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Abstract

Reactive oxygen species (ROS) are unstable reactive molecules that are toxic to cells. Regulation of ROS homeostasis is cru-
cial to protect cells from dysfunction, senescence, and death. In plant leaves, ROS are mainly generated from chloroplasts
and are tightly temporally restricted by the circadian clock. However, little is known about how ROS homeostasis is regu-
lated in nonphotosynthetic organs, such as petals. Here, we showed that hydrogen peroxide (H,O,) levels exhibit
typical circadian rhythmicity in rose (Rosa hybrida) petals, consistent with the measured respiratory rate. RNA-seq and
functional screening identified a B-box gene, RhBBX28, whose expression was associated with H,O, rhythms. Silencing
RhBBX28 accelerated flower senescence and promoted H,O, accumulation at night in petals, while overexpression of
RhBBX28 had the opposite effects. RhBBX28 influenced the expression of various genes related to respiratory metabolism,
including the TCA cycle and glycolysis, and directly repressed the expression of SUCCINATE DEHYDROGENASE 1, which
plays a central role in mitochondrial ROS (mtROS) homeostasis. We also found that PHYTOCHROME-INTERACTING
FACTORS (RhPIF8) could activate RhBBX28 expression to control H,O, levels in petals and thus flower senescence. Our
results indicate that the circadian-controlled RhPIF8—RhBBX28 module is a critical player that controls flower senescence
by governing mtROS homeostasis in rose.
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Background: Reactive oxygen species (ROS) are by-products of several primary metabolic pathways and high
levels of ROS accelerate cell death and organ senescence. ROS also serve as signaling molecules and are required
for cell functions. Therefore, cellular ROS homeostasis must be tightly controlled to protect cells from dysfunction and
death. In photosynthetic organs like leaves, ROS are mainly generated in the chloroplasts through photosynthetic
electron transfer and are tightly governed by the circadian clock. The main sources of ROS generation in flower
petals, a typical non-photosynthetic organ, are most likely the mitochondria, mainly through electron transfer from

components of the respiratory chain.

Question: How is ROS homeostasis is controlled in flower petals?

Finding: We showed that the H,O; level exhibits a typical circadian rhythmicity in rose petals, which is opposite to
that observed in leaves but is consistent with the respiratory rate of petals. The RhPIF8—RhBBX28 transcription factor
module has a great impact on expression of a wide range of genes related to respiratory metabolism, including the
tricarboxylic acid (TCA) cycle, glycolysis, pyruvate metabolism, as well as ascorbate and aldarate metabolism.
Particularly, RhBBX28 directly controls expression of SUCCINATE DEHYDROGENASE 1, which encodes a highly
conserved subunit of Mitochondrial Complex Il and the electron transport chain and has a central role in
mitochondrial ROS homeostasis. In summary, we argue that the RhPIF8—RhBBX28 module represents a surveillance
component to constrain SUCCINATE DEHYDROGENASE 1 expression, and thus the strength of the TCA cycle, at a
proper level to avoid excessive mitochondrial ROS production in petals.

Next steps: In leaves, CCA1 protein, the core component of the circadian clock, regulates ROS homeostasis and
oxidative stress responses. It will be interesting to investigate whether BBX protein-dependent regulation of
respiration-associated ROS homeostasis exists in leaves as well or whether it independently evolved in petals.
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Introduction

Senescence is the final stage in the development of a plant
organ and usually leads to programmed death of all constit-
uent cells. Accordingly, senescence is a tightly controlled
process during which plants remobilize nutrients from sen-
escing leaves or petals to other developing organs, such as
seeds, stems, or roots (van Doorn and Woltering, 2004;
Rogers, 2006; Lim et al, 2007; Schippers et al, 2015; Rogers
and Munné-Bosch, 2016; Kim et al, 2017). This important
and unique process is coordinately regulated by various in-
ternal and external factors, including developmental status,
reactive oxygen species (ROS) signaling, phytohormones, the
circadian clock, and light (Gan and Amasino, 1995; Lim et
al, 2007; van Doorn and Woltering, 2008; Rogers, 2013;
Liebsch and Keech, 2016; Rogers and Munné-Bosch, 2016;
Kim et al, 2017; Ma et al,, 2018).

ROS play a key role in regulating plant organ senescence
(Apel and Hirt, 2004; van Doorn and Woltering, 2008;
Khanna-Chopra, 2012; Guo et al., 2017). Precocious leaf se-
nescence is a typical phenotype seen in the Arabidopsis
(Arabidopsis thaliana) constitutive expression of pr genes5
and jungbrunneni mutants, which produce excessive
amounts of hydrogen peroxide (H,O,) (Jing et al., 2008;
Wu et al, 2012). Conversely, age-dependent leaf senes-
cence is delayed in nac with transmembrane motif 1-like4,
ARABIDOPSIS A-FIFTEEN knockout, and wrky75 mutants
that generate lower than normal amounts of H,0, (Olsen
et al, 2005; Chen et al, 2012; Lee et al, 2012; Guo et al,
2017).

ROS are generated as byproducts of various metabolic
processes that occur in organelles with a highly oxidizing
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metabolic activity or an intense rate of electron flow, such
as chloroplasts, mitochondria, peroxisomes, and microbodies
in plant cells (Foyer et al,, 1994; Apel and Hirt, 2004; Mittler
et al, 2004; Navrot et al, 2007). ROS are commonly toxic to
cells, although some, such as H,0,, are important regulatory
molecules that are broadly involved in multiple cell signaling
pathways (Cezary et al, 2018). Therefore, cellular ROS ho-
meostasis must be tightly controlled to protect cells from
dysfunction and death.

In leaves, chloroplasts are the main source of ROS, which
are generated in chloroplast thylakoids through electron
transfer from photosynthetic chain components (Asada,
2006; Foyer and Noctor, 2013; Ishida et al, 2014).
Accumulating evidence shows that ROS homeostasis is
governed by the circadian clock. The circadian clock is an
endogenous timekeeping mechanism that controls a wide
range of developmental and metabolic processes in most
organisms (McClung 2006, Edgar et al, 2012). In
Arabidopsis leaves, ROS homeostasis and expression of ROS-
responsive genes are circadian-regulated (Covington et al,
2008; Lai et al., 2012). For example, their H,O, levels exhibit
a typical diurnal oscillation, with a peak in the afternoon
and a trough at midnight, consistent with the expression dy-
namics of photosynthetic genes (Lai et al, 2012). Mutation
in the key circadian clock component gene CIRCADIAN
CLOCK ASSOCIATED1 (CCAT1) abolishes the rhythmicity of
both H,O, level and the expression of catalase genes, which
encode the key enzyme for H,O, scavenging indicating
that ROS homeostasis is tightly linked to the fluctuation of
light-harvesting capacity in leaves (Harmer et al., 2000; Lai et
al, 2012). Moreover, leaf senescence is also significantly
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accelerated in various mutants of circadian clock compo-
nent genes, including ccal, late elongated hypocotyl, early-
flowering 3 (elf3), elf4, and lux arrhythmo, suggesting that
disrupting ROS rhythmicity may lead to senescence (Song et
al, 2018; Zhang et al., 2018).

Generally, petals are considered to share common evolu-
tionary origins with leaves, although they have very different
functions (Friedman et al, 2004; Rogers and Munné-Bosch,
2016). Petals are a specialized form of leaves that have
different colors and shapes to attract pollinators while lack-
ing photosynthetic ability (Glover and Martin, 1998). Petal
senescence is tightly regulated by various developmental sig-
nals and is less affected by environmental stimuli than leaf
senescence (Rogers, 2006; van Doorn and Woltering, 2008).
As for leaves, a rise in ROS levels and an imbalance in redox
status are typical features of petal senescence. Since petals
are nonphotosynthetic organs, they generally contain few
active chloroplasts (Stubbs and Francis, 1971; Ljubesi¢ et al,
1991; Marano et al, 1993; Juneau et al, 2010; Ohmiya et al,
2014). The main sources of ROS generation in petals are
most likely the mitochondria, mainly through electron trans-
fer from components of the respiratory chain (Rhoads et al,
2006; Rogers, 2013), representing a process fundamentally
different from that in leaves. Respiration rate continues to
increase until flowers wilt (Siegelman et al, 1958), implying
that respiration-produced ROS might be involved in petal
senescence in rose.

Although ROS is considered to play an important role in
petal senescence (Rogers, 2005, 2006, 2012), the regulatory
mechanism behind ROS homeostasis in petals has been
largely unknown. Here, we show that H,O, levels in rose
(Rosa hybrida) petals follow a circadian rhythm and peak at
night, which is consistent with the pattern of respiration
rate in petals. Our combined physiological, biochemical, and
genetic approaches revealed that a circadian regulatory
module consisting of a phytochrome-interacting factor (PIF;
RhPIF8) and a B-box gene (RhBBX28) plays critical roles in
H,O, homeostasis in petals and consequent petal senes-
cence. Furthermore, we demonstrated that RhBBX28 directly
repressed the expression of SUCCINATE DEHYDROGENASE 1
(RhSDHT), which encodes the central subunit of mitochon-
drial respiratory complex Il. Together, our results establish a
regulatory pathway for the circadian-regulated mitochon-
drial ROS (mtROS) homeostasis in petals, thus providing a
better understanding of the underlying mechanism of ROS
homeostasis in nonphotosynthetic organs.

Results

ROS accumulation in rose petals exhibits a circadian
rhythm pattern

Chloroplasts are present in many petals, albeit in much
smaller numbers than in leaves, and we hypothesized that
the pattern of ROS production might differ from that in
leaves. We, therefore, tested H,O, levels in petals attached
to flowers entrained to 16-h light/8-h dark (LD) photocycles.
We discovered that H,O, production peaked at dawn,
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Zeitgeber Time (ZT) 0, and dipped in the afternoon at
ZT8 (Figure 1A), in a pattern opposite to that seen in leaves
(Lai et al, 2012).

We next investigated whether the observed pattern per-
sisted in constant light (LL) and dark (DD) conditions by
transferring rose plants grown in LD conditions to LL or DD
conditions to monitor H,0, levels in the absence of entrain-
ing cues. H,O, production rhythms in petals persisted in LL
and DD conditions as in LD conditions, but were higher in
DD than in LL conditions (Figure 1, A-C). In addition, we
monitored the respiration dynamic in petals. Notably, the
respiration rate of petals also exhibited a circadian rhythm,
with the same phase as the pattern of H,0O, production
(Figure 1D).

It has been reported that respiration rate of rose petals
increases during flower opening and senescence (Siegelman
et al, 1958). Our results also demonstrated that H,O, accu-
mulation continued increasing after the flower began to
open (Stage 2; Supplemental Figure S1), consistent with the
respiration curve (Siegelman et al, 1958), thus indicating
that respiration-produced ROS accumulate as flowers open.

In Arabidopsis, extended darkness triggers leaf senescence,
which involves chlorophyll degradation and increases in ROS
levels (Song et al, 2014 Liebsch and Keech, 2016).
Interestingly, although petals have no chlorophyll, an
extended dark treatment of 3 days also promoted petal se-
nescence compared to plants maintained in LL, and this was
accompanied by fading of petal color (Figure 1E, left).
3,3'-diaminobenzidine (DAB) staining showed a clear eleva-
tion of H,O, levels in the petals of flowers maintained in
DD relative to those of flowers experiencing LL conditions
(Figure 1, E [right] and F). Electrolyte leakage from petals sig-
nificantly increased in response to DD treatment, indicative
of damage to biological membranes (Figure 1G). In addition,
expression of the rose homolog of SENESCENCE-
ASSOCIATED GENE12 (RhSAG12), a typical indicator of se-
nescence (Lv et al, 2014), was also significantly enhanced in
DD (Figure 1H), confirming that petal senescence is acceler-
ated in darkness.

RhBBX28 is a key regulator of petal senescence

Since H,0, levels in petals displayed a circadian rhythm,
we speculated that the circadian clock might be involved in
regulating H,O, homeostasis in petals. Transcription of the
B-box (BBX) gene family is tightly regulated by light and the
circadian clock (Kumagai et al, 2008), and BBX genes, in
turn, govern multiple clock-controlled development pro-
cesses, such as photoperiodic flowering (Andrés and
Coupland, 2012; Romera-Branchat et al, 2014 Song et al.,
2015). To understand whether BBX genes contribute to
H,O, homeostasis in petals, we first searched our rose tran-
scriptome database (for R. hybrida cv Samantha) (http://bio
info.bti.cornell.edu/cgi-bin/ rose_454/index.cgi) and identified
17 BBX genes expressed in petals (Supplemental Figure S2A).
We noticed that the expression of two BBX genes (RU06829
and RU18177) increased during the late opening stages


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data
http://bioinfo.bti.cornell.edu/cgi-bin/
http://bioinfo.bti.cornell.edu/cgi-bin/
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data

The Plant Cell, 2021 Vol. 33, No. 8

THE PLANT CELL 2021: 33: 2716-2735 2719

A D E

= 105 % 60

E,O,B- * ‘g

@

=081 5545

Soafa 5% -

5 i w3 %k

Eo.z gg 30 ok

= 0 w3
B 0 8 16 24 32 40 48 56 64 72 2015

E 0.5 Time in LD (h) o oD

E'Io.l‘— ohﬁ:

~.0.3 * . 0 8 12 16 20 24

o)

I 0.2 1 Time in LD (h)

g 014 F G H
=+ n T T T L] fl T Il T L] T ; L] Il T T T I.l L] ‘. - ek
C ,,.0 8 16 24 32 40 48 56 64 7 £ *e 20 3 Sk
= Time in LL (h) 3% = oL . s
Y 0.8 4 * E6] =DD £ 15 By
=] = - 0w
E 0.6 g ) 2]
= 4 £10 g52
©.0.4 - s 3 oE
= ® 2 =5 z51

= o
1 e —— e —— =0 0 e 0
0 8 16 24 32 40 48 56 64 7 & od 3d od 3d od 3d

Time in DD (h)

Figure 1 ROS homeostasis exhibits circadian rhythmicity in rose petals. A-C, H,0, levels in petals of rose flowers entrained under LD conditions
(A), LL (B) or DD (C) for 3 days. For LL and DD treatments, flowers were initially grown under LD conditions and then transferred to LL or DD
conditions. Experiments were performed independently twice, with similar results. One representative result is shown. Mean values = sp are
shown from three replicates (n =3). White horizontal bars, day; black horizontal bars, night; gray horizontal bars, subjective day or night. D,
Respiration rate of rose flowers in LD conditions. Mean values = sp are shown (n=3 for 0, 4, and 24h, n=4 for 8, 12, 16, and 20h). E,
Representative flower phenotype (left) and H,O, accumulation (right) of petals under LL or DD conditions. H,O, levels were determined by stain-
ing with DAB. Scale bars, 1cm. F, Relative staining intensity of H,O, accumulation (n = 4), (G) ion leakage (n = 4 for 0 days, n = 6 for 3 days), and
(H) relative expression of RhSAG12 (n=3) in fully opened (Stage 2) rose flower petals grown under LL or DD conditions. Mean values = sp are
shown. Experiments were performed independently 3 times, with similar results. Asterisks represent statistically significant differences (*P < 0.05;

**P < 0.01), as determined by ANOVA (A-D) and Student’s t test (F-H).

(Stages 3 to 5) (Supplemental Figure S2A). Therefore, we se-
lected these two genes for further study.

The full-length coding sequence of RU06829 was 989 bp,
with a 726-bp open reading frame (ORF), and it was
2,378 bp, with a 1,128-bp ORF for RU18177. Phylogenetic
analysis indicated that the predicted proteins of RU06829
and RU18177 show high sequence similarity with
Arabidopsis BBX28/29 and BBX7, respectively (Figure 2A;
Khanna et al, 2009), and thus we designated RU06829 and
RU18177 as RhBBX28 and RhBBX7, respectively.

Reverse transcription-quantitative PCR (RT-qPCR) analysis
confirmed that expression of RhBBX28 and RhBBX7 increases
as flowers open, and both displayed a diurnal expression
pattern in petals. Expression of RhBBX28 reached its peak at
dawn (ZT24) and its trough (the lowest point in the oscilla-
tion) in the afternoon (ZT8), while RhBBX7 expression
peaked at ZT12 and was lowest at ZT4 (Figure 2G
Supplemental Figure S2B). The expression pattern of
RhBBX28 in LL and DD conditions was similar to that in LD
conditions, although with a generally elevated expression
level in DD, further confirming that RhBBX28 expression is
regulated by the circadian clock (Figure 2C).

Next, we silenced RhBBX28 or RhBBX7 using a virus-in-
duced gene silencing (VIGS) approach (Liu et al, 2002; Tian
et al, 2014) in rose plants. In rose flowers, color fading and

wilting of petals are two visible and typical indicators of
petal senescence; we, therefore, defined the flower senes-
cence phase as the period from the development of fully
open flowers to the emergence of these senescence symp-
toms (Wu et al, 2017). Silencing of RhBBX28, but not
RhBBX7, significantly accelerated petal senescence (Figure
2B; Supplemental Figure S3). Compared to control plants
transformed with the Tobacco Rattle Virus (TRV) empty vec-
tor (Liu et al, 2002), DD-induced color fading of petals was
more severe in RhBBX28-silenced flowers (Supplemental
Figure S4, A and B). Similarly, ion leakage and RhSAGT2 ex-
pression were also significantly higher in RhBBX28-silenced
flowers relative to control flowers (Supplemental Figure S4,
C and D). These results suggested that RhBBX28 might be
involved in regulation of H,O, accumulation and petal
senescence.

A Basic Local Alignment Search Tool for Protein search
revealed that the deduced polypeptide of RhBBX28 shares
similarity to BBX proteins from a range of plant species. The
putative RhBBX28 protein showed structure features of
group-V members of the BBX family: a highly conserved sin-
gle B-box domain in the N-terminus but no CONSTANS
(CO), CO-like, and TOC1 (CCT) domain in the C terminus
(Khanna et al, 2009 Gangappa and Botto, 2014
Supplemental Figure S5).
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Protein structure analysis predicted a nuclear localization
signal site in the C-terminus of RhBBX28 (Supplemental
Figure S5). Transient co-infiltration of an RhBBX28-GFP con-
struct with a nucleus marker construct (NUCLEAR FACTOR
Y ALPHA4 [NF-YA4]-mCherry) in Nicotiana benthamiana
leaves demonstrated that RhBBX28 localizes to the nucleus
(Figure 2D). To test the transcriptional activity of RhBBX28,
we constructed the effector plasmid pBD-RhBBX28 and used
pBD-VP16 as a positive control. The dual-luciferase (LUC) re-
porter harbored the yeast (Saccharomyces cerevisiae) GAL4
DNA-binding element and a minimal cauliflower mosaic vi-
rus (35S promoter driving the expression of the firefly LUC
reporter gene, with a Renilla (REN) reniformis LUC reporter
under the control of the 355 promoter as an internal con-
trol (Figure 2E, upper). When co-infiltrated into N. ben-
thamiana leaves with the reporter constructs, pBD-RhBBX28
resulted in significantly lower firefly LUC activity as com-
pared to pBD alone (Figure 2E, lower), suggesting that
RhBBX28 is a transcriptional repressor.

To further explore the function of RhBBX28 in petal senes-
cence, we generated transgenic rose lines silenced for
RhBBX28 by RNA interference (RhBBX28-RNAIi) or overex-
pressing RhBBX28 (RhBBX28-OX) through Agrobacterium
tumefaciens-mediated transformation of somatic embryos
(Liu et al, 2021). RT-gPCR analysis confirmed that RhBBX28
transcript levels were significantly lower in the petals of
RhBBX28-RNAi lines, and significantly higher in RhBBX28-OX
lines, than in wild-type (WT) plants (Supplemental Figure
S4E).

We determined that overexpressing RhBBX28 significantly
prolonged the senescence phase (7.00 = 0.53 day after
flower, DAF is fully open for OX #2 and 6.29 = 0.70 DAF for
OX #10) compared to WT plants (4.21 = 0.43 DAF). On the
other hand, the senescence phase was much shorter in
RhBBX28-RNAi transgenic lines (2.88 = 0.33 DAF for RNAI
#7 and 329 £ 0.45 DAF for RNAIi #23) than in WT plants
(Figure 3, A and B). In addition, overexpression of RhBBX28
produced smaller flowers with lighter color than in WT,
while RhBBX28-RNAi plants had slightly larger flowers
(Figure 3B).

The rhythmicity of RhBBX28 was lost in the RhBBX28-OX
line, while persisted in the RhBBX28-RNAi with a weakened
amplitude relative to the WT (Figure 3C). To test whether
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RhBBX28 influences H,O, accumulation, we monitored
H,O, levels in the petals of RhBBX28-RNAi and RhBBX28-
OX plants. Notably, the level of H,O, was elevated in the
RhBBX28-RNAi line, especially in the dark period, while it
was reduced in the RhBBX28-OX line (Figure 3D).

When WT and RhBBX28-RNAi plants were subjected to
DD treatment for 2 days, we observed only slight color fad-
ing in the petals of WT flowers, while color fading was
much more severe in RhBBX28-RNAi plants (Figure 4A, left).
Likewise, DAB-staining revealed significantly higher H,O, lev-
els in the petals of RhBBX28-RNAi plants than in WT plants
(Figure 4, A [right] and B). Electrolyte leakage and RhSAG12
expression in the petals of RhBBX28-RNAi plants were also
significantly higher than in WT (Figure 4, C and D). In con-
trast, as compared to that in WT plants, dark-induced color
fading was very mild and restricted to the petal margin in
RhBBX28-OX lines (Figure 4E, left). Thus, H,O, accumulation,
electrolyte leakage and RhSAG12 transcript levels in
RhBBX28-OX lines were significantly lower than in WT
plants (Figure 4, E [right], F-H). Notably, although RhBBX28-
OX lines exhibited lighter petal color than RhBBX28-RNAi
lines, dark-induced color fading is slighter in RhBBX28-OX
lines than in RhBBX28-RNAi lines, suggesting that RhBBX28
was important in dark-induced petal senescence. Moreover,
petal senescence was delayed under LL conditions in WT,
RhBBX28 OX, and RNAi lines, while senescence of RhBBX28
RNAI lines was still quicker than WT and RhBBX28 OX lines
(Supplemental Figure S6). These results supported the hy-
pothesis that RhBBX28 plays an important role in rose
flower senescence via governing dark-induced ROS
generation.

RhBBX28 governs petal senescence by regulating
RhSDH1 expression and consequent H,0,
homeostasis

To investigate how RhBBX28 might influence H,0O, homeo-
stasis, we conducted a transcriptome deep sequencing
(RNA-seq) analysis to explore the possible regulatory net-
work downstream of RhBBX28 using WT and RhBBX28-OX
and -silencing lines. The differentially expressed genes
(DEGs) (WT versus OX, fold change >2, adjusted P < 0.05)
were subjected toKyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. Remarkably, we noticed that

and TRV (empty vector)-transformed control plants. Flower phenotypes were recorded starting once flowers were fully opened. Experiments
were performed independently 3 times, with similar results. Mean values = sp are shown from 10 replicates (n = 10) for phenotype and five repli-
cates (n = 5) for gene expression test. Scale bar, 1cm. C, Relative expression levels of RhBBX28 in petals of rose flowers entrained under LD, LL, or
DD conditions for 3 days. For LL and DD treatments, flowers were initially grown under LD conditions and then transferred to LL or DD condi-
tions. Experiments were performed independently twice, with similar results. One representative result is shown. Mean values = sp are shown
from five replicates (n = 5). White horizontal bars, day; black horizontal bars, night; gray horizontal bars, subjective day or night. D, Subcellular lo-
calization of RhBBX28-GFP in N. benthamiana leaves. The plasmid ProSuper:RhBBX28-GFP was co-infiltrated with the nuclear marker
ProSuper:NF-YA4-mCherry. Green and red fluorescence were visualized by confocal microscopy 3days after infiltration. Scale bar, 50 um. E,
Transcriptional repressor activity of RhBBX28 in N. benthamiana leaves. Upper, schematic representation of Reporter and Effector constructs. The
coding sequence with the stop codon was inserted into the pBD effector vector and driven by the 35S promoter. pBD-VP16 was used as a positive
control. Middle and bottom, live imaging (middle) and quantitative analysis (bottom) of transcriptional repression activity of the RhBBX28 pro-
tein. Mean values * sp are shown from three replicates (n=3). The experiments were performed independently twice, with similar results.
Asterisks represent statistically significant differences (*P < 0.05; **P < 0.01), as determined by Student’s t test (B and E) and ANOVA (C).
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Figure 3 RhBBX28 is a key regulator of petal senescence. A and B, Flower phenotypes (A) and length of the senescence phase (B) of WT,
RhBBX28-RNAI, and RhBBX28-OX plants. Flower phenotypes were recorded once flowers were fully opened. Experiments were performed inde-
pendently 3 times, with similar results. C, D, Relative expression levels of RhBBX28 (C) and H,O, levels (D) in petals of WT, RhBBX28-OX #10, and
RhBBX28-RNAI #23 rose flowers entrained under DD conditions for 3 days. For DD treatments, flowers were initially grown under LD conditions
and then transferred to DD conditions. Experiments were performed independently twice, with similar results. One representative result is shown.
Mean values = sp are shown from three replicates (n = 3). White horizontal bars, day; black horizontal bars, night; gray horizontal bars, subjective
day or night. Mean values * sp are shown from seven replicates (n = 7) for each line. RhUBI2 was used as an internal control. Asterisks represent
statistically significant differences (*P < 0.05; **P < 0.01), as determined by ANOVA. Scale bar, 1cm.

several terms associated with respiratory metabolisms, such
as citrate cycle (TCA cycle), glycolysis, pyruvate metabolism,
and ascorbate and aldarate metabolism, were significantly
enriched (Figure 5A). We independently confirmed that by
RT-qPCR analysis the transcript levels of genes involved in
respiratory metabolic pathways and H,O, homeostasis were
elevated in the petals of RnBBX28-RNAi lines, and repressed
in RhBBX28-OX lines, including the genes encoding succi-
nate dehydrogenase (RhSDH1), fumarate hydratase (RhFH),
dihydrolipoamide succinyltransferase, malate dehydrogenase
(RARMDH), dihydrolipoyllysine-residue acetyltransferase, and
L-ascorbate oxidase (Figure 5B).

We, therefore, isolated the promoters for RhSDHT,
RhMDH, and RhFH and constructed firefly LUC reporters
(ProSDH1:LUC, ProMDH:LUC, and ProFH:LUC) from each to
test whether RhBBX28 might influence the transactivation
of these promoters. We co-infiltrated each reporter con-
struct, along with an effector construct consisting of
RhBBX28 driven by the 35S promoter (Pro35S:RhBBX28) and
REN Luc under the control of the 35S promoter
(Pro35S:REN, as an internal control), into N. benthamiana
leaves (Figure 5C). Live imaging and quantitative analysis
demonstrated that co-infiltration of RhBBX28 with

ProSDH1:LUC, but not ProMDH:LUC or ProFH:LUC, signifi-
cantly repressed the expression of the Luc reporter, as evi-
denced by lower Luc activity, indicating that RhBBX28
might repress the expression of RhSDH71 (Figure 5G
Supplemental Figure S7A).

To test whether RhBBX28 might directly bind to the
RhSDH1 promoter, we first searched for the presence of pos-
sible G-box sites recognized by BBX proteins in the RhSDH1
promoter using the PlantCARE online tool (http://bioinfor
matics.psb.ugent.be/webtools/plantcare/html/). We identified
three potential sites in the RhSDH1 promoter, located from
-1,162 to -1,157 bp, —1,132 to —1,127 bp, and —-889 to —884
bp relative to the translation start codon (Supplemental
Figure S7B). Next, we generated two biotin-labeled probes
corresponding to fragments containing each potential site
(from 1,172 to -1,117bp and -905 to -866bp) and per-
formed an electrophoretic mobility shift assay (EMSA).
RhBBX28 failed to bind to the —905 to —866 bp fragment
(Supplemental Figure S7C), but it did bind to the probe cor-
responding to —1,172 to —1,117 bp (Figure 5D). An unlabeled
WT probe, but not an unlabeled mutated probe, competed
for binding to RhBBX28 with the biotin-labeled probe, indi-
cating that RhBBX28 specifically binds to this region of the
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Figure 4 RhBBX28 modulates dark-induced petal senescence and H,0, accumulation. A, Flower phenotypes (left) and H,O, accumulation (right)
in petals of RhBBX28-RNAi and WT plants after 2 days in DD conditions. B, Relative staining intensity of H,O, accumulation (n =5 for WT in
0days, n =4 for the rest), (C) ion leakage (n =4), and (D) relative expression of Rh\SAG12 (n = 3) in petals of RhBBX28-RNAi and WT plants in
DD condition. For DD treatments, flowers were initially grown under LD conditions and then transferred to DD conditions. Experiments were per-
formed independently 3 times, with similar results. Mean values * sp are shown. E, Flower phenotypes (left) and H,O, accumulation (right) in pet-
als of RhBBX28-OX and WT plants after 3 days in DD conditions. Experiments were performed independently 3 times, with similar results. F,
Relative staining intensity of H,O, accumulation (n =3), (G) ion leakage (n =4 for WT and OX #2 in 0days, and OX #10 in 3 days, n =3 for the
rest), (H) and relative expression of Rh\SAG12 (n = 3) in petals of RhBBX28-OX and WT plants in DD conditions. H,O, levels were determined by
staining with DAB. RhUBI2 was used as an internal control. Experiments were performed independently 3 times, with similar results. Mean
values = sp are shown. Asterisks represent statistically significant differences (*P < 0.05; **P < 0.01), as determined by Student’s t test. Scale bars,

Tcm.

RhSDH1 promoter (Figure 5D). Moreover, we generated
truncated RhBBX28 for EMSA to test which part of
RhBBX28 protein is responsible for DNA binding. The results
supported that B-box domain, but not the C-terminus frag-
ment, was able to bind to the RhSDH1 promoter directly
(Supplemental Figure S7, D-F), consistent with a previous
report (Song et al, 2020). Chromatin immuno-precipitation
gPCR (ChIP-gPCR) confirmed that RhBBX28 was able to
bind to -1,172 to -1,117bp of RhSDH1 promoter in vivo
(Figure 5E).

Sequence alignment showed that RhSDH1 contains a
highly conserved domain associated with succinate and
Flavin Adenine Dinucletide (FAD) binding (Figueroa et al,
2002; Supplemental Figure S8A). Phylogenetic analysis indi-
cated that RhSDH71 encodes a homolog of Arabidopsis
SDH1-1 (At5g66760) (Supplemental Figure S8B). Notably,
SDHT1 is highly conserved in eukaryotes (Huang and Millar,
2013; Huang et al., 2019). SDH1 is the central subunit of the
succinate dehydrogenase complex, also known as mitochon-
drial complex ll, the only enzyme to participate in both the

TCA cycle and the electron transport chain. Moreover, mito-
chondrial complex Il is a major resource of ROS in nonpho-
tosynthetic organs (Huang et al,, 2019).

We monitored the expression pattern of RhSDH1 in WT,
RhBBX28 OX, and RNAi lines. The results showed that
RhSDH1 also exhibited circadian rhythmicity in petals, and
this rhythmicity was abolished RhBBX28 OX lines but per-
sisted in RhBBX28 RNAI lines (Figure 5, F and G). Moreover,
expression level of RhSDHT in RhBBX28 RNAI lines was sig-
nificantly higher than WT, but that in RhBBX28 OX lines
was significantly higher than WT (Figure 5G).

These results suggested that RhBBX28 might influence
petal mitochondrial respiration and consequent mtROS ho-
meostasis by regulating the expression level of RhSDH1.

To extend these findings, we tested for a possible role of
BBX28 in leaf and flower senescence in Arabidopsis. We did
not find a difference in leaf and flower senescence among
Col-0, BBX28-OX lines, and the bbx28 mutant
(Supplemental Figure S9, A and B). Moreover, ChIP-qPCR
failed to detect the in vivo binding of BBX28 to the SDH1-1


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab152#supplementary-data

2724 I THE PLANT CELL 2021: 33: 2716-2735 Y. Zhang et al.

B *§DH FH *s*ucB
A _5 3 *k 3 i * 34 *
Pyruvate metabolism =f====———————— padj = 4.61%10* g
Photosynthesis =f———x] padj = 3.04x10* g 2 24F 24
Photosynthesis - antenna proteins —f===] padj = 1.45x10" ;
Plant hormone signal transduction 1 padj = 2.50x10° £ 1 1 ﬁ 11 I-'-I
Glycolysis / Gluc genesis = =2 s s
i vgenesis: - NN ped| = 25010 € 0 ol T G IEAT 1R
Carbon ] padj = 2.54x10° MDH diaT AO
Ascorbate and aldarate metaboli ] padj=7.89x10" *% *k
i i § 20 *k 25 % g
Citrate cycle (TCA cycle) mf==———m padj=1.11210? .g 2 : i
Carotenoid biosynthesis —f===] padj = 2.92x10% g 15 20 3
Glyoxylate and dicarboxylate metabolism ~{=====] padj = 4.98x10* ¥ 10 1.5 2]
Inositol phosphate metabolism ] padj = 4.98x102 g 1.0
T T T T 1 g 05 0.5 14
3 ¥
0 20 40 60 80 100 g 0 0 o0
] ] %] Q ] Q
C o qs‘o*&" o .gs*°+%* N qs‘o*t\
Reporter & N =
CaMV355-REN/RhSDH1 pro-LUC = 1.5
= CalMV35S =JREie RhSDH1 pro == g
CaMV term CaMV term 3404
Effector 5
CaMV35S-Empty g
m
=CaMV355 =CPMV5UTR = CPMV3UTR = - e *
NOST B
CaMV35S-RhBBX28 g ol
= CaMV35S = CPMV5UTR=RBBX28=CPMV3UTR e - WC e
NOS T L LIS
?‘o?- 0'3.55.' A
D ‘?‘Ovs\
Probe: GTCAACTCCTCACGTTTCATGAGTCTTCTATAGGAATCAACACGTTACATTCTGCA
mProbe: GTCAACTCCTAAAAAATCATGAGTCTTCTATAGGAATCAAAAAAAAACATTCTGCA D E ATG

Biotin-P + + + + + - + -

Cold-P = - - 10x  50x - -

G-BOX : 100 bp
Cold-mP - - - - - - 50 G-BOX H hp
Biotin-mP - - - g g + = 59 1 pSuper.GFP
GST-BBX28 - - + + + + + 4 q pSuper.RhBBX28-GFP
GST - 4+ = = = = = G
E
5 ¥
=3
& 2-
T
: 1- ’l‘ |I||j |l| |l||1| |l|
0 I 1 Iﬂ I 1
F G A B c D E
- WT % 4
49 & LD 67 -+ rnai#zs *
& = LL o - OX#10
M3 @
=1 =2
= £
['4 4
= e -
T T
=] [
w 1 w
= £
o o
D T T I T T T I T T T T T T T I T T T
0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time (h) Time in DD (h)

Figure 5 RhBBX28 influences expression of genes related to respiratory metabolism and ROS homeostasis in rose petals. A, Significantly enriched
KEGG pathways in RhBBX28-OX lines based on gene expression analysis. Padj, adjusted P-value of each enriched pathway. B, Expression of genes
related to respiratory metabolism and ROS homeostasis in petals of WT, RhBBX28-OX #10, and RhBBX28-RNAi #23 plants. RhUBI2 was used as an
internal control. Data are for the genes encoding succinate dehydrogenase (ubiquinone) flavoprotein subunit 1 (SDH, RchiOBHm_Chr2g0101771,
and AT5G66760.1), fumarate hydratase 1 (FH, RchiOBHm_Chr6g0294521, and AT2G47510.2), dihydrolipoyllysine-residue succinyltransferase com-
ponent of 2-oxoglutarate dehydrogenase complex 2 (sucB, RchiOBHm_Chr2g0158941, and AT5G55070.1), malate dehydrogenase (MDH,
RchiOBHm_Chr4g0393011, and AT5G43330.1), dihydrolipoyllysine-residue acetyltransferase component 3 of pyruvate dehydrogenase complex
(dlaT, RchiOBHm_Chr2g0144451, and AT3G13930.1), and L-ascorbate oxidase homolog (AO, RchiOBHm_Chr6g0279531, and AT1G76160.1).
Samples were collected 4 h after lights on (ZT0). Experiments were performed independently twice, with similar results. Mean values * sp are
shown from three biological replicates (n = 3). C, Interaction between RhBBX28 and the RhSDH1 promoter, as shown by a dual LUC reporter
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promoter (Supplemental Figure S9C). Therefore, when com-
pared with BBX28, RhBBX28 might play a different role in
rose.

RhPIF8 controls petal senescence by regulating
RhBBX28 expression

To better understand the regulatory mechanism of
RhBBX28, we isolated an 834-bp promoter region upstream
of the RhBBX28 coding sequence and looked for cis-regula-
tory elements using PlantCARE. The RhBBX28 promoter
contained two G-box motifs that are specifically recognized
by PIF proteins (Supplemental Figure S10A; Martinez-Garcia
et al, 2000; Oh et al, 2009; Hornitschek et al, 2012; Zhang
et al, 2013; Sakuraba et al, 2014). By screening our rose
transcriptomic database, we identified five putative PIF genes
which were detectable in rose flowers, and we named
RhPIF1, RhPIF3, RhPIF4, RhPIF7, and RhPIF8, based on phylo-
genetic analysis (Supplemental Figure S10B). Rose petals
were collected on ZT4 from flowers at different opening
stages, and RT-qPCR analysis revealed that the expression
levels of RhPIF4 and RhPIF8 were relatively high among these
five RhPIFs (Supplemental Figure S10C). We then investi-
gated the expression pattern of RhPIF4 and RhPIF8 over a
24-h LD cycle. Interestingly, the diurnal expression pattern
of RhPIF8, but not of RhPIF4, followed the same pattern
seen with RhBBX28 (Supplemental Figure S10D). Therefore,
we isolated the 834-bp promoter region upstream from the
RhBBX28 coding sequence and tested whether RhPIF8 might
bind and activate this promoter through a yeast one-hybrid
assay. Indeed, RhPIF8 activated expression of the LacZ
reporter when placed under the control of the RhBBX28
promoter, suggesting that RhPIF8 functions as a transactiva-
tor of RhBBX28 transcription (Figure 6A).

Next, we performed an EMSA to test whether RhPIF8
would directly bind to the G-box motif in the RhBBX28 pro-
moter in vitro. We produced and purified recombinant
RhPIF8 as a GST fusion protein (GST-RhPIF8) in Escherichia
coli Rosetta strain. We detected shifted bands when

THE PLANT CELL 2021: 33: 2716-2735 | 2725

recombinant GST-RhPIF8 protein was added to a biotin-la-
beled probe containing the predicted G-box cis-elements
(from -764 to =729 bp in the RhBBX28 promoter). The in-
tensity of the shifted band decreased upon addition of an
unlabeled competitive probe but not of an unlabeled mu-
tated probe (Figure 6B). These results supported the notion
that RhPIF8 can directly bind to the G-box cis-element of
the RhBBX28 promoter.

We further conducted dual-LUC reporter assay to test
whether RhPIF8 can activate transcription from the
RhBBX28 promoter in planta. Accordingly, we co-infiltrated
a firefly LUC reporter driven by the RhBBX28 promoter
(ProBBX28:LUC) with the effector construct harboring
RhPIF8 expressed from the 35S promoter (Pro35S:RhPIF8)
and Pro35S:REN, as an internal control in N. benthamiana
leaves. Live imaging and measurement of the LUCREN ratio,
which reflects the transcriptional activity of the RhBBX28
promoter in vivo, demonstrated that co-infiltration of
RhPIF8 with ProBBX28:LUC markedly activates the expression
of the LUC reporter (Figure 6C), indicating that RhPIF8 acts
as a transactivator of RhBBX28 transcription. ChIP-qPCR
confirmed that RhPIF8 was able to bind to —-821 to —708 bp
of RhSDH1 promoter in vivo (Figure 6D).

To investigate the potential function of RhPIF8, we si-
lenced RhPIF8 in rose plants by VIGS. RT-qPCR analysis
showed that the expression of RhPIF1, RhPIF3, RhPIF4, and
RhPIF7 was not affected in RhPIF8-silenced rose petals when
compared to the TRV control, indicating that RhPIF8 was
specifically silenced (Supplemental Figure ST0E). Expression
of RhBBX28 was significantly decreased in RhPIF8-silenced
rose petals (Figure 6E), supporting the idea that RhPIF8 is a
transactivator of RhBBX28. Moreover, expression level of
RhSDH1 significantly increased in the RhPIF8-silenced lines
(Figure 6, F and G). Upon DD treatment, RhPIF8-silenced
plants exhibited a more severe color fading phenotype than
TRV controls (Figure 6H, left). In addition, DAB staining indi-
cated that H,O, levels are significantly elevated in RhPIF8-si-
lenced petals (Figure 6, H [right] and I). Electrolyte leakage

system. Left, schematic representation of the constructed dual LUC reporter system. Live imaging (middle) and quantitative analysis (right) of
transcriptional repression of the RhSDH1 promoter by RhBBX28. The ProRhSDH1:LUC construct was co-infiltrated with Pro35S:RhBBX28 or
SK empty vector into N. benthamiana leaves. Experiments were independently repeated 3 times, with similar results. A representative image of an
N. benthamiana leaf 3 days after infiltration is shown. Mean values = sb are shown from three replicates (n = 3). D, EMSA analysis of RhBBX28
binding to the RhSDH1promoter. The sequence of the region from —1,172 to —1,117 bp of the RhSDHT promoter was used as a probe. As indi-
cated, RhBBX28-dependent mobility shifts were detected and were competed by unlabeled WT probe in a dose-dependent manner, but not by
unlabeled mutated probe. Experiments were performed independently twice, with similar results. For EMSA, the experiments were performed us-
ing 1 ug recombinant GST-RhBBX28 proteins mixing with 2 nmol biotin-labeled RhSDH1 probe. E, ChIP-gPCR assay showing RhBBX28 binding to
the RhSDHT promoter in planta. Upper, schematic representation of the RhSDH1 promoter. Black box, RhRSDHT ORF; Gray vertical lines, the puta-
tive G-box (—1,162 to —1,157, —1,132 to —1,127, and —889 to —884 bp); Lines above, the fragments amplified in the ChIP-qPCR analysis. A:
—1,182 to —1,102 bp, B: —1,076 to —986 bp, C: —939 to —852bp, D: —591 to —512bp, E: —297 to —180 bp, relative to the RhSDH1 translation
initiation codon (ATG). Lower, ChIP-enrichment of the indicated RhSDH1 promoter fragments (A—E). Petals of RhBBX28 OX #2 line were used for
ChIP. The experiment was performed independently twice with similar results and one representative result is shown. G, Relative expression levels
of RhSDH1 in petals of WT rose flowers entrained under LD or LL conditions for 3 days. H, Relative expression levels of RhRSDHT in petals of WT,
RhBBX28-OX #10 and RhBBX28-RNAIi #23 rose flowers entrained under DD conditions for 3 days. For LL and DD treatments, flowers were initially
grown under LD conditions and then transferred to LL or DD conditions. Experiments were performed independently twice, with similar results.
One representative result is shown. Mean values = sp are shown from three replicates (n = 3). White horizontal bars, day; black horizontal bars,
night; gray horizontal bars, subjective day or night. Asterisks represent statistically significant differences (*P < 0.05, **P < 0.01), as determined by
ANOVA (B, F, and G) and Student’s t test (C and E).
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Figure 6 RhPIF8 is a transcriptional activator of RhBBX28 and affects H,0, accumulation in petals. A, Y1H analysis of the binding of RhPIF8 pro-
tein to the RhBBX28 promoter. GAD-RhPIF8, but not GAD itself, activates the expression of the lacZ reporter gene driven by the RhBBX28 pro-
moter. GAD-RhHB1 with ProRhGA20ox1:LacZ was used as a positive control. Experiments were performed independently twice, with similar
results. B, EMSA analysis of RhPIF8 binding to the G-box motifs in the RhBBX28 promoter. The sequence of the region from -764 to -729 bp of
the RhBBX28 promoter was used as a probe. As indicated, RhPIF8-dependent mobility shifts were detected and were competed by unlabeled WT
probe in a dose-dependent manner, but not by unlabeled mutated probe. For EMSA, the experiments were performed using 1 ug recombinant
GST-RhPIF8 proteins mixing with 2 nmol biotin-labeled RhBBX28 probe. Experiments were performed independently twice, with similar results.
C, Transactivation of RhBBX28 by RhPIF8. Upper, schematic representation of dual LUC reporter system. Middle and bottom, live imaging (mid-
dle), and quantitative analysis (bottom) of the transcriptional activation of the RhBBX28 promoter by RhPIF8. The ProRhBBX28:LUC construct
was co-infiltrated with Pro35S:RhPIF8 or SK empty vector in N. benthamiana leaves. Experiments were independently repeated 3 times. A repre-
sentative image of an N. benthamiana leaf is shown 3 days after infiltration. Mean values * sp are shown from four replicates (n =4). D, ChIP-
gPCR assay showing RhPIF8 binding to the RhBBX28 promoter in planta. Upper, schematic representation of the RhBBX28 promoter. Black box,
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and RhSAGT2 expression were also significantly higher in the
petals of RhPIF8-silenced plants than those of TRV control
plants (Figure 6, ] and K), which is in agreement with our
hypothesis that RhPIF8 participates in the regulation of petal
senescence and H,0O, homeostasis, probably through
RhBBX28 and RhSDH].

On the basis of these various data, we propose that the
RhPIF8—RhBBX28 module plays a crucial role in petal senes-
cence by regulating the expression of core genes involved in
respiratory metabolism and consequent mtROS homeostasis
at night (Figure 7).

Discussion

H202 homeostasis exhibits a circadian rhythm
paralleling respiratory rate changes in rose petals
Here we explored the potential link between circadian
rhythm-dependent ROS homeostasis and petal senescence.
Our results provide multiple lines of evidence that H,0, lev-
els follow the extent of mitochondrial respiration in petals
and are controlled by a transcriptional cascade consisting of
the clock-regulated transcription factors RhPIF8 and
RhBBX28.

H,O, levels in petals were well correlated with the
strength of the respiratory rate, supporting the notion
that H,0, is produced mainly through electron transfer
from respiratory chain components in rose. Interestingly, a
previous report had shown that the growth rate of rose
petals exhibits a typical diurnal rhythm. Indeed, when rose
plants were entrained to 12-h light/12-h dark cycles, petal
growth rate showed a rhythmic pattern, with a trough be-
fore the beginning of the dark period (ZT12) and a peak
just before the light period (ZT0) (Horibe and Yamada,
2015). This growth pattern matches well with the respira-
tory rate curve we observed in our present work, indicat-
ing that the increase in respiratory rate is required to
supply energy and metabolites for petal growth at night.
Notably, leaf growth in dicotyledonous species, like petal
growth, displays diurnal oscillations, with a maximal
growth rate in the middle of the night (Poire et al., 2010).
However, ROS levels in leaves remained much lower in

THE PLANT CELL 2021: 33: 2716-2735 | 2727

darkness than in the light, likely due to the vast amounts
of ROS generated from photosynthesis (Fryer et al., 2003).

The PIF8-BBX28 module controls mtROS
homeostasis in petals by regulating the expression
of genes related to respiratory metabolism

In Arabidopsis, PIF proteins are reported to be regulated by
the circadian clock and to participate in various develop-
mental processes regulated by light and the circadian clock,
such as seed germination, photomorphogenesis, shading re-
sponse, and leaf senescence (Yamashino et al, 2003; Nozue
et al, 2007; Kidokoro et al, 2009; Niwa et al, 2009; Jeong
and Choi, 2013; Leivar and Monte, 2014). PIF4 and PIF5 tran-
script levels exhibit a circadian rhythm, increasing from

Night
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/ T

lu;a-regulation
RhBBX28
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| Rhslom
mRNA = S
Nucleus_p » SDH complex
(TCA cycle)
<
mtROS 5
< _—Mitochondria

Petal senescence

Figure 7 Schematic model of the role of the RhPIF8—RhBBX28 regula-
tory module in petal senescence. In rose petals, H,0, levels follow a
circadian rhythm, which is consistent with the respiratory rate of pet-
als. The RhPIF8—RhBBX28 module represents a surveillance compo-
nent to constrain RhSDH1 expression, and thus the strength of the
TCA cycle, to a proper level to avoid excessive mtROS production in
petals at night.

RhBBX28 ORF; Gray vertical lines, the putative G-box (—758 to —752, —739 to —734, and —271 to —266 bp); Lines above, the fragments amplified
in the ChIP-gPCR analysis. A: —793 to —680 bp, B: —562 to —448 bp, C: —462 to —357 bp, D: —299 to —192 bp, relative to the RhBBX28 transla-
tion initiation codon (ATG). Lower, ChlIP-enrichment of the indicated RhBBX28 promoter fragments (A-D). Rose petals expressing
pSuper:RhPIF8-GFP were used for ChIP. The experiment was performed independently twice with similar results and one representative result is
shown. E, RT-qPCR analysis of RhPIF8 and RhBBX28 transcript levels in petals of RhPIF8-silenced and TRV control plants. Mean values = sp are
shown from three replicates (n = 3). RhUBI2 was used as an internal control. F and G, Relative expression of RhPIF8 (F) and RhSDH1 (G) in petals
of RhPIF8-silenced and TRV controls in LD conditions. Mean values = sp are shown from at least three replicates (n = 4). RhUBI2 was used as an
internal control. H, Flower phenotypes (left) and H,O, accumulation (right) in petals of RhPIF8-silenced and TRV control plants in DD conditions
for 2 days. For DD treatment, flowers were initially grown under LD conditions and then transferred to DD conditions. Experiments were per-
formed independently twice, with similar results. One representative result is shown. Scale bars, 1cm. |, Relative staining intensity of H,O, accu-
mulation (n =6 for TRV-RhPIF8 in 0days, n =5 for TRV in 2days, n =7 for the rest), (J) ion leakage (n =4 for TRV in 0days, n=3 for TRV-
RhPIF8 in 0 days, n = 8 for 2 days), and (K) relative expression of RhSAG12 (n = 3) in petals of RhPIF8-silenced and TRV controls in DD conditions.
H,O, levels were determined by staining with DAB. Mean values = sp are shown. RhUBI2 was used as an internal control. Asterisks represent sta-
tistically significant differences (*P < 0.05; **P < 0.01), as determined by Student’s t-test.
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noon and reaching their highest levels at dawn (Nozue et
al, 2007). LUX, the key component of the circadian clock,
can directly bind to the PIF4 and PIF5 promoters (Helfer et
al, 2011). Other circadian clock components, including
CCA1, ELF3, ELF4, TIMING OF CAB2 EXPRESSIONT1,
PSEUDO-RESPONSE REGULATORS (PRR5), and PRR7, also
regulate the expression of PIF4 and PIF5 (Yamashino et al,
2003; Nozue et al, 2007; Niwa et al, 2009; Lu and Tobin,
2011; Herrero et al,, 2012; Nusinow et al., 2012).

Several PIF genes are involved in ROS homeostasis and
leaf senescence. Mutation of PIFT and PIF3 results in exces-
sive production of singlet oxygen during Arabidopsis de-etio-
lation, leading to extensive cell death. PIF1 and PIF3
physically interact with LONG HYPOCOTYL5 (HY5) and
HY5 HOMOLOG to regulate the expression of several ROS-
related genes, such as ASCORBATE PEROXIDASE2 and ZAT10
(Chen et al, 2013), by directly binding to their promoters.
Mutation of PIF4 attenuates dark-induced accumulation of
H,O, and expression of ROS-responsive genes (Song et al,,
2014). Our results indicate that in rose petals, RhPIF8 expres-
sion also displays diurnal oscillations. Here, we determined
that silencing of RhPIF8 increases dark-induced H,O, accu-
mulation and accelerates petal senescence. In addition,
RhPIF8 activates the transcription of RhBBX28 by binding di-
rectly to its promoter. In Arabidopsis, PIF1 and PIF3 can di-
rectly bind to the BBX23 promoter and activate BBX23
expression to modulate the expression of light-responsive
and photomorphogenesis-related genes (Zhang et al,, 2017).
Whether more PIF-BBX transcription factor cascades play
distinct functions in plant development should be explored
in the future.

In Arabidopsis, BBX28 and BBX29, the two closest putative
orthologs of RhBBX28, are reported to function in photo-
morphogenesis and flowering in a light-depended manner.
In the dark, the E3 ubiquitin ligase CONSTITUTIVELY
PHOTOMORPHOGENIC1 targets both BBX28 and BBX29
for degradation through the 26S proteasome. In the light,
both proteins accumulate and interact with HY5, conse-
quently compromising the binding and transcriptional acti-
vation potential of HY5 on its target genes, such as FAR-RED
ELONGATED HYPOCOTYL1, CHALCONE SYNTHASE, HYS5,
BBX30, and BBX31 (Lin et al, 2018; Song et al.,, 2020). In ad-
dition, BBX28 can interact with CO and interferes with its
recruitment to the FLOWERING LOCUS T locus; thus, BBX28
plays a negative role in flowering in LD conditions (Liu et al,
2020). Interestingly, BBX28 seems to barely influence leaf or
flower senescence in Arabidopsis, implying BBX28 might
play a different role in plant development when compared
with RhBBX28.

In rose petals, RNA-seq analysis showed that RhBBX28
affects a wide range of biological processes that are responsi-
ble for ROS generation in mitochondria, such as the TCA cy-
cle, glycolysis, and pyruvate metabolism, as well as ascorbate
and aldarate metabolism. Notably, genes encoding several
key enzymes in the TCA cycle (lsocitrate Dehydrogenase
(IDH) and SDH) and glycolysis (pyruvate kinase), as well as
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mitochondrial proteins, have been reported to exhibit daily
rhythms in Arabidopsis (Wijnen and Young, 2006; Lee et al,
2010). Moreover, diurnal rhythms of respiration have been
identified in Chlamydomonas reinhardtii, a reference organ-
ism of unicellular green algae (Strenkert et al, 2019).
Therefore, respiratory metabolism might be under diurnal
and/or circadian control. Metabolite profiling also demon-
strated that mutation of Arabidopsis PRR5, PRR7, and PRR9,
core components of the circadian clock, results in a substan-
tial increase of TCA cycle intermediates and antioxidant
vitamins (ascorbate and a-tocopherol), indicating that the
circadian clock maintains central metabolism in mitochon-
dria (Fukushima et al, 2009). Our results support the idea
that RhBBX28 directly binds to the promoter of RhSDHT,
which encodes a highly conserved subunit of the SDH
complex.

SDH, also known as mitochondrial complex Il in eukar-
yotes, is a significant source of mtROS production in both
mammalian and plant systems (Gleason et al., 2011; Quinlan
et al, 2012; Jardim-Messeder et al,, 2015). The SDH complex
oxidizes succinate to fumarate and is the common only
component of both the TCA cycle and the electron trans-
port chain. Naturally, the SDH complex is indispensable for
almost all multicellular organisms, and deficiency and/or
mutation of SDH in mammals causes severe defects, such as
Leigh syndrome, mitochondrial encephalopathy, optic atro-
phy, and even lethality at the embryonic stage (Cecchini,
2003; Yankovskaya et al., 2003; Rutter et al, 2010; Renkema
et al, 2015; Moosavi et al, 2019). The eukaryotic SDH com-
plex consists of four classical subunits: a flavoprotein, an
iron—sulfur (Fe-S) protein, and two small integral mem-
brane proteins. In flowering plants, four additional subunits
have been identified (Eubel et al, 2003; Millar et al, 2004).
The flavoprotein and the Fe-S protein are highly conserved
across eukaryotes, while the integral membrane proteins are
greatly diverged in plants, fungi, and mammals (Cecchini,
2003; Huang and Millar, 2013).

Interestingly, compared to other mitochondrial complexes
such as complex I, SDH is more abundant in nonphotosyn-
thetic tissues, such as roots and flowers. Mutation of com-
plex | usually affects growth of both shoots and roots
(Meyer et al,, 2009; Koprivova et al., 2010; Poire et al., 2010),
while sdh mutants exhibit normal or even better growth of
shoots. In Arabidopsis, for instance, the flavoprotein is
encoded by two highly conserved genes, SDHI-1
(At5g66760) and SDH1-2 (At2g18450). Heterozygous SDH1-
1/sdh1-1 plants (with a ~30% reduction in SDH activity) dis-
played enhanced CO, assimilation rates and improved
growth in nitrogen-limiting conditions, possibly through in-
creased stomatal conductance (Fuentes et al, 2011).
However, some level of SDH activity is necessary under
other growth conditions, as a point mutation of SDH7-1
with reduced SDH activity, disrupted in stress responses1, ab-
rogated salicylic acid-induced mitochondrial H,0, produc-
tion in roots and caused higher susceptibility to
Pseudomonas syringae pv. tomato DC3000 and fungal
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pathogens (Alternaria brassicicola and Rhizoctonia solani)
(Gleason et al,, 2011).

In addition to roots, SDH1-1, SDH3, and SDH4, but not
SDH1-2 and SDH2-3, are highly expressed in flowers
(Figueroa et al., 2001, 2002; Elorza et al., 2004). Loss-of-func-
tion mutation of SDHT-1 leads to failure of both male and
female gametophyte development as well as seed abortion,
indicating that microspore SDH activity is essential for
proper pollen development (Ledn et al, 2007). This pheno-
type might be due to the very high energy requirement dur-
ing pollen development for the biosynthesis of proteins and
other macromolecules (Tadege and Kuhlemeier, 1997;
McCormick, 2004). Here, we discovered that RhSDH1, a ho-
molog of Arabidopsis SDH1-1, may be involved in petal se-
nescence of roses. RhSDH1 is a direct target of RhBBX28
whose expression is repressed by the transcription factor. In
agreement with this observation, RhSDH1 expression signifi-
cantly increased in RhBBX28-RNAi lines and decreased in
RhBBX28-OE lines. In Arabidopsis leaves, expression of
SDH1-1 is much higher in the dark than in the light, which
is consistent with the dynamics of mitochondrial respiration
rate (Popov et al, 2007, 2010). In addition, the light-medi-
ated reduction of SDH1-1 levels is specifically dependent on
the red/far-red photoreceptor phytochrome A (Popov et al.,
2010). Here, our results showed that RhPIF8, a PIF, affects
RhSDH1 expression indirectly by activating RhBBX28 tran-
scription. Considering that silencing of RhBBX28 shortened
petal longevity and enhanced H,0O, accumulation in the
dark, we speculate that RhBBX28 might represent a surveil-
lance component acting to constrain RhSDH1 expression,
and thus the strength of the TCA cycle, to an appropriate
level to avoid excessive mtROS production at night.

Interestingly, the trade-off between energy expenditure
and the production of free radicals in mitochondria has
attracted much attention for the determination of lifespan
(Harman, 1958; Balaban et al, 2005). In worms and mam-
mals, accumulating evidence indicates that dietary caloric re-
striction and a moderate reduction of TCA-based
metabolism will increase lifespan (Weir et al, 2017). In
wheat (Triticum aestivum), application of bixafen, an inhibi-
tor of SDH, also significantly delayed senescence (Berdugo et
al, 2012, 2013). Additional studies will be required to clarify
whether plants and animals share similar mechanisms to
balance TCA metabolism and senescence (in plants) or life-
span (in animals).

Materials and methods

Plant materials and growth conditions

Rose (Rosa hybrid cv. Samantha) plantlets used in this study
were propagated by in vitro culture as described previously
(Wu et al,, 2017; Zhang et al,, 2019). Rose stems with at least
one node were cultured on propagation medium (4.4g L~
Murashige and Skoog [MS] salts, 30g L™ sucrose, 1.0mg
L~" 6-BA, 0.05mg L' 1-Naphthylacetic Acid (NAA), 3.0 mg
L' GA; pH 6.0, and 6g L' agar) for 30days, and were
then transferred to rooting medium (44g L' MS salts,

THE PLANT CELL 2021: 33: 2716-2735 | 2729

0.1mg L' NAA, pH 60, and 7g L' agar) for 30days.
Rooted plants were transplanted into pots (9-cm diameter)
containing a mixture of 1:1 (v/v) nutritive soil and vermicu-
lite and grown at 22 * 1°C, ~50% relative humidity, and
100 umol m~> s~ illumination with fluorescent lamps
(SINOL, SN-T5, and 16 W) under a 16-h light/8-h dark cycle.

For long-day (LD, 16-h light/8-h dark) treatments, rose
plantlets were grown on soil at 22 = 1°C, ~50% relative hu-
midity, and 100 umol m~2 s~ illumination with fluorescent
lamps. For LL or DD treatment, rose plantlets were grown in
LD conditions until Stage 2 of flower development (Ma et
al, 2005) and were then transferred to LL conditions. DD
treatment was performed as described previously (Keech et
al, 2007) with modifications, with flowers wrapped in alumi-
num foil for continuous dark treatment. For LL treatment,
the flowers were also wrapped in aluminum foil, but the top
was replaced with transparent plastic wrap to allow light to
pass through.

Arabidopsis thaliana and N. benthamiana plants were
grown in a mixture of vermiculite and nutritive soil (1:1) at
23 = 1°C with ~50% relative humidity, and grown under a
LD condition (100 umol m™2 s~ with fluorescent lamps,
16-h light/8-h dark). For inducing senescence of detached
leaves or inflorescences in darkness, the fourth and fifth ro-
sette leaves from 3-week-old Arabidopsis plants or inflores-
cences from the primary bolts of 5-week-old were excised
and placed in petri dishes for 3-5 days (Trivellini et al, 2012;
Sakuraba et al, 2014).

DAB staining and H,0, measurements
For in situ detection of H,0O,, DAB was dissolved in deion-
ized water and the pH of the solution was adjusted to pH
3.8 with HCl. Petals were infiltrated by vacuum in 1mg
mL~" DAB staining solution and were then incubated in the
dark for 8 h. Stained petals were transferred to bleaching so-
lution (ethanol:acetic acid:glycerol [3:1:1, v/v/v]) for 3days.
The DAB staining picture was converted to a grayscale im-
age with Photoshop CS6 software, and image intensity was
then determined with Image) software (Wu et al, 2015).
Determination of H,O, concentration was performed us-
ing the Amplex Red H,O,/Peroxidase Assay Kit (Invitrogen),
according to the manufacturer’s instructions with minor
modifications. Briefly, petals were frozen in liquid nitrogen
and ground into a fine powder; 30 mg of each sample was
fully suspended in 200 pL H,O, extraction buffer (25 mM so-
dium phosphate buffer, pH 6.5). The extracts were centri-
fuged at 13,000 rpm for 15min at 4°C, and the supernatant
was prepared for quantification (Guo et al, 2017).
Fluorescence was then measured with a Thermo Scientific
Varioskan Flash reader using excitation at 530 nm and fluo-
rescence detection at 590 nm.

lon leakage measurements

lon leakage was determined as described previously (Lv et
al, 2014). Briefly, rose petal discs were collected at each time
point. For each treatment, petal discs were placed in a 50-
mL tube containing 20 mL of deionized water and incubated
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at 25°C for 30 min on an orbital shaker at 200 rpm. Initial
conductivity of the fluid was measured with a conductivity
meter (FiveGo F3; Mettler-Toledo International Inc,
Columbus, OH, USA). Petal discs were then boiled for
15min in deionized water and cooled to room tempera-
ture. Total conductivity was determined as above, and rel-
ative electrolyte leakage was calculated as the percentage
of initial conductivity versus total conductivity.

RNA extraction and deep RNA-seq

Total RNA was extracted from rose (R. hybrida cv
Samantha) petals using the hot borate method (Zhang et
al, 2019). RNA integrity was assessed using the RNA Nano
6000 Assay Kit on a Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA). For cDNA library con-
struction, 1pug total RNA per sample was used. Libraries
were sequenced on an lllumina platform by Beijing
Novogene Bioinformatics Technology Co., Ltd (http://www.
novogene.com/). RNA-seq data were processed, assembled,
and annotated as previously described (Zhang et al, 2019).
The DEGs (WT versus OX, fold change >2, adjusted
P <0.05) were subjected to KEGG analysis.

RT-gPCR

Reverse transcription was performed with 1pg total RNA
using HiScript Il Q Select RT SuperMix for qPCR (4+gDNA
wiper) (Vazyme, Nanjing, China). RT-qPCR reactions (20 pL
volume containing 1 pL [20 ng] cDNA as the template) were
performed using the StepOne Plus real-time Polymerase
Chain Reaction (PCR) system (Applied Biosystems, Foster
City, CA, USA) in standard mode with the KAPA SYBR
FAST gPCR kit (Kapa Biosystems, Wilmington, MA, USA).
RhUBI2 shows stable expression levels during rose flower
opening and was used as an internal control (Meng et al,
2013). All experiments were performed independently 3
times. PCR primers are listed in Supplemental Table S1.

VIGS

For VIGS, the engineered vectors pTRV1 and pTRV2 origi-
nated from TRV were used (Liu et al, 2002). Gene-specific
fragments of RhBBX28 (438bp), RhBBX7 (295bp), and
RhPIF8 (492bp) were separately inserted into the pTRV2
vector to construct the pTRV2-RhBBX28, pTRV2-RhBBX7,
and pTRV2-RhPIF8 plasmids, respectively. VIGS-mediated si-
lencing of RhBBX28, RhBBX7, and RhPIF8 was performed as
described previously in rose plantlets (Wu et al, 2017
Zhang et al, 2019). The pTRV1, pTRV2, pTRV2-RhBBX28,
pTRV2-RhBBX7, and pTRV2-RhPIF8 vectors were trans-
formed individually into A. tumefaciens strain GV3101.
Single colonies were cultured in Luria-Bertani medium con-
taining 50mg L' kanamycin and 50mg L' rifampicin.
Agrobacterium tumefaciens cells were harvested by centrifu-
gation at 5,000 rpm for 10 min, and re-suspended in infiltra-
tion buffer (10mM 2-(N-morpholino)-ethanesulfonic acid,
10 mM MgCl,, 0.2 mM acetosyringone, pH 5.6) to a final op-
tical density at 600 nm of ~1.0. Mixtures of A. tumefaciens
cultures containing an equal ratio (v/v) of pTRV1 and
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pTRV2 (TRV control), pTRV1 and pTRV2-RhBBX28, pTRV1
and pTRV2-RhBBX7, or pTRV1 and pTRV2-RhPIF8
were placed in the dark at room temperature for 3h
before vacuum infiltration. Rose plantlets were submerged
in infiltration buffer with A. tumefaciens colonies harboring
pTRV1 and pTRV2, pTRV1 and pTRV2-RhBBX28, pTRV1
and pTRV2-RhBBX7, or pTRV1 and pTRV2-RhPIF8 (Optical
Density (OD)ggo=0.8) and exposed to a vacuum of -
25KPa twice, each time for 60s. After infiltration, plantlets
were briefly washed with deionized water and planted in
pots for subsequent experiments. Infiltrated plants were
grown at 22 = 1°C with relative humidity (~60%) and
16-h light/8-h dark photoperiod. The flowers of all rose
plantlets were observed and photographed when indicated.
Three independent experiments were performed with at
least 60 plantlets in each experiment. Primer sequences
used for plasmid construction are listed in Supplemental
Table S1.

Subcellular localization

The coding sequence of RhBBX28 was fused to GFP and
inserted into the pCAMBIA1300 vector harboring a Super
promoter to construct the pSuper:RhBBX28-GFP vector
(Gong et al, 2002). pSuper:NF-YA4-mCherry was used as a
nuclear marker (Zhang et al., 2019). The vectors were trans-
formed into A. tumefaciens strain GV3101, respectively, and
co-infiltrated into N. benthamiana leaves. After 3 days, the
leaves epidermal cells were monitored with laser confocal
fluorescence microscopy (Olympus FluoView FV1000). The
primers used in subcellular localizations are listed in
Supplemental Table S1.

Dual-LUC reporter assay

For transcription activity analysis, the coding sequence (with
the stop codon) of RhBBX28 was inserted into pBD
(Sainsbury et al, 2009). pBD-VP16 was used as a positive
control and the empty vector pBD-empty was used as a
negative control according to Han et al. (2016).

For the transactivation assay of RhPIF8 to the RhBBX28
promoter, the 834-bp promoter sequence of RhBBX28 was
inserted into pGreenll 0800-LUC vector upstream to the
LUC gene to construct ProRhBBX28:LUC reporter plasmid.
Similarly, the 1,182bp of RhSDH1 promoter, 747bp of
RhMDH promoter, and 1,218bp of RhFH promoter were
used to construct ProRhSDHT:LUC, ProRhMDH:LUC, and
ProRhFH:LUC reporter plasmids, respectively.

The coding sequence of RhPIF8 and RhBBX28 was inserted
into the pGreenll 62-SK vector to construct Pro35S:RhPIF8
and Pro35S:RhBBX28 effector plasmids, respectively. The
constructs were transformed into A. tumefaciens strain
GV3101 harboring the pSoup plasmid, respectively. The
transformed A. tumefaciens lines were cultured in Luria-
Bertani medium with selection antibiotics. The cultures were
harvested by centrifugation at 5,000 rpm for 10 min, and re-
suspended in infiltration buffer (10mM 2-(N-Morpholino)-
ethanesulfonic acid, 10mM MgCl,, 0.2 mM acetosyringone,
pH 56) to a final optical density at 600nm of ~1.0.
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Nicotiana benthamiana plants with 4-5 young leaves were
used for co-infiltration  with  Pro35S:RhPIF8  and
ProRhBBX28:LUC, Pro35S:RhBBX28 and ProRhSDHT:LUC,
Pro35S:RhBBX28 and ProRhMDH:LUC, Pro35S:RhBBX28 and
ProRhFH:LUC, respectively. At 3 days after infiltration, the ra-
tios of LUC to REN were measured using the dual-LUC assay
reagents (Promega, Madison, WI, USA) on a GLO-MAX 20/
20 luminometer (Promega; Guo et al, 2017, Wei et al,
2017). Images of LUC signals were captured by a CDD cam-
era (CHEMIPROHT 1300B/LND, 16 bits; Roper Scientific,
Sarasota, FL, USA). Primer sequences used for DLR are listed
in Supplemental Table S1.

Stable transformation of roses

Agrobacterium tumefaciens of strain EHA105 harboring the
pSuper:RhBBX28-GFP or pFGC1008-RhBBX28 vector were
used to transform rose plants (R. hybrida cv. Samantha)
by A. tumefaciens-mediated transformation with modifica-
tions (Liu et al, 2021). Leaflets with petioles of tissue-cul-
tured rose plants were used as explants and were placed
with their abaxial side up on Somatic embryo Induction
Medium (MS salts +3.0mg L™ 2,4-D +0.05mg L' kinet-
in+60g L' glucose+20g L' mannitol +25g L'
gelrite) in the dark at room temperature to induce
somatic embryos. For A. tumefaciens-mediated transforma-
tion, the pSuper:RhBBX28-GFP or pFGC1008-RhBBX28
vectors were introduced into A. tumefaciens strain
EHA105. Agrobacteria were grown overnight with appro-
priate antibiotics and then collected by centrifugation. Cell
pellets were re-suspended in infiltration solution (MS salt-
s+45g L' glucose + 100 umol L™ acetosyringone) and
the absorbance was adjusted to ODgyo = 0.5. The bacterial
suspension was incubated for 2h at 28°C with shaking.
Infiltration was performed by immersing somatic embryos
in the bacterial suspension followed by incubation for
40 min at 28°C with shaking (180 rpm). Somatic embryos
were then briefly washed and dried on sterilized paper
towels to remove excess bacteria. Somatic embryos were
subsequently grown on Co-cultivation Medium (MS
salts+1.0mg L' 24-D+005mg L' 6-BA+60g L'
glucose +2.5g L' gelrite+100mg L' casein hydrolysa-
te + 100 pmol L~ acetosyringone) in the dark at 22 = 1°C
for 4days. After co-cultivation, somatic embryos were
transferred to Selection and Germination Medium (half-
strength MS salts+10mg L' 6-BA+001mg L'
NAA +05mg L' GA;+300mg L' cefotaxime + 30 mg
L™" hygromycin B+100mg L' casein hydrolysate +30g
L™" glucose +2.5g L' gelrite+20 g L~' mannitol) and
incubated at 22 = 1°C under a 16-h light/8-h dark photo-
period. Resistant buds were transferred to Rooting
Medium (half-strength MS salts +1.0mg L' NAA + 30
mg L' hygromycin B+30g L™ sucrose +7.5g L' gel-
rite) to induce roots. Rooted plants were transferred to
pots containing a 1:1 volume of peat moss and vermiculite
and grown at 22 = 1°C with relative humidity ~60% un-
der a 16-h light/8-h dark photoperiod. Hygromycin-
resistant transformants were screened by PCR and RT-
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gPCR to validate authentic transgenic plants. Primer
sequences used for plasmid construction are listed in
Supplemental Table S1.

EMSAs

Oligonucleotide probes were synthesized and labeled with
biotin, while unlabeled DNA of the same sequence was used
as a competitor. EMSA was performed using the Light Shift
Chemiluminescent EMSA Kit (Thermo Fisher, Waltham, MA,
USA) according to the manufacturer’s instructions with mi-
nor modifications. Briefly, GST-RhPIF8, GST-RhBBX28, GST-
RhBBX28-BBOX, or GST-RhBBX28-CEND (C-terminus) was
introduced into E. coli strain Rosetta. The bacteria were
grown to ODgyp=0.6 at 37°C and then incubated at
16°C for 8 h. Protein expression was induced with isopropyl
thio-B-p-galactoside (Sigma, St Louis, MO, USA) to a final
concentration of 0.2 mM. Recombinant GST-RhPIF8, GST-
RhBBX28, GST-RhBBX28-BBOX, or GST-RhBBX28-CEND
fusion proteins were purified with glutathione Sepharose 4B
beads (GE Healthcare, Chicago, IL, USA) following the manu-
facturer’s instructions, then 1-ug fusion proteins was incu-
bated with 2nM biotin-labeled probe in binding buffer
(2.5% glycerol, 50 mM KCl, 5mM MgCl,, and 10mM EDTA)
at 25°C for 25min. Competition experiments were per-
formed by adding unlabeled DNA probes. Samples were
then loaded onto a 5% polyacrylamide gel and subjected to
electrophoresis in 0.5 X Tris borateEthylene Diamine
Tetraacetic Acid (EDTA) buffer until the bromophenol blue
dye had migrated approximately three-quarters of the way
down the length of the gel. Primer and probe sequences
used for EMSA are listed in Supplemental Table S1.

ChIP-qPCR assay

The ChIP-qPCR assay was performed as previously described
(Cheng et al, 2021). For binding of RhBBX28 to the RhSDH1
promoter, the petals of RhBBX28-OX # 2 line were used. For
binding of BBX28 to the SDH1 promoter, the leaves of 2-
week-old YFP-BBX28 OX Arabidopsis were used. For binding
of RhPIF8 to the RhBBX28 promoter, pSuper:RhPIF8-GFP
construct was introduced into A. tumefaciens of strain
GV3101, and the transformed A. tumefaciens were incubated
to ODggo = 1.5. The A. tumefaciens were collected by centri-
fugation and were re-suspended in infiltration solution
(10mM  2-(N-morpholino)-ethanesulfonic  acid, 10 mM
MgCl,, 0.2 mM acetosyringone, pH 5.6). The A. tumefaciens
suspension was adjusted with infiltration solution to an
ODgpo = 1.0 and was incubated for 3 h at room temperature
in dark. Then the A. tumefaciens suspension was infiltrated
into rose petals. The infiltrated petals were incubated on
wet filter paper for 3 days and then were used. For ChIP, 2g
of rose petals or Arabidopsis leaves were cross-linked using
1% (v/v) formaldehyde. The chromatin complexes were frag-
mented by sonication and incubated with anti-GFP (AE012;
ABclonal, Wuhan, China) for 6 h. After washing, the eluted
samples were incubated at 65°C for 6 h to reverse the cross-
linking. The co-precipitated DNA was purified and analyzed
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using qPCR. The primers used are listed in Supplemental
Table S1.

Yeast one-hybrid assay

Yeast one-hybrid assays were performed as previously
described with minor modifications (Pei et al, 2013; Wu et
al, 2017). Briefly, pGAD-RhPIF8 was co-transformed with
ProRhBBX28:LacZ reporter into yeast strain EGY48 according
to the Yeast Protocols Handbook (Clontech). Transformants
were grown on synthetic defined media minus Ura and Trp
plates containing X—gal (5-bromo-4-chloro-3-indolyl-B-D-gal-
actopyranoside) for blue color development. GAD-RhHB1
with ProRhGA200xT:LacZ was used as a positive control (Lv
et al, 2014). Primer sequences used for yeast one-hybrid are
listed in Supplemental Table S1.

Sequence analysis and phylogenetic analysis

The amino acid sequences were aligned using the ClustalW
(https://www.genome,jp/tools-bin/clustalw)  with  default
parameters. The phylogenetic tree was constructed based
on the alignment result using the Neighbor-joining method
in MEGA version 5.05 software (Tamura et al, 2011) using
1,000 bootstrap replicates and the following parameters:
Poisson correction, pairwise deletion, and uniform rates. The
alignments used to construct the phylogenetic tree are pro-
vided as Supplemental Files S1-S3.

Statistical analyses

The statistical significance of the data was determined by
GraphPad Prism version 8.0 (GraphPad Software Inc, San
Diego, CA, USA: http://www.graphpad.com/). Comparisons
between two groups of data were calculated by Student’s t
test orAnalysis Of Variance (ANOVA) (*P < 0.05; **P < 0.01).
Statistical data are provided in Supplemental File S4.

Accession numbers

Rose gene sequences from this article can be found in
GenBank (http://www.ncbi.nlm.nih.gov) under the following
accession numbers: RhBBX28 (MT813030) and RhPIF8
(MT813031).

Data availability

Transcriptome raw sequence data were deposited in the
NCBI Sequence Read Archive database under accession
number SRR12329579-SRR12329584 and SRR12329600-
SRR12329605.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. H,O, levels in petals during
rose flower opening and senescence.

Supplemental Figure S2. Expression pattern of the BBX
gene family in rose petals.

Supplemental Figure S3. Effects of silencing of RhBBX7
on flower senescence.
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Supplemental Figure S4. Silencing of RhBBX28 promotes
dark-induced petal senescence and H,0O, accumulation in
roses.

Supplemental Figure S5. Alignment analysis of deduced
amino acid sequences of RhBBX28 with BBX proteins of sub-
family | from Arabidopsis thaliana.

Supplemental Figure S6. Knockdown of RhBBX28 acceler-
ates petal senescence and H,0, accumulation even in LL
conditions.

Supplemental Figure S7. Analysis of direct targets of
RhBBX28.

Supplemental Figure S8. Alignment analysis and phyloge-
netic tree of the deduced amino acid sequences of RhSDH1.

Supplemental Figure S9. BBX28 barely affects leaf and
flower senescence and fails to bind to the promoter of
SDH1-1 in Arabidopsis.

Supplemental Figure S10. Phylogenetic analysis and ex-
pression pattern of RhPIF genes.

Supplemental Table S1. List of primers used in this study

Supplemental Files S1-S3. Alignments used to generate
phylogenetic trees.

Supplemental File S4. Summary of statistical tests.
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