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Summary

Seeds are dormant and desiccated structures, filled with storage products to be used after
germination. These properties are determined by the maturation program, which starts, in
Arabidopsis thaliana, mid-embryogenesis, at about the same time and developmental stage in all
the seeds in a fruit. The two factors, chronological and developmental time, are closely entangled
during seed development, so their relative contribution to the transition to maturation is not well
understood. It is also unclear whether that transition is determined autonomously by each seed or
whether it depends on signals from the fruit. The onset of maturation follows the cellularization of
the endosperm, and it has been proposed that there exists a causal relationship between both
processes. We explored all these issues by analyzing markers for maturation in Arabidopsis mutant
seeds that develop at a slower pace, or where endosperm cellularization happens too early, too late,
or not at all. Our data show that the developmental stage of the embryo is the key determinant of
the initiation of maturation, and that each seed makes that transition autonomously. We also found
that, in contrast with previous models, endosperm cellularization is not required for the onset of
maturation, suggesting that this transition is independent of the hexose/sucrose ratio in the seed.
Our observations indicate that the mechanisms that control endosperm cellularization, embryo
growth, and embryo maturation act independently of each other.
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Introduction

The development of organisms is characterized by the ordered progression through a set of
stages, by the duration of those stages, and by the timing of the transitions between them.
Development can thus be described as the interaction between two kinds of “time”:
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developmental time (defined by the sequence of stages) and chronological time (age)
(Ebisuya and Briscoe 2018). The relationship between both types of time is distinctive for
each species. Heterochronic changes, modifications in the relative timing and duration of
developmental programs, have been proposed to be a significant driver of morphological
evolution (Gould 1977, Geuten and Coenen 2013, Buendia-Monreal and Gillmor 2018). For
instance, in snakes the faster oscillation of a developmental clock relative to the overall
chronological time of development leads to a large increase in the number of vertebrae
(Gomez, Ozbudak et al. 2008). In the parasitic plant Rafflesia embryonic development is
terminated very early, as a proembryo, followed directly by germination on its host (Nikolov,
B. et al. 2014). In many plants, modifications of the vegetative phase change pathway, in
particular the relative duration of the juvenile and adult stages, have been postulated to
influence the variation of flowering time and leaf shape (Buendia-Monreal and Gillmor
2018). Organisms have, as a consequence, evolved timing mechanisms that coordinate age
with stage, the passage of time with cell division and tissue differentiation. Some of these
timers are internal, or autonomous, to the tissue in question. These include the gradual
accumulation or depletion of a product, until its concentration crosses a threshold (count-up
and count-down timers), and molecular oscillators based on delayed negative-feedback
circuits (like the circadian clock) (Ebisuya and Briscoe 2018). These timers can be based on
transcription factors, small RNAs, hormones, or metabolites (Buendia-Monreal and Gillmor
2018, Ebisuya and Briscoe 2018). Other timers depend on environmental signals, whether
external to the individual (such as temperature or daylength), or emanating from a different
tissue, like the non-autonomous action of a hormone or a metabolite. Finally, external and
internal timers may interact to ensure proper development, like the entrainment of the
oscillations of the circadian clock by daylight (Oakenfull and Davis 2017).

Embryogenesis in most eudicot plants is characterized by a specific sequence of
developmental stages defined based on the shape of the embryo, rather than on the specific
sequence of cell divisions (Natesh and Rau 1984). The fertilization of the female
gametophyte leads to the formation of two tissues: the embryo and the endosperm. The
development of the embryo is usually divided into two phases, morphogenesis and
maturation (Goldberg, de Paiva et al. 1994). Morphogenesis, lasting until the late heart or
torpedo stages, establishes the basic body plan of the embryo. Embryo maturation, in turn,
leads to a dry, resilient, nutrient-filled seed. This latter process was a key innovation leading
to the evolutionary success of the angiosperms (Linkies, Graeber et al. 2010). During early
maturation, also known as “seed filling”, the embryos turn green (in 40% of plant families;
(YYakovlev and Zhukova 1980)) and accumulate storage products which, in the case of
Arabidopsis and related oilseed plants, are proteins (cruciferins/12S globulins and
arabins/2S albumins) and oils (Baud, Dubreucq et al. 2008). Late maturation involves the
loss of water (desiccation) and the establishment of a dormant state (Leprince, Pellizzaro et
al. 2016). The endosperm serves as a support tissue for the embryo and, depending on the
species, it can be degraded as the embryo grows, or remain as part of the mature seed
(Vijayaraghavan and Prabhakar 1984).

Early maturation in Arabidopsis embryos becomes first apparent around the early heart
stage. At this time chloroplast development and accumulation of chlorophyll start in the
protoderm and then expand centripetally. Color becomes apparent at the late heart stage
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(embryo greening) (Fig. 1, Fig. Sla-c) (Mansfield and Briarty 1991, Willmann, Mehalick et
al. 2011). In oilseeds like Arabidopsis, photosynthesis is necessary for the accumulation of
storage lipids (Goffman, Alonso et al. 2005, Liu, Wang et al. 2017), and therefore appears to
be an integral part of the seed maturation process. The onset of seed filling itself is first
evidenced by the expression of the genes encoding the seed storage proteins (SSPs),
enzymes involved in the synthesis of storage lipids, and proteins associated with oil bodies
(oleosins). This occurs at the late heart to early torpedo stages (Fig. 1) (Guerche, Tire et al.
1990, Mansfield and Briarty 1992, Baud and Lepiniec 2009, Belmonte, Kirkbride et al.
2013, Miquel, Trigui et al. 2014).

The transition between morphogenesis and early maturation involves a dramatic change in
the seed transcriptome, evidencing a need for a tight regulation of its timing (Belmonte,
Kirkbride et al. 2013). Although this process has been intensively studied in Arabidopsis, it
is not clear whether developmental time (stage) or chronological time (age, measured in
days after pollination, DAP), or a combination of both trigger maturation. It is also not well
understood whether an internal timer or a signal external to the embryo drive the process.
All the seeds in an Arabidopsis silique develop at similar rates. This means that in any given
silique the embryos, all of which are of the same chronological age, comprise a narrow
range of developmental stages (Fig. S3, 4) (Jlrgens and Mayer 1994, Jenik, Jurkuta et al.
2005). A consequence of this fact is that maturation starts both at the heart/late heart stage
but also at 5-6 DAP (Fig. 1, Fig. S3, 4). It has therefore been difficult to disentangle the
relative contribution of these two factors to the regulation of its onset.

Research so far has focused mainly on internal factors that promote the maturation program.
There is also some evidence of negative control mechanisms, which prevent premature
maturation (Nodine and Bartel 2010, Willmann, Mehalick et al. 2011). The central
regulators (the “master genes”) that initiate maturation are known as the LAFL genes, from
their initials (LEAFY COTYLEDONI [LECI], LECI-LIKE[L1L], ABSCISIC ACID
INSENSITIVE3[ABI3, FUSCA3[FUS3), and LECZ). These genes encode transcription
factors that are conserved across angiosperms (Lotan, Ohto et al. 1998, Siefers, Dang et al.
2009, Carbonero, Iglesias-Fernandez et al. 2017). The LAFL genes are expressed
sequentially during embryo development, with L1L, LECI and AB/3starting very early,
followed by LECZat the early/mid globular stage, and FUS3 at the late globular/early heart
stage (Parcy, Valon et al. 1994, Lotan, Ohto et al. 1998, Stone, Kwong et al. 2001, Kwong,
Bui et al. 2002, Kroj, Savino et al. 2003, Tsuchiya, Nambara et al. 2004) (Fig. 1, Fig. S1d-f).
The LAFL proteins cooperate to turn on all the genes related to maturation by interacting
with each other and with other transcriptional regulators (reviewed by (Boulard, Fatihi et al.
2017). Loss-of-function mutations in the LAFL genes lead to the reduction or elimination of
SSPs and lipids. These mutants also have significant defects in later maturation processes,
such as growth arrest, desiccation tolerance, and dormancy (Keith, Kraml et al. 1994,
Meinke, Franzmann et al. 1994, Parcy, Valon et al. 1997, Raz, Bergervoet et al. 2001, Kroj,
Savino et al. 2003, Yamamoto, Kagaya et al. 2009, Roscoe, Guilleminot et al. 2015).

Seeds have to coordinate their development with the maturation of the surrounding fruit.
While there are some known examples of seeds signaling to the fruit (Seymour, @stergaard
et al. 2013, Giovannoni, Nguyen et al. 2017), to our knowledge, very few signals in the
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reverse direction have been described. One example is the control of seed dormancy by the
fruit, which senses the temperature history of the plant (Chen, MacGregor et al. 2014). The
hormone abscisic acid (ABA), synthesized both in the fruit and the embryo, has been
proposed to be a maternal signal that triggers early maturation (Karssen, Brinkhorst-van der
Swan et al. 1983, Kanno, Jikumaru et al. 2010). However, the available evidence for this
effect is contradictory (Koornneef, Hanhart et al. 1989, Parcy, Valon et al. 1994). Sugars
may have an effect on late maturation, as the amount of photosynthesis in the silique wall
correlates with the oil content of the seed (Hua, Li et al. 2012).

A hypothetical signal for maturation that is endogenous to the seed is a redistribution of
sugars resulting from the cellularization of the endosperm. Studies in legumes led to the
proposal that early seeds have a high hexose/sucrose ratio that promotes embryo cell
division, while a later shift to low hexose/sucrose ratios below a certain threshold (“sugar
switch”) triggers maturation and accumulation of storage products (reviewed by (Weber,
Borisjuk et al. 2005)). Only about half of plants species have a cellularizing endosperm
(Geeta 2003), but the sugar switch was nonetheless proposed as a general mechanism for the
control of maturation (Weber, Heim et al. 1998). In Arabidopsis the endosperm develops
first as a syncytium, and contains a large central vacuole (Morley-Smith, Pike et al. 2008).
This vacuole has been suggested to serve as a sink for sucrose and accumulates high levels
of hexoses. The endosperm starts cellularizing at the early heart stage, consuming the
vacuole in the process (Mansfield and Briarty 1990, Brown, Lemmon et al. 1999) and
transforming the embryo into the main sucrose sink, lowering its hexose/sucrose ratio. This
infusion of sucrose is necessary for embryo growth and overall viability (Hehenberger,
Kradolfer et al. 2012, Lafon-Placette and Kohler 2014). If the “sugar switch” hypothesis
applies to Arabidopsis, endosperm cellularization should also be crucial for seed maturation
(Wobus and Weber 1999).

In this context, one goal of our study was to answer whether chronological age and/or
developmental stage trigger maturation. We also wanted to discern whether seeds control
their developmental progression autonomously or whether there is a silique-wide maternal
signal that determines it. Finally, we sought to investigate whether the cellularization of the
endosperm plays a role in the onset of maturation. The present work only addresses the
regulation of early maturation, and does not focus at all on the events of late maturation
(reviewed by (Leprince, Pellizzaro et al. 2016, Shu, Liu et al. 2016). We analyzed seeds in
siliques from self-pollinated plants heterozygous for recessive mutations that result in slower
embryo development. In this way we were able to uncouple age and stage, and also to
evaluate whether the seeds matured autonomously. Our data suggest that developmental
stage, and not chronological time, is key to the transition between morphogenesis and the
onset maturation. Furthermore, our observations are consistent with the seeds developing
autonomously, independent of any putative fruit signal. By analyzing mutants with defective
endosperm cellularization, we also showed that this process is not required for the onset of
maturation. This implies that embryo maturation may be uncoupled from its growth and
from the development of the endosperm.
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Results

The LAFL genes are important for the proper timing of embryo greening

The development of chloroplasts and subsequent greening of the embryo are the first visible
signs of its maturation. There is very little known about the control of this process. The
LAFL genes are obvious candidates for positive regulators of greening, since they regulate
other aspects of early embryo maturation, in particular seed filling (Meinke, Franzmann et
al. 1994, Parcy, Valon et al. 1997, Kroj, Savino et al. 2003, Roscoe, Guilleminot et al. 2015).
Although FUS3and LECI have been shown to regulate photosynthetic genes (Yamamoto,
Kagaya et al. 2010, Pelletier, Kwong et al. 2017), all /af/single and double mutant embryos
contain chlorophyll at the mature green stage. The levels are in some cases reduced (fus3-3),
patchy (/ec2-1), or mostly limited to the cotyledons (/ecZ) (Meinke, Franzmann et al. 1994,
Kroj, Savino et al. 2003). However, the extent to which the LAFL genes regulate the onset of
greening has not been characterized in detail.

To our knowledge, there is no established protocol to analyze greening in embryos. In the
past, researchers have looked at individual embryos either by excising them from the seed
(e.g. (Liand Thomas 1998, Liu, Wang et al. 2017) and Fig. S1a), or by looking at
chlorophyll fluorescence with a confocal microscope (e.g. (Allorent, Osorio et al. 2015). In
order to assess greening in large numbers of seeds, we used differential interference contrast
(DIC) microscopy to look at single, double and triple /aff mutant seeds cleared in Hoyer’s
solution, and compared them to their respective wild type accessions. Although treatment
with Hoyer’s eventually leaches the chlorophyll out of the seed, incubating freshly collected
seeds at room temperature for 4-6 hours resulted in enough clearing to stage the embryos
while still retaining most of the chlorophyll (e.g. (Willmann, Mehalick et al. 2011). This
method allowed us to distinguish the greening of the embryo from that of the endosperm
(Fig. S1b, c¢), and was robust and reproducible (Fig. S1j). It was therefore used for
subsequent experiments as well. It’s worth keeping in mind that what we are assessing is
greening, but that chlorophyll accumulation starts a stage earlier (Fig. S1a). The /af/ alleles
used have all been reported to be nulls. The only exception is f/s3-3, which produces a
misspliced product that leads to strong early maturation defects (Nambara, Keith et al. 1994,
Lotan, Ohto et al. 1998, Stone, Kwong et al. 2001, Tiedemann, Rutten et al. 2008).

Wild type embryos turn green mostly during the late heart stage, with some showing color at
the heart stage, the greening being nearly complete by early torpedo stage (Table 1, Fig. Sla-
¢, ) (Mansfield and Briarty 1991, Willmann, Mehalick et al. 2011).

All single /aff mutants showed a delay in embryo greening (Table 1, Table S1a). The most
severe were /ecI-1and fus3-3, with onset at the early torpedo stage. These are followed by
abi3-3, with onset at the late heart stage. Finally, /ec2-1 had the mildest phenotype, starting
to green at mid heart, like the wild type, but showing lower percentages of green embryos
until the mid-torpedo stage. Most of the mutant embryos are green by the late torpedo stage.
Remarkably, the severity of these mutants in terms of greening largely mirrors their defects
in the accumulation of SSPs and oils (Meinke, Franzmann et al. 1994, Parcy, Valon et al.
1997, Kroj, Savino et al. 2003, Roscoe, Guilleminot et al. 2015). This suggests that
individual LAFL genes regulate chloroplast development to a similar degree than they do

Plant J. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Neill et al.

Page 6

other aspects of early maturation. The double mutant embryos (abi3-3 lec1-2, abi3-3 lec2-1,
fus3-3 lec1-2, fus3-3 lec2-1 and lec1-2 lec2-1) also greened considerably later than the wild
type ones, but the phenotype was generally intermediate between that of the two mutant
alleles, and more similar to the stronger one (Table 1, Tables Sla-c). Of the two triple mutant
combinations we analyzed, /fecI-2 lec2-1 fus3-3was not different from the double mutants,
while lecI-2 lec2-1 abi3-3was only slightly stronger (Table 1, Table S1d). The distribution
and amounts of chlorophyll in older multiple mutant embryos corresponded to that of the
single mutants that made them up: combinations with /ecZ-2had very pale or white
hypocotyls, with /ec2-1 patchy or white cotyledons, and with fus3-3less chlorophyll overall
(Fig. S2a-h).

In light of these results, we can conclude that embryo greening is part of the early
maturation program and that it is at least partially regulated by the same transcription
factors. The lack of significant additive effects in double and triple mutants shows that this
process, like others regulated by the LAFL genes, is controlled by these products acting
together in the same pathway (Baud, Kelemen et al. 2016, Pelletier, Kwong et al. 2017).
There is spatial variation in the requirements, with LECZ having a much more important role
in the hypocotyl than in the cotyledons. Similar spatial differences are seen in the cross
regulation of LAFL genes (To, Valon et al. 2006), and may underlie these disparities. Unlike
SSPs and storage oils, whose accumulation is strictly dependent on the action of the LAFL
factors, chloroplast development proceeds even in the absence of their activity. These results
suggest that, in addition to LAFL function, additional transcription factors may participate in
turning on the pathways for chlorophyll synthesis and chloroplast maturation. Potential
candidates are AGL23, GOLDENZ2-LIKEIand 2, and GNC and GNC-LIKE, whose
mutations lead to absent or underdeveloped chloroplasts (Fitter, Martin et al. 2002,
Colombo, Masiero et al. 2008, Bastakis, Hedtke et al. 2018, Zubo, Clabaugh Blakley et al.
2018).

The onset of maturation is seed autonomous and depends on developmental stage, not
the time elapsed since fertilization

Two of the questions we wanted to explore were whether developmental stage or time since
fertilization (in a constant environment) control the onset of embryonic maturation, and
whether each seed autonomously regulates maturation or there is a coordinated response
involving all the seeds in a silique. To answer these questions, we needed to separate age
from stage, and to be able to evaluate maturation in individual seeds in a silique. We took
advantage of recessive mutations that slow down embryonic development with only minor
effects on patterning and morphology. Siliques of heterozygous plants were collected at
specified time points after manual self-pollination. These siliques contained seeds that were
all of the same age but had attained different stages, the wild type seeds being
developmentally ahead of the mutant ones. This approach effectively uncoupled age and
stage. The seeds were all enclosed in the same maternal tissue. Thus, if there were a
maternal signal, it would reach all of them at the same time. We chose three parameters to
evaluate the onset of maturation: embryo greening, the expression of the master regulatory
gene FUS3(using a FUS3p.GUS transcriptional reporter), and the expression of the SSP
gene At253 (using a At253p-GFPtranscriptional reporter) (Kroj, Savino et al. 2003). To
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ensure that our results addressed the regulation of maturation and not the idiosyncrasies of a
particular mutant or biochemical process, we compared two separate mutants that affected
different pathways: fuscal2-U228 (fus12) and tilted1-4 (ti/1-4). fus12is a null allele of the
gene encoding the CSN2 subunit of the COP9 signalosome, which modulates the activity of
the cellular protein degradation machinery (Schwechheimer and Isono 2010). fusZ2embryos
grow at a slower rate than wild type ones, likely because the COP9 complex indirectly
influences the cell cycle (Betsch, Boltz et al. 2019). The fus12allele shows low maternal
transmission, resulting in 15% or fewer mutant embryos in self-pollinated heterozygous
siliques (Franciosini, Moubayidin et al. 2015). #/1-4is a strong hypomorphic allele of the
gene coding for DNA polymerase epsilon. Homozygous mutants show longer cell cycles and
consequent retarded development (Jenik, Jurkuta et al. 2005).

fus12is seedling lethal (Franciosini, Moubayidin et al. 2015) and #//1-4 homozygotes have
an extremely reduced seed set (Jenik, Jurkuta et al. 2005). Therefore, the comparisons
presented below are always between homozygous mutant embryos and wild type embryos
either from the same siliques or from sibling wild type plants grown at the same time. This
also controls for the minor differences in growth rate we observed depending on genetic
background or growth conditions. In all cases studied, wild type embryos behaved in the
same manner whether developing in homozygous wild type or in heterozygous siliques.

The FUS3p:GUS reporter is expressed first in the suspensor, as early as the dermatogen
stage. Then it is turned on in the embryo proper at the late globular/early heart stage, where
it persists for most of embryogenesis (Kroj, Savino et al. 2003) (Figs. S1d-f, S3, S4). This
reporter had the unfortunate tendency to get silenced in a fraction of the seeds whenever
crossed into any mutant background. Therefore, seeds showing no GUS staining at all were
not considered. Embryos with only suspensor staining were scored as “negative” for
expression, while embryos that stained in both the suspensor and embryo proper were scored
as “positive”. The At2S3p:GFP reporter is expressed first at the late heart or early torpedo
stage, in a few cells of the hypocotyl, and then spreads out in older embryos (Willmann,
Mehalick et al. 2011) (Figs. S1g-i, S3, S4). In this case we used plant lines that were
homozygous for the reporter. Because we were interested in the onset of expression,
embryos with just one GFP-expressing cell were counted as “positive” for expression.

For both mutants we first present the percentage of wild type and mutant embryos of
different stages at each time point that expressed the marker under study (Figs. 2 and 3,
panels a, d, g). fus12and ti/7-4 embryos show mild root pole defects starting at the early to
mid-globular stages (Jenik, Jurkuta et al. 2005, Franciosini, Moubayidin et al. 2015). To
decide which embryos were mutant (those to the left of the red line in Figs. 2, 3 a, d, g), we
scored for these defects and also considered the delay when compared to embryos in sibling
wild type plants at that time point (Figs. S3, 4). We then collated all the wild type or mutant
embryos and sorted them by age or by stage, to facilitate comparisons (Figs. 2 and 3, panels
b, c, e f, h,i).

fus12embryos turned green following the same developmental trajectory as wild type ones,
starting at the early heart stage and being mostly completed by the late heart stage (Fig. 2a,
b; Table S2a). Because a wild type early heart corresponded to 5 DAP, while a fusiZ2early
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heart to 6 DAP, they greened at different ages (Fig. 2c; Table S2a). We observed the same
pattern with FUS3p-GUS, with expression in the embryo proper appearing at the same stage
in both wild type and fus12(some at the late globular stage, the rest at the early heart stage)
(Fig. 2d, e; Table S2b). This meant that fus22embryos turned on the reporter a day later than
wild type ones (5 vs. 4 DAP) (Fig 2f; Table S2b). For At253p:GFP both genotypes initiated
expression at the mid heart stage, but it progressed developmentally faster in the mutant
(94% vs. 37% of late heart stage embryos expressing it) (Fig. 2g, h; Table S2c). Again, this
was significantly later in time for fus12than for wild type (6 vs. 4 DAP) (Fig. 2i; Table S2c).

Greening also had the same stage of onset (mid heart stage) and developmental progression
in til1-4 embryos compared to wild type embryos (Fig. 3a, b; Table S2a). It started at 5 DAP
in wild type embryos but, because of the slower growth, one day later in the mutants (Fig.
3c; Table S2a). Wild type and #//1-4 expressed FUS3p.GUS at the same stages as well (onset
mostly at late globular), but at day apart (Fig. 3d-f; Table S2b). Finally, the same behavior
was observed for At253p.GFP, with onset for both genotypes at mid heart stage but a day
later for the mutant (the difference at the late heart stage was barely significant, p = 0.389)
(Fig. 3g-i; Table S2c).

Our data from the analysis of slower-developing embryos strongly suggest that what
determines the onset of maturation (at least as defined by the proxies used in our
experiments) is the developmental stage and not the time after pollination. It is also very
clear from our observations that each seed begins maturation autonomously, since embryos
in the same maternal environment matured at different chronological times.

The timing of endosperm cellularization does not determine the onset of maturation

The timing of endosperm cellularization is tightly correlated with that of maturation during
the development of wild type seeds. The endosperm starts to cellularize during the early
heart stage. At around this stage FUS3is expressed in the embryo proper, and the embryos
start accumulating chlorophyll. A couple of stages later the embryos begin to express the
genes encoding or responsible for seed storage products (Fig. 1). It has been hypothesized
that this correlation is not just temporal but causal: endosperm cellularization leads to a
redistribution of sucrose, and this triggers the maturation process (Weber, Heim et al. 1998,
Wobus and Weber 1999, Weber, Borisjuk et al. 2005).

We realized we could take advantage of the slowly developing mutant embryos to see
whether the correlation held. We could compare the stage at which cellularization occurred
with the stage at which maturation began in these mutants and the corresponding wild types.
We observed endosperm cellularization primarily in fresh seeds cleared in Hoyer’s (Fig.
S5a, b), which allows for the observation of large numbers of seeds. This method provides
equivalent data to the more traditional, but laborious, analysis of sectioned and stained tissue
(Fig. S5f, g). We analyzed both heterozygous and homozygous wild type siliques, and
scored for mutant embryos as described above.

In fus12seeds the endosperm cellularized at the same stage as in wild type seeds (Fig. 4a;
Table S2d), confirming our previous qualitative observations (Franciosini, Moubayidin et al.
2015). Because fus12and wild type embryos also mature at the same stage, the correlation
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between cellularization and maturation holds in this case. In contrast, in #/1-4 endosperm
cellularization occurred much earlier than in the wild type, at the mid to late globular stage
(Fig. 4b; Table S2d). The data for #/1-4 are, again, consistent with our previous work (Jenik,
Jurkuta et al. 2005). These results indicate that endosperm cellularization is not always
correlated with maturation as previously postulated.

To further explore the connections between cellularization and maturation, and to see if we
could buttress the conclusions derived from the previous experiment, we made use of
mutants that are known to cellularize the endosperm either at an earlier or later embryonic
stage than the wild type. In this experiment the stage of cellularization was known, and we
tested whether the stage of the onset of maturation was altered. MINISEED3 (MINI3) and
SHORT HYPOCOTYL UNDER BLUE1 (SHBI) encode transcription factors that act in the
same pathway to regulate the timing of endosperm cellularization (Kang, Li et al. 2013). The
null alleles mini3-2and shb1 result in identical phenotypes, with endosperm cellularization
starting at the late globular stage and ending at the mid heart stage, one embryonic stage
earlier than wild type (Fig. S5c¢) (Luo, Dennis et al. 2005). shb1-Dis a hypermorphic allele
with the opposite phenotype: cellularization starts at the late heart stage and is completed at
the early torpedo stage (one embryonic stage later than wild type) (Fig. S5d, €) (Zhou,
Zhang et al. 2009).

We evaluated the same parameters as before: greening and expression of FUS3p:GUS and
A253p:GFP. For greening, homozygous mutant plants were compared to the corresponding
wild type accessions (Col for mini3-2and shb1, Ws for shb1-D). In the case of the reporters,
we compared homozygous mutant plants from the F2 generation of the cross to the reporters
with segregating sibling homozygous wild type plants (labeled M/NI3, SHB1, and SHBI-D,
respectively, in Fig. 4c-e), to control for possible differences in genetic background.
Remarkably, for all three markers the onset of maturation in all mutants was at the same
embryonic developmental stage as in the wild types (Fig. 4c-e; Tables S3a-c). The only
exception was a higher percentage of sib1 early heart embryos expressing At2S3p. GFP
(21% vs. 3% in SHBI) (Fig. 4e; Table S3c). The data confirm the absence of correlation
between the timing of endosperm cellularization and the beginning of maturation: regardless
of when cellularization happens maturation starts at the same embryonic stage. Even more
interestingly, in shb1-D the endosperm finishes cellularizing afterthe embryo has greened
and Ar253p:GFP expression has been induced, further affirming our conclusions.

The onset of embryo maturation does not require a cellularized endosperm

Given the last intriguing observation, that maturation can start before endosperm
cellularization is initiated, we wondered whether the onset of maturation required
endosperm cellularization at all. According to the “sugar switch” model discussed earlier,
maturation should depend on endosperm cellularization. If this were correct, mutants where
the endosperm does not cellularize should not progress to the maturation phase.

Seeds mutant for gametophytic subunits of the Polycomb Repressive Complex 2 (PRC2) fail
to cellularize their endosperm. In these seeds the embryos arrest with a late heart stage
morphology, and eventually the seeds shrivel and die. These are gametophytic maternal
effect mutations: heterozygous self-pollinated plants produce 50% mutant seeds (Sgrensen,
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Chaudhury et al. 2001, Ingouff, Haseloff et al. 2005). We picked two of these mutants for
our studies, fertilization independent seed2-6 (fis2-6) and fertilization independent
endosperm-12 (fie-12), both null alleles with indistinguishable seed phenotypes (Guitton,
Page et al. 2004, Wolff, Weinhofer et al. 2011). To make sure that the effects we saw were
due to defects in endosperm cellularization and not just abnormal PRC2 complex activity,
we chose a mutant in an unrelated pathway, endosperm defectivel (ede1-1). EDEI encodes a
microtubule-associated protein and mutants show aberrant or absent cytokinesis, leading to
an uncellularized endosperm and embryonic arrest in about 11% of the seeds of homozygous
plants (Pignocchi, Minns et al. 2009, Hehenberger, Kradolfer et al. 2012).

In fisZand fie mutants embryo development is indistinguishable from wild type until the
time of embryo cellularization (Sgrensen, Chaudhury et al. 2001, Ingouff, Haseloff et al.
2005). In edel-1it is not possible to predict which seeds will fail to cellularize (Pignocchi,
Minns et al. 2009). We concentrated our analysis, therefore, in seeds where cellularization
had failed (and hence were mutant) and where the wild type (or wild type-looking) embryos
in the same silique were either in the early maturation (early torpedo to early bent cotyledon)
or late maturation (bent cotyledon to almost full seed) phases. Wild type embryos at these
stages are all green, and all express FUS3p:GUS and At253p:GFP (Figs. S3, 4).
Accordingly, the question was simply whether the mutant embryos expressed these markers
of maturation or not.

A majority of embryos for all three mutants turned green and expressed the two reporters
(see Table S3d for sample sizes). 74 to 89% of the embryos expressed FUS3p:GUS (Fig. 5a-
d), indicating that the maturation-promaoting factors are not only expressed but also
maintained in these mutants. We observed that in fs2-6, but not in other mutant
backgrounds, about a third to a half of the embryos exhibited patchy GUS staining, mainly
in the cotyledons and root pole (Fig. 5b). 42 to 72% of the embryos turned green, with the
lowest percentage corresponding to the earlier fie-12embryos (Fig. 5e-h). The most
dramatic difference between mutants was seen for At253p.GFP, where 83-93% of fis2-6 and
edel-1embryos expressed the reporter, but only 26-38% of fie-12embryos did (Fig. 5i-1).
Expression levels of At253p:GFP were lower in all mutants compared to wild type embryos
from the same silique (e.g. Fig. 5l), and this was much more pronounced in fie-12embryos
(Fig. 5k). It appears, therefore, that a majority of embryos can initiate the maturation
program even in the absence of endosperm cellularization, even if not as robustly as in the
wild type. The difference in the levels of expression of At2S3p.GFPin fie-12 compared to
fis2-6 might be related to the fact that, while F/52is only expressed in the endosperm, F/Eis
also expressed in the embryo (Luo, Bilodeau et al. 2000). It has been shown that dying fie
seeds accumulate little storage oils (Fatihi, Zbierzak et al. 2013). The activity of PRC2 in the
embryo may therefore be important for the accumulation of storage products.

Embryo maturation is initiated at the proper stage even if the supply of sucrose is reduced

Reductions in the provision of sucrose to the embryo, by mutating sucrose transporters, lead
to slower embryo growth and reduced seed filling in a variety of species (Baud, Wuilléme et
al. 2005, Chen, Lin et al. 2015, Sosso, Luo et al. 2015). An unexamined question is whether
the timing of maturation depends on the supply of sucrose.
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To address this issue, we analyzed a triple mutant for the sucrose transporters SWEET11, 12
and 15 (sweet11,12;15). Of all the SWEET transporters, these are the ones expressed at high
levels in the seed, primarily in the seed coat and endosperm. sweet11,;12,15 mutant seeds
have slowly developing embryos (two days slower than the wild type Col), and result in
incompletely filled seeds, with storage oil concentration reduced by 71% (Chen, Lin et al.
2015). Moreover, SWEET11;12;15 function is required predominantly in the seed coat,
because only the maternal genotype is important for the defects seen in the mutant embryos
(Chen, Lin et al. 2015).

We repeated in sweet11,;12,15 plants the studies that we had carried out in the previous
mutants. Greening was examined in self-pollinated sweet11,12;15 plants. For FUS3p:GUS
and At253p:GFP we pollinated sweet11,12;15homozygous plants with pollen homozygous
for the reporters and then collected seeds at 4-7 DAP. Because of the maternal effect, the
seeds produced should have a mutant phenotype. Comparisons were made to Col (greening)
or to wild type plants homozygotes for the reporter (also in Col background).

In spite of being delayed by two days compared to the wild type, the onset of FUS3p-GUS
expression and greening occurred at the same stage in sweetl1,12;15embryos as in the wild
type (Fig. 6a, b; Table S4). FUS3p:GUS expression then rose at a slightly higher rate, and
greening developed at a slower rate than in the wild type (Fig. 6a, b; Table S4). Endosperm
cellularization in sweet11,12,15 seeds occurred at the same embryonic stage as in the wild
type, although with a somewhat different dynamic (Fig 6d; Table S4). In this particular case,
the correlation between endosperm cellularization and onset of maturation is not different
from the wild type situation. In contrast, the expression of At253p.GFP was significantly
delayed, both in term of stages (Fig. 6¢; Table S4) and DAP (mid-heart Col 5 DAP, late heart
sweet11,12:157 DAP) . The accumulation of storage products, then, is much more sensitive
to the supply of sugars than the onset of maturation itself.

Discussion

In this work we looked at the relative influence of developmental versus chronological time
in the regulation of the onset of embryonic maturation, whether seeds start maturation
autonomously, and whether the “sugar switch” model applies to Arabidopsis. Several of
these issues had been difficult to address because the development of all the embryos in an
Arabidopsis silique proceeds at a similar speed, obscuring the contributions of stage and age
to the process.

The first conclusion from our experiments analyzing the expression of a master positive
regulator (FUS3p.GUS), greening, and expression of a SSP gene (At253p-GFP) in mutant
backgrounds that have delayed development (fus12, til1-4) is that each seed develops
independently from the others in the silique, and from the maternal tissue. The only maternal
signal for maturation that has been proposed to date is ABA, but the “early” peak of ABA in
the seed is at 9-10 DAP (Karssen, Brinkhorst-van der Swan et al. 1983, Kanno, Jikumaru et
al. 2010), much too late to start the process at 5-6 DAP. Our experiments strongly suggest
that there are no signals produced by the fruit that are responsible for triggering maturation.
An alternative explanation is that a signal may exist, but that the embryos will not perceive it
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or respond to it until they have reached the appropriate stage. Given the current paucity of
evidence for fruit-derived signals, we favor the former interpretation.

The second conclusion from our studies of delayed mutants is that the onset of maturation is
dependent on the developmental stage of the embryo and not the number of days since
fertilization. Something similar had been observed in gpetalaZ mutants, but those results
were not straightforward to interpret, since the mutation affected not only the embryo but
also the endosperm and the seed coat (Ohto, Floyd et al. 2009). Time and stage can be
uncoupled in Arabidopsis embryos, and the results imply the existence of some kind of
internal timing mechanism linked to stage progression for triggering maturation.

Our data suggest that the early heart to heart stage is the key moment when the maturation
program is initiated. This is the first stage at which all the gene products described as
important for the expression of maturation genes are present at the same time in the embryo
proper. While LECI, L1L, ABI3, bZIP10and 53, and NF-YCZ2are expressed from early in
development (Parcy, Valon et al. 1994, Lotan, Ohto et al. 1998, Kwong, Bui et al. 2002,
Belmonte, Kirkbride et al. 2013), LEC2doesn’t appear in the embryo proper at detectable
levels until the early- to mid-globular stages (Stone, Kwong et al. 2001, Kroj, Savino et al.
2003) (but possibly earlier, see (Hofmann, Schon et al. 2019)), and FUS3 not until the late
globular to early heart stages (Kroj, Savino et al. 2003, Tsuchiya, Nambara et al. 2004) (but
see (Roscoe, Vaissayre et al. 2019) for a suggested earlier onset). The key, then, is likely to
be in the regulation of the LAFL genes, of which not much is known. The expression of
FUSS3, but not AB/3, depends partly on LECZfor its initiation (To, Valon et al. 2006). Both
FUS3and LECZare repressed at early stages, indirectly, by microRNAs. Embryos mutant
for DICER-LIKE1 (DCL 1), that have significantly reduced microRNA levels, show
precocious expression of these genes and of maturation markers (Nodine and Bartel 2010,
Willmann, Mehalick et al. 2011). miR156, in particular, has been proposed to serve as a
count-down timer for embryo differentiation, in a similar fashion to its action during
vegetative phase change (Nodine and Bartel 2010). However, more data is necessary to
support this hypothesis. It is also likely that chromatin plays a role in regulating expression.
For instance, the nucleosome remodelers CHR5 and PICKLE modulate the levels of AB/3,
LECIand FUS3in an antagonistic manner (Shen, Devic et al. 2015). There is also likely to
be a stage-dependent layer of post-transcriptional and/or post-translational regulation, such
as the phosphorylation of ABI3 or FUS3, or the stabilization of the latter by ABA
(Guerriero, Martin et al. 2009, Lu, dela Paz et al. 2010, Tsai and Gazzarrini 2012).

The only metabolic signal proposed, so far, to trigger embryo maturation is a switch in the
hexose/sucrose ratio from high to low, following the cellularization of the endosperm, a
hypothesis based mostly on research on legumes (Wobus and Weber 1999, Weber, Borisjuk
et al. 2005). The work of several labs on oilseeds, however, offered contrasting data.
Tomlinson and colleagues (Tomlinson, McHugh et al. 2004) concluded that, in tobacco
seeds, altering the sugar ratios does not have an effect on the accumulation of storage oils,
and that a low hexose-to-sucrose ratio is not required for the onset of seed filling. Morley-
Smith and others (Morley-Smith, Pike et al. 2008), on their part, inferred that the embryo in
Brassica napus seeds is not subjected to the changing ratios of hexose-to-sucrose that occur
in the endosperm but that it may receive a more constant concentration of sucrose via the
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suspensor or the micropylar endosperm. These observations questioned the notion of a
change in sucrose concentrations as a trigger for seed filling. In Arabidopsis, endosperm
cellularization was hypothesized to redistribute the flow of sucrose from the vacuole to the
embryo, to promote its growth (Hehenberger, Kradolfer et al. 2012, Lafon-Placette and
Kdohler 2014). However, its connection to maturation, which starts immediately after
cellularization, hadn’t been explored.

Our experiments show that endosperm cellularization is not required for the onset of
maturation. In #//1-4, shb1 and mini3-2the endosperm cellularizes one or two stages early,
but maturation does not begin precociously. The opposite is true in shb1-D, cellularization is
late, but maturation remains on schedule. Even more conclusive are the observations on
mutants where the endosperm fails to cellularize (fis2-6, fie-12, edel-1). These seeds (when
measured whole) maintain a high hexose-to-sucrose ratio (Hehenberger, Kradolfer et al.
2012). The sugar-switch model of (Wobus and Weber 1999) would predict that the transition
to maturation shouldn’t happen in these mutant embryos. However, in the vast majority of
embryos we observe greening, and expression of At253p-.GFP (and of FUS3p.GUS, which
actually precedes endosperm cellularization). Our data therefore imply that, in Arabidopsis,
the onset of maturation is independent of the hexose-to-sucrose ratio of the whole seed. Our
observations then, appear to confirm the previous studies in oilseeds that suggested that the
“sugar switch” model does not apply to these plants. They also indicate that, because
endosperm cellularization and the onset of maturation can be uncoupled, they are likely to
be controlled by independent genetic programs. It must be noted that in Arabidopsis the
endosperm shows expression of many maturation-related genes, but their regulation is likely
to be independent from that in the embryo and will need further study (Belmonte, Kirkbride
etal. 2013).

Endosperm cellularization is likely to be required for embryonic cell division and growth,
since all the mutants that fail to cellularize the endosperm show embryo arrest (Sgrensen,
Chaudhury et al. 2001, Ingouff, Haseloff et al. 2005). Whether this is due to reduced sugar
levels (Hehenberger, Kradolfer et al. 2012) or elevated turgor pressure (Beauzamy, Fourquin
et al. 2016) is not clear. However, culturing fis2 or sweet11;12,15embryos in high sucrose
can partially rescue their growth defects (Hehenberger, Kradolfer et al. 2012, Chen, Lin et
al. 2015). A corollary of the observations that fie-12, fis2-6 and edel-1 embryos stop
growing but nevertheless begin maturing is that embryo growth and maturation are regulated
by separate genetic pathways. The final size of the embryo (and seed) appears to be
influenced by the timing of endosperm cellularization, by the proliferation and expansion of
the seed coat, and by interactions between all these tissues and the embryo (Orozco-Arroyo,
Paolo et al. 2015). The timing of maturation, on the other hand, appears to be regulated
mostly by the LAFL genes (Boulard, Fatihi et al. 2017).

Our study should not be interpreted to mean that endosperm cellularization is not important
for the accumulation of storage products. The levels of expression of At253p:GFP in the
mutants that don’t cellularize never reaches the levels of the wild type. The mechanism by
which the endosperm influences the final content of storage products is unknown, but it
could be related to the provision of sucrose via the SWEET (or other) transporters. We
observe a definite delay in the expression of At253p.GFPin sweetl1,12;15, and the mature
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seeds of this mutant show a 34% reduction in seed weight and a 71% reduction in fatty acid
content (Chen, Lin et al. 2015). Further studies are needed to elucidate the connections
between endosperm and maturation.

Experimental Procedures

Plant material and growth conditions

Plants were grown at 22°C with 16 hours of light in a growth chamber (Conviron). Seeds
were planted directly in soil (Fafard-2, SunGro Horticulture) supplemented with Osmocote
Plus 15-9-12 fertilizer. The only exception were desiccation-intolerant mutants, which were
grown by taking immature homozygous mutant seeds, germinating them on plates with
sterile Murashige-Skoog (MS) medium (4.4 g/L MS salts, 1X Gamborg’s vitamins, 0.5 g/L
MES, 10 g/L sucrose, and 7.5 g/L tissue culture agar, pH 5.7) (all reagents from Sigma
unless specified otherwise) and then transplanting them to soil. For the time series,
unopened flowers were emasculated and then pollinated two days later. Siliques were
collected 3 to 7 days after pollination, depending on the experiment.

All the mutants and reporters used here have been described before: /ecZ-1 (Meinke 1992),
lec1-2 (West, Matsudaira Yee et al. 1994), fus3-3 (Keith, Kraml et al. 1994), /ec2-1 (Meinke,
Franzmann et al. 1994), abi3-3 (Nambara, Naito et al. 1992), #//1-4 (Jenik, Jurkuta et al.
2005), fus12-U228/csn2 (Miséra, Muller et al. 1994), mini3-2 (Luo, Dennis et al. 2005),
shb1and shb1-D (Kang and Ni 2006), fie-12 (Wolff, Weinhofer et al. 2011), fis2-6 (Guitton,
Page et al. 2004), ede1-1 (Pignocchi, Minns et al. 2009), sweet11;12;15(Chen, Lin et al.
2015), and FUS3p.GUS and At253:GFP (Kroj, Savino et al. 2003). #//1-4, and the reporter
genes are in a Col background, while fus12is in a Landsberg erecta (L er) background. Seeds
were obtained from the following sources: our stocks (fus12, til1-4), John Harada (U. of
California-Davis) (/ecI-1, lecI-2, lec2-1, fus3-3, abi3-3, double and triple mutants), Min Ni
(U. of Minnesota) (sh61-D), Claudia Kohler (Uppsala BioCenter) (fie-12), Li-Qing Chen (U.
of Illinois at Urbana-Champaign) (sweet11,12:15), Francois Parcy (Biosciences and
Biotechnology Institute of Grenoble) (FUS3p:GUS and At253p-GFP), and the Arabidopsis
Biological Resource Center (mini3-2, shbl, edel-1, fis2-6, Coland Ws-2). Plants were
genotyped based on the phenotype of the developing seeds. The exceptions were mini3-2,
shb1and shb1-D, which were PCR-genotyped using the primers described by (Zhou, Zhang
et al. 2009), and the triple LAFL mutants (/ec1-2 lec2-1 fus3-3/abi3-3). In the case of fus3-3,
PCR was done with primers 5’catctatggtttcttctaacgatctc3’ and
5’ttggacggttttcacgtttggaccttcaagtctag3’ and the product digested with Xbal. For abi3-3,
amplification was carried out with primers 5’gggcctccggcttttgtccgetegg3’ and
5’ccacgtcagcaggtggtaccagatc3’ and the product cut with AHinAl.

Histochemistry and microscopy

All our observations were carried out on a Leica DMRB microscope equipped with ProgRes
MFcool and ProgRes C5 cameras (Jenoptik). Images were acquired with the ProgRes
software and processed as necessary (overall brightness, contrast). Graphs were generated in
Microsoft Excel. Figures were assembled using Adobe Photoshop CC 2018.
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For the clearing of whole seeds, siliques were opened with fine tweezers and the seeds
placed on a slide with Hoyer’s solution (Anderson 1954). Hoyer’s was made by dissolving
50 g of chloral hydrate and 3.75 g of gum arabic into 15 ml of water and 2.5 ml of glycerol.
The resulting solution was diluted 2 parts Hoyer’s to 1 part water before using. Cleared
seeds were observed using Differential Interference Contrast (DIC) optics. Embryos were
staged according to (Jirgens and Mayer 1994), except for the torpedo stages, which we
define as: early torpedo embryos are those that first show the cotyledons parallel to each
other, mid-torpedo embryos have a length that is about half of that of the seed, late torpedo
embryos are about as long as the seed.

GUS staining of whole seeds involved slitting the siliques open, fixing in cold 90% acetone
for 20 minutes, rinsing with 100 mM phosphate buffer pH 7, and incubating in GUS staining
solution (100 mM phosphate buffer, pH 7, 1 mM EDTA, 1% Tween 20, 2.5 mM potassium
ferrocyanide/ferricyanide, and 1 mg/ml X-Glc [Gold Biotechnology]) at 37°C for 4 hours.
Stained tissue was rinsed with water and the seeds mounted in Hoyer’s and cleared
overnight at 4°C.

To analyze GFP expression, embryos were dissected out of the seeds with needles directly
onto a slide with a drop of 5% sucrose (Fisher Scientific) and observed immediately. For
GFP and chlorophyll fluorescence, the excitation/emission wavelengths were 480/535 nm
and 560/645 nm, respectively.

For the preparation of sectioned and stained tissues, siliques were cut into three pieces and
fixed in FAA (3.7% formaldehyde, 5% acetic acid, 50% ethanol) overnight at 4°C. The
fixative was vacuum infiltrated for 15 minutes. The fixed tissue was dehydrated through an
ethanol and ethanol:CitriSolv (Fisher Scientific) series and embedded in Paraplast Plus
(McCormick Scientific). 7 um sections were cut with a Leica RM2155 microtome and
mounted on albuminized slides. The mounted sections were deparaffinized in CitriSolv,
rehydrated, and stained for 10 minutes in 0.5% Celestine Blue (dissolved in 5% ferric
ammonium sulfate). The stained slides were rinsed in water, dehydrated with an
ethanol:CitriSolv series, and mounted with Omnimount (Electron Microscopy Sciences).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Events occurring in the seeds around the time of onset of the maturation program.
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Figure 2: Greening and expression of maturation reportersin fusl2 embryos.
(a, d, g) Distribution of embryo stages in FUS12/fus12siliques at different times after

pollination. The embryos to the left of the red line are the fus12embryos. A red line
bisecting a bar indicates that the stage contained both wild type and mutant embryos. Stages:
E; early; M: mid; L: late; 16C: 16-cell; G: globular; H: heart; T: torpedo (To: early/mid
torpedo); BC: bent cotyledon. (a) Embryo greening. Gray bars denote white embryaos, green
bars green embryos. (b) Green embryos from the graphs in (a) sorted by developmental
stage. (c) Green embryos from the graphs in (2) sorted by developmental time (DAP). (d)
Expression of FUS3p.:GUS. Gray bars denote GUS- embryos, blue bars GUS+ embryos. (e)
GUS+ embryos from the graphs in (d) sorted by developmental stage. (f) GUS+ embryos
from the graphs in (d) sorted by developmental time (DAP). (g) Expression of At253p.:GFP.
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Gray bars denote GFP- embryos, green bars GFP+ embryos. (h) GFP+ embryos from the
graphs in (g) sorted by developmental stage. (i) GFP+ embryos from the graphs in (g) sorted
by developmental time (DAP). For (b), (c), (e), (f), (h) and (i) the sample sizes per condition
and p-values from Fisher’s Exact Test between wild type and mutant are listed on Tables
S2a-c (*: p<0.05; **: p<0.01). n/a: not applicable, the mutant embryos hadn’t reached that
stage by the last time point.
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Figure 3: Greening and expression of maturation reportersin til1-4 embryos.
(a, d, g) Distribution of embryo stages in 7/L1/til1-4siliques at different times after

pollination. The description of panels (a) to (i) is the same as in Figure 3. For (b), (c), (e),
(F), () and (i) the sample sizes per condition and p-values from Fisher’s Exact Test between
wild type and mutant are listed on Tables S2a-c.
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Figure 4: Endosper m céllularization in mutantswith delayed development, and greening and
expression of maturation reportersin embryos from seeds with altered endosperm

cedlularization.

(a, b) Percentage of embryos at a certain stage in seeds with cellularized endosperm in (a)
fus12and wild type (FUS12) seeds, (b) til1-4and wild type (7/L1) seeds. (c) Greening, (d)
FUS3p-GUS expression, and (e) At253p:GFP expression in embryos from seeds with altered
timing of endosperm cellularization. In (d) and (e) MINI3, SHB1 and SHBI1-D refer to the
wild type siblings of the corresponding homozygous mutants. The sample sizes per
condition and p-values from Fisher’s Exact Test between wild type and mutant are listed on

Tables S2d and S3a-c (*: p< 0.05; **: p<0.01).
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Figure 5: Greening and expression of maturation reportersin embryos from seedswith no
endosperm cellularization.

(a) Percentage of embryos expressing FUS3p:GUS. (b-d): Examples of FUS3p:GUS
expression in embryos of (b) fis2-6 (mature green stage; patchy GUS), (c) fie-12 (bent
cotyledon stage), (d) edel-1 (mature green stage). (e) Percentage of green embryos in seeds
with failed endosperm cellularization. (f-h): Examples of green embryos in (f) fis2-6 (early
bent cotyledon stage), (g) fie-12 (early bent cotyledon stage), (h) edel-1 (late heart stage).
(i) Percentage of embryos expressing At253p.GFP. (j-1): Examples of At2553p:GFP
expression in embryos of (j) fis2-6 (mid torpedo stage), (k) fie-12 (bent cotyledon stage), (1)
edel-1 (early bent cotyledon stage, with part of a wild type embryo from the same silique
next to it). Magenta represents chlorophyll autofluorescence. The sample sizes per condition
are listed on Table S3d. Scale bars: 100 um.
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Figure 6: Analyses of sweet11;12;15 embryos.
(a) Greening, (b) FUS3p:GUS expression, (¢) At2S3p.GFP expression, and (d) endosperm

cellularization in sweet11,12,15embryos. The sample sizes per condition and p-values from
Fisher’s Exact Test between wild type and mutant are listed on Table S4 (*: p< 0.05; **: p<

0.01).
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Table 1:
Embryo greening in wild type and lafl single, double, and triple mutants.

lec1-1and lec1-2are in Wassilewskija (Ws) background, while fus3-3, lec2-1 and abi3-3are in Columbia
(Col). Asterisks mark significant differences between the single mutant and the corresponding wild type at that
stage. For the double and triple mutants asterisks mark significant differences with at least one of the single
mutants (for the doubles) or one of the double mutants (for the triples) at that stage. For sample sizes and p-
values for Fisher’s Exact Test for each genotype and stage see Tables Sla-d.

Percentage of green embryos at each stage
enotype arly heart id heart ate heart arly torpedo id torpedo | Latetorpedo
G Early h Mid h Lateh Earl ed Mid ed L ed
Ws 0% 12% 55% 80% 100% 100%
lec-1 0% 0% 0% ™™ 219%™ 60% 90% ™™
Col 0% 22% 66% 100% 100% 100%
fus3-3 0% 0% ™ 0% ™ 119% % 580 100%
lec2-1 0% 12% 4207 76% 100% 100%
abi3-3 0% 0% 119%™ 500" 90% ** 100%
abi3-3 lec1-2 0% 0% 99" 26% 64% 92%
abi3-3 lec2-1 0% 0% 8% 3205 % 71% " 100%
fus3-3 leci-2 0% 0% 10% 23% 74% 94%
fus3-3 lec2-1 0% 0% 7% 290%™ 62% 94%
lec1-2 lec2-1 0% 0% 16% 380" 2% 90%
lec1-2 lec2-1 fus3-3 0% 0% 9% 23% 560 84%
lec1-2 lec2-1 abi3-3 0% 0% 5% 17% 49% % 88%
*
1 p<0.05;
Ak
- p<0.01
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