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ASIL1 is required for proper timing of seed filling
in Arabidopsis
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In flowering plants, seed development and seed filling are intricate genetically programmed processes that correlate with
changes in metabolite levels and that are spatially and temporally regulated by a complex signaling network mediated
mainly by sugars and hormones. ASIL1, a member of the plant-specific trihelix family of DNA-binding transcription
factors, was isolated based on its interaction with the GT-element of the Arabidopsis thaliana 2S albumin At2S3 promoter.
Mutation of ASILT derepressed expression of a subset of embryonic genes resulting in accumulation of 2S albumin and
embryo-specific lipids in leaves." It was recently reported that mutation of ASILT led to early embryo development in
Arabidopsis.? In this study, we demonstrated that ASIL1 acts as a temporal regulator of seed filling. In developing siliques,
mutation of ASILT led to earlier expression of master regulatory genes LEC2, FUS3 and ABI3 as well as genes for seed
storage reserves. Moreover, the 12S globulin accumulated to a much higher level in the developing seeds of asill-1
compared to wild type. To our knowledge, this is the first evidence that ASILT not only functions as a negative regulator
of embryonic traits in seedlings but also contributes to the maintenance of precise temporal control of seed filling. Thus,
ASIL1 represents a novel component of the regulatory framework controlling embryonic gene expression in Arabidopsis.

Seeds offer plants a unique opportunity to suspend their life cycles
in a desiccated state. This enables them to endure adverse envi-
ronmental conditions and then resume growth using endogenous
storage reserves when more favorable conditions develop. Seed
formation is an intricate genetically programmed process that
is correlated with changes in metabolite levels and is regulated
by a complex signaling network mediated mainly by hormone
and sugar levels.** Seed development can be divided into two
stages, embryo morphogenesis and maturation. The hallmarks
of maturation include storage compound accumulation, acquisi-
tion of desiccation tolerance, growth arrest and entry into a dor-
mancy period that is broken upon germination.’ In Arabidopsis,
three members of the B3 family of transcription factors, LEAFY
COTYLEDON (LEC) 2, ABSCISIC ACID-INSENTITIVE 3
(ABI3) and FUSCA 3 (FUS3) as well as a fourth regulator, a
HAP3 subunit of the CCAAT-box binding transcription factor
(CBF) LECI1, are master regulators of seed maturation processes.
A redundant gene regulatory network linking these regulators was
elucidated by examining the expression of ABI3, FUS3 and LEC2
in abi3, fus3, lecl and lec2 single, double and triple mutants.®
In combination with ABA, GA, auxin and sugar signaling, this
regulatory network governs most seed-specific maturation traits
in a partially redundant manner.®

The regulatory networks controlling the seed maturation pro-
gram in flowering plants are repressed prior to germination so
that seed storage reserves do not accumulate during vegetative
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development. A number of regulatory proteins have been impli-
cated in these regulatory networks.” For example, ASILI, a
protein characteristic of the plant-specific trihelix family of tran-
scription factors, plays a critical role in preventing expression of
some of the foremost embryonic and seed maturation genes in
seedlings. The seedlings of @si/I mutants exhibit a global shift in
gene expression to resemble late embryogenesis. Consistent with
this, asill seedlings accumulate 2§ albumin and oil comprised of
fatty acids similar to that of seed-derived lipid.!

Flowering plants require proper timing for control of their
development. This requires the correct timing of cell division and
a change in the balance of expression of numerous genes.® How
developmental timing is controlled during seed development
and seed filling is still not well understood. AS/LI expression is
dynamically regulated during seed development and relatively
high levels of ASILI transcript accumulated during early- and
mid-embryogenesis.! Recently, ASIL1 was found to be involved
in the temporal regulation of embryo maturation in Arabidopsis
in a partially redundant manner.? To examine whether ASILI is
involved in the regulation of seed filling, we compared changes
in the expression of seed-specific genes in wild-type and asi/l-1
mutant plants' by real-time RT-PCR analysis with RNA isolated
from siliques corresponding to five different stages of silique devel-
opment: early-embryogenesis I (1-3 DPA), early-embryogenesis I1
(4—6 DPA), mid-embryogenesis (7-9 DPA), late-embryogenesis
(10-12 DPA) and late-embryogenesis II (13—15 DPA). Seeds were
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biological replicates of either Col-0 or asil1-1.

Figure 1. Temporal effect of ASILT mutation on expression of seed maturation genes in developing seeds. Total RNA was isolated from siliques of wild
type (Col-0) and asil1-1 corresponding to five developmental stages as indicated (DPA) and subjected to real-time RT-PCR analysis with ACT2 mRNA
as an internal reference and gene-specific primers as previously described.' The mean and SD from qRT-PCR analysis were determined from three

mature and completely dry after 15 DPA. As shown in Figure 1,
of five classes of seed maturation-related genes examined, RABI8
(a Group II LEA or dehydrin) showed increased expression dur-
ing the very late stages of embryogenesis in the as7// mutant,
whereas AtEml (Group I LEA genes) had little or no change in
expression. In contrast, the three classes of storage reserve genes
examined (the 28 albumin A£283, the 128§ globulin CRC, and the
oleosin gene Oelo2) were expressed during early-embryogenesis
either earlier (CRC) or at higher levels (42253 and Oelo2) in asill
than in the developing seeds of wild-type plants. The transcripts
of At253 reached a maximum at 1012 DPA in both wild-type
and asi/I plants, whereas CRC mRNAs were detectable at early-
embryogenesis in asill, 3 DPA earlier than in wild type. The
At2853 and Oelo2 transcripts in asill-I were at least 2-fold more
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abundant at 4—6 DPA than in wild-type plants. This result sug-
gests that developing asz/I seeds accumulate more storage reserves
than wild type. In addition, as shown in Figure 1, 42253 mRNAs
accumulated at 4-6 DPA in wild-type plants whereas no tran-
script was detected at the same stages of silique development,
indicating that the synthesis of albumin is earlier than that of
globulin in Arabidopsis seeds. This difference in the expression
pattern between Az253 and CRC is consistent with the study in
developing rape seed embryos (Brassica napus) whereby the syn-
thesis of napin started a few days earlier than that of cruciferin.’
To further corroborate the finding that accumulation of seed
storage proteins is influenced by disruption of the ASILI gene,
we compared the 12§ CRC accumulation profiles in asz/I-1 and
wild-type plants by immunoblot analysis. Proteins were extracted
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from siliques corresponding to stages 2—6 DPA and 10-14 DPA
and subjected to immunoblot analysis with a monoclonal anti-
body raised against CRC. The globulin accumulated to a much
higher level (approximately 5-fold at 10-14 DPA as analyzed
by densitometry') in the developing seeds of asill-I compared
to wild type (Fig. 2). These results demonstrate that ASILI is
important for regulating the timing of seed storage product syn-
thesis in Arabidopsis.

To elucidate the mechanism underlying the regulation of
seed filling by ASILI during seed maturation, we examined the
effects of as7/I mutation on the transcript levels of master regu-
latory genes affecting seed development programs. Total RNA
was extracted from siliques at different developmental stages and
subjected to real-time RT-PCR analysis. Similar to the previ-
ous gene expression analysis in wild-type plants,'"'!* LECI and
LEC?2 transcripts were found to be abundant at early-embryo-
genesis stages, FUS3, ABI3 and ABI4 expression was at high lev-
els from mid- to late-embryogenesis, whereas ABI5 was mostly
expressed at late-embryogenesis stages (Fig. 1). In asi/l-1 mutant
plants, transcript levels of LECI and ABI5 were essentially iden-
tical to wild-type whereas ABI4 expression had increased at
early-embryogenesis and decreased after mid-embryogenesis. In
contrast, abundance of the LEC2 and ABI3 transcripts at early-
embryogenesis was at least 2-fold higher in asi/I-1 than in wild-
type plants. Furthermore, FUS3 transcript peaked 4 days earlier
in asi/I than in wild type (4-6 DPA vs. 10-12 DPA) (Fig. 1).

In conclusion, precise temporal regulation of gene expression
is required for proper seed maturation. Understanding the timing
mechanisms of seed development and seed filling has become an
important goal for many plant biologists. We demonstrated that
ASILI temporally regulates the expression of genes encoding the
B3 family of master regulators (LEC2, FUS3 and ABI3) as well
as seed storage protein (SSP) (2S albumin and 12§ globulin) and
oleosin genes. This indicates that ASIL1 contributes to the main-
tenance of the seed maturation program. We propose a model
for the participation of ASIL1 in the negative regulation of SSP
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Figure 2. Accumulation of the 12S globulin cruciferin in developing
seeds of asill mutant. Total protein extracts were prepared from siliques
of wild type (Col-0) and asil1-1 mutant plants corresponding to stages
2-6 DPA and 10-14 DPA. An equal amount of protein (10 pg) was loaded
in each lane and subjected to SDS-PAGE followed by either Coomassie
brilliant blue staining (left) orimmunoblot analysis with monoclonal
anti-12S cruciferin (CRC) antibody (right) as described previously.'

and oleosin genes during seed maturation through LEC2-FUS3/
ABI3 signaling. ASIL1 negatively controls these genes either by
interacting with DNA-binding elements to-directly repress tran-
scription of SSP and oleosin genes or by repressing the B3 regula-
tors so that transcription of SSP and oleosin genes is inhibited
indirectly.
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