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Abstract

Seed development in flowering plants starts with a double fertilization event where two paternal
gametes, the sperm cells, fertilize their maternal counterparts, egg cell and central cell. This leads
to the formation of the embryo and the endosperm. These fertilization products are enveloped by
the maternally-derived seed coat, the development of which is inhibited prior to fertilization by
epigenetic regulator Polycomb Repressive Complex 2 (PRC2). This complex deposits the
repressive histone mark H3K27me3, whose removal is necessary for seed coat formation.
However, H3K27me3 marks are stable and PRC2 removal does not explain how seed coat genes
become activated after fertilization. Here, we show that JUMONJI-type (JMJ) histone
demethylases are expressed in the seed coats of Arabidopsis thaliana (Arabidopsis) and are
necessary for its formation. We further propose that JMJ activity is coupled to Brassinosteroid
(BR) function, as BR effectors have been shown to physically recruit JMJ proteins to target loci.
Consistent with this hypothesis, we show that loss of BR function leads to seed coat defects,
which can be rescued by depletion of H3K27me3. Finally, we reveal an additional pathway
through which BRs directly regulate seed coat development, independently of H3K27me3
deposition. This discovery highlights the diverse functions of BRs in coordinating seed
development, beyond their known roles in plant growth and development.
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Introduction

Changes in chromatin structure via epigenetic modifications, including DNA methylation and
histone marks, modulate gene expression and thus shape plant and animal development. Plants
have extensive systems in place to control the deposition and removal of these epigenetic marks
on their chromatin (Hemenway and Gehring, 2023). Among such marks, H3K27me3 is a critical
histone modification that induces gene repression and chromatin compaction (Mozgova et al.,
2015). This mark is deposited by Polycomb Group proteins (PcG), which form multimeric
complexes known as POLYCOMB REPRESSIVE COMPLEXES (PRC). This includes complexes
of the PRC1 and PRC2 types, the latter being responsible for H3K27me3 deposition. In the model
system Arabidopsis thaliana (Arabidopsis), there are three PRC2 complexes, each with its unique
collection of components and roles in plant growth: EMBRYONIC FLOWER (EMF),
VERNALIZATION (VRN), and FERTILIZATION-INDEPENDENT SEED (FIS). The EMF- and
VRN-PRC2s are specific to the sporophytic generation, while FIS-PRC2 is specific to the
gametophyte and to one of its products, the endosperm (Mozgova et al., 2015).

The developing seed of an angiosperm contains three genetically distinct structures: embryo,
endosperm, and seed coat. While the formation of the first two is directly linked to the fertilization
of the egg cell and of the central cell, the seed coat, which derives from the ovule integuments, is
not a direct product of fertilization. This has two implications: 1) seed coat development is blocked
prior to fertilization, and 2) the ovule integuments require a signal coming from the fertilization
products, to drive seed coat formation. Indeed, the development of the seed coat is actively
blocked prior to fertilization by the sporophytic PRC2s, EMF and VRN (Roszak and Kéhler, 2011).
Moreover, the hormone auxin is the signal coupling fertilization to seed coat development
(Figueiredo et al., 2016). Following fertilization, the endosperm produces auxin (Figueiredo et al.,
2015), which is then transported to the integuments, where it removes the PRC2s, allowing for
seed coat development (Figueiredo et al., 2016). In summary, sporophytic PRC2s are responsible
for restricting seed coat formation before fertilization and this block is lifted by auxin. This is
supported by the observation that mutants lacking sporophytic PRC2 activity, and thus have
reduced levels of H3K27me3, produce fertilization-independent (or autonomous) seed coats
(Figueiredo et al., 2016; Roszak and Kdhler, 2011). This is the case for mutants lacking the PRC2
components SWINGER (SWN), CURLY LEAF (CLF), VERNALIZATION 2 (VRN2) and
EMBRYONIC FLOWER 2 (EMF2). Genes encoding these PRC2 subunits are downregulated
upon fertilization or upon exogenous application of auxin (Figueiredo et al., 2016). Concurrently,

treating ovules with exogenous auxin leads to autonomous seed coat formation, as auxin removes
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PRC2 function (Figueiredo et al., 2016). However, the auxin-derived removal of PRC2 does not
explain how seed coat genes become active, given that the H3K27me3 marks should be stable.
Importantly, seed coat growth is not driven by cell division but by cell elongation (Figueiredo et
al., 2016), meaning that dilution of the marks is unlikely. Therefore, the H3K27me3 marks must
likely be actively removed following fertilization, but the enzymes responsible for this process are

still unknown.

Histone demethylases, such as those containing JumonjiC domains (JmjC), can remove histone
marks such as H3K27me3. Arabidopsis has 21 predicted JmjC proteins that can be categorized
into five classes based on the architecture of their protein domains (Crevillén, 2020). While not all
members have been fully studied, they include potential H83K9me3, H3K36me3, H3K4me3, and
H3K27me3 demethylases. In Arabidopsis, five H3K27me3 demethylases have been identified so
far, including two JmjC domain-only proteins, JUMONJI 30 (JMJ30/AtJMJD5) and JUMONUJI 32
(JMJ32), as well as three C2H2-type zinc-finger (ZnFn)-containing JmjC proteins, EARLY
FLOWERING 6 (ELF6/JMJ11), RELATIVE OF ELF6 (REF6/JMJ12), and JUMONJI 13 (JMJ13)
(Crevillén et al., 2014; Cui et al., 2016; Gan et al., 2014; F. Lu et al., 2011; S. X. Lu et al., 2011;
Yan et al., 2018). However, it is possible that additional H3K27me3 demethylases are yet to be
discovered. The three major H3K27me3 demethylases REF6, ELF6 and JMJ13 have been shown
to be important for reproductive processes. REF6 was shown to be necessary for suppression of
the seed dormancy (Chen et al., 2020), as well as for seed germination (Pan et al., 2023; Sato et
al., 2021; Yahan Wang et al., 2023). ELF6 and JMJ13, on the other hand, have been shown to
control carpel growth in an antagonistic matter (Keyzor et al., 2021). ELF6 was also shown to be
expressed in the mature ovules and in the embryo (Crevillén et al., 2014; Yang et al., 2016).
Finally, JMJ13 has been shown to be necessary for genome-wide H3K27me3 demethylation in
the pollen (Borg et al., 2020).

Although JMJs play key roles in epigenetic reprogramming, these proteins often must be recruited
to their target loci by transcription factors (TF). This includes TFs involved in brassinosteroid (BR)
signaling, like BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1)
(Li et al., 2018; Yu et al., 2008). As hormones of steroid nature, BRs serve a variety of roles in
plant development (Manghwar et al., 2022). They control cell division, stem cell maintenance,
vascular development, cell elongation, root growth and floral transition, among other processes
(Fabregas and Cano-Delgado, 2014; Lv et al., 2018; Singh and Savaldi-Goldstein, 2015;
VukasSinovi¢ et al., n.d.; Wang et al., 2020). Moreover, several studies have demonstrated the

importance of BRs in seed development. For example, the rice BR biosynthesis mutants brd2 and
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98  dwf11produce smaller seeds (Hong et al., 2005; Tanabe et al., 2005). Furthermore, the rice dwarf

99 mutant d67 also produces small seeds, which is due to the loss of function of a rice BR receptor,
100  encoded by OsBRI1 (BRASSINOSTEROID INSENSITIVE 1) (Morinaka et al., 2006). BR deficient
101 Vicia faba mutants also make smaller seeds (Fukuta et al., 2006), as does the dwarf pea mutant
102 Ik, a severe BR deficient mutant (Nomura et al., 2007). Overexpression of a BR-biosynthetic gene,
103  on the other hand, has been demonstrated to boost rice seed filling and yield (Wu et al., 2008).
104  In Arabidopsis, the BR-deficient mutant dwf5 produces small seeds (Choe et al., 2000), whereas
105 overexpression of the P450 monooxygenase family gene CYP72C71 in the dwarf mutant
106  background shk1-D reduces endogenous BR levels, resulting in general short organs and small
107  seeds (Takahashi et al., 2005). The mature dry seeds of the BR-deficient mutant deetiolated 2
108  (det2) and the BR-insensitive mutant bri7-5 (a weak allele of BRI1) were discovered to be smaller
109 than the respective wild-type (WT) seeds (Jiang et al., 2013). Furthermore, exogenous BR was
110  shown to partially rescue det2 seed size and weight, indicating positive regulatory role for BRs in
111 seed growth (Jiang et al., 2013). The effect of BRs on seed growth was proposed to be determined
112 by the direct regulation of BZR1 of genes involved in endosperm proliferation, such as SHBT,
113  IKU1, MINI3, and IKUZ2, all of which work in the same pathway (Garcia et al., 2003; Luo et al.,
114  2005; Wang et al., 2010; Zhou et al., 2009). Finally, BRs have been proposed to regulate seed
115  number (Jiang and Lin, 2013).

116  Although BRs have been implicated in regulating seed growth, the underlying molecular
117  mechanisms are still poorly understood. Importantly, as alluded to above, the BR effector BES1
118  was shown to regulate the expression of target genes by recruiting the JMJ histone demethylases
119 ELF6 and REF6 (Yu et al., 2008). Interestingly, BES1 interacts physically with both ELF6 and
120 REF6 (Yu et al., 2008), while BZR1 interacts with ELF6 but not REF6 (Li et al., 2018). We thus
121 hypothesized that JMJ and BR function could be necessary to remove H3K27me3 marks from
122  the integuments, allowing the seed coat to develop after fertilization. Indeed, here we show that
123 BR and JMJ mutants show seed coat defects. Consistent with our hypothesis that BRs are
124  necessary for H3K27me3 removal, we show that BR mutant phenotypes are rescued by loss of
125  PRC2 function in the integuments. Moreover, we uncover a dual role for BR regulation of seed
126  coat growth, mediated by the main BR receptor BRI1 and by one of its close homologues BRI-
127  LIKE 3 (BRL3).

128
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131 Results
132 REF6 and ELF6 H3K27me3 demethylases are expressed in the seed coat

133  Previous research indicates that seed coat development is blocked by H3K27me3 marks, which
134  are deposited by sporophytic PRC2s. Auxin-mediated removal of the PRC2s is therefore
135 necessary for seed coat formation following fertilization. However, PRC2 removal alone should
136  not be sufficient, because the H3K27me3 marks should be stable in the non-dividing seed coat
137  cells. If this is true, then ovules of mutants partly lacking PRC2 function, and therefore depleted
138 in H3K27me3, should be more responsive to exogenous auxin, and should develop larger
139  autonomous seed coats, when compared to the WT. Indeed, we observed that the sporophytic
140 PRC2 mutant swn clf/+ produces larger autonomous seeds than Col-0 after treatments with 100
141 uM of the synthetic auxin 2,4-Dichlorophenoxyacetic acid (2,4-D; Fig. S1). This observation
142 supports the hypothesis that removal of H3K27me3 marks in the seed coat after fertilization is an
143  essential step for seed coat growth. We then hypothesized that H3K27me3 marks should be
144  enzymatically removed from the integument cells following fertilization. This process can be
145  carried out by JMJ-type histone demethylases. Therefore, we analyzed previously published
146  seed-specific transcriptomic datasets to test if JMJ encoding genes are expressed in the seed
147  coat (Fig. S1). Indeed, several genes encoding H3K27me3 demethylases are predicted to be
148  expressed during seed coat development, including ELF6, JMJ13 and JMJ30. Unfortunately, the
149  microarray dataset that we used did not contain a probe for REF6 (Belmonte et al., 2013).

150 Because in Arabidopsis the removal of H3K27me3 marks is carried out by three main H3K27me3
151  demethylases: REF6, ELF6 and JMJ13, we decided to focus our analyses on these members of
152  the JMJ family. Through analysis of a REF6::REF6:GFP reporter in a ref6éc mutant background
153 (Yan et al., 2018), we found that REF6 is expressed in the integuments of unfertilized ovules, as
154  well as in seed coats of 1 DAP seeds (Fig. 1A). At these stages of development, no REF6
155  expression was seen in the gametophyte or in the early endosperm or embryo. We confirmed
156  these observations using a line expressing REF6::GUS, and consistently observed GUS activity
157  in sporophytic and zygotic tissues of developing seeds as well as a strong expression in anthers
158  (Fig. S2). Regarding ELF®6, it was previously found to be expressed in mature ovules as well as
159  indeveloping embryos (Crevillén et al., 2014). We analyzed a reporter line expressing ELF6::GUS
160 and indeed observed GUS activity in the sporophytic tissues of developing seeds (Fig. 1B).
161 Finally, we analyzed JMJ13 transcriptional (JMJ13:GFP) and translational (JMJ13:JMJ13-GFP)
162  reporters and did not observe any JMJ13 expression in ovules or seeds. To test if these reporters
163  were functional, we checked their expression in developing anthers, as JMJ13 has been shown
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164  to be expressed in pollen (Borg et al., 2020). Indeed, fluorescence was observed in mature pollen
165  grains (Fig. S2), confirming that the reporters are functional and that JMJ13 is likely not expressed
166  in seeds. These expression results indicate that among the three main H3K27me3 demethylases,
167 REF6 and ELF6 are the ones with the strongest expression in seeds, whereas together with
168  REF6, JMJ13 is mostly expressed in pollen.
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174 (ERJ) and the respective WT. The relative seed size was calculated as a ratio between the perimeter of
175  each seed and the average perimeter of unfertilized ovules of their respective genotype. (D) DMACA
176  staining of ERJ x Col-0 reciprocal crosses. The staining was classified in four categories: examples shown
177 on the right hand-side for the three stained categories. (E) Autonomous and sexual seed size of reféc elf6-
178  3and the respective WT. The relative seed size was calculated as a ratio between the perimeter of each
179  seed and the average perimeter of unfertilized ovules of their respective genotype. *** Differences are
180 significant for 0.001>p (ANOVA). (F-G) DMACA staining of ref6c elf6-3 at 1, 2 and 3 DAP (E), and of refé6c
181 elf6-3 x Col-0 reciprocal crosses (F).

182
183  Mutants for JMJ type H3K27me3 demethylases have seed coat development defects

184  In order to test whether JMJ histone demethylases are responsible for H3K27me3 demethylation
185 inthe seed coat, we assessed seed coat formation in ref6-1, elf6-3 and jmj13 single mutants. We
186  did this both using sexual and asexual (or autonomous) seeds, using seed size as a proxy for
187  seed coat expansion. Shortly, we compared the size of sexual seeds 3 days after pollination
188  (referred to as 3 DAP) and/or of autonomous seeds 3 days after 100 uM auxin (2,4-D) treatment
189  (referred to as 3 DAT). We selected this time point, because in these early stages of seed
190 development the expansion of the seed is purely driven by seed coat growth and its interactions
191  with the endosperm. For instance, the size of a mature Arabidopsis seed is also determined by
192  the embryo, and therefore we used a timepoint in which the embryo size did not impact on our
193 measurements. The reasoning for analyzing autonomous seeds, as produced via exogenous
194  auxin applications, in addition to sexual seeds, was to test if auxin-induced seed coat formation
195 is specifically impaired in jmj mutants.

196 At 3 DAP we observed that seeds of the single eféc, elf6 and jmj13 mutants were approximately
197  the same size of the corresponding WT (Fig. S3). We also did not find consistent differences in
198  the size of autonomous seeds at 3 DAT (Fig. S3). This indicates that the jmj single mutants do
199  not show any major seed coat initiation defects. Since ELF6, REF6 and JMJ13 share significant
200 homology, it is possible that they redundantly control seed coat formation. Consequently, we
201  analyzed higher order mutants for these genes. We obtained and analyzed a published elf6 ref6c
202  jmj13 (ERJ) triple mutant (Yan et al., 2018). Plants carrying these three mutant alleles are dwarf,
203  exhibit delayed flowering time relative to the WT, and show bent siliques, as previously described
204 (Fig. S4) (Yan et al., 2018). This was not observed in the single mutants, indeed supporting the
205 idea of functional redundancy between these JMJs. We then conducted a similar comparative
206 analysis of the sizes of sexual and autonomous seeds. Surprisingly, and contrary to our

207  expectations, we found that both sexual and autonomous seeds of the triple mutant were slightly
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208  but significantly larger than those of the wild type (Fig. S3). However, we noted that the
209 unfertilized/mock ovules of the triple mutant were also significantly larger than those of the wild
210  type (see mock-treated samples in Fig. $3). And thus, when normalizing for the size of unfertilized
211 ovules, we detected a slight, but not statistically significant, reduction in relative seed coat growth
212  in the ERJ mutant compared to the WT (Fig. 1C). Therefore, we used an alternative approach to
213  assess seed coat formation: we performed DMACA (p-dimethylaminocinnamaldehyde) staining
214  of seeds at 1, 2 and 3 DAP. This dye stains the proanthocyanidins (PAs) produced in the
215  endothelium of the seed coat, and can therefore be used as a visual marker for seed coat
216  development (Debeaujon et al., 2003). Supporting our hypothesis, we observed that seeds of the
217  ERJ triple mutant showed a striking delay in the accumulation of proanthocyanidins, when
218 compared to the WT (Fig. 1D). This was obvious in all three time points assessed, and fits with
219  our expectation that JMJ function is necessary for seed coat development.

220  Our analyses also revealed that the siliques of ERJ contained many immature ovules or aborted
221  seeds (Fig. S3 and S4). There could be several reasons for this: 1) a post-fertilization effect on
222  seed viability; 2) compromised pollen function; or 3) compromised ovule viability. To test if any of
223  these was true, we did DMACA staining of 3 DAP seeds of reciprocal crosses of ERJ x Col-0
224  (Fig. S3). This analysis revealed several reproductive defects in the ERJ mutant, which results in
225 areduced number of fertilized seeds. Specifically, we observed that in ERJ x Col-0 (by convention
226  the maternal parent is indicated first), 43% of the total seeds in the siliques did not stain with
227 DMACA, even after 3 days. Upon closer inspection we observed that many of these ovules were
228  not fully mature (Fig. S3), which led to a lower number of fertilized seeds. Additionally, in Col-0 x
229  ERJ crosses we again observed that many seeds did not stain with DMACA, and approximately
230 57% of ovules were in fact unfertilized. This is likely due to defects in pollen viability. Nevertheless,
231 in ERJ x Col-0 crosses, where the seed coat is derived from the triple mutant, a significant
232  proportion of viable seeds (~17.5%) were delayed in seed coat development, as indicated by less
233 DMACA staining compared to their wild-type counterparts (WT; categories “Medium” and “Weak”
234 in Fig. 1D and S3). This fits our hypothesis that these JMJs are necessary for seed coat
235 development.

236  However, despite these findings, the pleiotropic defects of the triple mutant complicated its
237  analysis. To counter this, we analyzed less strong double mutants, and phenotyped seeds of ref6-
238 1 elf6-3, elf6-3 jmj13 and jmj13 ref6-1. None of the three double mutants showed any visible
239  vegetative growth phenotypes. Although, when comparing the 3 DAT autonomous seed size
240  phenotype of all three double mutants, we observed that all three mutants produced seeds that
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241 were slightly smaller than the WT ones (Fig. S3). Because JMJ13 does not seem to be expressed
242  in seeds, as we describe above, we further focused on ELF6 and REF6 as potential regulators of
243  seed coat development. In the double mutant analysis of Fig. S3 we used ref6-1, which is a knock-
244  down of REF6. Therefore, we obtained and analyzed the stronger refé6c elf6 mutant, where ref6c
245 is a CRISPR-knock-out allele of REF6 (Yan et al., 2018). Unlike ref6-1 elf6-3, the stronger ref6c
246  elf6 mutant had visible vegetative growth defects: the plants displayed dwarfed growth patterns,
247  similar to those seen in the elf6 ref6c jmj13 mutants, but did not exhibit their characteristic bent
248  silique phenotype (Fig. S3 and S4). Importantly, the ref6c elf6 double mutant produced young
249  seeds that were smaller than the WT ones, as is expected for mutants with seed coat initiation
250 defects (Fig. 1E). This was true both for sexual seeds and for those obtained via exogenous auxin
251  applications. Moreover, the reféc elf6 double mutant seeds showed seed coat defects when
252  stained with DMACA (Fig 1F-G): ref6c elf6 produced a significant number of seeds that did not
253  stain with DMACA and, unlike in the WT, the staining did not increase as much in the mutant
254  seeds as they developed (Fig. 1F). In fact, around 42% of the ref6c elf6 seeds did not stain with
255 DMACA even after 3 DAP. To further confirm the origin and nature of the defect, we performed
256  reciprocal crosses of reféc elf6 with the WT (Fig. 1G). Interestingly, in the case of Col-0 X ref6c
257  elf6, the pollen defects seem to be reduced when compared to the ERJ triple mutant (Fig. S3).
258 This is in line with JMJ13 being specifically expressed in pollen (Fig. $2). On the other hand, in
259  the case of ref6c elf6 x Col-0, the number of immature/aborted ovules persisted (Fig. 1G), similar
260 to ERJ(Fig. S3), suggesting that ovule abortion and seed coat defects are of maternal sporophytic
261  origin. In addition to these findings, it is important to note that reféc elf6 mutants still exhibited a
262  decrease in the overall seed set, with only around 30 viable seeds per silique, when compared to
263  around 50 seeds produced by the WT (Fig. S3). A reduced seed set normally correlates with
264 larger individual seed size. Therefore, although we observed seed coat development defects in
265 jmjmutants, it is possible that the full extent of these defects is partially masked by the low seed
266  set of these lines.

267 In conclusion, JMJ function is required for seed coat formation. The JMJ H3K27me3
268 demethylases ELF6 and REF6 are expressed in the seed coat, and mutations in the respective
269 genes lead to delayed seed coat growth and in accumulation of PAs. Additionally, loss of JMJ
270  function also compromises ovule and pollen development, leading to reduced seed sets.

271
272
273
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274  JMJ function represses seed growth at later stages of development in a zygotic manner

275  Although our data supports a role for H3K27me3 demethylases in promoting seed coat initiation,
276  we were surprised to observe that the jmj mutant seeds were actually larger at maturity compared
277  to the respective WT. We tested this in several mutant alleles of ref6 and elf6, as well as for the
278  higher order mutants elf6-3 ref6c and ERJ (Fig. 2A and Fig. S4). Although in the case of the
279  higher order mutants this increase in individual seed size could be due to the reduced seed set,
280 as mentioned above, ref6 single mutants also produced larger seeds at maturity (Fig. 2A-B and
281  S4), although their seed set was comparable to that of the WT (Fig. S$3). This suggests that JMJ
282  function promotes early seed growth, but represses it at later stages of development. Because
283 REF6 has been shown to have functions in endosperm development (Sato et al., 2021), we
284  hypothesized that the increased size of ref6 mature seeds could be due to a zygotic effect. To
285  test this, we complemented the ref6é mutant with constructs driving REF6 expression under 1) its
286  native promoter, 2) an embryo-specific promoter (TPS1) and 3) an endosperm-specific promoter
287  (EPRT1), as previously described (Sato et al., 2021). As expected, the mature seed size was
288 restored to WT levels when ref6 was complemented with REF6::REF6:GFP (Fig. 2C).
289 Importantly, we also observed a partial but significant rescue of the ref6 mature seed size
290 phenotype in lines expressing TPS1::REF6 and EPR1::REF6 (Fig. 2D). This suggests that the
291 increased size of jmj mutant seeds is, at least in part, due to zygotic effects of the embryo and
292 the endosperm. If this is true, then REF6 should target genes that are specifically expressed in
293  all three seed tissues. We thus searched for REF6 binding sites in embryo-, endosperm- and
294  seed coat-specific genes, based on published datasets (Belmonte et al., 2013; Cui et al., 2016).
295 Indeed, 326 genes bearing at least four REF6 binding motifs CTCTGYTY in their vicinity are
296  specifically expressed in the three seed tissues (Fig. 2E and S5). Interestingly, there is little
297  overlap between REF®6 targets in those tissues, suggesting that REF6 controls different biological
298 processes in the different tissues, and at different developmental timepoints. Thus, our data points
299 to a sporophytic function of JMJs at early stages of seed development, promoting seed coat
300 formation, and to a zygotic function at later stages of seed development, restricting embryo and
301  endosperm growth. Consistent with this, REF6 is strongly expressed in the seed coat in the first
302 days of seed development, but its expression decreases in this tissue as the seeds develop (Fig.
303 S2). By day 6 after pollination (6 DAP in Fig. S2) REF6:GUS expression is mostly absent from
304 the seed coat and mostly detectable in the zygotic products.
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306 Fig. 2. Zygotic effect of JMJs in mature seed growth. (A) Seed area of mature seeds of WT, ref6 and
307  elf6 single mutants, and higher order JMJ mutants. Examples of seeds can be seen in (B) and in Fig. S4.
308  (C-D) Mature seed area of WT, ref6-1 and ref6-1 complemented with the endogenous REF6::REF6.GFP
309 (C), or with embryo (TPS7) or endosperm (EPRT1) specific promoters (D). Two independent transgenic lines
310 are shown. * indicates statistical significance for p<0.01 (Tukey multiple comparison) (E) Relative
311 expression of genes carrying predicted REF6 binding sites, specifically expressed in the embryo proper
312 (upper panel), peripheral endosperm (middle panel) and seed coat (lower panel). Extended dataset can be
313  found in Fig. S5. The seed stages indicated are: pg, pre-globular; g, globular; h, heart; Ic, linear cotyledon;
314  and mg, mature green.
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315 BR mutants are defective in seed coat development

316  Given our observation that ELF6 and REF6 are redundantly required for seed coat formation, and
317  given that both H3K27me3 demethylases have been shown to interact with the BR effectors BES1
318 and BZR1, we hypothesized that BR function could be required in the seed coat for H3K27me3
319  removal. We checked previously published datasets (Belmonte et al., 2013), and indeed genes
320 involved in BR biosynthesis and signaling are strongly expressed in the seed coat (Fig. 3A). We
321  recently confirmed that this is the case and all known enzymes involved in BR biosynthesis, as
322  well as the BR receptor BRI1, co-receptor BAK1 and effectors BZR1 and BES1 are all specifically
323  expressed in the early seed coat (Lima et al., 2023).

324  If our hypothesis is true, that BR signaling is required for H3K27me3 removal via JMJ function
325 during seed coat formation, then BR-related mutants should show defects in seed coat
326 development. Thus, we examined previously published BR mutants for seed defects. We tested
327  loss-of-function mutants for components of BR signaling and biosynthesis. Indeed, we observed
328 that mutants lacking the main BR receptor BRI1 form seeds that are significantly smaller than
329 those of WT at 3 DAP (Fig. 3B-D). The same is true for mutants impaired in BR biosynthesis like
330  brbéox1 br6ox2 and det2-1 (Fig. 3D,E). Similar to what we did for the JMJ mutants, we also
331  analyzed the size of auxin-induced autonomous seeds. Again, we observed that all tested BR
332  mutants initiate smaller autonomous seed coats, when compared to the WT (Fig. S$6). For further
333  experiments we selected one BR biosynthetic mutant, det2-1, and one signaling mutant, bri7-6.
334  Importantly, the size of unfertilized ovules of det2 and bri1 plants was not significantly different
335 from that of the wild type (Fig. $6), which signifies that the delay in seed growth is due to pathways
336 that are activated after fertilization and not to initial ovule size. Overall, since the expression of
337  BR genes is restricted to the seed coat, the smaller seed size in these mutants is likely a result of
338 defects in seed coat development and not from a non-cell autonomous effect of the endosperm
339  or embryo. Further evidence of this was obtained by expressing PHYB ACTIVATION TAGGED
340 SUPPRESSOR 1 (BASH1), a protein responsible for degrading bioactive BRs (Turk et al., 2005),
341  specifically in the seed coat. We observed that 4 out of 9 independent transgenic lines expressing
342  the construct KLUH:BAST produced seeds smaller than the WT control (Fig. S6). The promoter
343  of KLUH is specific to the sporophytic tissues of the seed (Adamski et al., 2009). The effect was
344  not as strong as what we observed for BR mutants, which is likely the result of the KLUH promoter
345  not being expressed in all integument layers.

346 To further validate these results, we treated WT seeds with propiconazole, a known BR

347  Dbiosynthesis inhibitor (Hartwig et al., 2012). We applied 200 uM of propiconazole 6 h after
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348  pollination, to allow fertilization to take place. We observed that 3 DAP seeds treated with
349  propiconazole were smaller than mock treated seeds (Fig. S6). This further confirms that BR

350 function is necessary for seed coat growth.
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352  Fig. 3. BR levels impact on seed coat development. (A) Relative expression of genes involved in BR
353  biosynthesis and signaling in the seed coat, at different stages of seed development (indicated above), as
354  determined in (Belmonte et al., 2013). (B) Perimeter of seeds at three DAP for loss- and gain-of-function
355  BR mutants. The morphology of the seeds can be seen in C-E, for WT, bri1 and det2. Scale bars indicate
356 50 uM. (F-G) Perimeter of 3 DAT autonomous seeds after exogenous application of 100 yM 2,4-D and
357  varying concentrations of epi-brassinolide (EpiBL; F) or bikinin (G). **** represents p-value <0.0001 (Anova,
358 B, G). For F, the letters on top indicate statistical significance for p-value <0.01 (Anova).
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360 Exogenous BRs show a dose-dependent effect on seed size

361  We then tested the effects of constitutive BR biosynthesis or signaling in seed coat growth. For
362 this, we analyzed several gain-of-function BR mutants. Our expectation was that those mutants
363  would produce larger seed coats, when compared to the WT. We tested the mutant dwf4-5D, in
364  which a T-DNA carrying a CaMV35S enhancer is inserted in the promoter of the BR biosynthesis
365 gene DWARF4 (DWF4), resulting in a constitutive production of BRs. Our results showed that the
366 3 DAP and mature seeds of this mutant were significantly larger than those of the WT, although
367  we did not observe the same trend in auxin-induced autonomous seeds (Fig. S6).

368 Wethen analyzed bes1-D and bzr1-D mutants, which are constitutive BR signaling mutants. Both
369 alleles result from a single nucleotide change in the coding region which prevents BES1/BZR1
370 phosphorylation by BIN2, resulting in constitutive accumulation of these transcription factors in
371  the nucleus (Wang et al., 2002; Yin et al., 2002). Unexpectedly, our results showed that 3 DAP
372  seeds of bes1-D and bzr1-D mutants were smaller than those of WT (Fig. 3B). We also observed
373  similar results for autonomous seeds (Fig. S6). These findings suggest that, although BR function
374 is required for seed coat formation, excessive BR signaling has a detrimental effect on
375 development. Thus, BRs seem to affect the seed coat development in a dose development
376  manner.

377  To further verify this, we performed exogenous treatments of WT ovules with epi-brassinolide
378 (epi-BL), a bioactive BR. We treated the unfertilized ovules in a similar manner as we did for the
379  exogenous auxin treatments. First, to test if BRs induce autonomous seed coat formation, we
380 treated emasculated flowers of Col-0 with different concentrations of epi-BL (100 pm, 1 uM, 10
381 uM, 100 uM and 150 uM). However, we did not see any significant effect of epi-BL on the treated
382  unfertilized ovules (data not shown). To further investigate whether exogenous BRs would have
383 an effect on seed coat development, we repeated this experiment, but treated the ovules with epi-
384 BL one day after an exogenous application of 100 uM 2,4-D. Our results revealed that different
385 concentrations of epi-BL had varying effects on seed size: the ovules treated with 100 uM 2,4-D
386 plus 100 pM epi-BR were slightly but significantly larger than those treated with auxin alone, while
387  ovules treated with concentrations equal or above 10 uM of epi-BL were smaller in size compared
388 to the auxin control (Fig. 3F). These results indicate that BR alone is not sufficient to promote
389 autonomous seed development, unlike auxin, but rather that ovules need to be “primed” first by
390 auxin, and that further development is then under BR control. These results also support the
391  hypothesis that BRs affect seed growth in a dose-dependent manner, where low concentrations
392 of epi-BL have a positive effect on seed coat development, but concentrations above a certain
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393 threshold lead to detrimental effects on seed growth. A similar observation was made when we
394 treated 1 DAP pollinated siliques with Bikinin, a synthetic chemical which activates BR signaling
395 Dby inhibiting BIN2 (Rybel et al., 2009). We treated the siliques 1 day after pollination with 10 pM,
396 20 uM, 100 uM and 200 uM of bikinin. The seed size peaked at the 20 uM bikinin treatments, and
397  higher concentrations lead to inhibition of seed coat expansion (Fig. 3G). These observations
398 support a dose-dependent effect of BR in seed coat growth, which fits with similar observations
399 made in roots (VukaSinovi¢ et al., 2021) and endosperms (Lima et al., 2023).

400

401 Seed coat defects in BR mutants are of sporophytic origin

402  To further verify the origin of the seed coat defects in BR mutants, we compared seed size at 3
403 DAP in homozygous vs heterozygous mutants. The logic behind this experiment is that if the
404 effect in BR mutants is sporophytic in origin, the heterozygous mutant seeds should behave
405 phenotypically like WT, since the seed coats in heterozygous mutants are diploid and still carry a
406  WT allele. While if the effect in the BR mutant is zygotic, then in a heterozygous condition 25% of
407  seeds will carry mutant embryos and endosperms, and we should see a measurable effect in the
408 phenotype. Along with bri1 and det2, we also used the stronger dwf4-44 BR biosynthesis mutant
409 for this experiment. The dwf4-44/- mutant is extremely dwarf and has severe ovule defects, which
410 prevents its use for reproductive studies in the homozygous state. But dwf4-44/+ mutants are
411 phenotypically similar to WT, and produce full seed sets. Our results showed that while seeds of
412  the homozygous bri1 and det2 mutants are significantly smaller than WT, as we demonstrated
413  above, the seeds of heterozygous bri1/+, det2/+ and dwf4-44/+ mutants are indistinguishable from
414  WT (Fig. 4A-D). Together with the observation that BR genes are specifically expressed in the
415  sporophytic tissue of seeds (Lima et al., 2023), these results indicate that the small size of BR
416  mutant seeds is due to a seed coat defect.

417  To further confirm this, we generated tissue-specific rescue constructs to complement the BR
418 mutants. Namely, we complemented the bri7 and det2 mutants by expressing the respective
419  genes under the following promoters: DD65, specific to the central cell and early endosperm
420  (Steffen et al., 2007); BANYULS (BAN), specific to the endothelium of the inner integument
421 (Debeaujon et al., 2003); and KLUH, which is expressed in several integument and seed coat
422  layers (Adamski et al., 2009). Importantly, although KLUH is expressed in many vegetative
423  tissues, in seeds it is specific to the seed coat at the stage at which we carried out our
424  experiments. Finally, we used the promoter of Rps5a (Maruyama et al., 2013), which is
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425  constitutively expressed. The BRI1 and DET2 coding sequences were cloned under the control
426  of all these promoters and were transformed into bri7 and det2 mutants, respectively.

427  We observed that in the case of bri1, several complementation lines showed a rescue of the seed
428  coat growth phenotype. Out of four lines each expressing either BAN::BRI1 or KLUH::BRI1 in
429  bri1, all of them exhibited rescue, i.e., the 3 DAP seed size was restored to WT levels (Fig. 4F).
430 This is interesting because BAN is only expressed in the innermost layer of the integuments, as
431  compared to KLU, which has a broader expression. Native BRI1 is expressed more strongly in
432  the outer integument than in the inner integument (Fig. S7) (Lima et al., 2023). This means that
433 restoration of BRI1 expression in one of the integument layers is to some degree sufficient to
434  rescue the bri1 phenotype. Fitting with the gametophyte-specific expression of DD65, two out of
435 three lines expressing DD65::BRI1 in bri1 did not show a rescue of the phenotype (Fig. 4F). And,
436  although one line expressing DD65::BRI1 did produce bigger seeds, the difference was not
437  statistically significant compared to bri1. Finally, as expected, all lines expressing Rps5A:BRI1
438 showed a rescue of seed size of the bri1 mutant (Fig. 4F).

439 The same tissue-specific complementation approach was carried out for det2. Again, we
440 observed a rescue of the det2 seed growth defects in eight out of nine lines expressing
441  BAN:DETZ2 and KLUH::DET2 (Fig. 4G). This indicates that restoring BR biosynthesis in the
442  sporophytic tissues is sufficient to rescue the det2 seed defects. However, it is interesting to point
443  out a particularity about the rescue of det2 in BAN::DET2-expressing lines: endogenous DET2 is
444  expressed in the outer integument layers (Fig. S7) (Lima et al., 2023), but BAN::DETZ2 is only
445  expressed in the innermost layer of the integuments (endothelium). Thus, this rescue implies that
446  BR intermediates, produced in inner integuments, can move to outer integument layers, where
447  enzymes that catalyze the next steps of the pathway are located (Lima et al., 2023). This is
448  unexpected because the inner and outer ovule integuments are not connected symplastically
449  (Stadler et al., 2005) and BRs have been reported to move via plasmodesmata (Wang et al.,
450 2023). Finally, one out of three DD65::DETZ lines also showed a rescue of the det2 phenotype
451 (Fig 4G). Again, this was surprising given that the DD65 promoter is specific to the central cell
452  and to the early endosperm, which are symplastically isolated from the seed coat (Stadler et al.,
453  2005). This observation together with the one described above, where the bri1 phenotype was
454  rescued in one line expressing DD65:BRI1 might be a sign of non-specific expression of DD65.
455  Or alternatively, BR intermediates can cross the endosperm-seed coat barrier and complement
456  the lack of a functional DETZ2 in the seed coat of det2 mutants. In conclusion, our data supports

457  a sporophytic mode of action for seed-produced BRs.

16


https://www.zotero.org/google-docs/?1bOXYY
https://www.zotero.org/google-docs/?NjUcMR
https://www.zotero.org/google-docs/?vsmjh8
https://www.zotero.org/google-docs/?CLuiwQ
https://www.zotero.org/google-docs/?6yW7Io
https://www.zotero.org/google-docs/?6yW7Io
https://www.zotero.org/google-docs/?maAjzF
https://www.zotero.org/google-docs/?maAjzF
https://doi.org/10.1101/2023.12.07.569203
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.07.569203; this version posted December 8, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(ab) {a)
(a)

1100

{b)

1000|

900 (d)

Perimeter (um)

800

n=30 n=32 n=33 n=30 n=30 n=26
€ols0)., el cals e el
2 L i \ -
o o o pf st

Fo
f 1Y) M —— J i o o ; y ]
. . P weaneni
1000 | ey 3 - < E el o« e
g * 7. 3 v Col-0
r - - ‘ ‘ ™
3 : . :
Egm e L L L =
N o ot g e o S e . . . e e A o
n=123 n= n=34 n=30 n=33 n=30  n=35 n=28 n=30 n=29 | n=14 n=23 n=4D n=24 n=30 n=30 n=32 |
En-2 bri 1 5 7 8 | 5 6 8 9 2 5 9 14 : 3 10 19
PBAN:BRI : pKLU:BRIM pRps5a BRI i pDD65:BRM
In brit-6 In brit-6 in brit-6 in bri1-6
G ; :
=
2
k3
[
E
&
o : . : i ; j
o n=35 n=28  n=34 n=32 n=34 n=32 n=310=30 n=31 n=35 =30 n=02 =55 n=56 n=48 n=40
Col-0 det2-1; 10 14 17 22 27 7 a i 12 ;| 8 23 12 14 15
; PpBAN:DETZ : PKLUDETZ | pRps5a:DET2 pDDES:DET2
458 H in def2-1 Im det2-1 {oin detz-1 in def2-1

459  Fig. 4. Sporophytic BRs modulate seed coat growth: (A) Seed perimeter of WT, det2/-, det2/+, bril/-,
460  bri1/+and dwf4-44/+ 3 DAP seeds. Seed morphologies can be seen in B-E for WT, bri1/-, bri1/+ and dwf4-
461 44/+, respectively. Scale bars indicate 50 um. (F-G) Perimeter of 3 DAP seeds of bri1-6 (F) and det2-1 (G)
462  and respective complementation lines. All lines are in the bri1-6 or det2-1 mutant backgrounds. The
463  phenotypes of the WT and mutants are indicated by the blue and red dashed lines, respectively. The letters
464  indicate statistical significance for p-value <0.05 (Anova).
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465 BR function during seed coat formation is linked to deposition of H3K27me3

466 Because BR effectors have been shown to recruit ELF6 and REF6 to target loci (Li et al., 2018;
467  Yu et al.,, 2008), we hypothesized that BR function during seed coat formation could be linked to
468  altered dynamics of H3K27me3. To test if BR effectors and JMJ H3K27me3 are acting in the
469 same pathway during seed formation, we crossed the dominant BR signaling mutant bzr7-dto a
470 line ectopically expressing CaMV35S::ELF6 (Keyzor et al., 2021). However, we observed a high
471 penetrance of aborted and malformed ovules in the double mutant (Fig. $8). This was not
472  observed in the single mutants, indicating that indeed BR signaling and H3K27me3 demethylases
473  work in the same pathways during reproductive development. However, this also meant that the
474  double gain-of-function mutants form very few viable seeds and are therefore not useful for
475  functional studies. Thus, as an alternative, we focused on the analysis of sporophytic PRC2
476  mutants, which lack H3K27me3 marks. Loss of PRC2 function in the ovule integuments, such as
477  in a swn clf+ mutant, leads to autonomous seed coat growth (Figueiredo et al., 2016; Roszak
478 and Kohler, 2011). This is because seed coat development pathways are ectopically activated
479  when H3K27me3 is depleted in the ovule integuments. If we hypothesize that BR function during
480 seed coat development is linked to removal of H3K27me3, then swn clf'+ mutants should be
481 insensitive to exogenous applications of epi-BL, as they already lack the repressive epigenetic
482 marks. Indeed, we observed little to no effect of exogenous epi-BL applications on swn/- clf/+
483  seed size, unlike what happens in the WT (Fig. 5A). These results suggest that due to the lack of
484 H3K27me3 marks in swn/- clf/+ mutants, seed coat growth genes are expressed independently
485  of fertilization and, therefore, BR levels do not affect seed growth.

486  Moreover, if our hypothesis is true that BR function in the seed coat is necessary for the efficient
487  removal of H3K27me3 marks by JMJs, then we expect that the seed coat defects of BR mutants
488  are alleviated by loss of PRC2, because those epigenetic marks are not deposited to start with.
489  To further investigate the epigenetic control of seed coat by BRs, we crossed the sporophytic
490 PRC2 mutant swn/- clf/+ with BR loss-of-function mutants. Interestingly, in the case of swn/- clf/+
491 bri1/- we observed that the triple mutant plants displayed some rescued plant morphologies
492  compared to the bri1 plants. The triple mutant had larger and more leaves, grew taller (Fig. 5B),
493  and flowered later but also for a longer time than bri7 plants. Importantly, we also observed a
494  similar rescue of the bri1 growth defects in sexual and autonomous seeds (Fig. 5C-D and S8). In
495 fact, seeds of swn/- clf/+ bri1/- were of the same size of those of swn/- clf/+ mutants, resulting in
496  a complete rescue of the growth phenotype and demonstrating that loss of PRC2 is epistatic to

497  the loss of BR signaling via BRI1. Additionally, we observed that the unfertilized ovules of swn/-
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498  clf/+ bril/- were of the same size as those of WT and bri1/-, but smaller than those of swn/- clf/+
499  (Fig. S8). This suggests that lack of BRs to some degree may repress the development of
500 autonomous seed coats in swn/- clf/+, potentially because of inefficient removal of residual
501 H3K27me3.
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503 Figure 5. Genetic interactions between PRC2 and BR machinery. (A) Seed perimeter of Col-0 (green)
504  and swn/- clf/+ (red) autonomous seeds at 3 DAT after application of 100 uM 2,4-D and varying
505 concentrations of Epi-BL. (B) Vegetative phenotypes of WT, swn/- clf/+, bri1-6 and corresponding triple
506  mutant. (C) Seed perimeter at 3 DAP of WT, swn/- clf/+, bri1-6 and corresponding triple mutant. (D)
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507  Autonomous seed morphologies of WT, swn/- clf/+, bri1-6 and swn/- clf/+, bri1-6. Scale bars indicate 50
508 um. (B) Vegetative phenotypes of WT, swn/- clf/+, det2-1 and corresponding triple mutant. (C) Seed
509  perimeter at 3 DAP of WT, swn/- clf/+, det2-1 and corresponding triple mutant. (D) Autonomous seed
510  morphologies of WT, swn/- clf/+, bri1-6 and swn/- clf/+, det2-1. Scale bars indicate 50 um. The letters in
511 (A,C,F) indicate statistical significance for p-value <0.05 (Anova).

512  Next, we did the same experiment but using the det2 BR biosynthesis mutant. Surprisingly, the
513  outcome was different from that obtained for swn/- clf/+ bri1/-. While we did observe some rescued
514  plant morphologies in swn/- clf/+ det2/-, this was not as striking as for swn/- clf/+ bri1/- (Fig. 5B,E).
515  Moreover, unlike for bri1/-, loss of PRC2 function did not rescue the seed growth phenotype of
516  det2/-, either in fertilized or auxin-induced autonomous seeds (Fig. 5F-G and S8). This suggests
517  that the epigenetic control of seed coat development through BRs might function through multiple
518 pathways, some independent of the main receptor BRI1. To further validate this, we crossed the
519  swn/- clf/+ mutant to another BR biosynthesis mutant, dwf4-102/+. Homozygous mutants for dwf4-
520 102/- are severely dwarf and cannot be used for reproductive studies. However, heterozygous
521  dwf4-102/+ mutants are haplo-insuficient and their 3 DAT seeds are smaller than those of the WT
522  (Fig. S8). Importantly, similar to what we observed for det2, loss of sporophytic PRC2 did not
523  resultin arescue of the dwf4-102/+ phenotype (Fig. S$8). This indicates that, unlike what happens
524  for BR signaling via BRI1, loss of BR biosynthesis is epistatic to loss of PRC2 and, thus, of
525  H3K27me3.

526  These observations suggest that loss of BR biosynthesis affects seed coat expansion through
527  pathways both dependent and independent of H3K27me3 removal. One of these pathways could
528 be through BRI1-LIKE receptors (BRLs). There are three BRL receptors in Arabidopsis, of which
529  only two bind bioactive BRs (Cano-Delgado et al., 2004). Based on published gene expression
530 data, only BRL3 is expressed in the seed coat (Fig. 6A). To confirm this, we generated a
531 BRL3::NLS:tdtomato reporter line and observed that BRL3 is strongly expressed in the chalazal
532  seed coat (Fig. 6B). Then, to investigate if BR signaling through BRL3 could be involved in seed
533 coatformation, we analyzed 3 DAT and 3 DAP seeds in a br/3/- mutant. Indeed, both autonomous
534  and fertilized seeds were significantly smaller in the mutant than in the WT (Fig. 6C), despite
535  brl3/- mutant plants looking phenotypically similar to WT.

536  Next, to test if the regulation of seed coat formation by BRL3 is also related to the removal of
537  H3K27me3 marks, we crossed the swn/+ clf- mutant with bri3to examine whether the swn/- clf/+
538  bri3/- triple mutants exhibits any rescue in seed size as observed for swn/- clf/+ bri1/- (Fig. 5C).
539  Surprisingly, we only observed a slight rescue of the brl3/- seed phenotype in swn/- clf/+ brl3/- for
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540  both sexual and autonomous seeds (Fig. 6D and S8). Although the swn/- clf/+ brl3/- triple mutant
541  seeds were bigger than those of the br/3/- single mutant, they were only as large as WT seeds.
542  And nowhere near those of the swn/- clf/+ double mutant, which is what we observed in the case
543  of bri1 (Fig. 5C). This observation is interesting because BRI1 and BRL3 are both homologous

544  BR receptors, but they seem to have different functions when it comes to seed coat growth.

545 We thus propose a model where BR signaling and H3K27me3 removal by JMJ histone
546  demethylases work in a coordinated manner to allow seed coat development. In it, BR signaling
547  through the main receptor BRI1 is necessary for seed coat formation in a manner dependent on
548 H3K27me3 removal, likely through recruitment of ELF6 and REF6 by BR effectors. While
549  signaling through BRL3 is also necessary for seed coat growth, but in a manner independent of
550 H3K27me3 removal (Fig. 6E).
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552  Figure 6. BRL3 regulates seed coat formation independently of H3K27me3. (A) Relative expression
553 of BRI-LIKE genes in seed coat, at different stages of seed development, as determined by (Belmonte et
554 al., 2013). (B) Expression of a BRL3::NSL:tdtomato reporter in a seed at 2 DAP. Yellow is a counterstain
555  with SR2200. Scale bar indicates 50 um. (C) Seed perimeter of Col-0 and br/3 3 DAP fertilized and 3 DAT
556  autonomous seeds. ****
557 3 DAT autonomous seeds of Col-0, brl3/-, swn/- clf/+, and swn/- clf/+ brl3/-. The letters indicate statistical

558  significance for p-value<0.0001 (Anova). (E) Working model for our current hypothesis: BR signaling

indicates p-value <0.0001. (Anova). (D) Seed perimeter of 3 DAP fertilized and of

559  through BRI1 is necessary for removal of H3K27me3 marks from the integuments, priming this tissue for
560 seed coat development. A BRL3-mediated signaling pathway, also dependent on the presence of active

561 BRs is necessary for seed coat growth, in a manner independent of H3K27me3 removal.

562

563 Discussion

564  Deposition of H3K27me3 prevents seed coat development prior to fertilization and these
565  repressive marks must be removed in order for the seed coat to form properly (Figueiredo et al.,
566 2016; Roszak and Kdhler, 2011). Our findings support the hypothesis that removal of H3K27me3
567 is most likely carried out by members of the JMJ family of histone demethylases. Several pieces
568 of evidence support this: first, REF6 and ELF6 are expressed in the integuments and in seed
569 coats. Second, high order jmj mutants show seed coat formation defects, including slower relative
570 growth and delayed accumulation of proanthocyanidins, a hallmark of seed coat formation in
571  Arabidopsis (Debeaujon et al., 2003). This phenotype contrasts to that observed in mutants for
572  PRC2, which accumulate proanthocyanidins even without fertilization (Figueiredo et al., 2016),
573  and thus links H3K27me3 removal to seed coat formation.

574  Moreover, we observed additional reproductive phenotypes in the elf6 ref6¢c jmj13 triple mutant,
575 including decreased ovule viability and pollen function, leading to fewer fertilized seeds. This
576  decrease in seed set in the triple mutant siliques may result in more resources being directed
577  towards the remaining seeds, potentially mitigating the putative seed coat defect phenotype found
578 in this triple mutant. Such inverse correlations between seed set and size are well documented in
579 the literature (Jofuku et al., 2005; Ohto et al., 2005). However, we did observe that even single
580 jmjmutants produced seeds at maturity that were larger than their WT counterparts, even if their
581  seed set was not much compromised. Our data suggests that zygotic effects from the embryo
582 and the endosperm contribute to this phenotype. Indeed, JMJ function had already been
583 demonstrated in endosperm development: REF6 was shown to remove H3K27me3 marks from
584  the maternal alleles of the endosperm, activating them during germination (Sato et al., 2021).
585  However, we cannot rule out a dual-role of JMJ function in the seed coat, first being necessary
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586  for seed coat initiation, by removal of H3K27me3 marks from the integuments, and later working
587 to repress seed expansion, potentially by targeting different loci at different stages of
588  development. This would fit with REF6 targeting different sets of genes in different stages of seed
589  development.

590 Given the documented interactions between BR effectors and JMJ demethylases, namely ELF6
591 and REF6 (Li et al., 2018; Yu et al., 2008), we then assessed the potential role of these steroid
592  hormones in regulating seed coat formation. Based on previously published datasets (Belmonte
593 et al,, 2013), BR related genes were predicted to be expressed in seed coats, similar to what
594  happens with JMJ genes. We thus hypothesized that BR signaling would be required for JMJ
595  function during seed coat development, allowing for H3K27me3 to be removed from the
596 integuments. In particular, the expression of the BRI1 receptor in the integuments and seed coat,
597  as well as the strong seed coat defects of bri1, confirms that BR signaling is required for proper
598 seed coat formation. Both BRI1 and BZR1 were previously shown to be expressed in the
599 integuments during ovule development (Jia et al., 2020). This suggests that BRs are also
600 necessary during ovule development before fertilization. Whether this is via the regulation of
601 H3K27me3 homeostasis or not, is unknown, although it would fit with our observations that lines
602  ectopically expressing CaMV35S::ELF6 together with bzr1-D have severe ovule developmental
603 defects.

604  Consistent with a role for BR in seed coat formation, BR mutants exhibited smaller seed sizes
605 compared to the WT. Surprisingly, constitutive BR signaling mutants also exhibited smaller seed
606 sizes compared to the WT. These findings suggest that excessive BR signaling has a detrimental
607 effect on seed coat development, indicating a dose-dependent response of BRs in seed coat
608 growth. Similar observations have been made in roots and in endosperms (Lima et al., 2023;
609 VukaSinovi¢ et al., 2021). Interestingly, it was previously shown that BES1 is ectopically
610 dephosphorylated in dwf4-5D, suggesting increased BR signaling in this gain-of-function mutant
611  (Kimetal., 2013). The reason why bes1-D has a negative effect on seed size but dwf4-5D, which
612  also presumably has an increased activity of BES1, has a positive effect is still an open question.
613  This dose-dependent mode of action for BRs on seed coat formation was confirmed with
614  exogenous treatments of ovules with epi-BL and with bikinin. For both chemicals, low
615 concentrations had a positive effect on seed coat growth, which was negated at higher
616  concentrations. While the reason for this remains unknown, it is possible that extreme BR levels
617  could result in early or excessive recruitment of ELF6/REF6, resulting in ectopic H3K27me3
618  demethylation.
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619 Interestingly, BRs have been previously proposed to regulate seed growth and shape in
620 Arabidopsis, via the direct regulation of the endosperm-specific genes SHB1, IKU1, MINI3, and
621 IKUZby B ZR1 (Jiang et al., 2013). These genes were thus proposed to regulate seed size
622  downstream of DET2 and BZR1 (Jiang et al., 2013; Jiang and Lin, 2013). However, MINI3 seems
623 to be also expressed in the sporophytic tissues of the seed (Kang et al., 2013). Alternatively,
624  BZR1 could directly regulate IKUZ2 expression (Jiang et al., 2013; Jiang and Lin, 2013), which
625 would require BR signaling to be active in the endosperm. In contrast, our data points to a
626  sporophytic effect on seed size and, furthermore, our reporter analysis places all BR effectors in
627  the seed coat and not the endosperm (Lima et al., 2023). However, we cannot rule out that BR
628 has zygotic effects on seed growth at later stages than the ones we assessed in this study.

629  We went further to test whether the seed coat defects of BR mutants were indeed linked to poor
630 removal of H3K27me3. Indeed, loss of sporophytic PRC2 alleviates the seed coat defects
631  observed in bri1. Notably, swn/- clf/+ bri1/- exhibited rescued plant morphologies, including
632 increased leaf size and plant height. This means that many reported phenotypes observed in BR
633 mutants are likely due to altered H3K27me3 homeostasis. Importantly, loss of H3K27me3 in the
634 seed coat is epistatic to the loss of BR signaling via BRI1. This was further confirmed by the
635 observations that the PRC2 mutant was insensitive to exogenous BR applications. A surprising
636  observation came from our analysis of the swn/- clf/+ det2/- triple mutant, whose outcome was
637  the opposite of swn/- clf/+ bri1/-. Although some rescue of plant morphologies was observed in
638 the triple mutant, it was not as significant as that observed for bri1. Moreover, the seed size of
639  swn/- clf/+ det2/- remained the same as for the single det2/- mutant, indicating that loss of BR
640 biosynthesis is epistatic to loss of PRC2. This suggested that the development of seed coat
641  through BRs may involve multiple pathways, either dependent or independent of the main
642 receptor BRI1. We hypothesized that such an alternative pathway could be under the control of
643 BRLs (Cano-Delgado et al., 2004). Indeed, brl3 mutants have smaller seeds compared to the WT,
644 and BRL3 is specifically expressed in the chalazal seed coat. This indicates that BR signaling
645 through BRL3 is involved in seed coat formation. Importantly, the seed coat defects of br/3 are
646  not rescued by loss of PRC2, unlike what happens for bri1. This supports the hypothesis of a
647  BRI1-independent pathway which affects the seed coat growth directly, and not through
648 modulation of H3K27me3 levels. This observation was very interesting because BRI1 and BRL3
649  are homologous proteins with presumably similar functions. BRL3 was shown to complement the
650  bri-3017 mutant when expressed under the endogenous BRI/1 promoter (Cafo-Delgado et al.,
651 2004). It is not known yet if both BRI1 and BRL3 activate the same or different components of BR

652  signaling, but our results show that they might be active in different pathways. It was previously
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653 hypothesized that BES1, which is activated when BRI1 senses BRs, itself seems to act as an
654  activator of BRL3 at low levels of BR, whereas at higher levels, BES1 acts as a repressor of BRL3
655 inroots (Salazar-Henao et al., 2016).

656  Overall, our study provides evidence for the involvement of BRs in epigenetic reprogramming
657  during seed coat development in Arabidopsis. The findings suggest that BR signaling is crucial
658 for seed coat growth and that the interplay between BRs, PRC2, and BRL receptors contributes
659 to the intricate regulatory network underlying seed coat formation. We thus propose that: 1) BRI1-
660 mediated BR signaling is necessary for H3K27me3 removal from the integuments, allowing for
661 seed coat formation, and 2) BRI1-independent BR signaling is also necessary for seed coat
662  growth, but in a manner independent of H3K27me3 removal.

663
664 Materials and Methods

665 Plant material and Growth Conditions

666 The lines used in this study are elf6-3 (SALK_074694), elf6-4 (SAIL371D8), ref6-1
667 (SALK_001018), jmj13 (GABI-Kat113B06), reféc, elf6-3reféec, elf6 reféc jmj13 (ERJ) and
668 REF6::REF6:GFP (Yan et al., 2018), bri1-6 (Noguchi et al., 1999), det2 (Chory et al., 1991), bzr1-
669 D (Wang et al.,, 2002), dwf4-5D (Kim et al., 2013), swn-3 (Chanvivattana et al., 2004) clf-9
670 (Goodrich et al., 1997) (used as swn/- clf/+), bri1-301 (Xu et al., 2008), BRI1OX (Friedrichsen et
671  al., 2000), bes1-D (Yin et al., 2002), cpd91 (SALK_078291), dwf4-102 (SALK_020761), dwf5-7
672 (SALK_127066), brl3 (SALK_006024), br6ox1 (SALK _148382) br6ox2 (SALK_056270),
673  ROT3:NLS:GFP, DWF4::NLS:GFP, BR60OX1::NLS:GFP, BR60OX2::NLS:GFP,
674 BES1::BES1:GFP (VukaSinovic et al, 2021), BRI1:BRI1:GFP (Sun et al., 2020),
675 CYP90A1p:NLS:3xEGFP (CPD) (Vogler et al., 2014), JMJ13::JMJ13:GFP (Keyzor et al., 2021),
676 REF6::REF6, TPS1:REF6 and EPR1::REF6 (Sato et al., 2021). The primer sequences for
677  genotyping mutant lines can be found in Table S1.

678  Seeds were sterilized with 5% commercial bleach with 0.01% Triton X100 for 5 mins followed by
679 3 times washing with 99.6% ethanol. The sterile seeds were plated onto 2 MS-medium
680 supplemented with 1% sucrose. The plates were kept at 4°C for 48h in the dark for stratification.
681  Plates were then transferred to a growth chamber (16 h light/8 h dark; 50 ymol.s™'.m™2; 22°C).
682  After 10 days, the seedlings were transferred to soil and grown in a growth chamber (16 hr light/8
683  hrdark; 150 ymol.s™'.m™2; 21/20°C; 70% humidity).
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684
685 Physiological assays

686  The hormone treatments used contained 0.1% of ethanol, 0.01% Silwett L-77, and 100 uM of 2,4-
687  Dichlorophenoxyacetic acid (2,4-D). To ensure accuracy in the results, a mock control group was
688  also included in all experiments. Two days prior to anthesis, the flowers were emasculated and
689 two days later were treated with 2,4-D or mock solutions or pollinated. At the designated time
690 intervals, usually three days after treatment (3DAT) or pollination (3DAP), the treated pistils were
691  collected and prepared for microscopy examination.

692  For clearing of ovules and seeds the whole pistils/siliques were fixed with EtOH:acetic acid (9:1),
693  washed for 10 min in 90% EtOH, 10 min in 70% EtOH and cleared overnight in chloral hydrate
694  solution (66.7% chloral hydrate (w/w), 8.3% glycerol (w/w)). The ovules/seeds were observed
695 under differential interference contrast (DIC) optics using a Leica DM2500 microscope (Leica
696  Microsystems). The DMACA staining was done on 1 DAP, 2 DAP, 3 DAP seeds and 3 DAT
697  autonomous seeds in 2% (w/v) DMACA (p-dimethylaminocinnamaldehyde) in (1:1) 6 N HCI:96%
698 EtOH. The emasculated pistils were incubated in this solution for 30 min and then the
699 ovules/seeds were dissected out and mounted on a microscope slide. Images were recorded
700 using a Leica DM2500 microscope. Fig. S3 shows the criteria for different levels of DMACA
701  staining. Seed perimeter and area were measured from DIC images using Fiji software. Plots and
702  statistical analysis were done in RStudio.

703  For fluorescence analysis seeds were mounted in water with 0.1 mg/mL propidium iodide (Pl).
704  Samples were analyzed under confocal microscopy on Leica Stellaris 8 Dive with the following
705  settings (in nm; excitation-ex and emission-em): GFP — ex 488, em 500-530; Pl — ex 488/514,
706 em 635-719, EYFP (VENUS) — ex 514, em 527. Images were acquired, analyzed and exported
707  using LASX software.

708

709  Cloning and generation of transgenic plants

710  To clone the construct JIMJ13::GFP, 2300 bps of the JMJ13 promoter were amplified from Col-0
711 genomic DNA. The amplified sequence was purified from the gel and was recombined into the
712 donor vector (pDONR221) using BP Gateway cloning according to the manufacturer’s instructions
713  (Fisher Scientific). The donor vector was sequenced and the insert recombined into the

714 destination vector pB7FWG.0 using LR Gateway cloning.

26


https://doi.org/10.1101/2023.12.07.569203
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.07.569203; this version posted December 8, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

715  To clone KLUH:BAS1 and BAN:BAS1, the BAS1 coding region was amplified from Col-0 cDNA.
716  The amplified fragments were purified from the gel and were transferred into donor vector
717  pDONR221 using BP Gateway cloning according to the manufacturer’s instructions (Fisher
718  Scientific). The donor vector was sequenced to confirm the correct sequence. The donor vector
719  carrying the BAST gene was then recombined into two modified pB7WG2 vectors (VIB, Ghent),
720  where the CaMV35S promoter had been replaced with either 4100 bp of the KLUH promoter or
721 with 355 bp of the BANYULS (BAN) promoter.

722  To clone the constructs for complementation of bri1 and det2 mutants, the genomic regions of
723  BRI1 and DET2 were amplified from Col-0 genomic DNA. The amplified PCR fragments were
724 purified from the gel and were transferred into donor vector pPDONR221 using BP Gateway cloning
725 according to the manufacturer's instructions (Fisher Scientific). Both donor vectors were
726  sequenced and recombined into four modified pB7WG2 vectors using LR Gateway cloning
727  technology. In these destination vectors the CaMV35S promoter was replaced with the promoters
728  of the following genes (length of the promoter region indicated in brackets): DD65 for central cell
729  and early endosperm specific expression (1277 bp), resulting in DD65:BRI1 and DD65::DET2
730  constructs; BAN for expression in the endothelium layer of the seed coat (355 bp), resulting in
731 BAN:BRI1 and BAN::DETZ2 constructs; KLUH as stronger seed coat specific construct (4100 bp),
732  yielding KLUH:BRI1 and KLU::DET2; and finally Rps5a as a constitutively expressed promoter
733 (1613 bp), resulting in constructs Rps5a:BRI1 and Rps5a:DET2.

734  To clone the constructs for expression analyses of REF6 and ELF6, the pB7WG vector was
735  digested with Eco32I and ligated to remove the cassette of the LR reaction. The GUSplus reporter
736  gene (Broothaerts et al., 2005) was inserted into Psfl and Bcul sites, and the REF6 and ELF6
737  promoter regions (3116 bp and 3002 bp, respectively) were inserted into the Kpnl and Xbal sites
738  of the vector using the In-Fusion HD Cloning Kit (TaKaRa).

739  To clone the BRLS3 reporter, its promoter was amplified and cloned as a blunt fragment into
740 pJET1.2 (Thermo), and then used to substitute the CaMV35 promoter in pK7WG2 (VIB, Ghent)
741  as a Spel-Sacl fragment. Finally, an NLS:tdTomato cassette was recombined into that vector via
742 LR Gateway cloning. The ENTRY vector was pEN-L1-NTdTomato-St-L2,0 (VIB, Ghent).

743  The primer sequences used for cloning can be found in Table S1. Multiple independent copies of
744  each construct were transformed into Agrobacterium tumefaciens GV3101, and then into
745  Arabidopsis thaliana plants using floral dip (Clough and Bent, 1998). The transformants were
746  selected on 2 MS-medium supplemented with 1% sucrose and the appropriate selection agent.
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747

748  REF6 target prediction

749  Genes were selected that bear REF6 binding sites, as determined by (Cui et al., 2016), and that
750  were expressed during seed development, as determined by (Belmonte et al., 2013). Only genes
751  bearing four or more CTCTGYTY motifs (N>=4, CTCTGYTY) were included in the analysis. Out
752  of 406 genes meeting this criterion, 326 were expressed in seeds and were used to generate the
753  heatmap of Fig. S5. The heatmap was clustered by row with an average Linkage method and
754  Pearson distance measurement method.

755
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