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Abstract

Seed size is crucial for crop yield and plant ecological fitness. The phytohormone jasmonate regulates Arabidopsis thaliana seed size, but
the underlying molecular mechanisms remain elusive. Here, we established that CORONATINE INSENSITIVE1 (COI1)-mediated
jasmonate signaling acts maternally to repress seed growth. Accordingly, jasmonate signaling suppresses the expression of KLUH
(KLU), encoding an inducer of integument cell proliferation. KLU regulates the effects of COI1-mediated signaling on seed size. The
JASMONATE ZIM-DOMAIN (JAZ) repressors of jasmonate signaling interact with SUPPRESSOR OF DA1-1 (SOD7) and DEVELOPMENT-
RELATED PcG TARGET IN THE APEX4 (DPA4), two transcription factors that directly repress KLU. Overexpression of SOD7 largely
rescues the seed size phenotype of coil mutants and JAZ1-overexpressing JAZ1-4dJas plants. Furthermore, SOD7 associates with MYC2
and MYC4, two master transcriptional regulators of jasmonate signaling. SOD7 and MYC2 synergistically decrease KLU transcription
and inhibit seed growth, while JAZ1 interferes with their transcriptional activities and physical interaction. Notably, jasmonate
signaling considerably impacts seed size under salinity stress, primarily through SOD7 and KLU. Collectively, our findings suggest that
the JAZ repressors and MYC transcription factors of the jasmonate signaling pathway coordinate with the SOD7/DPA4-KLU pathway
to incorporate jasmonate signals into seed development.

Introduction (Col-0) wild type, the seeds of the loss-of-function klu mutants
are smaller because of the premature arrest of cell proliferation,

Seed size in flowering plants is a critical factor influencing ecolog- ;
whereas the seeds of plants overexpressing KLU are larger

ical fitness as well as an important agronomic trait directly related
to crop yield (Moles et al. 2005; Fan et al. 2006; Song et al. 2007; Orsi (Anastasiou et al. 2007; Adamski et al. 2009). KLU has also been
and Tanksley 2009; Gegas et al. 2010; Linkies et al. 2010; Zuo and Li suggested to regulate the formation and size of other organs,
2014; Li and Li 2016; Li et al. 2019; Zhang et al. 2023). The mature such as leaves and floral organs (Wang et al. 2008; Eriksson et al.
seed of angiosperms consists of the following three genetically dis- 2010; Zhao et al. 2018). Subsequent research revealed that
tinct components: the seed coat, the embryo, and the endosperm. KLU transcription is directly repressed by the B3 domain
The seed coat, which is the outermost layer of the seed, is derived transcription factors SUPPRESSOR OF DA1-1 (SOD7) and
from the maternal sporophytic integuments of the ovule (Haughn  DEVELOPMENT-RELATED PcG TARGET IN THE APEX4 (DPA4),
and Chaudhury 2005). The diploid embryois produced from the fer- which suppress seed and organ growth (Zhang et al. 2015a).
tilized egg cell, whereas the triploid endosperm originates from the Some key regulators, such as HAIKU1 (IKU1), IKU2, MINISEED3

fertilized central cell (Lopes and Larkins 1993; Reiser and Fischer (MINI3), and SHORT HYPOCOTYL UNDER BLUE1 (SHB1), modulate

1993; Chaudhury and Berger 2001; He et al. 2017). Therefore, . . . . .
o . seed growth by influencing cell elongation or proliferation in zy-
seed size is tightly modulated by the coordinated development . i
gotic tissues (Scott et al. 1998; Garcia et al. 2003; Luo et al. 2005;

of maternal and zygotic tissues (Garcia et al. 2005). Previous stud- i
Xiao et al. 2006; Zhou et al. 2009; Wang et al. 2010; Kang et al.

les using genetic and molecular approaches identified a number of : o <
regulators that control seed size in Arabidopsis thaliana (Li and Li 2013). Plant hormones, such as auxin, cytokinins, and abscisic

2016; Li et al. 2019). For example, the cytochrome P450 KLUH  acid (ABA), also have important roles in seed growth (McCarty
(KLU)/CYP78AS5 stimulates seed growth by promoting cell prolifer- 1995; Finkelstein et al. 2002; Riefler et al. 2005; Hutchison et al.
ation in the maternal integuments (Anastasiou et al. 2007; 2006 ; Schruff et al. 2006; Kanno et al. 2010; Jiang et al. 2013; Li
Adamski et al. 2009). Compared with the seeds of Columbia-0 et al. 2013; Cheng et al. 2014; Gomez et al. 2016; Figueiredo and
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Kohler 2018; Hu et al. 2018; Robert et al. 2018; Zhang et al. 2020a
Gomez et al. 2023).

The fatty acid-derived hormone jasmonate is ubiquitous in the
plant kingdom; it is essential for a variety of physiological
processes (Wasternack and Hause 2013; Chini et al. 2016;
Huang et al. 2017; Zhang et al. 2017a; Guo et al. 2018a; Han et al.
2018 , 2023a; Howe et al. 2018; Zhou et al. 2019; Wasternack
2020; Cao et al. 2022; Hu et al. 2023). In plants, jasmonate
(i.e. jasmonate-isoleucine) induces the formation of the
CORONATINE INSENSITIVE1 (COI1)-JASMONATE ZIM-DOMAIN
(JAZ) co-receptor (Xie et al. 1998; Xu et al. 2002; Chini et al. 2007;
Thines et al. 2007; Fonseca et al. 2009; Yan et al. 2009). COI1 also
associates with Arabidopsis SKP1-LIKE (ASK1 and ASK2),
CULLIN1, and RING-BOX1 (RBX1) to form the SCF““"* complex
(Xu et al. 2002). Following the perception of jasmonate, JAZ pro-
teins, which are crucial suppressors of jasmonate signaling, are
recruited by the SCFS°™ complex for the subsequent degradation
via the 26S proteasome pathway (Chini et al. 2007; Thines et al.
2007; Sheard et al. 2010; Yan et al. 2013; Wu et al. 2020; Li et al.
2021; Hu et al. 2023). The JAZ proteins negatively modulate vari-
ous jasmonate-related processes by interacting with and repres-
sing downstream transcription factors from multiple families
(Ferndndez-Calvo et al. 2011; Kazan and Manners 2013; Chini
et al. 2016; Mao et al. 2017). The basic helix-loop-helix (bHLH)
transcription factors MYC2, MYC3, and MYC4 are the most com-
prehensively characterized JAZ-binding proteins that mediate a
subset of jasmonate responses (e.g. root elongation inhibition
and stress responses) (Boter et al. 2004; Lorenzo et al. 2004;
Dombrecht et al. 2007; Cheng et al. 2011; Fernandez-Calvo et al.
2011; Qi et al. 2015; Liu et al. 2019; Wang et al. 2019; Zander
etal. 2020; Zhaietal. 2020; He et al. 2023). In Arabidopsis, deficien-
cies in jasmonate biosynthesis or signaling alter several develop-
mental processes, such as root hair elongation, trichome
initiation, and stamen development (Sanders et al. 2000; Stintzi
and Browse 2000; Balbi and Devoto 2008; Qi et al. 2011, 2015;
Song et al. 2011; Chini et al. 2016; Guo et al. 2018a; Han et al.
2018, 2020; Mei et al. 2023).

Accumulating evidence has highlighted a close connection be-
tween jasmonate signaling pathway and seed size control (Eltayeb
Habora et al. 2013; Wasternack et al. 2013; Wasternack and Hause
2013; Caiet al. 2014; Zhao et al. 2014; Guo et al. 2018b; Chen et al.
2020; Liu et al. 2020; Hu et al. 2021; Huang et al. 2023; Zhang et al.
2023). For example, exogenous application of jasmonate re-
pressed Arabidopsis seed size in a COI1-dependent manner (Hu
et al. 2021). Consistently, loss-of-function coil mutants exhibit
large seed size, whereas jaz6 and higher order jaz mutant, such
as jazQ (jaz quintuple) and jazD (jaz decuple), produce seeds that
are smaller than wild type (Guo et al. 2018b; Liu et al. 2020; Hu
et al. 2021). Further analyses revealed that COI1 suppresses cell
proliferation within the integument (Hu et al. 2021). Moreover,
the downstream MYC transcription factors also influence seed
size (Liu et al. 2020; Hu et al. 2021). These MYC factors interact
with MEDIATOR25 (MED25), KINASE-INDUCIBLE DOMAIN
INTERACTING 8/9 (KIX8/9), and/or PEAPOD1/2 (PPD1/2) to regu-
late seed size (Liu et al. 2020; Hu et al. 2021). Similar to the seed
size increase in Arabidopsis coil mutants, the rice OsCOI1-RNAi
lines also displayed larger grains than wild type (Yang et al.
2012; Hu et al. 2021). The role of OsCOI1/2 in seed and spikelet de-
velopment has been recently confirmed wusing Oscoil/2
loss-of-function mutants (Nguyen et al. 2023; Wang et al. 2023).
The influence of endogenous jasmonate levels on seed size is
also evident in wheat. A premature stop mutation in ketoacylthio-
lase 2B (KAT-2B), which is involved in B-oxidation during

jasmonate synthesis, leads to the grain defect in wheat seed
(Chen et al. 2020). During our previous studies on
jasmonate-related growth and tolerance (Hu et al. 2013; Han
etal. 2018, 2020, 2023b; He et al. 2023; Mei et al. 2023), we also ob-
served that Arabidopsis coil mutants have larger seeds than the
wild-type controls, which is consistent with the findings of a re-
cent study (Hu et al. 2021). However, the genetic mechanism me-
diating the effects of jasmonate on seed size warrants further
investigation.

In this study, we report that the seed phenotype of coil was
largely rescued by the klu mutation. Further investigation into
the underlying mechanism revealed that several JAZ proteins
physically interact with the transcription factors SOD7 and
DPA4, which both repress KLU expression. Genetic analyses dem-
onstrated that overexpression of SOD7 suppresses the seed size
phenotype of jasmonate-insensitive mutants. We provide evi-
dence that JAZ proteins disrupt the ability of SOD7 to modulate
KLU expression and that SOD7 and DPA4 interact with the tran-
scription factors MYC2 and MYC4. Intriguingly, SOD7 and MYC2
reciprocally enhance their enrichment at the KLU promoter re-
gion, thereby suppressing KLU expression in a synergistic manner.
MYC2 and SODY7 jointly inhibit seed growth, whereas JAZ1 inter-
feres with their transcriptional activities and physical interaction.
We also show that the jasmonate pathway negatively influences
the stability of the KLU protein and impacts seed size under salin-
ity stress conditions, primarily through the actions of SOD7 and
KLU. Collectively, our study provides insights into how seed devel-
opment is controlled through the integration of the jasmonate
and SOD7/DPA4-KLU signaling pathways.

Results

COI1/JAZ-mediated endogenous jasmonate
signaling acts maternally to decrease the seed size

During our analysis of jasmonate signaling, we observed that mu-
tations in the jasmonate receptor COI1 lead to the formation of
large seeds, indicative of the repressive effect of jasmonate signal-
ing on seed growth. To clarify how jasmonate signaling influences
seed size at the molecular level, we initially confirmed the regula-
tory roles of the COI1 receptor and JAZ repressors in the jasmo-
nate pathway. Similar to the results of an earlier study by Hu
et al. (2021), the seeds of the leaky loss-of-function coil-2 and
coil-16 mutants were considerably larger and heavier than the
Col-0 wild-type seeds (Fig. 1, A, E, and F). In mature Arabidopsis
seeds, the embryo accounts for most of the seed volume. Both
coil-2 and coil-16 had larger embryos than the Col-O control
(Fig. 1B). The changes in seed size were also reflected in the size
of the seedlings. Similarly, the coil-2 and coil-16 cotyledons were
clearly larger than the Col-0 cotyledons (Fig. 1, C and G). In addi-
tion, the coil-2 and coil-16 mutants had larger leaves and petals
than the Col-0 plants (Fig. 1, D and H; Supplementary Fig. S1, A
and B). Accordingly, COI1 appears to negatively affect seed size.
The JAZ proteins suppress various responses to jasmonate via
direct interactions with the COI1 receptor and downstream tran-
scription factors (Chini et al. 2007; Thines et al. 2007). Previous
studies showed that the loss-of-function jaz6, jazQ quintuple mu-
tant, and jazD decuple mutant produce seeds that are smaller
than wild type (Guo et al. 2018b; Liu et al. 2020; Hu et al. 2021).
We confirmed this phenotype for jazQ and also found that that
jazQ embryos are smaller the Col-0 control (Fig. 1, A, B, E, and F).
Additionally, the jazQ cotyledons, leaves, and petals were also sig-
nificantly smaller than those of the Col-0 plants (Fig. 1, C, D, G, and
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Figure 1. The COI1/JAZ-mediated jasmonate signaling inhibits seed size through maternal tissue. A) to D) Seeds (A), mature embryos (B), 10-d-old
seedlings (C), and flowers (D) of wild type (Col-0), coil-2, coil-16, jazQ, and JAZ1-4Jas (from left to right). E) Seed area of Col-0, coil-2, coil-16, jazQ, and
JAZ1-AJas (n=120 seeds from 80 independent plants). F) Seed weight of Col-0, coil-2, coil-16, jazQ, and JAZ1-4Jas. The weight of 120 dry seeds pooled from
more than 80 independent plants was measured for each sample per replicate. Experiments were performed 5 times by analyzing different batches of
seeds (n=5). G) Cotyledon area of 10-d-old Col-0, coil-2, coil-16, jazQ, and JAZ1-4Jas seedlings (n= 20 representative seedlings). H) Petal area of Col-0,
coil-2, coil-16, jazQ, and JAZ1-4Jas. Petals of 20 different representative flowers from different plants were used to measure petal area (n= 20 petals).
I) Area of Col-0x Col-0 (C/C) F4, Col-Oxcoil-2 (C/d) F4, coil-2x Col-0 (d/C) F4, coil-2 coil-2 (d/d) F4, Col-0xcoil-16 (C/e) Fq, coil-16 x Col-0 (e/C) F4, and
coil-16 x coil-16 (e/e) Fy seeds. J) Weight of Col-0 x Col-0 (C/C) Fy, Col-0x coil-2 (C/d) F4, coil-2 x Col-0 (d/C) Fq, coil-2 x coil-2 (d/d) F4, Col-0 x coil-16 (C/e) Fy,
coi1-16 x Col-0 (e/C) F1, and coil-16 X coil-16 (e/e) F; seeds. K) Area of Col-0x Col-0 (C/C) F,, Col-0x coil-2 (C/d) F,, coil-2 x Col-0 (d/C) F,, coil-2 x coil-2 (d/d)
F,, Col-0xcoil-16 (C/e) Fy, coil-16 x Col-0 (e/C) F,, and coil-16 x coil-16 (e/e) F, seeds. L) Weight of Col-0x Col-0 (C/C) Fy, Col-0x coil-2 (C/d) Fy, coil-2 x
Col-0 (d/C) F5, coil-2x coil-2 (d/d) F,, Col-0x coil-16 (C/e) F,, coil-16 x Col-0 (e/C) F,, and coil-16 x coil-16 (e/e) F, seeds. Values in (E) to (L) are means + SD.
Bars with different letters are significantly different from each other (P <0.05). Data were analyzed by a one-way ANOVA using Tukey’s HSD test (P <
0.05). The statistical analyses described apply to all statistical analyses presented in this figure. Scale bars=0.2 mm in (A), 0.1 mm in (B), 1 mm in (C),

and 0.5 mm in (D).

H; Supplementary Fig. S1, A and B). In contrast, a JAZ1-4Jas heter-
ozygous transgenic plant that overexpressed a 3Myc-JAZ1 fused
protein with Jas domain deletion (Han et al. 2018) had larger seeds,
embryos, cotyledons, leaves, and petals than the Col-0 plants
(Fig. 1, A to H; Supplementary Fig. S1, A and B). These results are
consistent with the view that the canonical jasmonate signaling
pathway inhibits seed growth in Arabidopsis.

The size of seeds is markedly impacted by plant fertility.
Mutant or transgenic plants with impaired jasmonate signaling,
such as coil-2, coil-16, and JAZ1-4Jas, exhibit increased seed
size but also show compromised fertility (Fig. 1; Farmer and
Dubugnon 2009; Yang et al. 2012; Lee et al. 2015; Hu et al. 2021).
To eliminate the influence of plant fertility on seed size, as previ-
ously reported by Hu et al. (2021), we conducted hand pollination
on the flowers of coil-2 and coil-16 mutants, utilizing their own
viable pollen collected at a later stage of inflorescence develop-
ment. This procedure successfully restored their fertility to levels
comparable with those observed in Col-0 plants (Supplementary
Fig. S2, A to C). Consistent with the findings of Hu et al. (2021),
when the fertility of coil-2 and coil-16 mutants was restored to
the levels of Col-O plants, with similar numbers of siliques
per plant and seeds per silique compared with Col-0, the seed

weight of the fertile-rescued coil-2 (designated as coil-2R) and
fertile-rescued coil-16 (coil-16R) remained significantly heavier
than that of Col-0 (Supplementary Fig. S2, A to D). Our parallel ex-
periments revealed that similar results were achieved when the
JAZ1-AJas flowers were pollinated using Col-0 pollen
(Supplementary Fig. S2, Ato D). These findings provide further evi-
dence that the attenuation of jasmonate signaling leads to the
production of larger seeds in coil-2, coil-16, and JAZ1-4Jas plants.

Hu et al. (2021) recently showed that COI1 suppresses cell pro-
liferation in the integuments. Specifically, the integument has
more cells in the coil-2 ovule than in the Col-0 ovule, suggesting
that jasmonate signaling may affect maternal tissues to control
seed size (Li et al. 2004). To test this possibility, we performed re-
ciprocal crosses between Col-0 and coil-2 or coil-16 plants. The ef-
fects of the coil mutation on seed growth were detectable only
when the coil mutants were used as the maternal parent (Fig. 1,
I and J). The Col-0 plants pollinated with the coil mutant pollen
formed seeds that were similar in size to the seeds of the self-
pollinated Col-0 plants (Fig. 1, I and J). However, the seeds of the
coil plants pollinated with the Col-0 pollen were comparable in
size to the seeds of the self-pollinated coil plants (Fig. 1, I and J).
Hence, COI1 is likely required in the sporophytic tissue of the
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maternal plant to determine seed size. We subsequently meas-
ured the size of the Col-Ox Col-0 F,, Col-Oxcoil-2 F,, coil-2x
Col-0 Fy, c0i1-2 % coil-2 F5, Col-0xcoil-16 F,, coil-16 x Col-0 F,, and
coil-16 xcoil-16 F, seeds. The coil-2xcoil-2 F, and coil-16x
coil-16 F, seeds were larger than the Col-O seeds, whereas the
Col-0xcoil-2 or coil-16 F, and coil-2 or coil-16 x Col-O F, seeds
were similar in size to the Col-0 seeds (Fig. 1, K and L). Thus, the
embryo and endosperm coil genotypes do not affect seed size,
supporting the notion that COI1l-mediated jasmonate signaling
modulates maternal tissues to control seed size.

To further substantiate the involvement of jasmonate signal-
ingin regulating seed growth, we investigated the expression pat-
terns of COI1 and JAZ during seed development. Analysis of
RNA-seq data obtained from public databases suggested that
genes related tojasmonate signaling, such as COI1 andJAZ, are ex-
pressed during various stages of seed development (Liu et al. 2020;
Zhang et al. 2020b; Supplementary Fig. S3). In line with these
findings, our quantitative real-time PCR (RT-gPCR) analyses re-
vealed that COI1 andJAZ are differentially expressed across devel-
opmental stages, ranging from 1 to 11 d after pollination (DAP;
Supplementary Fig. S4). To gain a more detailed understanding
of the temporal and spatial expression patterns of COI1 and JAZ
during seed development, we cloned their putative promoter se-
quences and fused them with the sequence encoding green
fluorescent protein (GFP). This resulted in the generation of
pCOI1:GFP and pJAZ:GFP constructs, which were subsequently
transformed into the Col-0 plants. During the analyzed stages of
seed development (5 to 13 DAP), COI1 was highly expressed, nota-
bly in the integuments (Fig. 2; Supplementary Figs. S5 to S7).
Similarly, multiple JAZ genes, including JAZ1, JAZ2, JAZ3, JAZ4,
JAZ6, JAZS8, JAZ9, and JAZ10, exhibited high expression levels
in the integuments during certain stages of seed development
(Fig. 2; Supplementary Figs. S5 to S7). Thus, the expression
of COI1 and JAZ in the integuments aligns with the role of
COI1/JAZ-mediated jasmonate signaling in the maternal control
of seed size.

KLU is required for the repressive effect
of COI1 on seed growth

Previous studies showed that the cytochrome P450 KLU monoox-
ygenase is a major stimulator of cell proliferation in maternal in-
teguments (Anastasiou et al. 2007; Adamski et al. 2009; Zhang
et al. 2015a). The klu mutant plants reportedly produce small
seeds because of the decreased cell proliferation in the integu-
ments, which is in contrast to the relatively large seeds of trans-
genic plants overexpressing KLU (Anastasiou et al. 2007;
Adamski et al. 2009; Zhang et al. 2015a). Because COI1-mediated
jasmonate signaling negatively regulates cell proliferation in in-
teguments and controls seed size by affecting maternal tissues
(Fig. 1; Hu et al. 2021), we speculated that it may modulate KLU ex-
pression. Thus, we performed RT-qPCR analyses to examine the
KLU transcript levels in the coil-2, coil-16, JAZ1-4Jas, and jazQ
plants. The KLU expression level was clearly higher in the coil-2,
coil-16, and JAZ1-4Jas gynoecia than in the wild type (Fig. 3A).
Conversely, the KLU expression level was lower in the jazQ gynoe-
cia than in the Col-0 gynoecia (Fig. 3A). Accordingly, jasmonate
signaling negatively regulates KLU expression, implying jasmo-
nate signaling is involved in KLU-mediated seed growth.

To further elucidate the relationship between jasmonate sig-
naling and KLU expression, we analyzed the genetic interaction
between COI1 and KLU to determine whether they function in a
common pathway. The coil-2 and coil-16 plants were crossed

with the klu-11 mutant (Nobusawa et al. 2021) to generate the
coil-2 klu-11 and coil-16 klu-11 double mutants, respectively.
Phenotypic analyses showed that the coil-2 klu-11 and coil-16
klu-11 seeds were significantly smaller and lighter than the
coil-2 and coil-16 seeds, similar to the Col-0 seeds (Fig. 3, B, F,
and G). Moreover, the coil-2 klu-11 and coi1-16 klu-11 plants had
smaller embryos than the coil-2 and coil-16 plants (Fig. 3C). Our
observations also revealed that the fertility levels of coil-2 klu-11
and coil-16 klu-11 were comparable with those of coil-2 and
coil-16, as evidenced by similar numbers of siliques per plant
and seeds per silique (Supplementary Fig. S2, E to H), which rules
out fertility as a contributing factor. Furthermore, the coil-2 klu-11
and coil-16 klu-11 cotyledons, leaves, and petals were much small-
er than those of the coil-2 and coil-16 plants (Fig. 3, D, E, H, and I;
Supplementary Fig. S1, C and D). Therefore, disrupting KLU can
largely restore the seed size phenotype of the coil mutants, sug-
gesting that KLU is essential for the repressive effect of
COI1l-mediated signaling on seed growth.

JAZ proteins physically interact with SOD7
and DPA4, which suppress KLU expression

An earlier study showed that the B3 domain transcription factors
SOD7 and DPA4 bind directly to the KLU promoter and repress KLU
expression (Zhang et al. 2015a). Considering that COI1l-mediated
jasmonate signaling also represses KLU transcript levels, we won-
dered whether the effects of jasmonate signaling in this process
are mediated through SOD7 and DPA4. Because JAZ repressors inter-
act with several transcription factors during jasmonate responses
(Kazan and Manners 2013; Schweizer et al. 2013; Guo et al. 2018b),
we hypothesized that SOD7 and DPA4 may directly bind JAZ repress-
ors. To test this hypothesis, we first performed yeast two-hybrid
(Y2H) analyses. Y2H assays showed that the C-terminal region of
SOD7 (SOD7%'2%%) interacts with JAZ1, JAZ3, JAZ4, JAZ6, JAZ7,
JAZ9, and JAZ11 (Fig. 4A). Similarly, the C-terminal region
(DPA4™4%8%) of DPA4 interacted with JAZ4, JAZS, JAZ6, JAZ7, JAZ9,
JAZ10, JAZ11, and JAZ12 in yeast cells (Fig. 4A). Further mapping re-
vealed that the ZIM domain (amino acids 122 to 154) of JAZ1 was re-
sponsible for the association with SOD7 (Fig. 4B).

To verify the interactions between JAZ repressors and SOD7/
DPA4 in plant cells, we conducted bimolecular fluorescence com-
plementation (BiFC) assays in Nicotiana benthamiana. The full-
length sequence encoding JAZ1 or JAZ9 was ligated to the sequence
encoding the C-terminal fragment of the yellow fluorescent pro-
tein (cYFP) for the subsequent expression of the fusion proteins
(JAZ1-cYFP or JAZ9-cYFP) under the control of the cauliflower mo-
saic virus (CaMV) 35S promoter (Pro35S). The sequences encoding
SOD7 and DPA4 were fused to the sequence encoding the
N-terminal fragment of YFP (nYFP) to produce SOD7-nYFP and
DPA4-nYFP, respectively. When JAZ1-cYFP was co-expressed
with SOD7-nYFP in N. benthamiana, strong YFP fluorescence was
detected in the nucleus of the transformed cells stained with
4’ 6-diamidino-2-phenylindole (DAPI) (Fig. 4C; Supplementary
Fig. S8A). Similarly, the YFP signal was detectable in N. benthamiana
leaf cells co-infiltrated with JAZ9-cYFP and SOD7-nYFP or
DPA4-nYFP (Fig. 4C; Supplementary Fig. S8A). The YFP signal
was also observed in N. benthamiana leaves when JAZ1-cYFP
was co-expressed with the C-terminal region of SOD7 (amino
acids 151 to 268) fused to nYFP (SOD7'*'?®8.nYFP; Fig. 4C;
Supplementary Fig. S8A). However, fluorescence was undetectable
in the negative controls in which JAZ8-cYFP (full-length JAZ8 fused
to cYFP) was co-expressed with SOD7-nYFP and DPA4-nYFP or
SOD7**°-nYFP (N-terminal amino acids 1 to 150 of SOD7 fused
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Figure 2. Expression analysis of COI1,JAZ, and MYC genes in developing seeds (5 DAP). The putative promoter sequences of COI1,JAZ, and MYC, as well
as those of SOD7 and DPA4, were cloned and then fused with the sequence encoding GFP. This resulted in the generation of pCOI1:GFP, pJAZ:GFP, pMYC:
GFP, pSOD7:GFP, pDPA4:GFP, and pKLU:GFP constructs, which were subsequently transformed into the wild-type (Col-0) plants. To observe GFP
fluorescence, the developing seeds of pCOI1:GFP, pJAZ:GFP, pMYC:GFP, pSOD7:GFP, pDPA4:GFP, and pKLU:GFP transgenic plants were examined 5 DAP.
The Col-0 developing seeds were also detected and served as a negative control. Experiments were conducted 3 times, analyzing different batches of
plants, and yielded similar results each time. Scale bars =50 um. DAP, days after pollination.

to nYFP) was co-expressed with JAZ1-cYFP (Fig. 4C). In addition to
the BiFC assays, co-immunoprecipitation (ColP) assays were con-
ducted to produce further evidence of the physical interaction be-
tween JAZ1 and SOD7 in transgenic Arabidopsis plants
simultaneously overexpressing JAZ1 and SOD7 proteins (Fig. 4D).
These experimental findings demonstrate that SOD7 and DPA4
physically interact with several JAZ repressors.

Overexpression of SOD7 largely restores the seed
size phenotype of the coil mutants and JAZ1-4Jas
transgenic plants, whereas JAZ1 has an inhibitory
effect on the SOD7 function

The JAZ proteins negatively modulate jasmonate signaling by inter-
acting with and suppressing the functions of multiple transcription
factors. Additionally, they are stabilized and accumulate to high levels
in the coil mutants, wherein they inhibit various jasmonate responses
(Chini et al. 2007; Thines et al. 2007; Katsir et al. 2008; Fonseca et al.
2009; Kazan and Manners 2013; Guo et al. 2018b; Howe et al. 2018).
Because JAZ repressors interact with SOD7 and DPA4, we reasoned
that the accumulation of JAZ proteins might impede the functions
of these two transcription factors, thereby leading to increased KLU ex-
pression and large seeds. Hence, we assessed whether the overexpres-
sion of SOD7 rescues the seed size phenotype of the coil-2 and coil-16
mutants. The coil-2 and coil-16 mutants were crossed with
SOD7-overexpressing (SOD7-OE-8 and SOD7-OE-23) transgenic plants

to generate coil-2 SOD7-OE-8, coil-16 SOD7-OE-8, coil-2 SOD7-OE-23,
and coil-16 SOD7-OE-23 plants. As expected, the seeds of the
SOD7-0OE-8 and SOD7-OE-23 plants were smaller than those of the
Col-0 controls (Fig. 5A; Supplementary Fig. S9; Zhang et al. 2015a).
Further phenotypic analyses showed that the seeds of coil-2
SOD7-OE-8, coil-16 SOD7-OE-8, coil-2 SOD7-OE-23, and coil-16
SOD7-OE-23 plants were smaller and lighter than the coil-2 and
coil-16 seeds, similar to the Col-O seeds (Fig. 5 A, E, and F;
Supplementary Fig. S9). Moreover, the coil-2 SOD7-OE-8, coil-16
SOD7-OE-8, coil-2 SOD7-OE-23, and coil-16 SOD7-OE-23 embryos were
considerably smaller than the coil-2 and coil-16 embryos (Fig. 5B;
Supplementary Fig. S9). We also observed that the fertility levels of
the coil-2 SOD7-OE-8 and coil-16 SOD7-OE-8 plants were similar to
those of coil-2 and coil-16 (Supplementary Fig. S2, I to L), thus elimi-
nating the possibility of fertility being a contributing factor. In addi-
tion, the coil-2 SOD7-OE-8, coil-16 SOD7-OE-8, coil-2 SOD7-OE-23, and
coil-16 SOD7-OE-23 cotyledons, leaves, and petals were smaller than
the corresponding tissues of the coil-2 and coil-16 plants (Fig. 5, C,
D, G, and H; Supplementary Figs. S9 and S10, A to D). Thus, the over-
expression of SOD7 largely restored the seed phenotypes of the coil-2
and coil-16 mutants.

To further dissect the interaction between JAZ repressors and
SOD7, we tested whether the seed size phenotype of the
JAZ1-overaccumulating JAZ1-4Jas plants is rescued by SOD7 over-
expression. The results demonstrate that overexpression of SOD7
repressed the large-seed phenotype of the JAZ1-4Jas heterozygous
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Figure 3. Knockout of KLU largely restores the seed size phenotype of coil-2 and coil-16. A) RT-gPCR analyses of KLU expression levels in the wild type
(Col-0), coil-2, coil-16, jazQ, and JAZ1-4Jas gynoecia. Total RNA was extracted from pools of dissected gynoecia from 60 oldest unopened flower buds of
different plants for each sample per replicate. The RT-qPCR analyses were completed using 3 biological replicates by analyzing different batches of
gynoecia, each with 3 technical replicates. Data are means + SD. B) to E) Seeds (B), mature embryos (C), 10-d-old seedlings (D), and flowers (E) of Col-0,
coil-2, coil-2 klu-11, coil-16, coil-16 klu-11, and klu-11 (from left to right). F) Seed area of Col-0, coil-2, coil-2 klu-11, coil-16, coil-16 klu-11, and klu-11 (n =120
seeds from 80 independent plants). G) Seed weight of Col-0, coil-2, coil-2 klu-11, coil-16, coil-16 klu-11, and klu-11. The weight of 120 dry seeds pooled
from more than 80 independent plants was measured for each sample per replicate. Experiments were performed 5 times by analyzing different
batches of seeds (n=5). H) Cotyledon area of the 10-d-old Col-0, coil-2, coil-2 klu-11, coil-16, coil-16 klu-11, and klu-11 seedlings (n=20 representative
seedlings). I) Petal area of Col-0, coil-2, coil-2 klu-11, coil-16, coil-16 klu-11, and klu-11. Petals of 20 different representative flowers from different plants
were used to measure petal area (n= 20 petals). Values in (F) to (I) are means + SD. Bars with different letters are significantly different from each other
(P<0.05). Data were analyzed by a one-way ANOVA using Tukey’s HSD test (P <0.05). The statistical analyses described apply to all statistical analyses

presented in this figure. Scale bars=0.2 mm in (B), 0.1 mm in (C), 1 mm in (D), and 0.5 mm in (E).

plants (Fig. 6, A, E, and F). The JAZ1-4Jas SOD7-OE-8 and JAZ1-AJas
SOD7-0E-23 plants simultaneously overexpressing JAZ1 and SOD7
produced smaller seeds, embryos, cotyledons, leaves, and
petals than the JAZ1-4Jas plants (Fig. 6, B, C, D, G, and H,
Supplementary Fig. S10, E and F). These observations imply that
SOD7 functions downstream of the COI1/JAZ-mediated jasmo-
nate pathway during the modulation of seed size.

A previous study showed that expression of KLU from the pro-
moter of INNER NO OUTER (pINO), a key regulator of ovule integu-
ment formation, resulted in the production of enlarged seeds in
the Col-0 background (Villanueva et al. 1999; Adamski et al.
2009). Interestingly, we discovered that the expression of KLU
from the INO promoter also led to the production of enlarged
seeds in the jazQ background (specifically in lines pINO:KLU
jazQ-17 and pINO:KLU jazQ-21), similar to the effect observed
when KLU expression was driven by Pro35S (in line KLU-OE
jazQ-1; Fig. 6, I and J). These findings suggest that the elevated ac-
cumulation of KLU effectively restored the reduced seed size phe-
notype of jazQ, thus providing further evidence for the idea that

SOD7/KLU operates downstream of the COI1/JAZ-mediated path-
way in regulating seed size.

Having ascertained that SOD7 physically associates with JAZ
proteins and contributes to jasmonate signaling-controlled seed
size, we analyzed the effects of JAZ proteins on SOD7 stability
and function. Initial experiments showed that the accumulation
of a SOD7-Flag fusion protein was not obviously affected in the
coil or JAZ1-4Jas genetic backgrounds (Supplementary Fig. S11, A
and B). Chromatin immunoprecipitation (ChIP) assays involving
JAZ1-4Jas SOD7-OE-8 plants were next conducted to determine
whether JAZ1 affects the binding of SOD7 to the promoter region
of KLU (referred to as the PF1 fragment by Zhang et al. 2015a;
Supplementary Table S1). The ChIP assays revealed a clear de-
crease in the enrichment of SOD7 at the KLU promoter in the
JAZ1-AJas SOD7-OE-8 plants (relative to the enrichment in the
SOD7-OE-8 plants; Fig. 6K), suggesting JAZ1 interferes with
the binding of SOD7 to the KLU promoter. To further investigate
the effects of JAZ proteins on SOD7, we performed dual-luciferase
(LUC) reporter assays using Col-0 Arabidopsis mesophyll
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Figure 4. Physical associations of JAZ repressors with SOD7 and DPA4 transcription factors. A) Y2H assays. Protein interactions were indicated by the
ability of yeast cells to grow on dropout medium lacking Leu, Trp, His, and Ade after a 4-d incubation. pGBKT7 (BD) and pGADT7 (AD) were used as
negative controls. Bar=2.5 mm. B) Y2H assay showing that the ZIM domain of JAZ1 is essential for the interaction with SOD7. Left: diagram of the
full-length and truncated JAZ1 constructs with specific deletions. Right: interactions are indicated by the ability of yeast cells to grow on the dropout
medium lacking Leu, Trp, His, and Ade after a 4-d incubation. BD and AD were used as negative controls. Bars=2.5 mm. C) BiFC assays. Fluorescence
was detected in the nuclear compartment of transformed N. benthamiana cells as a result of co-expressing of JAZ1-cYFP (or JAZ9-cYFP) with SOD7-nYFP,
DPA4-nYFP, or SOD7***?%..nYFP (a sequence encoding the C-terminal portion of SOD7 fused to nYFP) under the control of the CaMV 35S promoter
(Pro35S). In negative controls, JAZ8-cYFP was co-expressed with SOD7-nYFP or DPA4-nYFP, or SOD7***°-nYFP (a sequence encoding the N-terminal
portion of SOD7 fused to nYFP) was co-expressed with JAZ1-cYFP; no signal was detected. Nuclei are indicated by DAPI staining. Bars = 15 um. D) Co-IP
assays. Total proteins were extracted from 10-d-old transgenic Arabidopsis seedlings simultaneously overexpressing JAZ1 and SOD7 (JAZ1-4Jas
SOD7-0E-8) under the control of Pro35S. The JAZ1-4Jas SOD7-OE-8 plants were generated by introducing SOD7 overexpression (containing a functional
2Flag-SOD7 construct driven by Pro35S) into JAZ1-4Jas plants overexpressing a 3Myc-JAZ1 fused protein with Jas domain deletion. 3Myc-JAZ1 protein
was immunoprecipitated using an anti-Myc antibody (1:250) and the ColP 2Flag-SOD7 protein was detected using an anti-Flag antibody (1:10,000).
Protein input for 3Myc-JAZ1 in the immunoprecipitated complexes was also analyzed and shown. Experiments were performed 3 times with similar
results. DIC, differential interference contrast. DAPI, 4',6-diamidino-2-phenylindole. YFP, yellow fluorescence protein. IP, immunoprecipitation.

protoplasts (Yoo et al. 2007). The effector constructs comprised
GFP, JAZ1, JAZ9, or SOD7 under the control of Pro35S, whereas
the reporter construct consisted of the KLU promoter fused to
LUC (Supplementary Fig. S12A). Compared with the effect of GFP
alone, the presence of SOD7 obviously decreased the expression
of LUC driven by the KLU promoter (Fig. 6L; Supplementary Fig.
S12B). However, the LUC expression level was higher in the pres-
ence of both SOD7 and JAZ1 than in the presence of SOD7 alone
(Fig. 6L; Supplementary Fig. S12B). Similar results were obtained
when JAZ9 was co-expressed with SOD7 (Fig. 6L; Supplementary
Fig. S12B). These observations imply that the inhibitory effect of
SOD7 on KLU expression is attenuated by JAZ repressors.

SOD7 physically associates with MYC2 and MYC4

The bHLH transcription factors MYC2, MYC3, and MYC4 are the
most extensively studied JAZ-binding factors that regulate diverse
jasmonate responses (Dombrecht et al. 2007; Chen et al. 2012; Qi
et al. 2015; Liu et al. 2019; You et al. 2019; He et al. 2023; Wang
et al. 2024). Interestingly, recent studies have demonstrated that
these MYC transcription factors also influence seed size (Liu et al.
2020; Hu et al. 2021; Guo et al. 2022). Considering that SOD7 and
JAZ repressors combine to control seed size, we wondered whether
SOD7 also interacts with MYC transcription factors. Thus, the

sequences encoding the C-terminal regions of MYC2, MYC3, and
MYC4 were ligated with the sequence encoding the Gal4
DNA-binding domain in the bait vector to produce BD-MYC2189-624,
BD-MYC3%*°°% and BD-MYC4"**%, respectively, whereas the se-
quence encoding SOD7 was fused to the sequence encoding the
Gal4 activation domain in the prey vector (AD-SOD?). The Y2H assay
results indicated that SOD7 interacts with MYC2 and MYC4 in yeast
cells (Fig. 7A; Supplementary Fig. S8B). However, no obvious interac-
tion was detected between SOD7 and MYC3 in yeast (Supplementary
Fig. S8B). We also characterized the MYC2 domain(s) responsible for
the association with SOD7. The MYC2 protein was divided into the
N-terminal fragment (including the TAD domain; amino acid resi-
dues 1 to 188), the mid-terminal fragment (amino acid residues
189 to 445), and the fragment with the bHLH domain (amino acid
residues 446 to 624). Both the N-terminal and mid-terminal frag-
ments of MYC2 interacted with SOD7 (Fig. 7A). To identify the
SOD7 domain involved in the interaction, we divided SOD7 into
the N-terminal fragment (containing the B3 domain; amino acid res-
idues 1to 150) and the C-terminal fragment (amino acid residues 151
to 268). The subsequent analysis demonstrated that the N-terminal
fragment of SOD?7 is required for the interaction with MYC2 (Fig. 7B).

To confirm SOD7 and MYC2 interact in plant cells, we per-
formed in vivo BiFC assays in N. benthamiana. Sequences encoding
the full-length or truncated SOD7 were fused to the sequence
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Figure 5. Overexpression of SOD7 largely rescues the large-seed phenotype of coil-2 and coil-16. A) to D) Seeds (A), mature embryos (B), 10-d-old
seedlings (C), and flowers (D) of wild type (Col-0), coil-2, coil-2 SOD7-OE-8, coil-16, coil-16 SOD7-OE-8, and SOD7-OE-8 (from left to right). E) Seed area of
Col-0, coil-2, coil-2 SOD7-OE-8, coil-16, coil-16 SOD7-OE-8, and SOD7-OE-8 (n= 120 seeds from 80 independent plants). F) Seed weight of Col-0, coil-2,
c0il-2 SOD7-0E-8, coil-16, coil-16 SOD7-OE-8, and SOD7-OE-8. The weight of 120 dry seeds pooled from more than 80 independent plants was measured
for each sample per replicate. Experiments were performed 5 times by analyzing different batches of seeds (n=5). G) Cotyledon area of 10-d-old Col-0,
c0il-2, coil-2 SOD7-0E-8, coil-16, coil-16 SOD7-OE-8, and SOD7-OE-8 seedlings (n=20 representative seedlings). H) Petal area of Col-0, coil-2, coil-2
SOD7-0E-8, coil-16, coil-16 SOD7-OE-8, and SOD7-OE-8. Petals of 20 different representative flowers from different plants were used to measure petal
area (n=20 petals). Values in (E) to (H) are means + SD. Bars with different letters are significantly different from each other (P <0.05). Data were
analyzed by a one-way ANOVA using Tukey’s HSD test (P<0.05). The statistical analyses described apply to all statistical analyses presented in this
figure. Scale bars=0.2 mm in (A), 0.1 mm in (B), 1 mm in (C), and 0.5 mm in (D).

encoding cYFP for the expression of SOD7-cYFP, SOD7***°-cYFP,
and SOD7*'2¢8_cYFP under the control of Pro35S. Next, the se-
quence encoding the full-length MYC2 as well as the sequence en-
coding the C-terminal of MYC2 (amino acid residues 446 to 624)
were ligated to the sequence encoding nYFP to generate
MYC2-nYFP and MYC2**¢%2“.nYFP. Among the DAPI-stained sam-
ples, strong YFP fluorescence was detected in the nucleus of

transformed N. benthamiana leaf cells when MYC2-nYFP was
co-expressed with SOD7-cYFP or SOD7''*°-cYFP (Fig. 7C;
Supplementary Fig. S8C). Fluorescence was not observed in the
negative controls in which MYC2-nYFP was co-expressed with
SOD7'°12%8.cYFP or MYC2*4¢®2*.nYFP was co-expressed with
SOD7-cYFP (Fig. 7C; Supplementary Fig. S8C). The interaction
was further verified by conducting ColP assays involving the
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Figure 6. Overexpression of SOD7 largely restores the phenotype of JAZ1-4Jas in terms of seed size, whereas JAZ proteins interfere with the
transcriptional function of SOD7. A) to D) Seeds (A), mature embryos (B), 10-d-old seedlings (C), and flowers (D) of wild type (Col-0), JAZ1-4Jas, JAZ1-AJas
SOD7-0E-8, JAZ1-4Jas SOD7-OE-23, SOD7-0OE-8, and SOD7-OE-23 (from left to right). E) Seed area of Col-0, JAZ1-4Jas, JAZ1-4Jas SOD7-OE-8, JAZ1-AJas
SOD7-0E-23, SOD7-0OE-8, and SOD7-OE-23 (n =120 seeds from 80 independent plants). F) Seed weight of Col-0, JAZ1-4Jas, JAZ1-4Jas SOD7-OE-8, JAZ1-AJas
SOD7-0E-23,SOD7-0E-8 and SOD7-0E-23. The weight of 120 dry seeds pooled from more than 80 independent plants was measured for each sample per
replicate. Experiments were performed 5 times by analyzing different batches of seeds (n=5). G) Cotyledon area of 10-d-old Col-0, JAZ1-4jas, JAZ1-AJas
SOD7-0E-8, JAZ1-4Jas SOD7-0OE-23, SOD7-OE-8 and SOD7-0OE-23 seedlings (n =20 representative seedlings). H) Petal area of Col-0, JAZ1-4Jas, JAZ1-AJas
SOD7-0E-8, JAZ1-4Jas SOD7-0E-23, SOD7-0OE-8 and SOD7-0OE-23. Petals of 20 different representative flowers from different plants were used to measure
petal area (n=20petals). I) Seed area of Col-0, jazQ, pINO:KLU jazQ-17, pINO:KLU jazQ-21, KLU-OE jazQ-1, and KLU-OE-1 (n = 120 seeds from 80 independent
plants). J) Seed weight of Col-0, jazQ, pINO:KLU jazQ-17, pINO:KLU jazQ-21, KLU-OE jazQ-1, and KLU-OE-1. The weight of 120 dry seeds pooled from more
than 80 independent plants was measured for each sample per replicate. Experiments were performed 5 times by analyzing different batches of seeds
(n =5). Values in (E) to (J) are means + SD. Scale bars=0.2 mm in (A), 0.1 mm in (B), 1 mm in (C), and 0.5 mm in (D). K) ChIP-gPCR analyses of the
enrichment of SOD7 at the promoter region (PF1) of KLU after the attenuation by JAZ1. Ten-day-old Col-0, SOD7-OE-8, and JAZ1-4Jas SOD7-OE-8 seedlings
grown on half-strength MS medium were used for ChIP analyses. More than 50 seedlings for each sample were pooled for ChIP assays using an anti-Flag
antibody. gPCR data from the ChIP assays with the ACTIN7 untranslated region sequence (pACTIN7) as a negative control. Experiments were performed
3 times by using different batches of seedlings. Data are means + SD. L) Transient dual-luciferase reporter assays demonstrated that JAZ repressors
interfered with the transcriptional function of SOD7 in repressing KLU expression. Experiments were performed 3 times by using different batches of
plants; each replication was from different Col-0 leaves of more than 60 plants. Data are the mean + SD of 3 independent biological replicates. Bars with
different letters are significantly different from each other (P < 0.05). Data shown in (K) was analyzed by a two-way ANOVA, and others were analyzed by
a one-way ANOVA using Tukey’s HSD test (P <0.05). LUC, firefly luciferase; REN, renilla luciferase.
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Figure 7. MYC2 physically associates with SOD7. A) Mapping the SOD7-interacting domain of MYC2 using an Y2H assay. Interaction is indicated by the
ability of yeast cells to grow on dropout medium lacking Leu, Trp, His, and Ade and containing 20 mM 3-aminotriazole after a 4-d incubation. pGBKT7
(BD) and pGADT7 (AD) vectors were used as negative controls. Bar=2.5 mm. B) Mapping the MYC2-interacting domain of SOD7 using an Y2H assay.
Interaction is indicated by the ability of yeast cells to grow on dropout medium lacking Leu, Trp, His, and Ade after a 4-d incubation. BD and AD vectors
were used as negative controls. Bar=2.5 mm. C) BiFC analyses. The fluorescence detected in the nucleus of transformed N. benthamiana cells
co-expressing MYC2-nYFP with SOD7-cYFP or SOD7'"*°-cYFP under the control of the CaMV 35S promoter (Pro35S). No signal was observed in the
negative controls where MYC2-nYFP and SOD7**2%8_cYFP or MYC2*4¢-%4.-nYFP and SOD7-cYFP co-expressed. Nuclei are indicated by DAPI staining.
Bars=15 um. D) ColIP assays. Total proteins were extracted from 10-d-old transgenic Arabidopsis seedlings simultaneously overexpressing MYC2 and
SOD7 (MYC2-4Myc SOD7-0OE-8) under the control of Pro35S. The MYC2-4Myc SOD7-OE-8 plants were derived from a cross between the SOD7-OE-8 plants
(containing a functional 2Flag-SOD7 construct driven by Pro35S) and the transgenic plants overexpressing a functional MYC2-4Myc construct under the
control of Pro35S (MYC2-4Myc). MYC2-4Myc was immunoprecipitated using an anti-Myc antibody (1:250) and the CoIP 2Flag-SOD7 protein was detected
using an anti-Flag antibody (1:10,000). Protein input for MYC2-4Myc in the immunoprecipitated complexes was also detected and is shown.
Experiments were performed 3 times with similar results. DIC, differential interference contrast; DAPI, 4’,6-diamidino-2-phenylindole; YFP, yellow

fluorescence protein; IP, immunoprecipitation.

proteins extracted from Arabidopsis plants simultaneously over-
expressing MYC2 and SOD7 (MYC2-4Myc SOD7-OE-8; Fig. 7D),
which were derived from a cross between the SOD7-OE-8 plants
(containing a functional 2Flag-SOD7 construct driven by Pro35S)
and the transgenic plants overexpressing a functional
MYC2-4Myc construct under the control of Pro35S (MYC2-4Myc;
Chen et al. 2011, 2012; Zhai et al. 2013; He et al. 2023).
Collectively, these results demonstrate that SOD7 physically asso-
ciates with the MYC2 and MYC4 transcription factors in the nuclei
of plant cells.

SOD7 and MYC proteins synergistically control
seed size

Recent studies revealed that MYC proteins repress integument cell
proliferation during seed development (Liu et al. 2020; Hu et al.
2021). Given the physical interaction between SOD7 and MYC,
which both negatively modulate seed size (Zhang et al. 20153; Liu
etal. 2020; Hu et al. 2021), we examined the functional relationship
between SOD7 and MYC by testing whether the overexpression of
SOD7 rescues the seed size phenotype of the myc2 myc3 myc4
(myc234) triple mutant. We crossed the myc234 mutant with the

SOD7-overexpressing SOD7-OE-8 and SOD7-OE-23 transgenic
plants to generate myc234 SOD7-OE-8 and myc234 SOD7-OE-23
plants. In accordance with the results of previous studies
(Liu et al. 2020; Hu et al. 2021), the myc234 triple mutant produced
larger seeds than the Col-0 control (Supplementary Fig. S13A). The
seeds of the myc234 SOD7-OE-8 and myc234 SOD7-OE-23 plants were
much smaller and lighter than the myc234 seeds (Supplementary
Fig. S13, A, E, and F; Supplementary Data Set 1). Moreover, the
myc234 SOD7-0E-8 and myc234 SOD7-0OE-23 plants had smaller em-
bryos, cotyledons, leaves, and petals than the myc234 mutant
(Supplementary Figs. S13, B, C, D, G, and H and S14, A and B;
Supplementary Data Set 1). Accordingly, the excessive accumula-
tion of SOD7 largely suppressed the large-seed phenotype of
myc234 plants.

On the basis of the genetic association between SOD7 and MYC, we
speculated whether SOD7 functions synergistically with MYC to sup-
press seed growth. To test this possibility, we used the CRISPR-Cas9
gene-editing system to mutate SOD7 in the Col-0 and myc234 back-
grounds, producing the loss-of-function sod7“F single mutant and
myc234 sod7“R-1 and myc234 sod7*-21 quadruple mutants. The coding
regions of SOD7 in sod7“% and myc234 sod7“*-21 exhibited a base dele-
tion that leads to a frameshift mutation, while the SOD7 coding region
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in myc234 sod7*-1 harbored a base insertion that also induces a frame-
shift mutation, ultimately resulting in premature termination of trans-
lation in both cases (Supplementary Fig. S15, A and B). The phenotypic
analysesindicated that the myc234 sod7“-1 and myc234 sod7*-21 seeds
were larger and heavier than the myc234 and sod7“% seeds (Fig, 8, A, E,
and F; Supplementary Data Set 1). Moreover, both myc234 sod7“%-1 and
myc234 sod7“-21 had larger embryos than myc234 and sod7“® (Fig. 8B).
The myc234 sod7“%-1 and myc234 sod7*-21 cotyledons, leaves, and pet-
als were also larger than those of the myc234 and sod7“% mutant (Fig. 8,
C, D, G, and H; Supplementary Fig. S14, C and D; Supplementary Data
Set 1). To further assess the synergistic interaction between SOD7 and
MYC2 in seed size regulation, we examined the phenotype of
MYC2-4Myc SOD7-OE-8 and MYC2-GFP SOD7-OE-8 plants simultane-
ously overexpressing MYC2 and SOD7. As shown in Fig. 8, 1 and J, seeds
of the MYC2-4Myc SOD7-OE-8 and MYC2-GFP SOD7-OE-8 plants were
significantly smaller and lighter than MYC2-4Myc, MYC2-GFP, and
SOD7-OE-8 seeds. These observations are consistent with the idea
that SOD7 works in concert with MYC proteins to negatively modulate
seed size.

The negative effects of MYC transcription factors
on seed size are associated with inhibited KLU
expression

Having confirmed SOD7 and MYC transcription factors suppress
seed growth, we hypothesized that these transcription factors
may cooperatively inhibit KLU expression. To test this hypothesis,
we first analyzed KLU expression in the myc234, SOD7-OE-8,
SOD7-0OE-23, myc234 SOD7-OE-8, and myc234 SOD7-OE-23 plants.
Compared with the corresponding expression in the Col-0 gynoe-
cia, KLU was expressed at lower levels in SOD7-OE-8 and
SOD7-0E-23 gynoecia, but at higher levels in myc234 mutant gy-
noecia (Fig. 9A; Supplementary Data Set 1). The KLU expression
level in myc234 SOD7-OE-8 (or myc234 SOD7-OE-23) plants was be-
tween that in the myc234 and SOD7-OE-8 (or SOD7-OE-23) plants
(Fig. 9A; Supplementary Data Set 1). Accordingly, the MYC tran-
scription factors repressed the expression of KLU and the overac-
cumulation of SOD7 largely rescued the effect of MYC mutations
on KLU expression. To further confirm the regulatory effects of
SOD7 and MYC transcription factors on KLU expression, we exam-
ined KLU expression in the myc234 sod7“%-1 and myc234 sod7°%-21
plants. The KLU transcript levels were significantly higher in the
myc234 sod7“®-1 and myc234 sod7“®-21 gynoecia than in the
myc234 gynoecia (Fig. 9B). These results suggest SOD7 and MYC
transcription factors synergistically suppress KLU expression.
Because MYC transcription factors can modulate KLU expres-
sion, we further dissected the possible relationship between MYC
and KLU. The myc234 plants were crossed with klu-11 to generate
klu-11 myc234 quadruple mutant plants. Phenotypic analyses
showed that the klu-11 myc234 seeds were significantly smaller
and lighter than the myc234 seeds (Fig. 9, C, G, and H). Similarly,
the klu-11 myc234 embryos were smaller than the myc234 embryos
(Fig. 9D). In addition, the klu-11 myc234 plants had smaller cotyle-
dons, leaves, and petals than the myc234 plants (Fig. 9, E, F, I, and
J; Supplementary Fig. S14, E and F). Therefore, the knockout of
KLU largely repressed the seed size phenotypes of the myc234 triple
mutant, implying that the MYC transcription factors negatively
modulate seed growth in part by inhibiting KLU expression.

SOD7 and MYC2 reciprocally enhance their
suppressive effects on KLU expression

To further elucidate the biochemical mechanisms underlying the
synergistic effects of SOD7 and MYC transcription factors on seed
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size, we analyzed whether SOD7 and MYC2 reciprocally affect
their roles in modulating KLU expression. We initially conducted
yeast one-hybrid (Y1H) analyses to assess whether MYC2 binds
to the KLU promoter region to directly regulate expression.
Previous studies revealed that MYC2 binds to the MYC-
recognition sequence (CANNTG; also known as the E-box) in the
promoters of downstream target genes (Dombrecht et al. 2007;
Fernandez-Calvo et al. 2011; Wang et al. 2017). Sequence analyses
identified 4 putative E-box elements in the KLU promoter region
(2,000 bp segment upstream of the translation start site), raising
the possibility that MYC2 interacts with these motifs. The putative
E-box elements in the KLU promoter were cloned into the pAbAi
vector to generate pAbAi-pKLU-1, pAbAi-pKLU-2, pAbAi-pKLU-3,
and pAbAi-pKLU-4 (Fig. 10A). The full-length MYC2 coding se-
quence was introduced into the pGADT7 vector to produce the
AD-MYC2 construct. The Y1H assay results reflected the associa-
tion between MYC2 and the KLU promoter region (pKLU-1) in yeast
cells (Fig. 10A). To verify this observation, we performed ChIP as-
says involving MYC2-overexpressing MYC2-4Myc plants (Chen
etal. 2011, 2012). As shown in Fig. 10B, MYC2 was highly enriched
at the KLU promoter fragment with an E-box element (pKLU-q;
Supplementary Table S2). Collectively, these results suggest that
MYC2 directly associates with the KLU promoter in vivo.

Next, we investigated whether the binding of MYC?2 to the KLU
promoter region is influenced by SOD7. Specifically, ChIP assays
were conducted using MYC2-4Myc SOD7-OE-8 transgenic plants
that simultaneously overaccumulated MYC2 and SOD7. The en-
richment of MYC2 at the KLU promoter region (pKLU-g;
Supplementary Table S2) was greater in the MYC2-4Myc
SOD7-OE-8 plants than in the MYC2-4Myc plants (Fig. 10C). To de-
termine whether this observation was due to altered MYC2 ex-
pression in the transgenic lines, we compared the MYC2
expression levels in the MYC2-4Myc and MYC2-4Myc SOD7-OE-8
plants. A similar MYC2 expression level was detected in both
transgenic lines (Supplementary Fig. S16A). These observations
imply that SOD7 enhances the binding of MYC2 to the KLU pro-
moter region. Moreover, our parallel experiments showed that
the enrichment of SOD7 at the KLU promoter region (referred to
as the PF1 fragment by Zhang et al. 2015a; Supplementary
Table S1) was much higher in the MYC2-4Myc SOD7-OE-8 plants
than in the SOD7-0OE-8 plants (Fig. 10D). However, the SOD7 tran-
script level was similar in the MYC2-4Myc SOD7-OE-8 and
SOD7-OE-8 plants (Supplementary Fig. S16B). We also observed
that the SOD7 expression levels in the myc234 and
MYC2-overexpressing plants did not differ significantly from the
SOD7 expression level in the Col-0 plants (Supplementary Fig.
S16C). In addition, the stability of SOD7 was unchanged in the
myc234 and MYC2-overexpressing plants (Supplementary Fig.
S11C). These results suggest that SOD7 and MYC2 reciprocally en-
hance their enrichment at the KLU promoter region.

To further elucidate the relationship between SOD7 and MYC2,
we performed dual-luciferase reporter assays using Col-0 meso-
phyll protoplasts (Yoo et al. 2007). Compared with the effect of
GFP alone, the co-expression of MYC2 or SOD7 with GFP substan-
tially decreased the expression of LUC driven by the KLU promoter
(Fig. 10E; Supplementary Fig. S12, C and D; Supplementary Data
Set 1). Additionally, LUC expression under the control of the KLU
promoter was significantly lower when SOD7 and MYC2 were
co-expressed than when SOD7 and GFP or MYC2 and GFP were
co-expressed (Fig. 10E; Supplementary Fig. S12, C and D;
Supplementary Data Set 1). Similar results were obtained when
MYC4 was co-expressed with SOD7 (Fig. 10E; Supplementary
Fig. S12E; Supplementary Data Set 1). These findings imply that
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Figure 8. The synergistic function of SOD7 and MYC2 in seed size regulation. A) to D) Seeds (A), mature embryos (B), 10-d-old seedlings (C), and flowers
(D) of wild type (Col-0), myc234, sod7°%, myc234 sod7“%-1, and myc234 sod7“®-21 (from left to right). E) Seed area of Col-0, myc234, sod7%, myc234 sod7%-1,
and myc234 sod7“®-21 (n=120 seeds from 80 independent plants). F) Seed weight of Col-0, myc234, sod7°}, myc234 sod7“"-1, and myc234 sod7“*-21. The
weight of 120 dry seeds pooled from more than 80 independent plants was measured for each sample per replicate. Experiments were performed 5
times by analyzing different batches of seeds (n=5). G) Cotyledon area of 10-d-old Col-0, myc234, sod7“X, myc234 sod7°*-1, and myc234 sod7“*-21
seedlings (n= 20 representative seedlings). H) Petal area of Col-0, myc234, sod7“%, myc234 sod7“®-1, and myc234 sod7%-21. Petals of 20 different
representative flowers from different plants were used to measure petal area (n=20 petals). I) Seed area of Col-0, MYC2-4Myc, MYC2-4Myc SOD7-OE-8,
MYC2-GFP, and MYC2-GFP SOD7-0OE-8 (n =120 seeds from 80 independent plants). J) Seed weight of Col-0, MYC2-4Myc, MYC2-4Myc SOD7-OE-8, MYC2-GFP,
and MYC2-GFP SOD7-OE-8. The weight of 120 dry seeds pooled from more than 80 independent plants was measured for each sample per replicate.
Experiments were performed 5 times by analyzing different batches of seeds (n=5). Values in (E) to (J) are means + SD. Bars with different letters are
significantly different from each other (P<0.05). Data were analyzed by a one-way ANOVA using Tukey’s HSD test (P <0.05). The statistical analyses
described apply to all statistical analyses presented in this figure. Scale bars=0.2 mm in (A), 0.1 mm in B), 1 mm in (C), and 0.5 mm in (D).
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Figure 9. The negative effects of MYC transcription factors on seed size are associated with inhibited KLU expression. A) RT-qPCR analyses of KLU
expression levels in the wild type (Col-0), myc234, myc234 SOD7-OE-8, myc234 SOD7-OE-23, SOD7-0OE-8, and SOD7-OE-23 gynoecia. B) RT-qPCR analyses of
KLU expression levels in the Col-0, myc234, myc234 sod7%-1, and myc234 sod7“®-21 gynoecia. Total RNA was extracted from pools of dissected gynoecia
from 60 oldest unopened flower buds of different plants for each sample per replicate. The RT-qPCR analyses were completed using 3 biological
replicates by analyzing different batches of gynoecia, each with 3 technical replicates. C) to F) Seeds (C), mature embryos (D), 10-d-old seedlings (E), and
flowers (F) of Col-0, myc234, klu-11 myc234, and klu-11 (from left to right). G) Seed area of Col-0, myc234, klu-11 myc234, and klu-11 (n=120 seeds from 80
independent plants). H) Seed weight of Col-0, myc234, klu-11 myc234, and klu-11. The weight of 120 dry seeds pooled from more than 80 independent
plants was measured for each sample per replicate. Experiments were performed 5 times by analyzing different batches of seeds (n=5). I) Cotyledon
area of the 10-d-old Col-0, myc234, klu-11 myc234, and klu-11 seedlings (n =20 representative seedlings). J) Petal area of the Col-0, myc234, klu-11 myc234,
and klu-11. Petals of 20 different representative flowers from different plants were used to measure petal area (n= 20 petals). Values in (G) to (J) are
means + SD. Bars with different letters are significantly different from each other (P <0.05). Data were analyzed by a one-way ANOVA using Tukey’s
HSD test (P <0.05). The statistical analyses described apply to all statistical analyses presented in this figure. Scale bars=0.2 mm in (C), 0.1 mm in (D),

1mm in (E), and 0.5 mm in (F).

SOD7 inhibits KLU transcription in conjunction with either
MYC2 or MYC4. To further verify SOD7 and MYC2 synergistically
repress KLU expression, we examined the KLU expression
level in transgenic plants simultaneously expressing SOD7 and
MYC2, including the MYC2-4Myc SOD7-OE-8 and MYC2-GFP
SOD7-0E-8 plants developed by crossing SOD7-OE-8 plants with
MYC2-overexpressing MYC2-GFP plants (Chen et al. 2012). The
KLU transcript levels were much lower in the MYC2-4Myc
SOD7-OE-8 and MYC2-GFP SOD7-OE-8 gynoecia than in the
MYC2-4Myc, MYC2-GFP, and SOD7-OE-8 gynoecia (Fig. 10F;
Supplementary Data Set 1). These observations support the
notion that SOD7 and MYC2 act synergistically to inhibit
KLU expression.

Considering JAZ proteins physically interact with SOD7 and
MYC2, we completed dual-luciferase reporter assays to analyze
the effect of JAZ1 on these two transcription factors in Col-0 mes-
ophyll protoplasts (Yoo et al. 2007). When JAZ1 was co-expressed
with SOD7 and/or MYC2, the KLU promoter-driven LUC expression
level increased (relative to the expression level in protoplasts with
SOD7 and/or MYC2; Fig. 10G; Supplementary Fig. S12, F and G).

Thus, JAZ1 appears to affect the ability of SOD7 and MYC2 to
modulate KLU expression. To confirm the regulatory effect of
JAZ1 on SOD7 and MYC2, we examined the effects of SOD7 and
MYC2 on KLU transcription in JAZ1-4Jas protoplasts. The expres-
sion of LUC driven by the KLU promoter was higher in the SOD7-
and/or MYC2-expressing JAZ1-Ajas protoplasts than in the Col-0
protoplasts (Fig. 10H; Supplementary Fig. S12, H and 1), providing
further evidence that JAZ1 inhibits the ability of SOD7 and
MYC2 to modulate KLU transcription. To further uncover the
regulatory relationship among JAZ1, SOD7, and MYC2, we con-
ducted the BiFC assays to detect the interaction between SOD7
and MYC2 with or without JAZ1. When JAZ1 was co-expressed
with MYC2-nYFP and SOD7-cYFP, the YFP fluorescence signal
was dramatically reduced in leaves of N. benthamiana
(Fig. 10I; Supplementary Fig. S17). As a negative control, when
GUS (B-glucuronidase) was co-expressed with MYC2-nYFP and
SOD7-cYFP, the YFP fluorescence intensity was not obviously
changed (Fig. 10I; Supplementary Fig. S17). These observations
suggest thatJAZ1 interferes with the physical interaction between
SOD7 and MYC2.
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Figure 10. SOD7 and MYC2 reciprocally stimulate each other’s transcriptional functions in suppressing KLU expression. A) Y1H analyses of the binding
of MYC2 to the KLU promoter regions in yeast cells. The empty triangle represents the range of yeast concentrations from the dilutions 10° (ODgoo = 0.8)
to 107>, pGADT7-p53 + pAbAi-p53 was used as a positive control and pGADT7 + pAbAi-p53 was used as a negative control. The red font indicates the
MYC2-binding site on the KLU promoter. The blue font marks the position of pKLU-a, as illustrated in (B). Bar =2.5 mm. B) ChIP analyses of the
enrichment of MYC2 in the regions (pKLU-a and pKLU-b shown in (A) of KLU promoter. Ten-day-old wild-type (Col-0) and MYC2-4Myc seedlings grown on
half-strength MS medium were used in ChIP assays. More than 50 seedlings for each sample were pooled for ChIP assays using an anti-Myc antibody.
gPCR data from the ChIP assays with the ACTIN2 untranslated region sequence (pACTIN2) were used as a negative control. Experiments were performed
3 times by using different batches of seedlings. C) ChIP-qPCR analyses of the enrichment of MYC2 in the KLU promoter (pKLU-a) after the enhancement
by SOD7. Ten-day-old Col-0, MYC2-4Myc, and MYC2-4Myc SOD7-OE-8 seedlings were used in ChIP assays. More than 50 seedlings for each sample were
pooled for ChIP assays using an anti-Myc antibody. gPCR data from the ChIP assays with the ACTIN2 untranslated region sequence (pACTIN2) were used
as a negative control. Experiments were performed 3 times by using different batches of seedlings. D) ChIP-qPCR analyses of the enrichment of SOD7 to
the KLU promoter (PF1) after the enhancement by MYC2. Ten-day-old Col-0, SOD7-OE-8, and MYC2-4Myc SOD7-OE-8 seedlings were used in ChIP assays.
More than 50 seedlings for each sample were pooled for ChIP assays using an anti-Flag antibody. gPCR data from the ChIP assays with the ACTIN7
untranslated region sequence (pACTIN7) as a negative control. Experiments were performed 3 times by using different batches of seedlings. E)
Transient dual-luciferase reporter assays indicating that MYC acts synergistically with SOD7 to repress the transcription of KLU. Experiments were
performed 3 times by using different batches of plants; each replication was from different Col-0 leaves of more than 60 plants. F) RT-gPCR analyses of
KLU in the Col-0, MYC2-4Myc, MYC2-4Myc SOD7-OE-8, MYC2-GFP, MYC2-GFP SOD7-0OE-8, and SOD7-OE-8 gynoecia. Total RNA was extracted from pools of
dissected gynoecia from 60 oldest unopened flower buds of different plants for each sample per replicate. The RT-qPCR analyses were completed using
3 biological replicates by analyzing different batches of gynoecia, each with 3 technical replicates. G) and H) Transient dual-luciferase reporter assays
indicating that transcriptional function of MYC2 in concert with SOD7 is repressed by JAZ1. Experiments were performed 3 times by using different
batches of plants; each replication was from different Col-0 and JAZ1-4Jas leaves of more than 60 plants. Data shown in (E) to (G) were analyzed by a
one-way ANOVA, and others were analyzed by a two-way ANOVA using Tukey’s HSD test (P < 0.05). Values presented in this figure are means + SD. Bars
with different letters are significantly different from each other (P <0.05). I) BiFC analyses showing that JAZ1 diminishes the interaction between SOD7
and MYC2. As a negative control, GUS (B-Glucuronidase) was co-expressed with SOD7-nYFP and MYC2-cYFP. Fluorescence was detected 48 h after
co-expression of MYC2-nYFP + SOD7-cYFP (Mock), JAZ1+MYC2-nYFP + SOD7-cYFP (JAZ1), or GUS+ MYC2-nYFP + SOD7-cYFP (GUS). Bars =15 um. J) to
L) Analysis of jasmonate effect on KLU abundance. Whole proteins were extracted from 8-d-old KLU-OE-1 transgenic seedlings grown under long-day
conditions. Methyl jasmonate (MeJA) concentration gradient treatment (J): seedlings were treated with 0, 10, 25, 50, or 100 uM MeJA and harvested at 8 h
post-treatment. Time course with 25 uM MeJA treatment (K): seedlings were treated with 25 uM MeJA and harvested at various time points from0to 12 h
post-treatment. Proteasome inhibitor (MG132), and protein synthesis inhibitor (CHX) treatment (L): seedlings were treated with 25 uM MeJA and/or
100 uM MG132 or 100 uM CHX for 8 h before sample harvest (including a mock treatment as control). The KLU-HA fusion protein was detected by
immunoblotting using an anti-HA antibody (1:10,000). All experiments were repeated 3 times with similar results. Relative protein levels of KLU-HA
were quantified by ImageJ. LUC, firefly luciferase; REN, renilla luciferase; DIC, differential interference contrast; YFP, yellow fluorescence protein; MeJA,
methyl jasmonate; MG132, carbobenzoxy-Leu-Leu-leucinal; CHX, cycloheximide.
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After ascertaining that KLU expression is synergistically re-
pressed by both MYC2 and SOD7 and that JAZ1 inhibits their tran-
scriptional activities and physical interaction, we sought to
investigate whether jasmonate also affects KLU protein abun-
dance. For this purpose, we generated transgenic plants (desig-
nated as KLU-OE) in the Col-0 background, which overexpress a
fusion protein comprising full-length KLU and a 2HA tag, under
the control of Pro35S. As shown in Fig. 10], we observed a clear de-
crease in KLU-HA fusion protein levels in KLU-OE-1 seedlings with
increasing concentrations of MeJA. Furthermore, the accumula-
tion of KLU-HA decreased as the duration of MeJA treatment
was extended (Fig. 10K). Crucially, the abundance of KLU-HA
was higher in seedlings treated with both MeJA and the protea-
some inhibitor MG132 compared with those treated with MeJA
alone (Fig. 10L), suggesting that jasmonate induces the degrada-
tion of KLU-HA via the 26S proteasome pathway. In addition,
the simultaneous application of MeJA and the protein synthesis
inhibitor cycloheximide (CHX) led to a further reduction in
KLU-HA levels (Fig. 10L). As a control, the transcript abundance
of the exogenously introduced KLU-2HA transgene in KLU-OE-1
seedlings was not influenced by MeJA (Supplementary Fig. S18,
A and B). Collectively, these results suggest that jasmonate nega-
tively regulates the stability of KLU.

Jasmonate signaling influences seed size under
salinity stress via SOD7 and KLU

Considering that jasmonate signaling and the SOD7-KLU pathway
collaborate to regulate seed size, we sought to determine whether
jasmonate modulates seed size under specific environmental con-
ditions, such as salinity stress. To delve deeper into the regulatory
effects of jasmonate on seed size, we treated 14-d-old soil grown
under a long-day photoperiod with 75 mM NacCl (applied through
irrigation) until seed maturity and subsequently analyzed the
seed size phenotypes. As shown in Fig. 11, A to E, the seeds of
Col-0 plants were markedly smaller and lighter under salinity
stress compared with control conditions. Similarly, the seeds of
coil-2, coil-16,JAZ1-4jas, and myc234 plants also exhibited reduced
weight and size upon salt treatment (Fig. 11, A to E). However,
when compared with the Col-0 plants, the changes in seed area
and weight upon salt treatment were much less pronounced in
the coil-2, coil-16, JAZ1-4Jas, and myc234 plants (Fig. 11, C and E).
These results suggest that the COI1l-mediated jasmonate signal-
ing pathway plays a crucial role in the inhibition of seed size under
salinity stress conditions. Similarly, to gain further insights into
the involvement of SOD7 and KLU in regulating seed size during
salinity stress, we performed a comparable analysis of the
seed phenotypes of several mutant or transgenic plants subjected
to salt treatment, including klu-11, sod7“%, SOD7-0OE-8, and SOD7-
OE-23. Upon exposure to salinity stress, we observed that the al-
terations in seed size and weight were less significant in these
SOD7/KLU-associated mutants or transgenic plants compared
with the Col-0 controls (Fig. 11, F to]). These findings demonstrate
that SOD7 and KLU are also essential for the regulation of seed
size in response to salt stress.

Given the established mechanism linking jasmonate signaling
and the SOD7-KLU pathway in mediating seed size, we aimed to
explore the potential genetic relationship between these two
pathways by assessing seed size phenotypes of diverse genetic
materials subjected to salinity stress conditions. As shown in
Fig. 11, K to O, the changes in seed area and weight in response
to salt treatment were comparable in coil-2 klu-11 and coil-2,
SOD7-0E-8 to those observed in coil-2, klu-11, and SOD7-OE-8
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alone. Furthermore, the changes in seed size in myc234 klu-11
under salt treatment were significantly diminished compared
with Col-0 plants, mirroring the phenotypes seen in both myc234
and klu-11 plants (Fig. 11, P to T). Notably, the alterations in seed
size of myc234 sod7°F seeds were much less than those of myc234
and sod7“® seeds (Fig. 11, P to T). Collectively, these observations
underscore the synergistic interplay between the jasmonate sig-
naling and the SOD7-KLU pathway in the regulation of seed size
under salt stress conditions.

Discussion

The integration of jasmonate signaling and SOD7-
KLU pathway in the control of seed size

The phytohormone jasmonate is a crucial signaling molecule that
affects a variety of physiological processes in plants (Wasternack
and Hause 2013; Zhang et al. 2017a; Howe et al. 2018; Cao et al.
2022; Li et al. 2024). Jasmonate also modulates seed development
in Arabidopsis and several crops (Wasternack et al. 2013; Huo
et al. 2017; Chen et al. 2020; Hu et al. 2021; Wang et al. 2023;
Fig. 1). However, the molecular mechanisms underlying jasmo-
nate signaling-regulated seed growth have not been thoroughly
characterized. In line with the results of a recent study by Hu
et al. (2021), we observed that alterations in the COI1 receptor or
the accumulation of JAZ1, which inhibits jasmonate signaling, re-
sult in an increase in seed size (Fig. 1, A, B, E, and F). Consistent
with this finding, jasmonate signaling represses the expression
of KLU, which plays an essential role in modulating cell prolifera-
tion in the maternal sporophytic integuments and other tissues
(Fig. 3A; Anastasiou et al. 2007; Adamski et al. 2009; Eriksson
et al. 2010; Zhang et al. 2015a; Zhao et al. 2018; Poretska et al.
2020; Jiang et al. 2021; Nobusawa et al. 2021). Further genetic anal-
yses suggested that KLU is necessary for the inhibitory effects of
the COIl-mediated pathway on seed growth (Fig. 3, B to I).
Moreover, the expression of KLU, controlled by the promoter of
INO (a key regulator crucial for the formation of the ovule integu-
ment), rescues the reduced size phenotypes of jazQ seeds (Fig. 6,
and J), supporting the sufficiency of KLU expression in the
jasmonate-mediated maternal seed size control pathway.
Additionally, jasmonate has an adverse effect on the
abundance of KLU (Fig. 10, J to L). Taken together, these findings
demonstrate that jasmonate signaling negatively regulates both
KLU expression and KLU stability, thereby suppressing seed
development in Arabidopsis through its effects on maternal tis-
sues. Nevertheless, since KLU encodes a putative cytochrome
P450 monooxygenase with poorly defined substrates and prod-
ucts, it remains unclear whether jasmonate influences the enzy-
matic activity of KLU and how this modulation contributes to
jasmonate-regulated seed size.

Jasmonate signal transduction involves substantial changes to
cytogenetic programs associated with the complex interplay be-
tween positive and negative modulators. As critical repressors of
the jasmonate pathway, JAZ proteins physically interact with
multiple transcription factors and attenuate their functions to
mediate jasmonate signaling. The bHLH transcription factors
MYC2,bHLH17, and ROOT HAIR DEFECTIVEG6 (RHD6) as well as es-
sential components of the WD-repeat/bHLH/MYB transcriptional
complexes, TARGET OF EAT1 (TOE1), YABBY1 (YAB1), CONSTANS
(CO), and some other regulators are reportedly targeted by JAZ
proteins during the modulation of various jasmonate-mediated
processes (Boter et al. 2004; Lorenzo et al. 2004; Dombrecht et al.
2007; Cheng et al. 2009; Fernandez-Calvo et al. 2011; Niu et al.
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Figure 11. Jasmonate signaling modulates seed size under salinity stress via SOD7 and KLU. A), F), K), and P) Seed phenotypes of wild type (Col-0), coil-2,
c0i1-16, JAZ1-AJas, myc234, klu-11, sod7“}, SOD7-OE-8, and SOD7-OE-23 as well as various genetic materials in response to salinity stress. These plants
were grown in soil under long-day conditions and subjected to treatment with 75 mM NaCl or a mock treatment (water) every 3 d, commencing from the
14th day of growth. The seed size of the plants was then compared between the stressed and mock-treated groups. The experiments were performed 5
times with similar results. B), G), L), and Q) Seed weight of Col-0, coil-2, coil-16, JAZ1-4Jas, myc234, klu-11, sod7“R, SOD7-0E-8, and SOD7-0OE-23 as well as
various genetic materials in response to salinity stress. The weight of 120 dry seeds pooled from more than 80 independent plants with or without
75 mM NacCl treatment. Experiments were performed 5 times by analyzing different batches of seeds. Data are means + SD (n=5). C), H), M), and R)
Percentage of seed weight changes in Col-0, coil-2, coil-16, JAZ1-4Jas, myc234, klu-11, s0d7“R, SOD7-0OE-8, and SOD7-OE-23 as well as various genetic
materials induced by salinity stress. The percentages mean the differences of seed weight with or without 75 mM NacCl treatment divided by seed
weight without NaCl exposure. The data used to calculate percentage are from the corresponding panel B), G), L), or Q). Data are means + SD (n=5). D),
1), N), and S) Seed area of Col-0, coil-2, coil-16, JAZ1-AJas, myc234, klu-11, sod7°R, SOD7-0E-8, and SOD7-0E-23 as well as various genetic materials with or
without 75 mM NacCl treatment (n=120 seeds from 80 independent plants). Data are means + SD. E), J), O), and T) Percentage of seed area changes in
Col-0, coi1-2, coil-16, JAZ1-AJas, myc234, klu-11, sod7“%, SOD7-OE-8, and SOD7-OE-23 as well as various genetic materials induced by salinity stress. The
percentages mean the differences of seed area with or without 75 mM NaCl treatment divided by seed area without NaCl exposure. The area of 120 dry
seeds pooled from more than 80 independent plants was measured for each sample per replicate. Experiments were performed 5 times by analyzing
different batches of seeds. Data are means + SD (n=5). Bars with different letters are significantly different from each other (P <0.05). Data shownin C,
E,H,J,M, O, R, and T were analyzed by a one-way ANOVA, and others were analyzed by a two-way ANOVA using Tukey’s HSD test (P < 0.05). Scalebars =

0.2 mm in (A), (F), (K), and (P).

2011; Song et al. 2011, 2013, 2025; Kazan and Manners 2013;
Schweizer et al. 2013; Jiang et al. 2014; Qi et al. 2014, 2015; Boter
et al. 2015; Zhai et al. 2015; Han et al. 2020, 2023b;
Serrano-Bueno et al. 2022; Sun et al. 2023; Lin et al. 2024; Zhang
et al. 2024). Despite the identification of diverse transcription fac-
tors influencing jasmonate signaling, how the jasmonate signal is
transduced to control specific context-dependent processes re-
mains largely unclear. In the current study, SOD7 and DPA4
were found to interact with JAZ proteins (Fig. 4, A to D), implying
SOD7 and DPA4 may function in the jasmonate signaling path-
way. We also observed that the seed size phenotype of the coil
mutants and JAZ1-4jas transgenic plants was largely restored fol-
lowing the overexpression of SOD7 (Figs. 5 and 6; Supplementary
Fig. S9). Biochemical analyses showed that JAZ proteins restrict
the ability of SOD7 to mediate KLU expression (Fig. 6, K and L).
Hence, SOD7 and DPA4 are likely JAZ-binding transcription

factors that contribute to jasmonate signaling-inhibited seed
growth via direct protein—protein interactions.

Our further analyses revealed that the ZIM domain of JAZ1 is
sufficient for its interaction with SOD7 (Fig. 4B). Likewise, JAZ pro-
teins physically associate with ABSCISIC ACID INSENSITIVE3
(ABI3) and PHOSPHATE STARVATION RESPONSE1 (PHR1) through
their ZIM domains (Pan et al. 2020; He et al. 2023). However, it is
the Jas domain and/or the N-terminal cryptic MYC2-interacting
domain (CMID) of JAZ proteins that mediate their interactions
with MYC, INDUCER OF CBF EXPRESSION1 (ICE1), MYB7S, and
other identified transcription factors (Fernandez-Calvo et al.
2011; Qi et al. 2011; Hu et al. 2013 , 2023; Moreno et al. 2013;
Goossens et al. 2015; Chini et al. 2016). These findings underscore
the diverse functional roles played by different domains of JAZ
proteins in their interactions with downstream transcription fac-
tors. Ultimately, the modulation of JAZ proteins results in the
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suppression of the transcriptional activities of these transcription
factors (Figs. 6L and 10G; Chini et al. 2016). Furthermore, JAZ pro-
teins can interfere with the enrichment of transcription factors,
such as TOE1 and PHR1, on the promoter regions of target genes
in vivo (Zhai et al. 2015; He et al. 2023). Consistent with this, our
study also observed a reduction in SOD7 enrichment at the pro-
moter region of KLU in the overaccumulation of JAZ1 (Fig. 6K).
Additionally, JAZ proteins interfere with the interactions among
various transcription factors, such as SOD7-MYC2, TT8-MYB75,
and RHD6-RSL1 interactions (Fig. 10I; Qi et al. 2011; Han et al.
2020). Despite recent advancements, the biochemical mecha-
nisms underlying JAZ-mediated inhibition of transcription factors
remain incompletely understood. Previous research has shown
that JAZ repressors, via their Jas and CMID domains, can bind to
transcription factors like MYC3, causing pronounced conforma-
tional changes that alter the interactions with essential regulators
like MED25 (Zhang et al. 2015b, 2017b; An et al. 2017). Thus, it is
captivating to investigate whether JAZ repressors, through their
ZIM domain, can similarly induce conformational changes in
transcription factors like SOD7, ultimately leading to repression.
JAZ proteins exert their inhibitory effects in conjunction with
NOVEL INTERACTOR OF JAZ (NINJA) and TOPLESS (TPL)
co-repressors (Pauwels et al. 2010; Shyu et al. 2012; Ke et al.
2015; Zhang et al. 2015b, 2017b; Howe et al. 2018; Zhou et al.
2023). Notably, the ZIM domain of JAZ proteins has been found
to mediate both JAZ-JAZ and JAZ-NINJA interactions through sep-
arate surfaces (Zhou et al. 2023). Further exploration of the struc-
tural basis for ZIM domain-mediated interactions among JAZ,
NINJA, TPL, and SOD7 may offer vital insights into the mechanism
by which JAZ proteins regulate SOD7.

The precise transcriptional regulation of
jasmonate signaling on seed size

Recent studies showed that MYC2, MYC3, and MYC4, which are 3
prominent transcription factors related to jasmonate signaling,
suppress integument cell proliferation and negatively regulate
seed size (Liu et al. 2020; Hu et al. 2021). Compared with the
Col-0 control, the MYC-related mutant plants produce signifi-
cantly larger seeds (Liu et al. 2020; Hu et al. 2021; Fig. 8, A to H).
Interestingly, in the current study, SOD7 physically associated
with MYC2 and MYC4 in plant cells (Fig. 7, A to D). Considering
that both SOD7 and MYC transcription factors inhibit seed
growth, we clarified their genetic and biochemical regulatory rela-
tionships. We determined that SOD7 works in concert with MYC
proteins to control seed size. More specifically, the overexpression
0f SOD7 largely rescued the seed size phenotype of the myc234 mu-
tant plants (Supplementary Fig. S13, A to H). Furthermore, the
seeds of the myc234 sod7“®? quadruple mutant were significantly
larger and heavier than those of the myc234 mutant and sod7“}
mutant (Fig. 8, A, E, and F). In contrast, the seeds of MYC2-4Myc
SOD7-0E-8 and MYC2-GFP SOD7-0E-8 plants simultaneously over-
expressing MYC2 and SOD7 were much smaller and lighter than
MYC2-4Myc, MYC2-GFP, and SOD7-OE-8 seeds (Fig. 8, I and J).
Consistent with these results, SOD7 and MYC2 reciprocally en-
hance their effects on KLU expression (Figs. 9, A and B and 10, A
to F). According to the RT-qPCR data, KLU expression in the trans-
genic plants decreased more when both SOD7 and MYC2 were
overexpressed than when only one of these genes was overex-
pressed (Fig. 10F). Therefore, we revealed a previously unknown
signaling module in which SOD7 physically associates with
MYC2 to synergistically repress KLU transcription, thereby
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negatively regulating seed size. However, the functions of these
transcription factors are inhibited by JAZ proteins.

The mature seed of angiosperms is composed of 3 distinct com-
ponents: the seed coat, embryo, and endosperm. Each tissue ex-
hibits a certain degree of independence in its development, yet
communication and coordination among these tissues are critical
for proper seed development. Hu et al. (2021) demonstrated that
COI1 inhibits cell proliferation in the integument. Their subse-
quent investigation into embryo development revealed that dis-
rupting COI1 has no effect on embryogenesis. Our reciprocal
cross experiments further suggest that the genotypes of COI1 in
the embryo and endosperm do not influence seed size (Fig. 1, I
to L). Notably, using a GFP reporter driven by their native pro-
moters, COI1,JAZ1, and MYC were found to be expressed in the in-
tegument during seed development, exhibiting expression
patterns similar to those of SOD7, DPA4, and KLU (Fig. 2;
Supplementary Figs. S5 to S7; Zhang et al. 2015a). These findings
align with the concept that the COI1/JAZ-mediated jasmonate sig-
naling regulates maternal tissues, thereby controlling seed
growth. Nevertheless, gene expression analysis showed that
JAZ6 is expressed throughout the entire seed (Hu et al. 2021).
Furthermore, the results obtained with the GFP reporter demon-
strate that COI1, JAZ, and MYC are also expressed outside the in-
tegument during seed growth (Fig. 2; Supplementary Figs. S5 to
S7). These observations suggest that jasmonate signaling is also
generated and present in the embryo and endosperm, potentially
challenging the notion of maternal control exerted by the jasmo-
nate pathway during seed growth. Intriguingly, SOD7, DPA4, and
KLU are also not specifically localized to the integument (Fig. 2;
Supplementary Figs. S5 to S7; Zhang et al. 2015a). A plausible
explanation is that other regulators present in the embryo and
endosperm could effectively counteract the modulatory effects
of jasmonate signaling and the SOD7/DPA4-KLU pathway.
Alternatively, it is conceivable that the presence of jasmonate
signaling and the SOD7/DPA4-KLU pathway in the embryo and
endosperm may serve additional regulatory functions. Further re-
search is necessary to elucidate the precise mechanisms by which
seed size control is governed by jasmonate signaling and the
SOD7/DPA4-KLU pathway in a maternal manner.

The seed size is markedly influenced by plant fertility, and a
decline in plant fertility may lead to an enlargement of seed
size. Mutants with reduced fertility in the jasmonate signaling
pathway exhibit an increase in seed size (Fig. 1; Farmer and
Dubugnon 2009; Yang et al. 2012; Lee et al. 2015; Hu et al. 2021).
These observations hint at a role for jasmonate signaling in regu-
lating the sink-source balance between plant reproduction and
growth. However, despite rescuing the fertility of coil-2, coil-16,
and JAZ1-4Jas plants to the level of Col-0 plants, these mutant or
transgenic plants still produce much larger seeds than those of
Col-0 (Supplementary Fig. S2, A to D). Notably, we found that
the fertility levels of coil-2 klu-11, coil-16 klu-11, coil-2
SOD7-0E-8, and coil-16 SOD7-OE-8 plants were similar to those
of coil-2 and coil-16 plants; yet, the seeds produced by the former
were significantly smaller and lighter than those of the latter (Figs.
3 and 5; Supplementary Figs. S2, E to L and S9). These findings in-
dicate that reduced fertility is not the primary factor determining
thelarger seed phenotype observed in coil-2, coil-16, and JAZ1-AJas
plants, further supporting the notion that attenuated jasmonate
signaling is responsible for the increased seed size. Besides inhib-
iting seed growth, jasmonate signaling also negatively impacts the
size of various other organs, such as cotyledons, primary roots,
leaves, and petals (Fig. 1; Supplementary Figs. S1 and S10;
Staswick et al. 1992; Xie et al. 1998; Chen et al. 2011).
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Conversely, jasmonate signaling can stimulate the development
of certain tissues, including root hairs, trichomes, and filaments
(McConn and Browse 1996; Sanders et al. 2000; Traw and
Bergelson 2003; Li et al. 2004; Maes et al. 2008; Zhu et al. 2011;
Han et al. 2020). The regulation of diverse organ and tissue devel-
opment by jasmonate involves not only the core MYC factors but
also potentially crucial tissue-specific transcriptional modulators,
such as SOD7, MYB21, and RHD6 (Fig. 4; Chen et al. 2011; Qi et al.
2011; Song et al. 2011, 2025; Han et al. 2020). Therefore, future re-
search should delve deeper into investigating the exact mecha-
nisms by which the canonical jasmonate signaling pathway
regulates a wide array of tissues and cell types, especially under
specific physiological and environmental conditions, encompass-
ing intricate interactions among various transcription factors.

A complex jasmonate signaling network in the
modulation of seed growth and germination

Although the overaccumulation of SOD7 largely suppressed the
seed size phenotype of the coil-2, coil-16, JAZ1-4Jas, and myc234
plants, the SOD7-OE seeds differed in terms of size from the seeds
of the coil-2 SOD7-OE, coil-16 SOD7-OE, JAZ1-AJas SOD7-OE, and
myc234 SOD7-OE plants (Figs. 5 and 6; Supplementary Fig. S9).
Similarly, there were differences in the sizes of the klu-11 and
coil-2 klu-11 (or coil-16 klu-11 and klu-11 myc234) seeds (Figs. 3
and 9). These observations imply that in addition to SOD7 and
KLU, the jasmonate signaling pathway likely regulates seed
growth through other components. Consistent with this possibil-
ity, MYC transcription factors can directly repress the expression
of GRF-INTERACTING FACTOR 1 (GIF1), which promotes seed
growth by stimulating integument cell proliferation (Lee et al.
2014 ; Liu et al. 2020). Zheng et al. (2023) have revealed that
SOD7 and DPA4 physically interact with and repress GIF1 in the
control of seed size. These findings raise the possibility that jasm-
onate signaling also influences seed size via the regulations of
MYC and SOD7/DPA4 on the GIF1-mediated pathway. Moreover,
jasmonate signaling may synergize with the phytochrome B
(phyB) pathway in suppressing seed growth, as evidenced by the
partial rescue of the reduced seed size phenotype in jazQ mutants
upon disruption of phyB (Supplementary Fig. S19; Campos et al.
2016). In addition, the CO transcription factor, which is a central
regulator of the photoperiodic response pathway, positively mod-
ulates seed growth by promoting cell proliferation in the seed coat
epidermis (Putterill et al. 1995; Simon et al. 1996; Suérez-Lopez
et al. 2001; Yu et al. 2023). Furthermore, CO was also identified
as an interacting partner of JAZ repressors in the jasmonate sig-
naling pathway (Serrano-Bueno et al. 2022; Han et al. 2023b).
Consequently, jasmonate signaling appears to stimulate seed
growth via CO. Nevertheless, the overall regulatory impacts of
the jasmonate signaling network ultimately result in a reduction
in seedsize (Fig. 1; Hu et al. 2021). Further elucidating the potential
relationships among these modulators may provide valuable in-
sights into the molecular basis of the strict regulation and fine-
tuning of the effects of jasmonate signaling on seed growth.

In addition to modulating seed growth, jasmonate also plays a
critical role in the regulation of seed germination. For example,
methyl jasmonate inhibits the seed germination of Arabidopsis
and several crops (Wilen et al. 1991; Krock et al. 2002; Preston
et al. 2002; Norastehnia et al. 2007; Barrero et al. 2009; Dave
et al. 2011 , 2016; Pan et al. 2020 , 2023; Mei et al. 2023).
Mechanistic investigations revealed jasmonate stimulates ABA
signaling to delay seed germination (Ju et al. 2019; Pan et al.
2020; Mei et al. 2023). More specifically, JAZ proteins associated

with jasmonate signaling physically interact with the ABI3 and
ABIS transcription factors (two key activators of ABA signaling)
and disrupt the ABI3/ABIS-mediated transcriptional activation
of downstream target genes (Ju et al. 2019; Pan et al. 2020; Mei
etal. 2023; Varshney et al. 2023). Intriguingly, Chen et al. (2019) re-
ported that the seeds of a quintuple mutant with mutations in
SOD7/DPA4 and related genes are hyposensitive to ABA during
germination, suggestive of the stimulation of SOD7/DPA4 during
ABA responses. Consistent with the findings of earlier research,
we observed that the SOD7-OE seeds germinated more slowly
and the resulting seedlings grew more slowly than the Col-0 seeds
and seedlings after an ABA treatment or in response to salinity
and osmotic stress (Supplementary Fig. S20). Considering jasmo-
nate affects seed growth and germination and the interactive re-
lationships among JAZ, SOD7, and ABI5 (Figs. 1 and 4;
Supplementary Fig. S8D; Ju et al. 2019; Pan et al. 2020; Mei et al.
2023), we hypothesize that jasmonate signaling may regulate
seed development and germination through intricate interactions
involving JAZ, SOD7, ABI5, and potentially additional factors
under specific natural environmental conditions. Consistent
with this idea, we found that jasmonate signaling impacts seed
size under salinity stress primarily via SOD7/KLU (Fig. 11). This
strategy may allow plants to strike an appropriate balance be-
tween development and stress signaling pathways, optimizing
growth and stress tolerance in response to prevailing conditions.
Alternatively, the evolution of jasmonate-mediated seed size con-
trol could have been a mechanism to fine-tune nutrient distribu-
tion to seeds under stress conditions. While this hypothesis is
certainly intriguing, future research is needed to provide addition-
al experimental validation and clarification.

Tobetter elucidate the molecular mechanism mediating the ef-
fects of jasmonate on seed size in Arabidopsis, we propose the fol-
lowing simplified model involving JAZ, SOD7/DPA4, MYC, and KLU
(Fig. 12). In the absence of jasmonate perception, JAZ proteins ac-
cumulate and physically associate with SOD7/DPA4 and MYC, in-
terfere with their transcriptional functions, and therefore
upregulate the expression of KLU to promote integument cell pro-
liferation and seed growth (Figs. 1, 3, 5, 8, and 9; Chini et al. 2007;
Thines et al. 2007). In response to a jasmonate treatment or jasm-
onate biosynthesis induced during seed growth, the receptor COI1
perceives jasmonate and recruits JAZ repressors for the degrada-
tion via the SCF®°'-26S proteasome pathway (Chini et al. 2007;
Thines et al. 2007; Sheard et al. 2010; Yan et al. 2013; Li et al.
2021; Hu et al. 2023). The degradation of JAZ proteins facilitates
the interaction between SOD7/DPA4 and MYC transcription fac-
tors, which subsequently negatively regulate the expression of
KLU and inhibit seed growth by exerting effects on maternal tis-
sues (Figs. 4, 7, 9, and 10). Our study has clarified the mechanism
enabling JAZ repressors and MYC transcription factors in the
jasmonate signaling to coordinate with the SOD7/DPA4-KLU
pathway to integrate jasmonate signaling and the seed develop-
mental process in Arabidopsis.

Materials and methods

Materials and plant growth conditions

Common chemicals were obtained from Shanghai Sangon
(Shanghai, China), whereas Taq DNA polymerases were pur-
chased from Takara Biotechnology (Dalian, China). The anti-Myc
(catalog no. M4439) and anti-Flag (catalog no. H9658) antibodies
used in this study were purchased from Sigma-Aldrich. The
Col-0 and mutant A. thaliana plants had the Col-0 genetic
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Figure 12. A working model for jasmonate signaling regulation of seed size involving JAZ, SOD7, MYC, and KLU. In response to a jasmonate treatment
or jasmonate biosynthesis induced during seed growth, the receptor COI1 perceives jasmonate and recruits JAZ repressors for the degradation via the
SCFC©".26S proteasome pathway. The degradation of JAZ proteins facilitates the interaction between SOD7 and MYC transcription factors, which

subsequently negatively regulate the expression of KLU and inhibit seed growth by exerting effects on maternal tissues. Black lines indicate existing
research. The regulatory relationships identified by our findings are shown by the orange lines. Pointed arrow, indicates promotion or activation. Flat

arrow, indicates inhibition or repression.

background. The coil-2 (Xu et al. 2002), coil-16 (Pan et al. 2020),
JAZ1-4Jas (Han et al. 2018), jazQ (Campos et al. 2016), myc234
(Fernandez-Calvo et al. 2011), MYC2-4Myc (Chen et al. 2012),
and MYC2-GFP (Chen et al. 2012) mutant or transgenic plants
were described in earlier studies. The klu-11 (SALK_024697C)
mutant was obtained from The Arabidopsis Biological Resource
Center at Ohio State University (http:/abrc.osu.edu). To generate
SOD7-OE and KLU-OE transgenic plants, the full-length sequences
of SOD7 (tagged with 2Flag) and KLU (tagged with 2HA) were in-
serted into the binary vector pOCA30 in the sense orientation for
the subsequent expression under the control of Pro35S (Hu et al.
2013). The JAZ1-4Jas SOD7-OE-8, which were generated by intro-
ducing SOD7 overexpression (containing a functional 2Flag-SOD7
construct driven by Pro35S) into JAZ1-4Jas plants (overexpressing
a 3Myc-JAZ1 fused protein with Jas domain deletion; Han et al.
2018). In order to obtain the pINO:XKLU jazQ-17 and pINO:KLU
jazQ-21 transgenic plants, the putative promoter sequences
(4,000 bp) of INO were first cloned and subsequently fused with
the full-length sequences of KLU, which were then inserted into
the PHB vector. This fusion construct, termed pINO:KLU, was
then introduced into jazQ mutant plants through Agrobacterium tu-
mefaciens-mediated transformation. The MYC2-4Myc SOD7-OE-8
and MYC2-GFP SOD7-OE-8 were generated by genetically crossing
MYC2-4Myc or MYC2-GFP with SOD7-OE-8. Arabidopsis and N. ben-
thamiana seeds were surface sterilized for 12 min in 20% (v/v)
bleach and then sown on modified half-strength Murashige and
Skoog (MS) medium and kept at 4 °C for a 3-d pregermination in-
cubation. Arabidopsis and N. benthamiana plants were grown in an
artificial growth chamber at 22 °C with a 16 h light (100 uE m=2 s7*
provided by white fluorescent bulbs, full wavelength)/8-h dark
photoperiod.

Seed area and weight measurement

For each genotype, mature seeds were harvested from ~80 plants
and pooled together. These seeds were then dried in a 37 °C incu-
bator for 3 d before being used for area and weight measurements.
Tomeasure seed area, the seeds were imaged under the SZX16 mi-
croscope (Olympus, Tokyo, Japan). The area of each seed was sub-
sequently analyzed using the ImageJ software, with a total of 120
seeds being analyzed per sample and per replicate. For seed

weight measurement, a precise quantity of 120 dried mature
seeds was randomly selected as a single sample and weighed
using an analytical balance. This process was repeated independ-
ently by using different batches of seeds to ensure the reliability
and reproducibility of the results.

Morphological analysis

The fully expanded cotyledons (10 d old) and petals were exam-
ined using a stereomicroscope and photographed, and then the
areas of the cotyledons and petals were analyzed using the
Image] software. Data were obtained for 20 cotyledons and 20 pet-
als. The area of the fifth leaves was analyzed using the ImageJ
software. Eight leaves from independent plants were used to
measure the fifth leaf area.

Gene expression analysis in developing seeds

by using the GFP reporter

The promoter regions of various genes, including COI1 (3,000 bp),
JAZ1 (2,600 bp), JAZ2 (2,600 bp), JAZ3 (2,600 bp), JAZ4 (2,600 bp),
JAZS5 (2,600 bp), JAZ6 (2,600 bp), JAZ7 (2,600 bp), JAZ8 (2,800 bp),
JAZ9 (2,600bp), JAZ10 (2,600bp), JAZ12 (2,600bp), MYC2
(2,800 bp), MYC3 (2,800 bp), MYC4 (2,800 bp), SOD7 (2,800 bp),
DPA4 (2,800bp), and KLU (4,000bp), were cloned into the
PHG-GFP vector to generate the corresponding constructs:
pCOI1:GFP, pJAZ1:GFP, pJAZ2:GFP, pJAZ3:GFP, pJAZ4:GFP, pJAZS5:
GFP, pJAZ6:GFP, pJAZ7:GFP, pJAZ8:GFP, pJAZS:GFP, pJAZ10:GFP,
pJAZ12:GFP, pMYC2:GFP, pMYC3:GFP, pMYC4:GFP, pSOD7:GFP,
pDPA4:GFP, and pKLU:GFP. These constructs were subsequently
transferred into Col-0 plants through A. tumefaciens—mediated
transformation. At various stages of seed development (5, 7, 9,
and 13 DAP), developing seeds from the transgenic plants were
isolated and screened using water. The GFP fluorescence in the de-
veloping seeds was then observed using confocal microscopy (LSM
900, Zeiss, Germany). The GFP signals were detected with an exci-
tation wavelength of 488 nm (the intensity was 3% and the gain
was 2) and an emission wavelength between 490 and 570 nm.
This allowed for the visualization and analysis of the gene expres-
sion patterns of the respective genes during different stages of
seed development.
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Total RNA extraction and RT-qPCR

The TRIzol reagent (Invitrogen) was used to extract total RNA
from pools of dissected gynoecia obtained from more than 60 of
the oldest unopened flower buds (Adamski et al. 2009). Next,
1 ug DNase-treated RNA was reverse transcribed in a 20 uL reac-
tion volume containing the oligo-(dT),¢ primer and Moloney mur-
ine leukemia virus reverse transcriptase (Fermentas, Hanover,
MD, USA). The RT-gPCR analysis was performed using a 1.0 xL ali-
quot of the cDNA solution as well as the SYBR Premix Ex Taq kit
(Takara Biotechnology) and LightCycler 480 real-time PCR system
(Roche). The RT-gPCR analyses were completed using 3 biological
replicates by analyzing different batches of gynoecia, each with 3
technical replicates. Target gene expression was analyzed relative
to the expression of ACTIN2 (AT3G18780) according to the 274A¢t
method. The gene-specific RT-qPCR primers are listed in
Supplementary Table S3.

Y2H assays

To analyze the possible interactions of SOD7/DPA4 with JAZ pro-
teins in yeast, the sequences encoding the C-terminal regions of
SOD7 (amino acids 151 to 268) and DPA4 (amino acids 154 to 282)
were ligated to the sequence encoding the Gal4 DNA-binding do-
main of the bait vector (BD-SOD7°'?%% and BD-DPA4'**%52),
whereas the full-length JAZ-encoding sequences were inserted
into pGADTY7 to generate the prey constructs (AD-JAZ). To identify
the region(s) responsible for the interaction between JAZ1 and
SOD7, sequences encoding the truncated forms of JAZ1 were incor-
porated into pGADT?. To assess the potential interaction between
SOD7 and MYC proteins, the sequences encoding the full-length or
truncated SOD7 were cloned into pGADTY7 to generate prey vectors
(AD-SOD7, AD-SOD7'**° and AD-SOD7%°'2%¥) whereas the se-
quences encoding the full-length or truncated forms of MYC?2,
MYC3, and MYC4 were inserted into pGBKT?7 to produce bait vec-
tors (BD-MYC2, BD-MYC2' 88 BD-MYC2'9*%° BD-MYC2*466%*,
BD-MYC3%*°%% and BD-MYC415%),

To investigate the possible interaction between SOD7 and ABI5
or CO, the sequences encoding the full-length ABIS or the
C-terminal region of CO were cloned into pGBKT7 to produce
bait vectors (BD-ABI5 and BD-COY/®7%). The Y2H assay was per-
formed according to Clontech’s Matchmaker Gold Yeast
Two-Hybrid user manual as described by Du et al. (2023).
Specifically, yeast strain AH109 cells were co-transformed with
the bait and prey vectors. Protein interactions were indicated by
the ability of the transformed cells to grow on a dropout medium
lacking Leu, Trp, His, and Ade with or without 3-aminotriazole
after a 4-d incubation. The primers used for cloning are listed in
Supplementary Data Set 2.

BiFC assays

Pro35S was used to direct the insertion of the coding sequences for
the YFP C-terminal (64 amino acids) region (cYFP) and the YFP
N-terminal (173 amino acids) region (nYFP) into separate
PFGC5941 plasmids to produce pFGC-cYFP and pFGC-nYFP, re-
spectively (Kim et al. 2008). The sequences encoding the full-
length or truncated SOD7, DPA4, JAZ1, JAZS8, or JAZ9 were inserted
into pFGC-cYFP for the production of the following fusion pro-
teins: SOD7-cYFP, SOD7'"*%-cYFP, SOD7"**?%%-cYFP, JAZ1-CYTP,
JAZ8-cYFP, and JAZ9-cYFP. Similarly, sequences encoding the full-
length or truncated SOD7, MYC2, and DPA4 were inserted into
PEGC-nYFP for the production of the following fusion proteins:
SOD7-nYFP, SOD7*'*°-nYFP, SOD7'*"?®®.nYFP, DPA4-nYFP,
MYC2-nYFP, and MYC2'**?%%-nYFP.

The recombinant plasmids were inserted into A. tumefaciens
(strain EHA105) cells, which were used for the infiltration of N. ben-
thamiana leaves as previously described (Yang et al. 2021). The
leaves were analyzed 48 h post infiltration, with YFP and DAPI
fluorescence detected using the Fluoview FV1000 confocal laser
scanning microscope (Olympus). For the DAPI staining, infected
leaves were stained with a 10 mm DAPI solution for 5 min before
the microscopic examination. The YFP signals were detected
with an excitation wavelength of 488 nm (the intensity was 24%
and the gains were 1) and an emission wavelength between 510
and 530 nm. The DAPI signals were detected with an excitation
wavelength of 405 nm (the intensity was 15% and the gains were
1) and an emission wavelength between 420 and 440 nm.
Experiments were performed more than 3 times using different
batches of N. benthamiana plants. Each biological replicate con-
tained more than 12 infiltrated plants, and more than 600 cells
were examined. The primers used for cloning are listed in
Supplementary Data Set 2.

ColP assays

Proteins were extracted from 10-d-old transgenic Arabidopsis
plants simultaneously overexpressing JAZ1 and SOD7 (JAZ1-4Jas
SOD7-0E-8) or MYC2 and SOD7 (MYC2-4Myc SOD7-OE-8) under the
control of Pro35S. The proteins were extracted using an extraction
buffer consisting of 50 mm Tris-HCl (pH 7.4), 1 mm EDTA, 150 mwm
NaCl, 10% (v/v) glycerol, 0.1% (v/v) Triton X-100, 1 mm PMSF, and
1x Roche protease inhibitor cocktail. Immunoprecipitation experi-
ments were performed using Protein A/G Plus agarose beads (cat-
alog no. D1217; Santa Cruz Biotechnology), according to the
manufacturer’s protocol as previously described (Huang et al.
2025). Briefly, Protein A/G Plus agarose beads were used to preclear
celllysates, after which the anti-MYC antibody (1:250) in extraction
buffer was added and the beads were incubated overnight at 4 °C.
The agarose beads were washed 3 times with extraction buffer,
and then the ColP proteins were detected by immunoblotting using
the anti-Flag antibody (1:10,000). The primers used for cloning are
listed in Supplementary Data Set 2.

Y1H assays

The Y1H assays were performed using the Matchmaker Yeast
One-Hybrid System Kit (Clontech) according to the manufac-
turer’s instructions. The putative KLU promoter fragments were
cloned into the pAbAi vector to generate pAbAi-pKLU-1,
PAbAI-pKLU-2, pAbAi-KLU-3, and pADbAi-KLU-4, which were
linearized using BstBI and then inserted into Y1HGold yeast cells.
Next, the full-length MYC2 coding sequence was inserted into
PGADT7. The resulting AD-MYC2 construct was incorporated
into yeast cells carrying pAbAi-pKLU-1, pAbAi-pKLU-2, pAbAi-
KLU-3, and pAbAi-KLU-4. The co-transformed cells at different
concentrations were cultured for 3 d on synthetic defined/-Leu
medium containing 200 ug/L aureobasidin A (AbA) in plates.
Positive clones were detected on media inoculated with different
yeast cell concentrations [i.e. dilutions ranging from 10° (ODggo =
0.8) to 107%]. The primers used for cloning are listed in
Supplementary Data Set 2.

ChIP assays

The ChIP assays were conducted essentially as previously de-
scribed (Mukhopadhyay et al. 2008; Hu et al. 2019). Specifically,
10-d-old Col-0, SOD7-0OE-8, MYC2-4Myc, or MYC2-4Myc SOD7-OE-8
seedlings were treated with 1% (w/v) formaldehyde (i.e. crosslink-
ing step) and then their chromatin was isolated (Zhang et al.
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2015b). The anti-Flag antibody (1:1,000), anti-Myc antibody
(1:1,000), or IgG antibody (i.e. negative control; 1:1,000) were
used to immunoprecipitate the protein-DNA (target promoter)
complexes, after which the precipitated DNA was purified using
a PCR purification kit (Qiagen) for the RT-qPCR analysis. To quan-
titatively analyze the SOD7-DNA (target promoter) or MYC2-DNA
binding, RT-qPCR analyses were performed, with the 3’ untrans-
lated regions of ACTIN2 or ACTIN7Y serving as endogenous con-
trols. The relative quantity was calculated in terms of the DNA
binding ratio. The results presented herein were obtained from 3
independent experiments using different batches of plants. The
primers used for the ChIP assays are listed in Supplementary
Tables S1 and S2.

Transient transcriptional activation assays

The putative KLU promoter sequence (proKLU; 2,000 bp) was am-
plified from Col-0 genomic DNA and cloned into the pGreenll
0800-LUC vector to generate the reporter gene construct proKLU:
LUC (Hellens et al. 2005). The full-length SOD7, JAZ1, JAZ9, GFP,
MYC2, and MYC4 coding sequences were amplified by PCR and
cloned into the pGreenll 62-SK vector for the expression of the
effectors under the control of Pro35S (Supplementary Fig. S3).
Different combinations of recombinant plasmids were used
for the transfection of leaf mesophyll protoplasts prepared
from Col-0 or JAZ1-4Jas plants as previously described (Sheen
2001). Transfected cells were cultured for 16 h under light,
and then relative LUC activity was detected using the Dual-
Luciferase Reporter Assay system (Promega), which measured
the activities of firefly LUC and the internal control Renilla renifor-
mis LUC. The primers used for generating constructs are listed in
Supplementary Data Set 2.

Analysis of the effect of salinity stress on seed size

Seedlings of various Arabidopsis genotypes were cultivated in soil
under long-day conditions for 14 d. To evaluate the impact of sal-
inity stress on seed size, the plants were subsequently subjected
to a treatment regimen where 75 mM NaCl was applied every 3
d, starting from the initiation of the experiment and continuing
until mature seeds were harvested. A mock treatment group,
where an equivalent amount of water was applied instead of
Nacl, served as a control to isolate the specific effects of salinity
stress. Upon reaching maturity, the seeds were collected and sub-
jected to size measurement to analyze any differences in seed size
induced by the salinity stress treatment.

Statistical analysis

Statistical analysis was performed by one-way or two-way
ANOVA using Tukey’s honest significant difference (HSD) as a
post hoc test. Statistically significant differences were defined as
those with P<0.05. The lowercase letters above the column show
significant differences (P <0.05) among the different samples. The
results are shown in Supplementary Data Set 3. The effects of
the interaction between MYC2 and SOD7 on seed size, cotyledon
size, petal size, transcriptional regulation, and KLU gene expression
were examined. All analyses of multifactorial variance were per-
formed using the generalized linear model procedure in SPSS (ver-
sion for Windows). The model results showed significant
interaction effects (P <0.05) or highly significant interaction effects
(P<0.01) between MYC2 and SOD7 (Supplementary Data Set 1).
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