. Histograms
phase, in addition to their effect on dormancy observed duringere processed using ModFit LT (Verity, USA) for data analysis and
germination of mature seeds. correction of the background noise, and the volume of each histogram
was calculated. The percentage of nuclei at S phase aiml tBe
embryo was calculated as 4C+8C/(2C+4C+8C). The percentage of

lei in the end lculated as 3C+6C/(2C+3C+
MATERIALS AND METHODS ACrHeCHBO), o ponm Was caaated as (

Plant material and growth conditions

The mutantsfus3-8, abi3-6(Nambara et al., 1995, provided by P.
McCourt), abal-5and tt3-3 (provided by I. Debeaujon) are in the
Colombia (Col) background. The irradiation-induded3-8 mutant L o o )
was isolated in a screen for premature germination, and subsequerffNA replication and mitotic activity during embryo

backcrossed three times to Landshenerta(Ler) to obtain thdus3-  growth phase

8/Ler line. Thelec2-1(Meinke et al., 1994), originally in the WS1 Embryo pattern formation ends at the heart stage, after which
background, provided by David Meinke, and the3-2mutant, a gift 5| embryonic tissues have been differentiated. Subsequently,
from Simon Misera (Baumlein et al., 1994) in the Dijon backgroundpe empryo growth phase starts and takes about 4-5 days. The
were both backcrossed five times witterLso that they were morphologically recognisable steps are: torpedo, walking-

considered near-isogenic lines. The mutgats-3, lec1-3, abi3-and . - : .
abal-lare all in the ler background. Thé&ecl-3mutant was selected stick, bent cotyledons, mature and full size, during which the

by Peeters and Koornneef (unpublished) from an En/l transposog_mbryo en!arges until it fills the seed (Fig. 1A). To cha.racterlse
containing ler population (Aarts et al., 1995). The Cyc1B-GUS growth during the growth phase we analysed the profile of cell
transgenic line FA4C in the Col background (Colon-Carmona et algivisions in developing wild-type seeds (Fig. 1). The

1999) was provided by Peter Doerner. For double mutant analysexpression of the mitotic cyclin, CyclB is restricted to cells

RESULTS
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A expression correlated with the presence of mitotic cells (de
i 2 Castro et al., 1995). IrArabidopsis embryos expression
7 gradually decreased between the torpedo and mature stages,
[ \ consistent with its expression in tomato embryos. In
i = Arabidopsis however,-tubulin expression remained steady
) } during early seed maturation (Fig. 1B).
a

The profile of DNA content in the developing seed was
- | determined using FACS analyses. Histograms of seed nuclei
‘2 & — BN — O contained 2C, 4C and 8C, which are derived from embryo cells,
B DAP 7 8 9 10 1 12 and 3C and 6C, which are derived from the endosperm. DNA
content in the embryo can indicate mitotic activity as the 2C
. value can be found in nuclei after mitotic division and in G
Knolle sl - = arrest while cells in which DNA has replicated have two or four
times the amount of DNA. The relative content of 4C+8C to
total embryo nuclei was found to increase between the heart
and torpedo stages (Fig. 1C), during early growth phase.

o 2 - However, the percentage of nuclei with 4C+8C decreased as
St T — — the growth phase proceeded and embryo cells were in mitotic
B-Tubulin ”— ' arrest. This arrest continued throughout seed maturation, and

mitotic activity resumed after germination (not shown). The
relative amount of endosperm DNA was calculated relative to
total amount of DNA in the seeds. The profile of the relative

C 80— \ o
amount of endosperm DNA followed the profile of mitotic
® G activity in the embryo (Fig. 1C); by the end of the growth phase
60— o most endosperm was degraded.
Q :n These results indicate that during the embryo growth phase
& 40— 4048 mitotic activities in both the embryo and the endosperm
;; § increase up to the torpedo-walking stick stages and become
20— 20 arrested at the mature stage. This raises the question of whether
+ the embryo is actively signalled to arrest growth. Mutants
0 | | : [ affected in this step are then expected to exhibit reduced
DAP 6 7 8 9 10 11 12 13 14 embryo growth arrest. We screened for mutants that potentially
stage & ¥ & @bo“ mature  full size exhibited a reduced embryo growth arrest and as a consequence
L _ch." S directly developed into a seedling. For these experiments,
@*’ A° described hereafter, we used novel allelesusB-8(both Col
o and Ler genetic backgrounds) anelc1-3 (Ler) together with
. i - . previously described alleles tec2-1(Ler), abi3-5(Ler) and
Fig. 1. Profile of cell division during embryo growth phase. abi3-6(Col) andabal-1(Ler) andabal-5(Col), all are strong

(A) Cycl1B-GUS expression during embryo growth phase in
immature seeds from Cyc1B-GUS transgenic plants. a, early
torpedo; b, early walking-stick; ¢, bent-cotyledon. d, full size. R S L
(B)pExpression )(/)f KNOI?LE an@-tubulin pr())/teins during embryo Cell-division activity in mutants defective in embryo
growth phase. Western blot analyses of KNOLLE @stdbulin growth arrest
proteins in immature seeds 7-12 DAP. (C) DNA content in seeds ~ To study the growth capacity of the embryo, embryos from the
during embryo growth phase. Seeds were analysed for their DNA heart stage, at 6 DAP, until the early seed maturation phase, 12
content, and the percentage of embryo nuclei with replicated DNA DAP, were excised from the seed and plated on water-agar plates.
(4C+8C in the embryo and in the endosperm, 3C+6C) was calculatedo| or Ler wild-type embryos at these stages showed no growth
as described in Methods. Scale barsutb capacity under these conditions, the embryos remained the same
size and did not accumulate chlorophyll (Fig. 2A). After a week
undergoing mitosis, and Cycl1B-GUS reporter gene activitghe embryo tissue disintegrated (not shown). In contrafts8
was used as a molecular marker for mitotic cells (Colon8the growth capacity of embryos was not arrested (Fig. 2A). Four
Carmona et al., 1999; Raz and Koornneef, 2001). Throughodtys after excision, embryos at the torpedo stage increased
the torpedo and walking-stick stages GUS expression wa®mewhat in size and chlorophyll accumulated. The growth
detectable in all parts of the embryo. During the bent-cotyledocapacity of the embryo increased and by the bent-cotyledon stage
stage the number of GUS-expressing cells declined and at thiee embryo could grow into a healthy seedling that will complete
mature stage GUS expression was not detectable (Fig. 1A).its life cycle when planted in soil. When excised during the heart
Expression of th&NOLLEgene is restricted to mitotic cells stage neithefus3-8embryos nor other mutants in both Col and
and the protein is localized to the mitotic cell plate (Lauber eter genetic backgrounds exhibited subsequent growth (Fig. 2B).
al., 1997). During the embryo growth phase KNOLLE proteinBoth lec1-3andlec2-1mutants embryos had the ability to grow
was detected 7-9 DAP (days after pollination) but was ndrom, respectively, the walking-stick and bent-cotyledon stages
longer detectable by 10 DAP, when the embryo was close tnwards. The growth capacity abi3-5 and abal-1embryos
the seed maturation phase (Fig. 1B). In tomato s@etbulin ~ remained arrested during the growth phase. However full size

alleles based on the mutant phenotypes.
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A a b c d of seeds was analysed 10 DAP. To ensure that the developmental
stage was similar between wild type and mutants, seeds were
isolated from heterozygous plants and sorted for the
morphologically recognisable mutant seedsfus3, lecland
lec2mutants DNA replication continued in the embryo after the
time that it was arrested in wild type (Fig. 3A). Compared with
earlier phases the fraction of 4C + 8C nuclduggilec mutants

was reduced during the maturation phase but it remained higher
than in wild type throughout seed maturation (Fig. 3B).

Nuclei with 16C and 32C content were detectedus8-8,
leclandlec2mutants (not shown). These endoreplicated nuclei
probably indicate the presence of trichomes on cotyledons in
these mutants as trichomes contain endoreplicated nuclei
(Walker et al., 2000). The DNA content abi3 and abal
showed no significant difference to that in wild type embryos
(Fig. 3A,B). The expression of KNOLLE afetubulin proteins
was also studied in these mutants. Both proteins accumulated
normally during early growth phase and their expression
stopped at maturity in wild-type arabi3 embryos (Fig. 3C).

In the fus3 mutant the accumulation of these proteins was
B similar to that in wild type during early growth phase but
continued during the mature stage, 10 DAP (Fig. 3C). During

Col WT

fus3-8

DAP (Mage) the growth phase the embryo remains green, thus we have used
6 I 8 9 10 1 12 i H i

: : ; the RUBISCO protein as a loading control. Accumulation of
f::';;m (he_am (mrp_em (5"_“] {bim) (maiummu"_s’ze) (fu'lf'ze) these proteins ifecl andlec2 showed the same pattern as in
fus3-6* = " Y 4 & ” fus3(not shown). To study the expression of the mitotic Cyc1B-
lec1-3 - - + o+ + + + GUS infus3-8andabi3-6mutants, in the Col background, these
fec2-1 = = - + + + mutants were crossed with the transgenic line CyclB-GUS
:’;’33,5, B - - - * * (Colon-Carmona et al., 1999). GUS staining was observed in

(+14 DAP) maturefus3embryos, whereas in mature wild-typeati3 (not
shown) embryos GUS staining could not be detected (Fig. 3D).
Fig. 2.Embryo growth arrest and embryo growth. (A) Embryos were  Histological analyses diis3-8using confocal microscopy
excised from seeds and plated on water-agar. Photographs of Col and Nomarski optics showed normal development from the
wild type (upper panel) dus3-8(lower panel) were taken 4 days  heart to walking-stick stages onwards. Seeds from 7 DAP

after plating. Embryo stages: a, early torpedo; b, early walking-sticky,nyerg0 oxidation and browning of the seed coat that interferes
¢, early bent-cotyledon; d, mature, were determined at time of

embryo excision. (B) Embryo growth in mutants. Seeds 6-12 DAP Wlth histological analyses, so thes3-8embryos were studied
Were¥1arvested argd)embry)és 8vere excised from seeds. Embryo stalfsthetransparent testgit3) mutant background (Shirley et al.,
was determined and the embryos were plated on water-agar. Growth995). Thett3 mutant has no effect on embryo development
was determined after 4 days:indicates no growth, as observed in  but the testa remains transparent during seed development
the wild type; +, indicates growth, as observetls8-8 Premature allowing histological observations. During the bent cotyledon
germination ofabal-1was observed in seeds 14 DAP (+14). ‘Stick’ stage, ectopic cell division could be observed in filg3
and ‘bent’ in the table refer to the stages walking-stick and bent-  embryo. These ectopic cell divisions occurred randomly, and
cotyledons respectivelfus3-8*is fus3-8/Ler as a result, the morphology of mature embryos was variable
(Fig. 3Eb,d). In many embryos additional cell files could be
observed in hypocotyls (Fig. 3Ed), in some embryos the shoot
embryos of these mutants excised during early seed maturatiapical meristem was enlarged (Fig. 3Eb). Despite the enhanced
phase at 11 and 14 DAP respectively grew into seedlings (Figell division activity infus3,the embryo was not larger than
2B). These experiments show thas3 lecl andlec2 can be  wild-type embryos (Fig. 3Eb and 3Ea, respectively). Moreover,
classified as embryo growth arrest mutants. Although thisometimesus3embryos exhibited reduced cotyledon size and
phenotype can be detected as early as torpedo and walking-stiolture embryos exhibited a walking-stick-like morphology
stages, a clearer phenotype was observed during the be(fig. 3D). While in wild-type seeds, as well aabi3andabal
cotyledon stage. Under the conditions used these mutant embrygeeds the endosperm is degraded at the end of the growth phase
can grow into seedlings with a normal axis, indicating that then embryo growth arrestutants the endosperm degradation

morphogenesis phase is not defective. was reduced (Figs 4A, 3B). Using confocal sections, an
o o ) ) endosperm with several cell layers was observed in mats@e

Cell division activity in the embryo is prolonged in embryos, while in the wild-type embryo from the same silique

embryo growth arrest  mutants the endosperm was restricted to one cell layer (Fig. 4B).

By the end of the normal embryo growth phase cell division, as Thus inembryo growth arresnhutants cell division activities
well as embryo growth, is arrested. To understand further hoim both the embryo and the endosperm are not terminated by
cell division is involved in embryo growth arrest, cell divisionthe end of the growth phase. In addition, during the growth
was studied immbryo growth arresinutants. The DNA content phase, ectopic cell division in tHas3 embryo resulted in a
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slightly aberrant morphology, although the embryo andand another GA-independent pathway involvidgC1l The

seedling axis remained intact. ABA/GA ratio that initially inhibits premature germination
o ) ] may be changed during incubation to overcome the GA
Premature germination and the role of gibberellins requirement for premature germinationaipi3.

We tested our mutants exhibiting an embryo growth phenotype o

to determine whether they also germinated prematurely. Whdpouble mutant analyses and  vivipary

siliques were detached from the plant, cut open and placed dime fus3, lecl and lec2 mutants exhibited premature
water agar, or MS medium, mutant embryos inside the seed camrmination at the walking-stick-bent cotyledon stages while
germinated prematurely, while wild-type seeds did not germinatabi3 and abal showed a delayed premature germination once
(Fig. 5A). fus3-2 lecl-3 and lec2-1 however, exhibited embryo growth completed (Figs 5, 7). These results suggest that
premature germination in detached siliques from 8-9 DAP (Figduring embryogenesis there are at least two different pathways
5B). abi3-5 andabal-1seeds exhibited premature germinationfor regulation of embryo dormancy. To study the interaction of
only 10-11 and 14 DAP, respectively (Fig. 5B). Later during seethese two processes, double mutants were constructed between
development the profile of premature germination in the singl&is3-8/Ler, lec1-3or lec2-1 and abi3-5 or abal-1 Double
mutants remained similar (Fig. 6A). Gibberellins (GAs) aremutants betweefus3 abi3(Keith et al., 1994; Baumlein et al.,
required for germination and release from dormancy of dormarit994; Parcy et al., 1997c1 abi3(Parcy et al., 1997; Meinke
seeds (Koornneef and van der Veen, 1980), gads3mature  etal., 1994)lec2 abi3(Meinke et al., 1994), arfds3 lecl(West

seeds show strongly reduced germination. Using a genetit al., 1994) have been reported previously, but they were never
approach we studied GA requirements durlng prematuranalysed as early as the embryo growth phase.

germination. Mutants exhibiting premature germine’
were crossed intggal-3 and double mutants we

selected based on the seed phenotype of the embry( A-50 B -5
mutants and the dwarfness of el mutant. Thegal-3 | -
mutant did not germinate prematurely (Fig. ¢ 40 E
Premature germination ofus3-2 and lec2-1 was i S 501
dependent on GA, as double mutants exhibited o 30 o
germination (Fig. 6B) compared with the parents | @ 201 § 25,
6A). Premature germination cdbi3 and abal alsc ¢ o I
required GAs (Fig. 6B), however this requirementis ¥ _ | = i i
as strong as that dfis3 and lec2 For abi3-5 it was = 10 04 Rl
surmounted after a longer incubation periodgag-3 DAP 9 13 17
abi3-5 showed a higher germination percentage v r,‘!' ,5, d\ v o ,5,‘: ,\;\
scored after 7 days. Premature germinatiorieol-3 Q° ,@9 V \0“ Wy g 6‘ -9‘3
however, is GA independent as shown by the germir
of thegal-3 lec1-Iouble mutant (Fig. 6B). C DAP 7 8 910 7 8 910 7 8 9 10

These results indicate that premature germinatio d L
be induced by at least two pathways: one, which is Rubisco U #
dependent and involvésJS3, LEC2, ABIZindABA1L, B-Tubulin SRP el S i i

Knolle = = = - e

Fig. 3. Cell division in growth arrested mutants. (A) DNA Col WT fus3-8 abi3-6

content in seeds 11 DAP. Siliques were harvested from
heterozygoufus3, leclandlec2plants, and homozygoabhi3
andabalplants, and seeds were sorted according to their
phenotype. Relative DNA content of replicating nuclei in the
embryo was calculated as described in Methods. (B) DNA
contents irffus3andabi3 throughout seed maturation. Seeds
were isolated from homozygofis3-8(blue),abi3-6 (red) and
Col wild-type (black) plants 9, 13 and 17 DAP. Solid lines
show relative DNA content of replicating nuclei in the embryo;
dotted lines show relative DNA content of the endosperm.
Averages represent three siliques. (C) Expression of KNOLLE
andp-tubulin proteins in mutants. Seeds were isolated, protein
were extracted from the seeds and subjected to western blot b
analysis with anti-KNOLLE antibodies and atiubulin

antibodies. Staining of RUBISCO protein was used as a

loading control. (D) Cyc1B-GUS expression in mature seeds,

14 DAP. Seeds frorfus3:Cycl1B-GUS heterozygous

transgenic plants were used for GUS stainind=¥S3seed;

b, fus3seed. (E) Ectopic growth fas3embryo. Embryos at
1& g »

E[‘. :

mature stage from heterozygous siliqueg3B (a,c) andt3-3
fus3-8(b,d) were analysed with Nomarski optics. Arrow
indicate extra cell file. Scale bars, |3D.
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Fig. 5. Premature germination. (A) Siliques of (a) a wild type and (b)
a mutant exhibiting premature germination, 4 days after harvesting
and plating on a water-agar. (B) Premature germination profile in
mutants. Siliques 8-11 DAP were harvested fraanvld type

(white diamonds)fus3-8(black squares)ecl-3(grey triangles);
lec2-1(white squares) anabi3-5(white circles) plants, cut open and
placed on water-agar plates. Germination was scored after 7 days.

Fig. 4.DNA in the endosperm. (A) DNA content in seeds 11 days  ayerages represent 60 seeds. Premature germination experiment was
after pollination. Siliques were harvested from heterozyfoss; repeated at least 3 times.

leclandlec2plants and homozygowbi3 andabalplants. Seeds
from heterozygous plants were sorted according to genotype.

Embryos were analysed for their DNA content, and the relative DNA . - .
content of nuclei in the endosperm (3C+6C) was calculated as grown under high humidity (90%; not shown), thus the

described in Methods. (B) Confocal images of mature seeds. Matur€nvironmental conditions affect the strength of the vivipary
seeds, 14 DAP, were harvested friurs3heterozygous plants and ~ phenotype. All double mutants produced trichomes, but
DNA was stained. AFUS3seed; bfus3seed. Arrowheads indicate compared with the parents they exhibited altered seedling
endosperm. Scale bars, 3. morphology. In combination wittabi3-5 fus3-8 lecl1-3 or
lec2-1 double mutants exhibited fast growth of the seedling
(Fig. 7). However, when combined witbal-1 seedlings had
Premature germination was observed in all double mutantsider and shorter hypocotyls (Fig. 7), which at higher
betweenfus3, lecl, leczand abalor abi3 (Fig. 7). Double magnification appear to result from aberrant cell elongation.
mutants betweenembryo growth arrest mutants and Double mutant$us3-8 lec1-3andfus3-8 lec2-1exhibited a
abalexhibited a high percentage of premature germination asmilar premature germination profile fas3-8(Fig. 7A). This
early as the walking-stick stage, suggesting additivity. Doublepistatic relationship between these three mutants seemed to
mutants withabi3 showed premature germination from theimply that all three mutant loci regulate the same pathway.
bent-cotyledon stage; indicating additivity for at IdastLtand  However, these results do not exclude the possibility that the
lec2,while fus3 abi3premature germination was similar to the mutations have effects at different times of development, since
fus3 profile of premature germination (Fig. 7). When seeddhe embryo growthphenotype of théus3mutant is expressed
remained attached to the silique, double mutfud8-8/Ler earlier (Fig. 2) and can dominate the speed of premature
abal-lexhibited vivipary within detached green siliques whilegermination in the double mutant. Thbi3-5 abal-1double
the parents did not show a vivipary phenotype (Fig. 8A). Thenutant did not germinate prematurely at the walking-stick or
double mutantdecl-3 abal-landlec2-1 abal-lwere also bent cotyledon stages. Similar to the par@ni8-5 at 10-11
viviparous (not shown). Vivipary was observed when detache®AP and later this double mutant fully germinated (not shown).
siliques were still green and the funiculus was intact, thus the These genetic analyses show that at least two pathways
seed was still attached to the maternal tissue. Prematuregulate premature germination; the combination of both
germination, however, is observed in siliques where the seegathways result in premature germination in the silique.
had no vascular connection with the mother plant. Irftb8  Reciprocal crosses between heterozygs8-8 abal-land
8 abhi3-5 double mutant, premature germination inside theabal-lrevealed that the vivipary phenotype was dependent on
silique was observed only when siliques started to senesce (Figaternalabal (Fig. 8B) These results further indicate that a
8A). The same was observed for the double mutieats-3  viviparous phenotype iArabidopsisrequires mutations in two
abi3-5andlec2-1 abi3-5(not shown). Growth of seedlings on pathways and the involvement of both maternal and zygotic
the mother plants was further observed when plants wetessue.
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A Ectopic cell division during postembryonic growth
Recent studies suggest that boBEC1andABI3 gene function
is not restricted to embryogenesis and seed development
(Lotan et al., 1998; Rohde et al., 2000). When growing on MS
plates for 10 days, prematurely germinates3-8seedlings
exhibited ectopic cell growth of the petiole and cotyledons
(Fig. 9Ab,Bc), which was not observed in wild-type seedlings
growing in the same conditions. Concentrating on the
vegetative area, ectopic expression of CyclB-GUS was
observed in petioles and in cotyledondu3-8(Fig. 9Bb,c),
while in Col seedlings Cyc1B-GUS was restricted to the shoot
apical meristem in seedlings at the same age (Fig. 9Ba). These

3225‘_2{5 results indicate that thEUS3 gene functions during seedling

Ler  fus3-2  lecz-1 leci-3  abi3-5  abal-d development, possibly to reduce or regulate cell division.

Adventitious shoots that developed on seedlings were

observed in double mutantgs3-8/Ler abi3-5Fig. 9Ac). In
fus3-8/Ler lec1-3louble mutants ectopic growth was observed
in various parts of the hypocotyls and cotyledons, some of these
ectopic structures looked like embryos (Fig. 9Ad), while others
resembled shoot-like structures. Additivity betwssri-3 lecl-
2 double mutants during early adult growth also resulted in
ectopic shoot growth (Fig. 9Ae). These ectopic growths
developed after premature germination. In the double mutant
betweenfus3-8/Ler lec2-1however, ectopic growth was not
observed (not shown), which further supports the genetic model

7 days in which fus3 andlec2 act in the same pathway, whilecl

ez —=ad | — ! L= V7 ays regulates a different developmental pathway.
gal-1 gal fus3 gallec2 gallecl gal abi3 gal abal
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Fig. 6. Germination of single and double mutant seeds excised fromDISCUSSION
siliques at later stages of seed development. Germination of the
monogenic mutants (A) or tigal-3double mutants (B) excised at

12 (black and purple bars), 14 (grey and cyan bars), and 18 (white In the embryo morphogenesis ends with the completely formed

and lilac) DAP and incubated on water-agar plates. Germination wa§tructure, while during seed maturation processes both the
scored after 3 (black to white range) and 7 (blue range) days. embryo and the seed coat are prepared for dormancy. The

Averages are based on germination percentages obtained from fouphase sandwiched between morphogenesis and seed
different plants. maturation comprises mainly growth processes, which were
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Fig. 7. Premature germination in double mutants. Siliques were harvested at 8 and 9 DAP, from homozygous single and double mutants, cut
open and plated on water-agar. Embryo stage was determined at the time of plating, and germination from both walkingatilared

bent cotyledons (grey bars) stage was scored after 4 days. Averages represent three independent repetitions. Photadmipi3sdagse t

after plating.




250 V. Raz, J. H. W. Bergervoet and M. Koornneef

A

abi3-6 fus3-8 fus3abi3 fus3 abal aba1

B
Genotypes Phenotypes
Parents f/fa/a vp
F/f a/a wWT
f/f A/a pmg
g g
Crosses: 1 F/f a/a x f/f a/a vp, pmg
2 F/f a/a x f/f A/a vp, pmg
3 f/f A/a x F/F a/a WT, pmg
B F/f a/a x F/F a/a WT
5 F/f a/a x F/ff a/a WT, vp, pmg

Fig. 8. Vivipary in double mutants. (A) Seeds were harvested 16
days after pollination and immediately photographed. Carpals from
abi3-6; fus3-8andabi3-6 fus3-8vere removed. (B) The effect of
maternal ABA. Table summarises crosses and the resulting
phenotypes ifius3-8 (f), abal-5 (glants. The viviparougsp)
phenotype was determined as in Fig. 8A, premature germination
(pmg)was determined as in Fig. 6, and WT indicates lack of
germination. Siliques were harvested 12-18 DAP. Seeds were plated
on water-agar and germination was scored after 3 days.

increase in cell divisions is observed at the beginning of the
growth phase, and then is arrested by the end of this phase.
Cell division in the embryo resumes after germination. The
existence of interactions between the endosperm and the
embryo during maize embryogenesis has been suggested
(Opsahl-Ferstad et al., 1997; Berger, 1999). Our measurements
of DNA content in the embryo and endosperm indhmvth
arrest mutants may indicate such interaction occurs between
embryo and endosperm during the embryo growth phase in
Arabidopsis

It is of interest to consider if cell division arrest is passively
or actively regulated? Mutants, in which the embryo fails to
undergo growth arrest show no arrest of cell division in either
the embryo or endosperm. Tlee/fus3type of embryos do not

poorly studied before. The embryo growth phase starts at thi#l the seed sac, and upon desiccation the seeds show a
torpedo stage and ends with a mature embryo that fills the segltrivelled phenotype. Our results indicate that the control of

sac. During this phase, which takes 3-4 dayArabidopsis

cell division plays an active role during embryo growth arrest

the ratio between the embryo volume and the endosperand this arrest of cell division activity is possibly regulated by
volume is reversed. While at the end of the growth phase thhe transcription factors LEC1, FUS3 and the produt&g?2
volume of the embryo is increased about tenfold the endosperfis regulation, which may start during embryo growth phase,
is degraded and its volume is reduced to one cell layer. Theserrelates with the expression pattern of HdHC1 (Lotan et
growth activities are characterised by dramatic changes in tla., 1998) and~US3(Luerssen et al., 1998fUS3regulation
profile of cell division in the embryo and the endosperm. Arof cell division may not be restricted to seed development, as

Fig. 9. Postembryonic growth in
double mutants. (A) Sterilized
seed were plated on MS plates
and grown for 10 days.
Genotypes: a, Ler wild type; b,
fus3-8 c, fus3-8 abi3-5d, fus3-
8 lec1-3 e,lecl-3 lec2-1

(B) 10-day- old seedlings of
Col::Cycl1B-GUS (a) ofus3-
8::Cyc1B-GUS (b,c) stained
with GUS substrates. Scale
bars, 10 mm.
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ectopic expression of Cyc1B-GUS was founélsBseedlings.
Based on northern blot analyse&C1 and FUS3 mRNA
expression was mainly detected during seed developme
(Lotan et al., 1998; Luerssen et al., 1998), however, the ector
expression of CycB1-GUS iius3seedlings may indicate low
level expression in premature germinated seedlings.
Theabi3andabalmutants exhibited premature germination
when immature seeds are excised from siliques, but (fnkige

ey,

IS

o

$ >

& §
$ S

ABI3

leclandlec2embryos, which have the potential to grow when |___ABA GA ]
excised from the seed at the walking-stick and bent cotyledc embryo

stages onwards, thabi3 andabalembryos failed to grow. At SIOESY

this time normal arrest of cell division &bi3 andabalmutants | n =P viviparous |

was observed, which further supports the idea that these muta

are not defective in embryo growth arrest. The prematur v

. . . . premature germination
germination observed in the latter mutants, together witl

normal DNA activity in the developing seed implicates theFig. 10.A schematic diagram for sequential model of developmental
absence of embryo dormancy. These results together indicataest in seeds. During the growth phase the embryo expression of
that the arrest of embryo growth is secured by two differerftUS3 LEC1landLEC2result in growth arrest. Mutations in these
processes: first arrest of embryo growth, in which cell divisiorgenes result in reduced embryo growth arrest. Early during the seed
is arrested, and later, once embryogenesis is completed, embfjturation phase activity &BI3andABAlcause embryo dormancy
dormancy is signalled (Fig. 10). Premature germinatio nd mutations in the_se genes result in premature germination.

L . . S - Premature germination is regulated by GA-dependent and GA-
_(:0|nC|des with th(_e early expression of germination genes, flr‘Tﬁdependent pathways. Vivipary and premature germination inside the
in fus3and later inabi3 (Nambara et al., 2000). Our double silique occurs irembryo growth arresindembryo dormancslouble

mutant analyses further support this model as double mutarfgtants. Red and green boxes indicate gene expression and function.
exhibited additivity and enhanced premature germination or

even vivipary. Double mutant betwedns3-3 and aba2-2

showed precocious germination, which indicated additivitybut also from two different tissue origins. Maternal ABA in the
(Nambara et al., 2000). Vivipary in maize occurs in ABA-seed was reported before (Karssen et al., 1983) but shown to
deficient and ABA insensitive mutants (Robertson, 1955). Iibe less relevant for dormancy than embryonic ABA at later
Arabidopsis however, mutations in the homologous genes dstage of seed development and in mature seeds. The results
not result in vivipary. Here we show that Arabidopsis, presented here indicate that the maternal ABA component in
vivipary requires two processes, one that is regulated by thbe seed can inhibit viviparous germination in mutants that lack
FUS/LECgenes and a second that requires ABA. the growth arrest after the embryo phase.

Additivity betweenlecl/lec2 mutants andabi3 has been Premature germination is also dependent on the germination
studied previously (reviewed by Holdsworth et al., 1999; andormone gibberellin. When combingdowth arrestmutants,
Wobus and Weber, 1999). In previously reported studies thexceptlecl, with thegal mutant the double mutants failed to
phenotype of these mutants was not tested as early as #ahibit premature germination. This confirms the observation
embryo growth phase, since these mutants were consideredadseith et al. (1994) that germination of thus3-3mutant can
seed maturation mutants based on the phenotype of the inhibited by the GA biosynthesis inhibitor paclobutrazol.
desiccated seed. Based on premature germinafim3,is lecl, however, did show a GA-independent premature
epistatic toabi3. This observation is in agreement with thegermination. These results indicate tRatS3andLEC2 are
expression of germination genesfirs3 abi3double mutants involved in a regulatory pathway, which is different from the
as early as in the monogerfias3 mutant (Nambara et al., LEC1 pathway (Fig. 10). Our analyses of seedling growth
2000). Later during development additivity fois3and abi3  further support our model thetUS3andLEC2are involved in
was observed in the seedling phenotype. Previously reportélde same pathway, as additivity was not obserk&®€1 and
double mutants decl abi3showed germination in the silique FUS3were suggested to regulate different pathways based on
while lec2 abi3andfus3 abi3showed no germination in the lack of epistasis (West et al., 1994). However, while we could
siliques (Meinke et al., 1994; Baumlein et al., 1994; Keith ehot determine epistasis betwedsrl and fus3 based on
al., 1994). Unlike previous studies we were careful to construgiremature germination, our studies on postembryonic growth
double mutants in the same genetic background. In our systandicated additivity between the two mutants. Double mutants
the double mutanfus3 abi3 exhibited germination in the betweenfus3 and lecl were suspected of additivity as they
siliqgue in both Col and ér backgrounds. The importance of formed a higher proportions of twin embryos (Lotan et al.,
the genetic background is further shown by the prematurg£998). In our system, however we rarely observed twin
germination and germination phenotypedea2-1in the Ler  embryos (1-2%, not shown).
background. This mutant in the Ws-1 background did not show Embryo growth arrest is a transient phase, the embryo is
a germination phenotype (Meinke et al., 1994). signalled to arrest its growth during the embryo growth phase

Additional support for the sequential model for theand continue its growth upon germination. Thus, study of such
development of arrest in seeds (see Fig. 10), comes from tlgeowth processes cannot be done after the process is complete.
genetic analyses of tlies3-8 abal-Blouble mutant. We show The analyses of transient growth processes require detailed
that the ABA component is maternal, thus the additivity doetime-dependent analyses during growth (Raz and Ecker, 1999),
not come only from two developmentally distinguishable stepsand will benefit from a reversible induction system in planta.
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As shown in this study analysing mutants that were previously gibberellin sensitive mutants iArabidopsis thalianalL.) Heynh. Theor.
characterized as affecting later developmental processes, caAppl. Genets8, 257-263.

R ; uber, M. H., Waizenegger, |., Steinmann, T., Schwarz, H., Mayer, U.,
reveal more details about the regulation of the embryo growt*rF‘Hwang’ I Lukowitz, W, and Jirgens, G. (1997). The Arabidopsis

phase when analysed in time-dependent experiments. KNOLLE protein is a cytokinesis-specific syntaxin Cell Biol.139, 1485-
1493.
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