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ABSTRACT

During seed imbibition at supra-optimal temperature, an increase in the abscisic acid (ABA)/gibberellin
(GA) ratio imposes secondary dormancy to prevent germination (thermoinhibition). FUSCA3 (FUS3), a
positive regulator of seed dormancy, accumulates in seeds imbibed at high temperature and increases
ABA levels to inhibit germination. Recently, we showed that ABA inhibits FUS3 degradation at high
temperature, and that ABA and high temperature also inhibit the ubiquitin-proteasome system, by
dampening both proteasome activity and protein polyubiquitination. Here, we investigated the role of
ABA signaling components and the ABA antagonizing hormone, GA, in the regulation of FUS3 levels. We
show that the ABA receptor mutant, pyl7-1, is less sensitive to ABA and thermoinhibition. In this mutant
background, FUS3 degradation in vitro is faster. Similarly, GA alleviates thermoinhibition and also increases
FUS3 degradation. These results indicate that inhibition of FUS3 degradation at high temperature is
dependent on a high ABA/GA ratio and a functional ABA signaling pathway. Thus, FUS3 constitutes an
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important node in ABA-GA crosstalk during germination at supra-optimal temperature.

Seed dormancy is an important adaptive trait that prevents
seedling establishment under unfavourable conditions to maxi-
mize plant survival. Dormancy prevents pre-harvest sprouting
of mature seeds and precocious germination or vivipary of
immature seeds when still attached to the mother plant. These
processes can lead to severe yield loss in agricultural crops.
While primary dormancy is induced during seed maturation,
secondary dormancy can be imposed in mature seeds with
non-deep dormancy to prevent their germination under unfav-
ourable growth conditions such as high temperature.'

In Arabidopsis, the transcription factor FUSCA3 (FUS3) is
essential for seed maturation and regulates several processes
including the establishment of primary dormancy during
embryogenesis. Loss-of-function fus3 embryos skip dormancy
and can germinate precociously, while mutants ectopically
expressing FUS3 post-embryonically display increased dor-
mancy and show delayed germination, growth and flowering
among several other phenotypes.>® FUS3 represses develop-
mental phase transitions by increasing the levels of the dor-
mancy-promoting hormone, abscisic acid (ABA), while
repressing the synthesis of the germination/growth-promoting
hormone, gibberellin A (GA).>”® FUS3 is itself regulated by
these hormones: the protein is more abundant in the presence
of ABA and less abundant in the presence of GA. Exogenous
GA application or reduction of endogenous ABA both partially
rescue FUS3 overexpression phenotypes, such as the delayed
growth, flowering and reduced cell cycling.” While FUS3 was
shown to directly bind and repress GA biosynthetic genes,*®

the mechanisms behind the regulation of FUS3 protein levels
by these hormones are unknown.

FUS3 promoter activity, mRNA and protein levels show lit-
tle correlation throughout embryogenesis and germination,
indicative of post-transcriptional regulation.>>'® FUS3 is
degraded by the 26S proteasome and regulated post-
translationally by a C-terminal PEST degron.'’ This region
contains negatively charged amino acids and is intrinsically
unstructured, making it prone to degradation by proteases. The
PEST degron confers FUS3 a very short half-life of
10-15 minutes, based on in-vitro degradation assays. Interest-
ingly, ABA or GA treatments do not affect the stability of FUS3
truncation mutants lacking the PEST degron, suggesting that
this region modulates sensitivity to ABA and GA."

At optimal temperatures, the FUS3 protein accumulates
during embryogenesis, but is not detected post-
embryonically.™® At elevated temperatures, ABA levels
increase and this leads to a delay or inhibition of germination
(thermoinhibition) and FUS3 accumulation.'"'*'* Overexpres-
sion of FUS3 at 32°C completely inhibit germination through
de novo ABA synthesis, this allows higher seedling survival
when seeds are transferred to optimal temperature.'” To eluci-
date the mechanism behind FUS3 protein accumulation under
heat stress, we recently characterized FUS3 degradation rates in
extracts of seed imbibed at optimal temperature (21°C) in the
presence of ABA and at supra-optimal (32°C) temperatures.'
By using ABA biosynthetic mutants and fluridone, an inhibitor
of ABA biosynthesis, we showed that FUS3 degradation in vitro

CONTACT Sonia Gazzarrini @ gazzarrini@utsc.utoronto.ca

Addendum to: Chiu RS, Pan S, Zhao R, Gazzarrini S. ABA-dependent inhibition of the ubiquitin proteasome system during germination at high temperature in Arabidopsis.

Plant Journal 2016, http://dx.doi.org/10.1111/tpj.13293. PMID: 27496613.
© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1111/tpj.13293
http://dx.doi.org/27496613
http://dx.doi.org/10.1080/15592324.2016.1247137

e1247137-2 (&) R.S.CHIUETAL

A el o 21°C 0.5uM + ABA
ClDO% 100% 1 100%
o
g 80% 80% A 80%
S 60% 60% 60%
[«
< 40% 40% A 40%
;E I
& 20% 20% - ---0-- SALK_054640C  20%
® (pyl1)
0% o T T T T 1 0% O T T T T 1 0%
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Days after imbibition (DAI) DAI DAI
B o0 100%
WT (32°C 11:(32°€¢ =
( ) pyl1 ( ) £ s0%
Time(min) 0 20 40 60 0 20 40 60 g 60%
vl
5
B 0%
¥ 0 20 40 60
Time (Minutes)

Figure 1. PYL1 is required for the increased FUS3 stability at high temperature (A) Germination rates of wild type (WT) and py/7-7 T-DNA insertion mutant (SALK_054640;
Guzman et al. 2012) imbibed at control (21°C), supraoptimal (32°C) temperatures, or 21°C 4+ 0.5 micromolar ABA. 3 months-old seeds were sterilized and imbibed on
half strength MS plates as previously described (Chiu et al. 2016). Averages from triplicates & standard deviation (SD) are shown. (B) Immunoblots showing degradation
of GST-FUS3 in cell extracts of 3 DAI WT and py/71-1 seeds imbibed at 32°C. Cell free degradation assays were performed as previously described (Chiu et al. 2016). Immu-
noblots were probed with 1:1000 anti-GST antibody (one representative is shown). Ponceau S stain is shown as a loading control. A plot showing the quantification of

GST-FUS3 levels in 3 biological replicates =+ SD is shown.

is strongly inhibited at 32°C in an-ABA-dependent manner,
and is also inhibited by ABA at 21°C. Thus, the accumulation
of FUS3 at 32°C is due to the increased ABA level.

We then characterized the overall activity of the ubiquitin-
proteasome system (UPS) under these conditions. We reported
a strong correlation between UPS activity and seed germina-
tion."* During germination at 21°C, the activity of the 26S pro-
teasome and protein polyubiquitination increase rapidly.
Inhibition of proteasome activity with MG132 is sufficient to
prevent non-dormant mature embryos from transitioning to
vegetative development under dormancy-releasing conditions.
Elongation of the radicle, cotyledon expansion, cotyledon
greening, and development of true leaves were inhibited in
MG132-treated embryos, indicating that an active proteasome
is required for these germination processes. Accordingly,
protein polyubiquitination and 26S proteasome activity are
strongly reduced when germination is inhibited at 32°C or
21°C + ABA. Inhibition of proteasome activity and protein
polyubiquitination at 32°C are also ABA-dependent. Interest-
ingly, the inhibitory effect of ABA on UPS activity occurs only
within the first 2 days of germination, prior to reaching seed-
ling establishment, a timeframe that defines seed sensitivity to
ABA. We propose that dampening of proteasome activity may
be one of the mechanisms put in place to prevent germination
at supra-optimal temperature, by reducing the degradation of
FUS3 and likely of other germination inhibitors, such as ABI3/
ABI5/DELLA."

In this study, we used a mutant affected in one of the ABA
receptor family genes, the PYRABACTIN-RESISTANT 1
(PYRI), to understand if FUS3 accumulation during heat stress

is dependent on ABA signaling.'> Members of the PYR/PYL
family, including PYLI, contribute to ABA sensitivity in
seeds.'>'® Therefore, we first characterized the response of the
pyl1-1 mutant (Salk_054640c) to high temperature (32°C) and
concentrations of ABA that mimic the inhibitory effect of high
temperature during germination. When imbibed at 21°C +
0.5uM ABA, pyll-1 seeds germinated faster than WT (Fig. 1A).
A similar pattern was observed at 32°C, with pyll-1 seeds ger-
minating quicker than WT (Fig. 1A). Thus, the ABA receptor
mutant pylI-1 was less sensitive to germination inhibition
caused by ABA or high temperature.

Next, we measured the degradation rates of FUS3-GST in
cell extracts of WT and pyl1-1 seeds imbibed at 32°C. Degrada-
tion of FUS3 was faster in the cell lysate of pyli-1 than WT,
with FUS3 being almost completely degraded within
20 minutes. The short 15 minute half-life of FUS3 in pylI-I
extracts at 32°C is similar to that measured in WT extracts at
21°C, or when ABA accumulation at 32°C is prevented by the
ABA biosynthesis inhibitor, fluridone."* This indicates that
ABA signaling is required to delay FUS3 degradation at high
temperature.

Repression of GA synthesis is necessary to inhibit germina-
tion at high temperature and is induced by the rise in ABA
level.'” Since addition of GA alleviates thermoinhibition,* here
we examined if GA does so by increasing FUS3 turnover. As
expected, GA displayed a dormancy-releasing effect on WT
seeds imbibed at 32°C (Fig. 2A), and also accelerated FUS3
degradation (Fig. 2B). When GA was supplied during imbibi-
tion at 32°C, the half-life of FUS3 was shortened from
50 minutes to 15 minutes (Fig. 2B), similarly to FUS3
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Figure 2. GA accelerates FUS3 degradation at 32°C (A) Germination rates (% radiele protrusion) and seedling growth (% cotyledon expansion) of wild type (WT) seeds
imbibed at 32°C in the presence or absence of 10.4M GA. Six-months-old dry seeds were sterilized and jmbibed on MS/Agar plates as previously described (Chiu et al.,
2016). Averages from triplicates + standard deviation (SD) are shown. (B) Immunoblots showing GST-FUS3 degradation rates in cell extraets of 3 DAl WT seeds imbibed
at 32°C in the presence or absence of 10..M GA. Cell free degradation assays were performed as previously described (Chiu et al., 2016). Inmunoblots were probed with
1:1000 anti-GST antibody and Ponceau S stain is shown as a loading control. A plot showing the quantification of GST-FUS3 levels in 3 biological replicates & SD is shown.

degradation rates at 21°C."* These results, together with those
presented in our recent study,'* show that inhibition of FUS3
degradation at high temperature is dependent on ABA synthe-
sis and signaling. They also show that GA negatively regulates
FUS3 levels by accelerating FUS3 degradation. We conclude
that during germination at high temperature, an increase in
ABA level activates ABA signaling to antagonize GA action,
and the increased ABA/GA ratio prevents degradation of
FUS3. These results corroborate previous finding showing that
the FUS3-GFP fusion protein is more stable (stronger fluores-
cence) in the presence of ABA and uniconazole, an inhibitor of
ABA catabolism, while unstable (weaker fluorescence) in the
presence of GA, and show that these hormones regulate FUS3
post-translationally.” Thus, FUS3 is an important node of
crosstalk between ABA and GA signaling during germination
at high temperature, with ABA and GA having antagonistic
roles in the regulation of FUS3 levels."”

Together with ABI3/ABI5/DELLA complex, FUS3 regulates
the expression of heat-induced genes to promote thermoinhibi-
tion.">'®!? Tt will be important to determine if the accumula-
tion of the ABI3/ABI5/DELLA complex at high temperature is
also due to inhibition of proteasome activity by ABA. Given
that GA partially rescues thermoinhibition and increases FUS3
degradation, it is expected that GA would have a stimulatory
effect on proteasome activity and protein ubiquitination during
germination, by antagonizing ABA action.

Besides ABA, also auxin has been shown to regulate the
activity of the proteasome. In addition to targeting IAA repress-
ors for degradation, auxin has been recently shown to inhibit
the activity of the proteasome through PI31 as a mechanism to
prevent excessive degradation of IAAs.*® Thus, both ABA and
auxin negatively regulate proteasome activity. Understanding
the mechanism through which hormones regulate the

proteasome will further our understanding of protein homeo-
stasis during high temperature and other abiotic stresses.
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