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 1	

ABSTRACT 2	

 3	

Spatiotemporal regulation of gene expression plays an important role in developmental timing 4	

in plants and animals. FUSCA3 regulates the transition between different phases of 5	

development by acting as a link between different hormonal pathways in Arabidopsis. 6	

However, the mechanisms governing its spatiotemporal expression patterns are poorly 7	

understood. Here, we show that FUS3 is expressed in the chalaza and funiculus of the 8	

mature ovule and seed, but is repressed in the embryo sac, integuments and endosperm. 9	

FUS3 repression requires class I BASIC PENTACYSTEINE (BPC) proteins, which directly 10	

bind to the FUS3 locus and restrict its expression pattern. During vegetative and reproductive 11	

development, derepression of FUS3 in bpc1/2 or pML1:FUS3 misexpression lines results in 12	

dwarf plants carrying defective flowers and aborted ovules. Post-fertilization, ectopic FUS3 13	

expression in the endosperm increases endosperm nuclei proliferation and seed size and 14	

delays or arrests embryo development. These phenotypes are rescued in bpc1/2 fus3-3. 15	

Lastly, class I BPCs interact with FIS-PRC2 (FERTILIZATION-INDEPENDENT SEED-16	

Polycomb Repressive Complex 2), which represses FUS3 in the endosperm. We propose 17	

that BPC1/2 promotes the transition from reproductive to seed development by repressing 18	

FUS3 in ovule integuments. After fertilization, BPC1/2 and FIS-PRC2 repress FUS3 in the 19	

endosperm to coordinate endosperm and embryo growth. 20	

 21	

 22	

 23	

  24	
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INTRODUCTION  1	

Plants integrate endogenous and environmental signals to correctly time the expression of 2	

developmental genetic programs. During their life cycle, plants transition through three major 3	

phases of development: vegetative, reproductive and seed development. These phase 4	

transitions are characterized by large changes in gene expression, which depend on the 5	

action of conserved epigenetic machineries. Epigenetic changes are flexible and respond to 6	

developmental and environmental cues (Mozgova and Henning, 2015; Mozgova et al., 2015).   7	

 Reproductive development in seed plants starts with the production of female and male 8	

gametes and is followed by fertilization and seed development. During ovule development the 9	

maternal sporophytic integuments originate from the chalaza and enclose the female 10	

gametophyte (embryo sac), which contains two gametes: the haploid egg cell and the diploid 11	

central cell. The funiculus, connects the ovule to the placental region in the carpel (Drews and 12	

Koltunow, 2011; Gasser and Skinner, 2019). After fertilization of the central cell, the triploid 13	

endosperm nuclei undergo multiple rounds of division, which are followed by cellularization. In 14	

most Angiosperms the function of the endosperm is to nourish the developing embryo. 15	

Fertilization of the egg cell generates the diploid zygote, which divides asymmetrically 16	

producing two daughter cell lineages that form the apical embryo proper and the basal 17	

suspensor, respectively. The integuments will develop into the seed coat only after fertilization 18	

of the central cell (Lafon-Placette and Kohler, 2014; Dresselhaus et al., 2016; Gasser and 19	

Skinner, 2019). Auxin is a major player in establishing apical-basal polarity and patterning of 20	

the embryo, as well as regulating integuments and endosperm development (Figueiredo et 21	

al., 2015; Figueiredo et al., 2016; Robert et al., 2018; Lau et al., 2012; de Vries and Weijers, 22	

2017). In the absence of fertilization, seed development is repressed by the Polycomb-23	

Repressive Complex2 (PRC2). In particular, the FIS-PRC2 complex represses autonomous 24	

endosperm development, while EMF-PRC2 and VRN-PRC2 prevent seed coat development 25	

prior to fertilization (Roszak and Kohler, 2011; Figueiredo and Kohler, 2018). 26	

 Seed maturation is characterized by cell expansion and very little cell division. During 27	

this stage of development the embryo accumulates storage compounds, acquires dormancy 28	

and establishes desiccation tolerance. These processes are largely controlled by the 29	

hormone abscisic acid (ABA), the B3 domain family of transcription factors, namely LEAFY 30	

COTYLEDON2 (LEC2), ABSCISIC ACID INSENSTIVE3 (ABI3) and FUSCA3 (FUS3), as well 31	

as the NF-YB subunits of the CCAAT-binding complex, LEC1 and LEC1-LIKE, which are 32	

collectively called LAFL (Sreenivasulu and Wobus, 2013). Genetic and spatiotemporal 33	
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expression analyses together with Chromatin immunoprecipitation (ChIP) and transcriptomic 1	

studies suggest that these genes play redundant as well as specific roles in promoting seed 2	

maturation, while repressing germination and vegetative development (Sreenivasulu and 3	

Wobus, 2013; Jia et al., 2014; Fatihi et al., 2016; Carbonero et al., 2017; Lepiniec et al., 4	

2018). In particular, FUS3 is a heterochronic gene, which was shown to promote seed 5	

maturation by increasing ABA levels while inhibiting vegetative growth and flowering by 6	

repressing gibberellins (GA) synthesis  (Keith et al., 1994; Curaba et al., 2004; Gazzarrini et 7	

al., 2004). These hormones feed back by positively (ABA) and negatively (GA) regulating 8	

FUS3 levels (Gazzarrini et al., 2004; Chiu et al., 2016). FUS3 also inhibits vegetative phase 9	

change by repressing ethylene signaling (Lumba et al., 2012). Thus, FUS3 regulates phase 10	

transitions by modulating hormones syntheses/signaling. 11	

 During germination the seed maturation program is repressed by epigenetic 12	

mechanisms, which leads to dormancy break and the transition to the next phase of 13	

development; these include: CHROMODOMAIN HELICASE DNA BINDING3 (CHD3)/PICKLE 14	

(PKL)-dependent chromatin remodeling; Polycomb Repressive Complex2 (PRC2)-mediated 15	

histone 3 lysine 27 trimethylation (H3K27me3); H2AK121ub monoubiquitination by the PRC1 16	

components RING-finger homologs AtBMI1A and AtBMI1B; and VIP1/ABI3/LEC (VAL) 17	

mediated recruitment of histone deacetylases (HDAC) and PRC complexes (Jia et al., 2014; 18	

Lepiniec et al., 2018). Mutations in these genes result in LAFL derepression, leading to 19	

expression of seed-specific traits and development of embryonic structures in severe 20	

mutants. Accordingly, ectopic expression of LAFL genes post-embryonically results in similar 21	

phenotypes (Lotan et al., 1998; Stone et al., 2001; Gazzarrini et al., 2004; Braybrook et al., 22	

2006). Clearly, multiple pathways ensure a stable repression of the late embryogenesis 23	

program during vegetative growth.  24	

  Repression of LAFL genes has also been observed during early embryonic 25	

development. For example, FUS3 is ectopically expressed in the endosperm of the PRC 26	

mutant medea (mea) (Makarevich et al., 2006), but the mechanism and function of FUS3 27	

repression in this tissue is unknown. LAFL expression is also regulated by post-transcriptional 28	

gene silencing; mutants that affect miRNA biogenesis show de-repression of LAFL genes in 29	

seedlings and early globular stage embryos (Vashisht and Nodine, 2014). This suggests that 30	

LAFL expression is tightly controlled and subjected to post-transcriptional and epigenetic 31	

regulation not only during vegetative growth, but also in specific seed tissues, although the 32	

regulation and role of LAFL expression during early embryogenesis is far from being fully 33	
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understood.  1	

 FUS3 transcripts and protein are found as early as the globular stage embryo and 2	

become progressively restricted to the protoderm, root and cotyledon tips during mid-3	

embryogenesis (Gazzarrini et al., 2004; Tsuchiya et al., 2004); however, its function during 4	

early embryogenesis is unknown. Recently, we have shown that FUS3 plays a critical role 5	

also in reproductive development. The fus3-3 loss-of-function mutant displays seed abortion, 6	

which is enhanced in plants grown at elevated temperature and dependent on FUS3 7	

phosphorylation (Chan et al., 2017; Tsai and Gazzarrini, 2012). Interestingly, pML1:FUS3-8	

GFP plants that mis-express FUS3 during reproductive development also show aborted 9	

siliques, suggesting that spatiotemporal expression of FUS3 must be tightly regulated at this 10	

stage of development (Gazzarrini et al., 2004).  11	

 To further investigate the role of FUS3 in reproductive development, we have 12	

characterized its localization pattern before and after fertilization. Prior to fertilization FUS3 is 13	

transiently localized to the integuments and later confined to the chalaza and funiculus of 14	

mature ovules, while post-fertilization FUS3 localizes to the seed coat, chalaza and funiculus, 15	

aside from the already known localization in the embryo. We show that class I BASIC 16	

PENTACYSTEINE (BPC) proteins interact the FIS PRC2 complex and bind to the FUS3 17	

chromatin. BPC1/2 repress FUS3 in the stem, integuments of mature ovules, as well as in the 18	

endosperm of developing seeds. FUS3 misexpression in the bpc1-1 and bpc1-1 bpc2 19	

(bpc1/2) mutants reduces plant height, impairs the development of flowers, ovule and 20	

endosperm leading to seed abortion or arrested embryogenesis. Similar phenotypes are 21	

recapitulated in pML1:FUS3-GFP misexpression plants. Furthermore, the strong vegetative 22	

and reproductive phenotypes of bpc1/2 double mutant can be partially rescued in the fus3-3 23	

background, strongly indicating that they are caused by ectopic FUS3 expression. We 24	

propose that during reproductive development BPC1/2- and PRC2-mediated repression of 25	

FUS3 is necessary for ovule development, while after fertilization FUS3 repression in the 26	

endosperm by BPC1/2 and FIS-PRC2 coordinates endosperm and embryo growth. Hence, 27	

correct spatiotemporal expression of FUS3 is required for the transition from plant 28	

reproduction to seed development and from pattern formation to seed maturation. 29	

 30	

RESULTS  31	

FUS3 localizes to reproductive organs before fertilization and is required for ovule 32	

development 33	
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The fus3-3 loss-of-function mutant displays seed abortion, which is enhanced at elevated 1	

temperature (Chan et al., 2017). To investigate the role of FUS3 in reproductive development, 2	

we first determined FUS3 localization pattern in flower buds using a pFUS3:FUS3-GFP 3	

translational reporter (Gazzarrini et al., 2004). However, no FUS3-GFP fluorescence was 4	

detected, likely due to the fast turnover rate of FUS3 (Lu et al., 2010). We then used a 5	

pFUS3:FUS3ΔC-GFP reporter, which lacks the PEST instability motif of FUS3 and allows 6	

detection of low FUS3 protein levels (Lu et al., 2010). This reporter is non-functional (it 7	

doesn’t rescue fus3-3), but recapitulates FUS3 expression patterns determined by qRT-PCR, 8	

pFUS3:GUS and pFUS3:GFP reporters (Lu et al., 2010). Using the pFUS3:FUS3ΔC-GFP 9	

reporter, the FUS3 protein was found to be localized to the pistil (septum, valves and 10	

funiculus) and ovules, in agreement with microarray data (Figure 1 A-F and Supplemental 11	

Figure 1A). In developing ovules FUS3ΔC-GFP was localized to the epidermis of the 12	

nucellus, the chalaza, and funiculus, while in mature ovules (FS12) it was localized to the 13	

chalaza and funiculus (Figure 1 C-F). After fertilization (6-48 hours after fertilization; HAF) 14	

FUS3ΔC-GFP was present in the funiculus, outer layer of the seed coat, chalaza and 15	

micropile; it was also localized to the embryo at early stages of embryogenesis (Figure 1G-L 16	

and Supplemental Figure 1B).  17	

 To further address the role of FUS3 in reproduction, we monitored ovule development 18	

in fus3-3 loss-of-function mutant and pML1:FUS3-GFP misexpression lines (Gazzarrini et al., 19	

2004). pML1:FUS3-GFP was shown to rescue all fus3-3 seed maturation defects, including 20	

desiccation intolerance, however misexpression during postembryonic development caused 21	

additional phenotypes (Gazzarrini et al., 2004). Strong pML1:FUS3-GFP lines show delayed 22	

vegetative growth and flowering, reduced plant height and aborted siliques, as previously 23	

described (Figure 2A; Gazzarrini et al., 2004; Lu et al., 2010). In addition, we found that in 24	

intermediate-to-strong pML1:FUS3-GFP lines FUS3-GFP was mislocalized to the 25	

endothelium, outer and inner integuments of developed ovules, while in aborted ovules FUS3-26	

GFP surrounded the aborted embryo sac (Figure 2B). After fertilization, pML1:FUS3-GFP 27	

seeds showed FUS3-GFP mislocalization to the endosperm (Figure 2B). Moreover, by 28	

opening the developed siliques of intermediate-to-strong pML1:FUS3-GFP lines we also 29	

found that they contained aborted seeds or seeds with delayed development (Figure 2C, D). 30	

To determine if seed abortion in fus3-3 and pML1:FUS3-GFP is the result of impaired ovule 31	

development, we analyzed ovules before fertilization and compared them with wild type 32	

(Figure 2E). The embryo sac of wild type ovules at FS12 stage contained the egg nucleus, 33	
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the secondary endosperm nucleus, the synergids, and was surrounded by inner and outer 1	

integuments. However, at FS12 stage the embryo sac of some fus3-3 and pML1:FUS3-GFP 2	

lines was delayed at various stages, from FG1 to FG6, arrested or not fully wrapped by the 3	

integuments (Figure 2E). The arrest of female megagametogenesis resulted in seed abortion 4	

in fus3-3 and more so in strong pML1:FUS3-GFP lines (Figure 2C, D).  5	

 Taken together, these results show that spatiotemporal localization of FUS3 is tightly 6	

regulated and that lack or misexpression of FUS3 severely impairs embryo sac and 7	

integument development, indicating that spatiotemporal control of FUS3 expression is 8	

required for proper ovule development.  9	

 10	

Class I BPC transcription factors bind to (GA/CT)n motifs in FUS3.  11	

To understand the mechanisms controlling the spatiotemporal patterns of FUS3 expression, 12	

we identified upstream regulators of FUS3 by yeast one-hybrid. To increase screening 13	

specificity, a short genomic region of 615bp upstream of the FUS3 translation start (pFUS3) 14	

was screened against an Arabidopsis transcription factor library (Figure 3A; Mitsuda et al., 15	

2010). About 200,000 yeast transformants were screened and 69 grew on selection plates. 16	

Sequencing of the cDNA inserts revealed that all colonies contained BPC3. BPCs are a small 17	

group of plant specific transcription factor with six genes and a pseudogene (BPC5) that are 18	

divided into 3 classes based on sequence similarity: class I (BPC1/2/3), class II (BPC4/5/6) 19	

and class III (BPC7) (Meister et al., 2004). We retested individually all class I BPCs (BPC1-3) 20	

and also included class II BPC4, which is not present in the cDNA library but it is highly 21	

expressed in embryos and flowers (Berger et al., 2011). The results show that all three class I 22	

BPCs bound to pFUS3 by yeast one-hybrid, but not class II BPC4 (Figure 3A).  23	

 BPCs were shown to bind to (GA/CT)n cis elements in several plant species, with a 24	

preference for different numbers of repeats (Berger and Dubreucq, 2012; Simonini and Kater, 25	

2014). When all (GA/CT)n motifs of the pFUS3 were mutated (pFUS3MUT), none of the class I 26	

BPCs interacted with the FUS3 sequence, confirming binding specificity (Figure 3B; 27	

Supplemental Figure 2). To identify the binding location of BPCs on pFUS3, we generated 28	

truncations of approximately 200bp fragments (F1 to F3); the first exon/intron region 29	

containing 2 (GA/CT)n repeats (F4) was also tested (Figure 3C). In Y1H, BPC1 showed strong 30	

binding whereas BPC2/3 weak binding to the 5’UTR (F3) and first exon/intron regions (F4), 31	

where (GA/CT)n motifs are enriched (Figure 3D). BPC1/2/3/4 did not bind the promoter region 32	

further upstream, corresponding to the F1 or F2 truncations, where there is only one (GA)5 or 33	
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no (GA/CT)n motif, respectively (Figure 3D). To determine if BPC1 also binds to the FUS3 1	

locus in vivo during reproductive development, we generated BPC1 overexpression lines and 2	

performed ChIP in inflorescences, which show that BPC1 binds to this region (Figure 3F).  3	

Altogether, this indicates that class I BPCs bind to the 5’UTR and first intron/exon regions 4	

of FUS3 in Y1H. Furthermore, BPC1 also binds to FUS3 in vivo during reproductive 5	

development.  6	

 7	

Class I BPCs repress FUS3 during vegetative growth 8	

In a genome-wide study, BPC1 was found to interact with and recruit the conserved PRC2-9	

complex subunit FIERY (FIE; Supplemental Figure 4) in vivo and trigger polycomb-mediated 10	

gene silencing in imbibed seeds (Xiao et al., 2017). We first analyzed ChIP-seq data from 11	

Xiao et al. (2017) and found that the first exon/intron and 5’UTR of FUS3 was bound by 12	

BPC1, but not the ACTIN (ACT2) control, in seedlings (Figure 3E). Furthermore, this same 13	

region was bound by FIE and associated with H3K27me3, a repressive mark (Figure 3E). 14	

Lastly, BPC1/2 interact with EMBRYONIC FLOWER2 (EMF2), which belongs to the EMF-15	

PRC2 complex involved in repressing the vegetative-to-reproductive and embryo-to-seedling 16	

phase transitions (Supplemental Figure 4; Xiao et al., 2017; Mozgova et al., 2015). This 17	

suggests that FUS3 may be repressed in germinating seeds by BPC1 recruitment of EMF-18	

PRC2. To confirm this, we mutated all BPC binding sites (GA/CT)n in the FUS3 sequence 19	

(pFUS3MUT) and showed that pFUS3MUT:GUS/GFP is indeed derepressed post-embryonically 20	

in leaves and root tips (Figure 3G,H). Together with previous data showing that FUS3 was 21	

strongly upregulated in swinger curly leaf (swn clf) (Makarevich et al., 2006), these results 22	

strongly suggest that BPC1 binds to and represses FUS3 during vegetative development by 23	

recruiting the EMF-PRC2 complex. 24	

 25	

Class I BPCs form homo- or heterodimers and recruit FIS-PRC2  26	

Previous ChIP assays showed that in closed flowers the FUS3 locus is also associated with 27	

the FIS-PRC2 complex component MEA and H3K27me3 repressive marks, and that FUS3 is 28	

upregulated in the endosperm of mea/MEA seeds at 3 days after flowering (DAF) (Makarevich 29	

et al., 2006). Given that BPC1 bind to the FUS3 locus in closed flowers (Figure 3F), we 30	

hypothesized that FUS3 may also be repressed during reproductive development by one or 31	

more class I BPCs through FIS-PRC2 recruitment. To test this hypothesis, we first determined 32	

if all class I BPCs interact in planta with the FIS-PRC2 complex, which acts during 33	
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gametophyte and endosperm development (Figure 4). All class I BPCs interacted with the 1	

unique components of this PRC2 complex, FIS2 and MEA, and also with the PRC2-shared 2	

component, MSI1, in BiFC assays; all but BPC3 also interacted with FIE (Figure 4). In 3	

agreement with previous Y2H results, class I BPCs also interacted with each other in planta, 4	

and BPC2 and 3 could also form homodimers (Figure S3; Simonini et al., 2012). No class I 5	

BPC member or FIS-PRC2 component interacted with FUS3, suggesting that these BiFC 6	

interactions are specific (Supplemental Figure 5). Lastly, given that BPC6 recruits PRC2 by 7	

interacting with LIKE HETEROCHROMATIN PROTEIN1 (LHP1; Hecker et al., 2015), we also 8	

tested the interaction between class I BPCs and LHP1 in planta. However, the results showed 9	

no interaction among them, suggesting class I and class II BPCs recruitment of the PRC2 10	

complex may differ (Supplemental Figure 6). We conclude that class I BPCs can form homo- 11	

and heterodimers and recruit the FIS-PRC2 complex in planta. 12	

 Class I BPCs were shown to be expressed in ovules (Monfared et al., 2011). To have a 13	

better understanding of the spatiotemporal expression pattern of class I BPCs during 14	

reproductive development and embryogenesis, we tracked their expression patterns before 15	

(FS4-12) and after (1-11DAF) fertilization using transcriptional or translational reporters. Class 16	

I BPCs had largely overlapping expression patterns before fertilization and they were all 17	

highly expressed in almost all tissues of developing ovules, while soon after fertilization BPCs 18	

were expressed in embryos from the globular to the cotyledon stage, as well as the 19	

endosperm and seed coat (Figure 5). BPC1 had a more restricted pattern before (chalaza 20	

and micropile) and after (chalaza, micropile, seed coat) fertilization. This suggests that class I 21	

BPCs act redundantly during ovule and embryo development. As previously shown, the FIS-22	

PRC2 complex subunits FIS2 and MEA were only expressed in the central cell of developing 23	

ovules and in the endosperms at 2DAF (Supplemental Figure 7; Wang et al., 2006).  24	

 These data show that BPCs can interact with each other and with FIS-PRC2 to 25	

regulate gene expression. Given the specific localization of FIS and MEA to the central cell 26	

and endosperm, and FUS3 derepression in the endosperm of mea/MEA, we conclude that 27	

aside from their role in silencing FUS3 during vegetative growth through EMF-PRC2, class I 28	

BPCs repress FUS3 during reproductive and seed development by recruiting FIS-PRC2 in the 29	

central cell and endosperm. Furthermore, BPCs may recruit sporophytic PRC2 (EMF/VRN 30	

PRC2) to repress FUS3 in the integuments and seed coat. 31	

 32	

Reproductive defects of bpc1/2 are partially rescued by fus3-3 33	
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Previously, bpc mutants were shown to display pleiotropic phenotypes during vegetative and 1	

reproductive development (Monfared et al., 2011). Higher order bpc1/2 and bpc1/2/3 mutants 2	

are dwarf, have shorter or aborted siliques, display severe seed abortion and defects in 3	

embryo sac development, while most single bpc mutants resemble wild type, suggesting 4	

functional redundancy (Figure 6A-F; Supplemental Figure 8A-D; (Monfared et al., 2011). 5	

These phenotypes are remarkably similar to those shown by pML1:FUS3 misexpression lines 6	

(Figure 2; (Gazzarrini et al., 2004). This suggests that bpc1/2 phenotypes may be caused by 7	

ectopic expression of FUS3. To address the genetic relationship between class I BPCs and 8	

FUS3, we crossed bpc1/2 with fus3-3. The bpc1/2 fus3-3 triple mutant indeed showed partial 9	

rescue of these phenotypes, including plant height (Figure 6A,D), silique and seed abortion 10	

(Figure 6B,C,E,F), as well as embryo sac development (Figure 6H), supporting the hypothesis 11	

that FUS3 is misexpressed in bpc1/2. 12	

 After fertilization, the endosperm of some bpc1/2 mutants appeared very dense and 13	

some ovules were not fertilized (Figure 6H; Supplemental Figure 8E). In fertilized seeds, most 14	

bpc1/2 also display delayed or arrested embryo development (Figure 6E,F,H; Supplemental 15	

Figure 8A,B,F,G). Overall, reproductive defects in higher order bpc mutants result in severe 16	

reduction of seed yield (Figure 6G). The bpc1/2 fus3-3 triple mutant partially rescue 17	

endosperm and embryo development (Figure 6E,F,H). Thus, these data strongly suggest that 18	

BPCs repress FUS3 during reproductive and seed development.  19	

 20	

BPC1/2 repress FUS3 to promote inflorescence stem elongation, ovule and endosperm 21	

development. 22	

To confirm a repressive role of BPCs on FUS3 function, we analyzed FUS3 expression level 23	

and patterns in bpc1/2 mutants. We show that FUS3 transcript level is indeed increased in 24	

bpc1/2 inflorescence stem (Figure 7A). Consistent with the transcript analysis, pFUS3:GUS 25	

activity is also increased in bpc1/2 inflorescence stem and flower buds (Figure 7B). In WT, 26	

low FUS3 expression in the inflorescence stem is shown by transcriptomic data and detected 27	

with the pFUS3:FUS3ΔC-GFP sensitive reporter (Supplemental Figure 1). Together with 28	

previous findings showing that plant height is reduced in pML1:FUS3-GFP misexpression 29	

plants (Gazzarrini et al., 2004), while increased in the fus3-3 mutant (Figure 6D), these results 30	

indicate that BPC1/2 downregulates FUS3 in the stem to promote stem elongation.  31	

 During reproductive development FUS3ΔC-GFP is mislocalized to the integuments at 32	

the micropilar region of developing bpc1-1 and bpc1/2 ovules, while after fertilization ectopic 33	
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pFUS3:GUS activity and FUS3ΔC-GFP localization were detected in bpc1 and and bpc1/2 1	

endosperms (Figure 7B,C,D). Combined with the above functional analysis, these results 2	

show that before fertilization BPCs restrict FUS3 expression to the funiculus and chalazal 3	

region of the ovule to promote ovule development, while after fertilization FUS3 is repressed 4	

by BPCs in most of the endosperm to coordinate embryo and endosperm growth.   5	

 To analyze the repressive role of class I BPCs, we also crossed pFUS3:FUS3:GFP 6	

translational reporter with bpc1/2 mutant. However, we were only able to isolate bpc1-1 7	

pFUS3:FUS3:GFP lines. As shown in Supplemental Figure 8 and previous research 8	

(Monfared et al., 2011) bpc1-1 doesn’t have any visible phenotype compared with wild type, 9	

nor does pFUS3:FUS3:GFP, which rescue the fus3-3 mutant phenotypes (Gazzarrini et al., 10	

2004; Chan et al., 2017). However, in bpc1-1 pFUS3:FUS3:GFP some flower buds were 11	

arrested and never opened, resembling bpc1/2 mutant (Figure 8A). In those flower buds, 12	

petal and anther filament did not elongate and anthers were aborted, similar to bpc1/2 double 13	

mutant (Figure 8A). Seed abortion was increased and delayed embryogenesis was evident in 14	

bpc1-1 pFUS3:FUS3:GFP plants (Figure 8B,C). The bpc1-1 pFUS3:FUS3:GFP plants were 15	

shorter compared with bpc1-1, pFUS3:FUS3:GFP or wild type and resembled the bpc1/2 16	

double mutant (Figure 8D and Figure 6A,D). Thus, our inability to isolate bpc1/2 17	

pFUS3:FUS3:GFP mutant may be due to the severe phenotype of such a mutant. The 18	

presence of the pFUS3:FUS3:GFP transgene enhanced the bpc1-1 phenotype likely due to 19	

higher or ectopic FUS3 expression. Accordingly, we could detect strong GFP fluorescence in 20	

the integuments, seed coat and funiculus of bpc1-1 pFUS3:FUS3:GFP, while 21	

pFUS3:FUS3:GFP showed no fluorescence in WT (in contrast to the stable pFUS3:FUS3dC-22	

GFP). Furthermore, FUS3:GFP was mis-localizated in bpc1-1 pFUS3:FUS3:GFP endosperm 23	

after fertilization (Figure 8E), in agreement with pFUS3:FUS3ΔC-GFP and pFUS3:GUS 24	

mislocalization in bpc1-1 and bpc1/2 endosperm (Figure 7). These results further support a 25	

repressive role of BPCs on FUS3 expression in different tissues during reproductive and seed 26	

development. 27	

 Upon closer inspection of bpc1/2, bpc1-1 pFUS3:FUS3:GFP and pML1:FUS3-GFP 28	

ovules that were successfully fertilized we noticed that they had an increased number of 29	

endosperm nuclei, which correlated with an increase in seed size (Figure 9A,B,C,D; 30	

Supplemental Figure 9). In fertilized ovules, some embryos were delayed or arrested at 31	

various stages (globular to early torpedo) of development compared to wild type (Figure 9E; 32	

Supplemental Figure 9). Lastly, bpc1/2 mutants also showed aberrant cell division patterns in 33	
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the embryo and suspensor, which resulted in defective embryos and were partially rescued by 1	

fus3-3 (Figure 9E; Supplemental Figure 9). Collectively, these data show that repression of 2	

FUS3 in the endosperm of developing seeds is required to coordinate endosperm and 3	

embryo growth. 4	

 5	

DISCUSSION  6	

PRC2 play important roles in balancing cell proliferation with differentiation and regulating 7	

developmental phase transitions in plants and animals. Recently, genome wide studies have 8	

shown that the plant-specific, class I BPC transcription factors bind Polycomb response 9	

elements (PREs), recruit EMF-PRC2 and trigger gene silencing during germination (Xiao et 10	

al., 2017). Similar to GAGA factors in Drosophila melanogaster, BPCs recognize (GA/CT)n cis 11	

elements, despite the lack of sequence similarity between these transcription factors, 12	

suggesting convergent evolution (Berger and Dubreucq, 2012). BPCs play essential roles 13	

during vegetative and reproductive development, as shown by the dwarf stature and severe 14	

seed abortion displayed by higher order bpc mutants, however the molecular mechanisms are 15	

largely unknown (Kooiker et al., 2005; Monfared et al., 2011; Simonini et al., 2012; Simonini 16	

and Kater, 2014;). Here we show that BPC1/2 interact with FIS-PRC2 and bind to the FUS3 17	

chromatin to restrict FUS3 expression to specific tissues during reproductive and seed 18	

development. BPC-mediated spatiotemporal regulation of FUS3 expression is required to i) 19	

suppress stem elongation during vegetative-to-reproductive phase change, ii) promote ovule 20	

development before fertilization and iii) coordinate embryo and endosperm development after 21	

fertilization (Figure 10). Several lines of evidence support these conclusions. First, Y1H show 22	

that class I BPCs bind to (GA/CT)n repeats around the FUS3 transcription start, and ChIP 23	

assays in flower buds show that BPC1 binds in vivo to the FUS3 chromatin. Mutations in 24	

these (GA/CT)n sites abolish BPCs binding and derepress FUS3 during vegetative 25	

development. Furthermore, FUS3 is upregulated in the inflorescence stem of bpc1/2 dwarf 26	

plants, which is consistent with fus3-3 tall plant and ML1:FUS3-GFP dwarf plant phenotypes,  27	

as well as FUS3 role as repressor of vegetative-to-reproductive phase change (Gazzarrini et 28	

al., 2004; Lumba et al., 2012). Second, class I BPCs interact with FIS2-PRC2 complex in 29	

planta, and the in vivo BPC1-binding region on FUS3 was shown to associate with MEA and 30	

H3K27me3 repressive marks (Makarevich et al., 2006), strongly suggesting BPC1 recruits 31	

FIS-PRC2 to repress FUS3 during reproductive/seed development. Third, FUS3 is transiently 32	

localized to the integuments during early ovule development and later restricted to the 33	
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funiculus and chalaza of mature wild type ovules. Ectopic and persistent expression of FUS3 1	

in the integuments of bpc1/2 and ML1:FUS3 mis-expression lines impairs integument and 2	

embryo sac development leading to seed abortion, which can be partially rescued in fus3-3 3	

bpc1/2. Last, after fertilization FUS3 is localized to the funiculus, chalaza and outer 4	

integument, aside from its known localization to the embryo (Gazzarrini et al., 2004). Ectopic 5	

expression of FUS3 in bpc1/2 and ML1:FUS3 endosperm leads to increased proliferation of 6	

the endosperm nuclei and delayed or arrested embryo development, which are rescued in 7	

fus3-3 bpc1/2. The latter phenotypes are also displayed by mutants in FIS-PRC2 subunits 8	

(Kiyosue et al., 1999; Kohler and Grossniklaus, 2002). We conclude that BPCs recruit PRC2 9	

to restrict spatiotemporal FUS3 expression during reproductive and seed development; this is 10	

required to regulate tissue development locally and modulate developmental phase 11	

transitions in Arabidopsis. The genomic sequences of FUS3 orthologs in other species show 12	

conservation of (GA/CT)n repeats (Supplemental Figure 11), suggesting that similar 13	

mechanisms may regulate the expression of FUS3-like transcription factors in other species. 14	

 15	

Inflorescence stem elongation and flower development require repression of FUS3 by 16	

Class I BPCs  17	

During germination BPC1 directly binds to the genomic region of FUS3 proximal to the 18	

transcription start, which is marked by H3K27me3 repressive marks and associates with FIE 19	

(Figure 3; Xiao et al., 2017). Furthermore, FUS3 is strongly expressed in swn clf seedlings 20	

(Makarevich et al., 2006), suggesting that during germination FUS3 is repressed through 21	

BPC1-recruitment of EMF/VRN-PRC2. Here we show that mutations of all BPC binding sites 22	

on the FUS3 promoter derepress FUS3 in vegetative tissues, and that lack of BPCs results in 23	

ectopic FUS3 expression in leaves, inflorescence stem and flower buds. Furthermore, ectopic 24	

FUS3 in bpc1/2, bpc1 pFUS3:FUS3-GFP or pML1:FUS3-GFP leads to similar phenotypes, 25	

including reduced internode elongation and defective flowers (arrested flower bud 26	

development, flowers with a protruding carpel and shorter floral organs), suggesting FUS3 27	

inhibits the elongation of the stem and floral organs during flowering. Recently, deletion of a 28	

small region in the FUS3 promoter near the BPC binding sites and corresponding to the 29	

PRC2 recruitment region, lead to ectopic FUS3 expression in vegetative tissues (Roscoe et 30	

al., 2019). Thus, we propose that class I BPCs recruit VRN/EMF-PRC2 to repress FUS3 post-31	

embryonically, more specifically in germinating seeds, in vegetative and reproductive organs 32	

(Figure 10).  33	
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 Although bpc1/2 shows dramatic phenotypes during reproductive development, 1	

germination and early seedling development are not affected as it would be expected from 2	

derepression of embryonic genes. This may be due to functional redundancy within the BPCs 3	

family and the difficulty in isolating and characterizing higher order bpc mutant due to sterility 4	

(Monfared et al., 2011). However, the C1-2iD ZnF TF AZF1 associates with LEC2, FUS3 and 5	

ABI3 genomic regions that are also bound by BPC1 and that colocalize with FIE and PRC2 6	

H3K27me3 peaks, suggesting that PRC2-dependent FUS3 and LAFL gene silencing during 7	

post-embryonic development requires BPC, ZnF and likely other factors (Xiao et al., 2017; 8	

Zhou et al., 2018). This is also consistent with the strong phenotype shown by telobox binding 9	

mutants (trb1/2/3), which is enhanced by mutations in PRC2 (Zhou et al., 2018). Given that 10	

42% of genome-wide FIE association regions were bound by BPC1 and AZF1, a 11	

combinatorial role for these transcription factors in recruiting PRC2 and triggering gene 12	

silencing has been proposed (Xiao et al., 2017; Zhou et al., 2018).  13	

 14	

BPC-mediated restriction of FUS3 expression in developing ovules and seeds is 15	

required to promote ovule development and to coordinate endosperm and embryo 16	

growth 17	

During ovule development, the funiculus supplies nutrients and signaling molecules from the 18	

mother plant to the chalaza, initiates the integuments that grow around the nucellus and 19	

protect the developing female gametophyte (Schneitz et al., 1995). Our data show that during 20	

megagametogenesis FUS3 is initially localized to the nucellus epidermis and tissues 21	

surrounding the nucellus, including the integuments and chalaza. However, BPC1/2 later 22	

repress FUS3 in the integuments of mature ovules, and ectopic FUS3 expression in bpc1/2 23	

inhibits integuments and embryo sac development, triggering ovule abortion. These 24	

phenotypes are recapitulated in pML1:FUS3 misexpression lines, where the pML1 promoter 25	

specifically drives expression of FUS3 in the integuments and endothelium also in mature 26	

ovules, but rescued in bpc1/2 fus3-3 mutant, strongly indicating that spatiotemporal restriction 27	

of FUS3 localization is required for integuments, embryo sac and ovule development (Figure 28	

10). This is in agreement with previous finding showing that the integuments are required for 29	

female gametogenesis (Elliott et al., 1996; Klucher et al., 1996; Baker et al., 1997).  30	

 Following fertilization, the zygote together with the endosperm and the integuments 31	

develop in a coordinated manner to form the embryo and the seed coat of the mature seed. 32	

FUS3 was previously shown to localize to developing embryos from globular to cotyledon 33	
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stages (Gazzarrini et al., 2004). Using the sensitive/stable FUS3dC-GFP reporter, we found 1	

that FUS3 localizes also to the funiculus, chalaza and outer seed coat of developing seeds, 2	

partially mirroring its expression pattern in ovules. In bpc1/2 mutant or in pML1:FUS3-GFP 3	

misexpression lines, ectopic FUS3 localization to the endosperm increases cell proliferation 4	

resulting in enlarged endosperm and larger seeds at the expense of embryo development, 5	

which is typically delayed or arrested in bpc1/2 and pML1:FUS3-GFP compared to WT. These 6	

phenotypes are reminiscent of some FIS-PRC2 mutant alleles of mea (Kiyosue et al., 1999). 7	

Given that FUS3 is derepressed in mea endosperm and that MEA and H3K27me3 repressive 8	

marks associate in a repressive region of the FUS3 locus where BPC1 also binds, we 9	

propose that BPC1/2 recruit FIS-PRC2 to repress FUS3 in the endosperm (Makarevich et al., 10	

2006); this is required to reduce the rate of endosperm nuclei proliferation, promoting 11	

endosperm differentiation and embryo growth (Figure 10).  12	

 In the absence of fertilization seed development is repressed by PRC2. FIS-PRC2 13	

represses autonomous central cell division in the ovule and regulate endosperm development 14	

after fertilization. The FIS-PRC2 specific subunits, MEA and FIS2, are targeted solely to the 15	

central cell in the ovule and endosperm in the seed, and thus are likely to participate in FUS3 16	

repression in these tissues (Luo et al., 2000; Wang et al., 2006). The MEA homolog SWN, 17	

which belongs to the VRN-PRC2 and FIS-PRC2 complexes, has a broader localization 18	

pattern, but plays a partially redundant function with MEA in repressing central 19	

cell/endosperm nuclei proliferation in the absence of fertilization (Wang et al., 2006). Thus, 20	

SWN may also be involved in repressing FUS3 in the central cell/endosperm. In contrast, 21	

autonomous seed coat development in the ovule is repressed by the sporophytic complexes 22	

VRN-PRC2 and EMF-PRC2, which may be involved in repressing FUS3 in the integuments 23	

(Kohler and Grossniklaus, 2002; Roszak and Kohler, 2011). In accordance, FUS3 and other 24	

seed-specific genes were derepressed and showed reduced H3K27me3 repressive marks in 25	

siliques of a weak curly leaf (clf) allele, although the tissue specific expression was not 26	

investigated (Liu et al., 2016).  27	

 Although BPCs can recruit EMF- and FIS-PRC2 complexes for transcriptional 28	

silencing, BPCs were also shown to positively regulate a close FUS3 family member, LEC2 29	

(Berger et al., 2011). This is in accordance with the role of GAGA binding proteins in animals, 30	

which have dual function of activators and repressors (Berger and Dubreucq, 2012). 31	

Interestingly, FUS3 is expressed in the embryo and in specific sporophytic tissues of the ovule 32	

and seed (chalaza, funiculus, seed coat), where all class I BPCs are expressed. Thus, it will 33	
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be important to determine the mechanisms of BPCs activation and repression of FUS3 and 1	

other LAFL genes during reproductive and seed development. 2	

 Collectively, these findings indicate that spatiotemporal restriction of FUS3 expression 3	

is necessary for organ development and to allow the transition between various phases of 4	

development. An important question is how does FUS3 regulate tissue development and 5	

phase transitions. FUS3 was shown to be a nexus in hormone synthesis; by controlling the 6	

ABA/GA ratio, FUS3 promotes seed maturation while inhibiting germination and flowering, 7	

with ABA and GA acting as positive and negative regulators of FUS3 protein levels, 8	

respectively (Gazzarrini et al., 2004; Lu et al., 2010; Chiu et al., 2012). A positive feedback 9	

regulatory loop has been established also between auxin and FUS3 in the embryo, whereby 10	

FUS3 promotes auxin synthesis and auxin induces FUS3 (Gazzarrini et al., 2004). Several 11	

studies have shown that LAFL genes are involved in regulating auxin biosynthesis, which also 12	

ties to their role in somatic embryogenesis (Lepiniec et al., 2018). Given that auxin is required 13	

for the synchronized growth of the fruit, the different tissues within the seed (integuments, 14	

endosperm and embryo) and that FUS3 localization patterns in ovules and seeds largely 15	

mirror those of auxin, we propose that FUS3 may regulate auxin level/localization and that 16	

auxin may in turn regulate FUS3 expression/activity (Gazzarrini et al., 2004; Figueiredo et al., 17	

2015; Figueiredo et al., 2016; Larsson et al., 2017; Robert et al., 2018). Reduced auxin 18	

accumulation in the chalaza and funiculus of fus3-3 or increased auxin levels in the 19	

integuments and endosperm of pML1:FUS3 or bpc1/2 would impair ovule and seed 20	

development resulting in seed abortion and delayed embryo development, respectively, as 21	

shown by delayed endosperm cellularization and embryo growth arrest triggered by auxin 22	

overproduction in the endosperm (Figueiredo and Kohler, 2018; Batista et al., 2019; Robert, 23	

2019).  24	

 In conclusion, mutations affecting FIS-PRC2 or PRE binding TF BPCs cause severe 25	

seed abortion, however the molecular mechanisms are still poorly understood (Monfared et 26	

al., 2011; Wang and Kohler, 2017; Figueiredo and Kohler, 2018). Here we show that BPC1/2-27	

mediated spatiotemporal restriction of FUS3, a target of the PRC2 complex, is required for the 28	

development of ovule and seed tissues and to regulate developmental phase transitions.  29	

 30	

MATERIAL AND METHODS 31	

Plant material 32	
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T-DNA insertion lines bpc1-1 (SALK_072966C), bpc2 (SALK_090810), bpc1-1/bpc2 (bpc1/2; 1	

CS68700), and bpc1-1/bpc2/bpc3-1 (CS68699), and an EMS mutant bpc3-1 (CS68805) were 2	

previously described (Monfared et al., 2011). T-DNA insertion lines bpc1_salk 3	

(SALK_101466C), bpc2_salk (SALK_110830C), bpc3_sail (SAILseq_553_B09.0) were 4	

obtained from ABRC. All primers used for genotyping are listed in the Supplemental Table 1. 5	

The pFIE:FIE:GFP, pMSI1:MSI1:GFP, pMEA:MEA:YFP and pFIS2:GUS reporter lines were 6	

previously described (de Lucas et al., 2016). The pML1:FUS3-GFP construct previously 7	

described (Gazzarrini et al., 2004)  was transform into fus3-3 loss-of-function mutant (Keith et 8	

al., 1994). pFUS3:FUS3ΔC-GFP construct previously described was transformed into Col-0 9	

(Lu et al., 2010). pFUS3:FUS3-GFP construct was previously described (Gazzarrini et al., 10	

2004). For transgenic plants carrying the (GA/CT)n mutant promoter reporter [pFUS3(1.5kb), 11	

1.5kb upstream of FUS3 coding sequence with or without mutated (GA/CT)n motifs (shown in 12	

Supplemental Figure 2)] was PCR amplified (primers listed in Supplemental Table 1) and 13	

cloned into pCAMBIA1391-GUS and pCAMBIA1391-GFP vectors by restriction enzyme 14	

digestion (Hind III and BamH I). Eight to ten transgenic lines per constructs were selected on 15	

MS containing 30mg/L hygromycin plates and analyzed for GUS staining or GFP 16	

fluorescence. Sterilized Arabidopsis seeds were germinated on half-strength Murashige and 17	

Skoog (MS) medium, transferred to soil and grown under 16/8h light/darkness 22°C/18°C. 18	

Frequencies of seed phenotypes displayed by various genotypes were calculated with half 19	

dissected siliques (n=10); experiments were repeated three times with similar results and one 20	

is shown. Total seed yield per plant was calculated with 5 plants per pot, experiments were 21	

repeated three times. 22	

 23	

Yeast one-hybrid screening 24	

Yeast one-hybrid library screening and one-on-one retests were performed as described by 25	

Deplancke et al. (2006), with some modifications. To construct the baits, 615bp of the FUS3 26	

genomic sequence upstream of the translation start [pFUS3(0.6kb); base pairs -615 to +1), or 27	

the pFUS3 with the mutated (GA/CT)n motif [pFUS3MUT(0.6kb)] or the truncated pFUS3 (F1 to 28	

F4) were PCR-amplified and recombined into the pDEST-HISi-2 vector by Gateway cloning. 29	

Mutagenesis of (GA/CT)n motifs on pFUS3MUT(0.6kb) was generated by PCR-driven overlap 30	

extension (Heckman and Pease, 2007) with primers listed in Supplemental Table 1. The 31	

linearized vectors (digested by XhoI) were then transformed into the yeast strain YM4271(a) 32	

using the LiAc/SS carrier DNA/PEG method (Gietz and Schiestl, 2007). Transformed yeast 33	
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colonies were tested for background expression of the HIS3 reporter and the appropriate 3-1	

aminotriazole (3-AT) concentration was selected. An Arabidopsis thaliana transcription factor 2	

library (Mitsuda et al., 2010) was transformed into the yeast strain EGY48(α) by 3	

electroporation. The initial screening was performed by mating YM4271(a) containing the bait 4	

pFUS3 (0.6kb) with EGY48(α) containing the library on YPD plates overnight. Colonies were 5	

selected on medium without Ura, His and Leu, supplemented with 20mM 3-AT (SDA-Ura-His-6	

Leu + 20mM 3-AT). Plasmids isolated from 69 out of 200,000 CFU harbored BPC3. To test the 7	

binding preference of BPC1-3 on the FUS3 promoter, BPCs were PCR-amplified and 8	

recombined into pDEST-GAD424 by Gateway. The recombined vectors were then 9	

transformed into yeast strain EGY48(α). A single transformed YM4271(a) colony containing 10	

different truncated or mutated promoters [F1 to F4 and pFUS3MUT(0.6kb), described above] 11	

was used for mating with EGY48(α) containing BPCs. Mating and selection procedures were 12	

described in Wu et al. (2018). The interaction was judged by the growth of yeast on selection 13	

media on the third day. 14	

 15	

Bimolecular fluorescence complementation (BiFC) assay 16	

The CDS of BPCs, FIE, MSI1, MEA and FIS2 were cloned into BiFC vectors pB7WGYN2 17	

(YNE) or pB7WGYC2 (YCE) (Tsuda et al., 2017) by Gateway. These recombined vectors 18	

were transformed into Agrobacterium tumefaciens strain GV2260 and infiltrated into Nicotiana 19	

benthamiana leaves as described previously (Duong et al., 2017). At least three biological 20	

replicates were performed. 21	

 22	

Differential interference contrast (DIC) microscopy 23	

Pistils at FS12 or siliques were dissected and immersed in fixing solution (9:1, ethanol:acetic 24	

acid, v/v) for 2h before washing them twice with 90% ethanol. The siliques were then cleared 25	

with clearing solution (2.5g/ml chloral hydrate and 30% glycerol) overnight. Images were 26	

taken by a Zess Axioplant 2 microscope equipped with DIC optics. The quantification of seed 27	

size and endosperm nuclei are performed by Image J software. 28	

 29	

Confocal microcopy 30	

To observe the expression of GFP signal in transgenic Arabidopsis, fresh tissues was 31	

dissected and mounted on the slides with 10% glycerol. Visualization was done with a Zeiss 32	

LSM510 confocal microscope (488 nm excitation and a 515-535 nm band pass filter).  33	
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 1	

GUS staining 2	

The pBPC3:GUS line was previously described (Monfared et al., 2011). The promoter regions 3	

of BPC1/2 described in Monfared et al. (2011) were PCR-amplified and transformed into the 4	

pGWB3 vector to generate pBPC1:GUS and pBPC2:GUS. Several transformed homozygous 5	

lines were selected on kanamycin and hygromycin plates and analyzed and two lines were 6	

selected for further analysis. The GUS staining assays were performed as previously 7	

described (Wu et al., 2019) with some modifications. The concentration of ferri/ferrocyanide 8	

used for pBPC3:GUS was 2mM, while 5mM was used for pBPC1:GUS and pBPC2:GUS. To 9	

detect low expression of FUS3 in inflorescences, leaves or flowers of pFUS3(1.5 kb):GUS 10	

and pFUS3MUT (1.5kb):GUS lines, ferri/ferrocyanide was not included in the buffer. Cleared 11	

tissues were imaged by DIC microscopy using Zeiss Axioplant 2.  12	

 13	

Glutaraldehyde staining 14	

To visualize ovule/seed structures, whole pistils/siliques at FS12 or 1-2DAF were fixed in 3% 15	

paraformaldehyde in PBS for 15min at room temperature and rinsed twice with PBS. The 16	

treated tissues were stained in 5% glutaraldehyde in PBS at 4°C overnight in the dark. 17	

Tissues were washed 3 times with PBS and cleared for about 1 to 2 weeks with ClearSee 18	

buffer (Kurihara et al., 2015). The images were photographed with a Zeiss LSM510 confocal 19	

microscope (530nm excitation and a 560nm long pass filter). 20	

 21	

Gene expression assay 22	

RNA was extracted using the RNeasy Plant Mini Kit (Qiagen). About 1µg of RNA was used 23	

for reverse transcription. Quantitive real-time PCR was performed using Step One Plus real-24	

time PCR system (Applied Biosystems) with SYBR premix. PP2AA3 was chosen as the 25	

internal reference gene. Primers used are listed in Supplemental Table 1. Three biological 26	

replicates were performed.  27	

 28	

ChIP assay 29	

To generate 35S:BPC1-RFP, the BPC1 coding sequence was first cloned into pDONR221 30	

(Life Technologies) and subsequently transferred to pB7RWG2 (Flanders Interuniversity 31	

Institute for Biotechnology, Gent, Belgium). Arabidopsis plants were transformed with the 32	

35S:BPC1-RFP using the Agrobacterium tumefaciens-mediated floral dip method (Clough 33	
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and Bent, 1998). Transformant plants were sown on soil and selected by BASTA; the 1	

presence of the construct was assessed by genotyping and analysis of RFP expression. 2	

Arabidopsis plants were directly sown on soil and kept under short-day conditions for 2 weeks 3	

(22°C, 8h light and 16h dark) and then moved to long-day conditions (22°C, 16h light and 8h 4	

dark). ChIP assays were performed as described by Gregis et al. (2009) using for BPC1-RFP 5	

an anti-RFP VHH coupled to magnetic agarose beads RFP-trap_MA® (Chromotek). Real-time 6	

PCR assays were performed to determine the enrichment of the fragments. The detection 7	

was performed in triplicate using the iQ SYBR Green Supermix (Bio-Rad) and the Bio-Rad 8	

iCycler iQ Optical System (software version 3.0a), with the primers listed in Supplemental 9	

Table 1. ChIP-qPCR experiments and relative enrichments were calculated as reported by 10	

Gregis et al. (2009).  11	

 12	

Accession Numbers 13	

Sequence data from this article can be found in the Arabidopsis Genome Initiative or 14	

GenBank/EMBL databases under the following accession numbers: FUSCA3 (At3g26790), 15	

BPC1 (AT2G01930), BPC2 (AT1G14685), BPC3 (AT1G68120), BPC4 (AT2G21240), FIE 16	

(AT3G20740), MSI1 (AT5G58230), MEA (AT1G02580), FIS2 (AT2G35670) and LHP1 17	

(AT5G17690). 18	

 19	

SUPPLEMENTAL DATA  20	

 21	

Supplemental Figure 1 FUS3 expression profile in reproductive tissues and stem 22	

epidermis. The images were generated by the eFP browser (www.bar.utoronto.ca) using 23	

microarray data (Schmid et al., 2005; Suh et al., 2005; Swanson et al., 2005; Dean et al., 24	

2011). A, FUS3 expression profile in the pistil and different stages of flowers. B, The 25	

expression profile of FUS3 in the seed coat at the heart, bending and walking embryo stage. 26	

C, The expression pattern of FUS3 in the stem epidermis. D, FUS3 transcripts are higher at 27	

the top of the inflorescence stem compared to bottom (*: p<0.05; student t-test). E, 28	

pFUS3:FUS3ΔC-GFP fluorescence appears stronger in the epidermis of internodes closer to 29	

the flower buds and weaker at the bottom of the stem. Identical confocal settings were used.  30	

 31	

Supplemental Figure 2 Location of (GA/CT)n mutated in the pFUS3 genomic region 32	

used in Y1H. The (GA/CT)n motifs that were mutated in the FUS3 sequence upstream of the 33	
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start codon (base pairs -1 to -615) are highlighted in yellow. Mutated G/C residues are 1	

marked in red. Telo boxes binding sites of AZF1 (Xiao et al., 2017) are marked in blue. The 2	

repressive region (126bp) that associated with MEA and H3K27me3 repressive marks 3	

(Makarevich et al., 2006), and was deleted in promoter studies Roscoe et al. (2019) is 4	

underlined. 5	

 6	

Supplemental Figure 3 Class I BPC family members form homo- or hetero- dimers. 7	

BPC1, BPC2 and BPC3 form heterodimers with each other. Only BPC2 and BPC3 form 8	

homodimers. Lack of interaction between FUS3 and BPCs or FIS-PRC2 in BiFC assays is 9	

shown as the negative control in Supplemental Figure 5. 10	

 11	

Supplemental Figure 4 PRC2 complexes in Arabidopsis. There are three different types of 12	

PRC2 in Arabidopsis depending on subunit composition - VRN-PRC2, EMF-PRC2 and FIS-13	

PRC2-, which regulate vernalization, vegetative development and female gametophyte/seed 14	

development, respectively (Mozgova et al., 2015). 15	

 16	

Supplemental Figure 5 FUS3 protein does not interact with FIS-PRC2 complex and 17	

Class I BPC family members using BiFC. Negative control showing that FUS3 does not 18	

interact with FIE, MSI1, MEA, FIS2, BPC1, BPC2 or BPC3 in N. benthamiana by BiFC.  19	

 20	

Supplemental Figure 6 Class I BPC proteins do not interact with LHP1 using BiFC. 21	

Class I BPC proteins do not interact with LHP1 in N. benthamiana by BiFC. 22	

 23	

Supplemental Figure 7 Expression patterns of FIS-PRC2 in ovules and embryos.  24	

FIS2 complex (FIE, MSI1, MEA and FIS2) expression/localization patterns in ovules before 25	

fertilization (FG4 and FG7), 1DAP seeds and embyos at globular, heart, torpedo and 26	

cotyledon stages. Ant: antipodals; cc: central cell; chl: chalaza; cze: chalazal endosperm; ec: 27	

egg cell; fu: funiculus; ii: inner integuments; mce: micropilar endosperm; oi: outer integuments; 28	

pen: peripheral endosperm; pge: pre-globular embryo; sdc: seed coat; sus: suspensor; syn: 29	

synergids cell. Pink dashed lines represent the outline of the embryo sac. The 30	

ferro/ferricyanide used in GUS staining buffer was 2mM for pFIS2:GUS.  31	

 32	
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Supplemental Figure 8 Class I bpc mutants show delayed megagametogenesis, seed 1	

abortion and delayed embryogenesis. A, Class I BPC mutants show seed abortion and 2	

delayed embryogenesis phenotypes. The white asterisks indicate aborted seeds; the yellow 3	

asterisks represent delayed embryogenesis seeds. B, The frequencies of seed phenotypes in 4	

10 peeled half-side of bpc mutants siliques. Three biological repeats were performed and one 5	

representative result is shown. C, Seed yield of WT and bpc mutants. The error bars 6	

represent the SD of three biological replicates (*: p<0.05; student t-test was used) D, FS12 7	

ovules of Class I BPC mutants showing aborted embryo sac and delayed 8	

megagametyogenesis. E, Class I BPC mutants show condensed endosperm and unfertilized 9	

egg cell with the degenerated synergid cell at 2DAF. F, Arrested embryos in bpc1/2 with an 10	

enlarged seed at 3DAP. G, At mature stage (11DAP), some bpc1/2 embryos were arrested at 11	

torpedo stage. The pink arrow points to the aborted embryo sac. Ant: antipodals; cc: central 12	

cell; cze: chalazal endosperm; ec: egg cell; es: embryo sac; mce: micropilar endosperm; nu: 13	

nuclei; pen: peripheral endosperm; dsyn: degenesrated synergid cell; z: zygote. Pink dashed 14	

lines outline the embryo sac at FS12; the yellow dash lines outline the embryo sac at 2DAF. 15	

 16	

Supplemental Figure 9 Overexpression of FUS3 results in embryo defect and over-17	

proliferation of the endosperm nuclei. Seeds of (A) Wildtype, (B) bpc1-1, (C, D) MFG, (E, 18	

F) bpc1-1 FFG and (G-L) bpc1/2 at 3 DAP. Pink dashed lines represent the outline of the 19	

embryo. The yellow dashed line represents the embryo sac. White arrows indicate the 20	

abnormal suspensors. White, yellow or red asterisk indicates the aborted seed, arrested 21	

embryo or defective embryo, respectively.  22	

 23	

Supplemental Figure 10 Frequencies of seed phenotypes. A, B The total number of 24	

seeds displaying various phenotypes was calculated in 10 peeled siliques (half side) of A, WT, 25	

bpc1/2 and bpc1/2 fus3 mutants, and B, WT, bpc1-1 and bpc1-1 FFG mutants. Three 26	

biological repeats were performed, and two are shown here. See also Figures 6 and 8. 27	

 28	

Supplementary Figure 11 Conserved (GA/CT)n motifs in orthologous FUS3 genes. 29	

Accession number of FUS3 orthologous genes: OsLFL1 (LEC2 and FUSCA3-like protein 1; 30	

GenBank: EF521182.1) from Oryza sativa, BnFUS3 (NCBI: XM_013792060) from Brassica 31	

napus, GmFUS3 (Gene ID: LOC100813055) from Glycine max.  32	

 33	
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Supplemental Table 1 Primers used in this study. 1	

 2	
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 20	

FIGURES 21	

 22	

Figure 1. FUS3 localization in developing ovules and during early stages of seed 23	

development.  24	

Confocal images showing pFUS3:FUS3ΔC-GFP localization in Arabidopsis. (A) Valve and (B) 25	

septum of the pistil. (C-F) Developing ovules during female megasporogenesis (C) and 26	

megagametogenesis at stages FG1-FG7 (D-F). FUS3ΔC-GFP fluorescence was localized to 27	

the nucellar epidermis (C), inner and outer integuments (C,D), funiculus, chalazal (C,F). (G-J) 28	

seeds at 6 hours to 2 days (6HAP to 2DAP) after pollination. FUS3ΔC-GFP fluorescence was 29	

localized to the seed coat, chalaza and funiculus (G-J). (K) Suspensor and 16-cell stage 30	

embryo proper. (L) 32-cell stage embryo proper. chl: chalaza; es, embryo sac; fun, funiculus; 31	

ii: inner integument; megaspore mother cell; ne, nucellar epidermis; nu: nucellus; oi: outer 32	
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integument; sept, septum. Red, autofluorescence from chlorophyll. Purple dashed lines 1	

represent the outline of embryo sac. Scale bars, 10µm.  2	

  3	

Figure 2. FUS3 is required for ovule development.  4	

A, Aborted silique (asterisks) in fus3-3 pML1:FUS3-GFP (MFG) overexpression lines. B, 5	

pML1:FUS3-GFP localization to the integuments and endothelium of ovules at flower stage 6	

12 (FS12), and outer layer of the seed coat and endosperm (inset) of 2DAP seeds. (i) 7	

developed ovule; (ii) aborted embryo sac; (iii, iv). outer layer of the seed coat and the 8	

endosperm (inset) in 2DAP seeds Bar, 10µM. C, Aborted seeds (white asterisk) and delayed 9	

embryogenesis (yellow asterisk) in MFG and fus3-3 siliques. D, The distribution of seeds in 10	

peeled, half sides siliques of WT, MFG and fus3-3 (n= ten siliques/genotype). E, DIC images 11	

of WT, MFG and fus3-3 FS12 ovules. Pink dashed lines outline the embryo sac. Ant: anti: 12	

antipodals; ec: egg cell; es: embryo sac; et: endothelium; fm: functional megaspore; ii, inner 13	

integument; nu: nuclei; oi, outer integument; syn: synergid cell nuclei. Bars represent 10µm 14	

 15	

Figure 3. Class I BPCs bind to the FUS3 genomic region proximal to the transcription 16	

start site.  17	

A, BPC1/2/3 bind to a FUS3 genomic region of 615bp upstream of the translation start 18	

[pFUS3(0.6 kb); -615 to +1 base pairs]. B, BPC1/2/3 do not bind the FUS3 genomic 19	

sequence carrying mutations in (GA/CT)n motifs [pFUS3MUT(0.6 kb)]. Colonies in A and B 20	

were selected on -ura-his-leu medium (-UHL) with or without 5 or 20mM 3-AT. C, Distribution 21	

of (GA/CT)n motifs in FUS3 genomic sequence (-615 to +434). D. Binding specificity of 22	

BPC1/2/3 to truncated FUS3 genomic sequences shown in C (F1 to F4). E, Bowser view of 23	

chromatin occupancy of FIE, BPC1, AZF1 and H3K27me3 at FUS3 and ACT2 (negative 24	

control) in 30-h-old seedlings using ChIP-seq data from Xiao et al. (2017). Numbers indicate 25	

peak Significant peaks (Q < 10−10) according to MACS2 are marked by horizontal bars. F. 26	

Real-time PCR analysis of ChIP assay using chromatin extracted from 35S:BPC1-RFP and 27	

Col-0 (negative control) inflorescences and primers for the F3 region of pFUS3. Antibodies 28	

against the RFP tag were used in the IP. Error bars represent the propagated error value 29	

using three biological replicates (*: p<0.05; student t-test). G, pFUS3(1.5kb):GUS and 30	

pFUS3MUT(1.5kb):GUS stain in 10-days-old seedlings; numbers refer to the number of 31	

transgenic lines displaying the same GUS stain pattern as shown in G. H, pFUS3(1.5kb): 32	

GFP and pFUS3MUT(1.5kb):GFP fluorescence in the leaf tip of 15-days-old seedlings. 33	
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 1	

Figure 4. Class I BPC family members intact with FIS-PRC2 complex.  2	

The interaction between Class I BPC family members and FIS complex in N. benthamiana by 3	

Bimolecular Fluorescence Complementation (BiFC). Lack of interaction between FUS3 and 4	

BPCs or FIS-PRC2 in BiFC assays is shown as the negative control (Supplemental Figure 5). 5	

 6	

Figure 5. Expression patterns of Class I BPCs in ovules and embryos.  7	

Class I BPC1s expression patterns in ovules before pollination at flower stages FG4 and 8	

FS12; in seeds at 1 day after pollination (DAP); and in embryos at globular, heart, torpedo 9	

and cotyledon stages. Ant: antipodals; cc: central cell; chl: chalaza; cze: chalazal endosperm; 10	

ec: egg cell; fu: funiculus; ii: inner integuments; mce: micropilar endosperm; oi: outer 11	

integuments; pen: peripheral endosperm; pge: pre-globular embryo; sdc: seed coat; sus: 12	

suspensor; syn: synergids cell.  13	

 14	

Figure 6. Partial rescue of bpc1/2 stunted growth, aborted ovules and seeds in fus3-3 15	

bpc1/2.  16	

A, The stunted growth of bpc1/2 was partially rescued in bpc1/2 fus3-3. B, C, bpc1/2 fus3-3 17	

partially rescues bpc1/2 reduced silique elongation. Scale bar, 1cm. D, Quantification of the 18	

plant height. Five biological replicates were performed. Each replicate consisted of five plants 19	

per genotype. E, F, fus3-3 partially rescues bpc1/2 severe seed abortion. The white asterisk 20	

in E represents aborted seed, while the yellow asterisk represents the delayed 21	

embryogenesis seeds. F, Frequencies of seed phenotypes in bpc1/2 fus3-3 mutants. The 22	

total number of sees was calculated in 10 peeled siliques (half side). Three biological repeats 23	

were performed with similar results and one is shown (see also Supplemental Figure 10A). G, 24	

The seed yield of bpc mutants. Error bars represent the SD of three biological replicates (n=5). 25	

n.s.: no significant difference. (* p<0.05; ** p<0.01; **** p<0.0001); student t-test was used. H, 26	

fus3-3 partially rescues the embryo sac defects of bpc1/2. The image was taken at 1DAP. 27	

Scale bar, 20µm. Numbers refer to the number of embryos displaying the phenotype shown. 28	

 29	

Figure 7. BPC1/2 negatively regulate FUS3 expression in reproductive organs and 30	

seeds.  31	

A, qRT-PCR showing increased FUS3 transcript level in bpc1/2 inflorescence stem. Error 32	

bars represent the SD of three biological replicates (* p<0.05; student t-test). B, GUS staining 33	
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in the inflorescence stem, flower buds, septum and seed (2DAF) of pFUS3:GUS and bpc1/2 1	

pFUS3:GUS lines. The GUS staining was enhanced in the inflorescence stem and septum, 2	

while ectopically expressed in the endosperm of bpc1/2. C, D pFUS3:FUS3ΔC-GFP and bpc1 3	

pFUS3:FUS3ΔC-GFP ovules were images before (C) and two days after (D) fertilization by 4	

confocal microscopy. FUS3ΔC-GFP was localized to the chalaza region of developing WT 5	

ovules before fertilization, while ectopically localized to the integuments at the micropilar 6	

region of bpc1-1 and of bpc1/2 ovules (FS12) and to the endosperm of 2DAF bpc1-1 seeds. 7	

 8	

Figure 8. Ectopic FUS3 expression negatively impacts reproductive organ development.  9	

A, Introduction of a pFUS3:FUS3-GFP (FFG) transgene in bpc1-1 mutant results in arrested 10	

flower buds that never open (white asterisk), similar to bpc1/2 double mutant. The arrested 11	

flower buds in bpc1-1 FFG have underdeveloped petals, non-elongated filaments and aborted 12	

anthers, similar to bpc1/2. pML1:FUS3-GFP (MFE) also show shorter filaments and 13	

underdeveloped anthers, but flower buds open prematurely. B, bpc1-1 FFG mutant caused 14	

aborted seeds and delayed embryogenesis. Aborted seeds (white asterisk) and delayed 15	

embryogenesis (yellow asterisk) are shown. C, Frequencies of seed phenotypes. The total 16	

number of seeds was calculated in ten siliques (half side). Three biological repeats were 17	

performed, and one representative is shown (see also Supplemental Figure 10B). D, bpc1-1 18	

FFG plants display stunted growth. The error bar represents SD of three biological replicates 19	

(n=5). (**: p<0.01; student t-test was used). E, FUS3 is mis-expressed in the integument (ii) 20	

and increased in the funiculus (iv) of bpc1-1 at FS12. Two days after fertilization (2DAF), 21	

FUS3-GFP is increased in the seed coat (vi) and mis-expressed in the endosperm (viii) at 2 22	

DAF. 23	

 24	

Figure 9. BPC1/2 negatively regulate endosperm nuclei proliferation and seed size by 25	

repressing FUS3. 26	

A, Whole-mount clearing, B, seed size, C, quantification of endosperm nuclei, D seed size 27	

versus number of endosperm nuclei and E, frequencies of embryo phenotypes of wild-type 28	

(Col-0), pML1:FUS3-GFP (MFG), bpc1-1, bpc1-1FFG, bpc1/2, fus3-3 and bpc1/2 fus3-3 29	

seeds at 6DAP.  Over-proliferation of endosperm nuclei and larger seed size in the bpc1/2, 30	

bpc1-1FFG and MFG lines, and partial rescue in bpc1/2 fus3-3. Images were taken 6DAP. 31	

Scale bar, 100µm. B, C Ectopic expression of FUS3 in MFG, bpc1-1 FFG, and bpc1/2 leads 32	

to enlarged seed size B), increased endosperm nuclei proliferation C) and density D), which 33	
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is partially rescued in bpc1/2 fus3-3. E, Ectopic expression of FUS3 in bpc1/2, bpc1-1FFG 1	

and MFG results in delayed embryogenesis; bpc1/2 defective embryos are partially rescued 2	

by fus3-3. (* p<0.05; ** p<0.01; **** p<0.0001, student t-test was used). 3	

 4	

Figure 10. Spatiotemporal restriction of FUS3 expression by BPC1/2 during 5	

reproductive and seed development.  6	

Model depicting spatiotemporal expression of FUS3 and its role in the regulation of 7	

vegetative-to-reproductive and gametophytic-to-sporophytic phase transitions. During the 8	

vegetative-to-reproductive phase change, FUS3 is repressed by BPC1/2 in the inflorescence 9	

stem to allow stem elongation. During ovule development, FUS3 becomes restricted to the 10	

funiculus and chalaza through BPC1/2-mediated repression in the integuments; this is 11	

required to promote integument and embryo sac development. After fertilization, FUS3 is 12	

localized to the embryo, seed coat, chalaza and funiculus, but is repressed in the endosperm 13	

by BPC1/2 to decrease endosperm nuclei division and promote embryo development. In the 14	

stem, BPC1/2-mediated FUS3 repression may be orchestrated by EMF-PRC2, which 15	

interacts with BPC1/2 and represses FUS3 postembryonically (Liu et al., 2016; Xiao et al., 16	

2017). FUS3 repression in the integuments may require sporophytic VRN/EMF PRC2. After 17	

fertilization, FIS-PRC2 represses FUS3 in the endosperm (Makarevich et al., 2006).  18	

 19	
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	1	
 2	

Figure 1. FUS3 localization in developing ovules and during early stages of seed 3	

development.  4	

Confocal images showing pFUS3:FUS3ΔC-GFP localization in Arabidopsis. (A) Valve and (B) 5	

septum of the pistil. (C-F) Developing ovules during female megasporogenesis (C) and 6	

megagametogenesis at stages FG1-FG7 (D-F). FUS3ΔC-GFP fluorescence was localized to 7	

the nucellar epidermis (C), inner and outer integuments (C,D), funiculus, chalazal (C,F). (G-J) 8	

seeds at 6 hours to 2 days (6HAP to 2DAP) after pollination. FUS3ΔC-GFP fluorescence was 9	

localized to the seed coat, chalaza and funiculus (G-J). (K) Suspensor and 16-cell stage 10	

embryo proper. (L) 32-cell stage embryo proper. chl: chalaza; es, embryo sac; fun, funiculus; 11	

ii: inner integument; megaspore mother cell; ne, nucellar epidermis; nu: nucellus; oi: outer 12	

integument; sept, septum. Red, autofluorescence from chlorophyll. Purple dashed lines 13	

represent the outline of embryo sac. Scale bars, 10µm.  14	

	 	15	
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	1	
Figure 2. FUS3 is required for ovule development.  2	

A, Aborted silique (asterisks) in fus3-3 pML1:FUS3-GFP (MFG) overexpression lines. B, 3	

pML1:FUS3-GFP localization to to the integuments and endothelium of ovules at flower stage 4	

12 (FS12), and outer layer of the seed coat and endosperm (inset) of 2DAP seeds. (i) 5	

developed ovule; (ii) aborted embryo sac; (iii, iv). outer layer of the seed coat and the 6	

endosperm (inset) in 2DAP seeds Bar, 10µM. C, Aborted seeds (white asterisk) and delayed 7	

embryogenesis (yellow asterisk) in MFG and fus3-3 siliques. D, The distribution of seeds in 8	

peeled, half sides siliques of WT, MFG and fus3-3 (n= ten siliques/genotype). E, DIC images 9	

of WT, MFG and fus3-3 FS12 ovules. Pink dashed lines outline the embryo sac. Ant: anti: 10	

antipodals; ec: egg cell; es: embryo sac; et: endothelium; fm: functional megaspore; ii, inner 11	

integument; nu: nuclei; oi, outer integument; syn: synergid cell nuclei. Bars represent 10µm.	 	12	
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Figure 3. Class I BPCs bind to the FUS3 genomic region proximal to the transcription 1	

start site.  2	

A, BPC1/2/3 bind to a FUS3 genomic region of 615bp upstream of the translation start 3	

[pFUS3(0.6 kb); -615 to +1 base pairs]. B, BPC1/2/3 do not bind the FUS3 genomic 4	

sequence carrying mutations in (GA/CT)n motifs [pFUS3MUT(0.6 kb)]. Colonies in A and B 5	

were selected on -ura-his-leu medium (-UHL) with or without 5 or 20mM 3-AT. C, Distribution 6	

of (GA/CT)n motifs in FUS3 genomic sequence (-615 to +434). D. Binding specificity of 7	

BPC1/2/3 to truncated FUS3 genomic sequences shown in C (F1 to F4). E, Bowser view of 8	

chromatin occupancy of FIE, BPC1, AZF1 and H3K27me3 at FUS3 and ACT2 (negative 9	

control) in 30-h-old seedlings using ChIP-seq data from Xiao et al. (2017). Numbers indicate 10	

peak Significant peaks (Q < 10−10) according to MACS2 are marked by horizontal bars. F. 11	

Real-time PCR analysis of ChIP assay using chromatin extracted from 35S:BPC1-RFP and 12	

Col-0 (negative control) inflorescences and primers for the F3 region of pFUS3. Antibodies 13	

against the RFP tag were used in the IP. Error bars represent the propagated error value 14	

using three biological replicates (*: p<0.05; student t-test). G, pFUS3(1.5kb):GUS and 15	

pFUS3MUT(1.5kb):GUS stain in 10-days-old seedlings; numbers refer to the number of 16	

transgenic lines displaying the same GUS stain pattern as shown in G. H, pFUS3(1.5kb): 17	

GFP and pFUS3MUT(1.5kb):GFP fluorescence in the leaf tip of 15-days-old seedlings. 18	

 19	
	20	
	 	21	

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/612408doi: bioRxiv preprint first posted online Apr. 19, 2019; 

http://dx.doi.org/10.1101/612408


	 36	

	1	
 2	

Figure 4. Class I BPC family members intact with FIS-PRC2 complex.  3	

The interaction between Class I BPC family members and FIS complex in N. benthamiana by 4	

Bimolecular Fluorescence Complementation (BiFC). Lack of interaction between FUS3 and 5	

BPCs or FIS-PRC2 in BiFC assays is shown as the negative control (Supplemental Figure 5). 6	

	7	
	 	8	
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 2	

Figure 5. Expression patterns of Class I BPCs in ovules and embryos.  3	

Class I BPC1s expression patterns in ovules before pollination at flower stages FG4 and 4	

FS12; in seeds at 1 day after pollination (DAP); and in embryos at globular, heart, torpedo 5	

and cotyledon stages. Ant: antipodals; cc: central cell; chl: chalaza; cze: chalazal endosperm; 6	

ec: egg cell; fu: funiculus; ii: inner integuments; mce: micropilar endosperm; oi: outer 7	

integuments; pen: peripheral endosperm; pge: pre-globular embryo; sdc: seed coat; sus: 8	

suspensor; syn: synergids cell.  9	

 10	
	11	
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 1	
 2	
Figure 6. Partial rescue of bpc1/2 stunted growth, aborted embryos and arrested seeds 3	

in fus3-3 bpc1/2.  4	

A, The stunted growth of bpc1/2 was partially rescued in bpc1/2. B, C, bpc1/2 fus3-3 partially 5	

rescues bpc1/2 reduced silique elongation. Scale bar, 1cm. D, Quantification of the plant 6	

height. Five biological replicates were performed. Each replicate consisted of five plants per 7	

genotype. E, F, fus3-3 partially rescues bpc1/2 severe seed abortion. The white asterisk in E 8	

represents aborted seed, while the yellow asterisk represents the delayed embryogenesis 9	
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seeds. F, Frequencies of seed phenotypes in bpc1/2 fus3-3 mutants. The total number of 1	

sees was calculated in 10 peeled siliques (half side). Three biological repeats were performed 2	

with similar results and one is shown (see also Supplemental Figure 10A). G, The seed yield 3	

of bpc mutants. Error bars represent the SD of three biological replicates (n=5). n.s.: no 4	

significant difference. (* p<0.05; ** p<0.01; **** p<0.0001); student t-test was used. H, fus3-3 5	

partially rescues the embryo sac defects of bpc1/2. The image was taken at 1DAP. Scale bar, 6	

20µm. Numbers refer to the number of embryos displaying the phenotype shown. 7	

	 	8	
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	1	
 2	

Figure 7. BPC1/2 negatively regulate FUS3 expression in reproductive organs and 3	

seeds.  4	

A, qRT-PCR showing increased FUS3 transcript level in bpc1/2 inflorescence stem. Error 5	

bars represent the SD of three biological replicates (* p<0.05; student t-test). B, GUS staining 6	

in the inflorescence stem, flower buds, septum and seed (2DAF) of pFUS3:GUS and bpc1/2 7	

pFUS3:GUS lines. The GUS staining was enhanced in the inflorescence stem and septum, 8	

while ectopically expressed in the endosperm of bpc1/2. C, D pFUS3:FUS3ΔC-GFP and bpc1 9	

pFUS3:FUS3ΔC-GFP ovules were images before (C) and two days after (D) fertilization by 10	
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confocal microscopy. FUS3ΔC-GFP was localized to the chalaza region of developing WT 1	

ovules before fertilization, while ectopically localized to the integuments at the micropilar 2	

region of bpc1-1 and of bpc1/2 ovules (FS12) and to the endosperm of 2DAF bpc1-1 seeds. 3	
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Figure 8. Ectopic FUS3 expression negatively impacts reproductive organ development.  3	

A, Introduction of a pFUS3:FUS3-GFP (FFG) transgene in bpc1-1 mutant results in arrested 4	

flower buds that never open (white asterisk), similar to bpc1/2 double mutant. The arrested 5	

flower buds in bpc1-1 FFG have underdeveloped petals, non-elongated filaments and aborted 6	

anthers, similar to bpc1/2. pML1:FUS3-GFP (MFE) also show shorter filaments and 7	

underdeveloped anthers, but flower buds open prematurely. B, bpc1-1 FFG mutant caused 8	

aborted seeds and delayed embryogenesis. Aborted seeds (white asterisk) and delayed 9	

embryogenesis (yellow asterisk) are shown. C, Frequencies of seed phenotypes. The total 10	

number of seeds was calculated in ten siliques (half side). Three biological repeats were 11	

performed, and one representative is shown (see also Supplemental Figure 10B). D, bpc1-1 12	
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FFG plants display stunted growth. The error bar represents SD of three biological replicates 1	

(n=5). (**: p<0.01; student t-test was used). E, FUS3 is mis-expressed in the integument (ii) 2	

and increased in the funiculus (iv) of bpc1-1 at FS12. Two days after fertilization (2DAF), 3	

FUS3-GFP is increased in the seed coat (vi) and mis-expressed in the endosperm (viii) at 2 4	

DAF. 5	
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	1	
Figure 9. BPC1/2 negatively regulate endosperm nuclei proliferation and seed size by 2	

repressing FUS3.  3	
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A, Whole-mount clearing, B, seed size, C, quantification of endosperm nuclei, D seed size 1	

versus number of endosperm nuclei and E, frequencies of embryo phenotypes of wild-type 2	

(Col-0), pML1:FUS3-GFP (MFG), bpc1-1, bpc1-1FFG, bpc1/2, fus3-3 and bpc1/2 fus3-3 3	

seeds at 6DAP.  Over-proliferation of endosperm nuclei and larger seed size in the bpc1/2, 4	

bpc1-1FFG and MFG lines, and partial rescue in bpc1/2 fus3-3. Images were taken 6DAP. 5	

Scale bar, 100µm. B, C Ectopic expression of FUS3 in MFG, bpc1-1 FFG, and bpc1/2 leads 6	

to enlarged seed size B), increased endosperm nuclei proliferation C) and density D), which 7	

is partially rescued in bpc1/2 fus3-3. E, Ectopic expression of FUS3 in bpc1/2, bpc1-1FFG 8	

and MFG results in delayed embryogenesis; bpc1/2 defective embryos are partially rescued 9	

by fus3-3. (* p<0.05; ** p<0.01; **** p<0.0001, student t-test was used). 10	

	11	
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Figure 10. Spatiotemporal restriction of FUS3 expression by BPC1/2 during 3	

reproductive and seed development. Model depicting spatiotemporal expression of FUS3 4	

and its role in the regulation of vegetative-to-reproductive and gametophytic-to-sporophytic 5	

phase transitions. During the vegetative-to-reproductive phase change, FUS3 is repressed by 6	

BPC1/2 in the inflorescence stem to allow stem elongation. During ovule development, FUS3 7	

becomes restricted to the funiculus and chalaza through BPC1/2-mediated repression in the 8	

integuments; this is required to promote integument and embryo sac development. After 9	

fertilization, FUS3 is localized to the embryo, seed coat, chalaza and funiculus, but is 10	

repressed in the endosperm by BPC1/2 to decrease endosperm nuclei division and promote 11	

embryo development. In the stem, BPC1/2-mediated FUS3 repression may be orchestrated 12	

by EMF-PRC2, which interacts with BPC1/2 and represses FUS3 postembryonically (Liu et al., 13	

2016; Xiao et al., 2017). FUS3 repression in the integuments may require sporophytic 14	

VRN/EMF PRC2. After fertilization, FIS-PRC2 represses FUS3 in the endosperm (Makarevich 15	

et al., 2006). 16	
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