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Abstract

Leaf senescence can be triggered by multiple abiotic stresses including darkness, nutrient limitation, salinity, and
drought. Recently, heatwaves have been occurring more frequently, and they dramatically affect plant growth and
development. However, the underlying molecular networks of heat stress-induced leaf senescence remain largely
uncharacterized. Here we showed that PHYTOCHROME INTERACTING FACTOR 4 (PIF4) and PIF5 proteins could
efficiently promote heat stress-induced leaf senescence in Arabidopsis. Transcriptomic profiling analysis revealed
that PIF4 and PIF5 are likely to function through multiple biological processes including hormone signaling pathways.
Further, we characterized NAC019, SAG113, and IAA29 as direct transcriptional targets of PIF4 and PIF5. The tran-
scription of NAC019, SAG113, and IAA29 changes significantly in daytime after heat treatment. In addition, we demon-
strated that PIF4 and PIF5 proteins were accumulated during the recovery after heat treatment. Moreover, we showed
that heat stress-induced leaf senescence is gated by the circadian clock, and plants might be more actively respon-
sive to heat stress-induced senescence during the day. Taken together, our findings proposed important roles for PIF4
and PIF5 in mediating heat stress-induced leaf senescence, which may help to fully illustrate the molecular network
of heat stress-induced leaf senescence in higher plants and facilitate the generation of heat stress-tolerant crops.

Keywords: Circadian clock, heat stress, leaf senescence, PHYTOCHROME INTERACTING FACTOR 4 (PIF4), PIF5,
transcriptional regulation.

Introduction

Leaf senescence is the final stage of plant leaf growth and accompanied by a number of physiological, biochemical, and
development, and can be induced by a variety of internal fac- molecular changes, including loss of chloroplasts, degradation
tors, such as aging and phytohormones, and external environ-  of chlorophylls, proteins, nucleic acids, and lipids, accumula-
mental factors, including darkness, UV-B, nutrient limitation, tion of reactive oxygen species, and up-regulation of defense-
salinity, drought, and high ambient temperature (Lim et al., related genes (Avila-Ospina ef al.,2014; Sakuraba er al., 2014b;
2007; Kim et al., 2020). The onset of senescence is usually Kim et al., 2016; Woo et al., 2019).
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Age-dependent senescence is closely related to the regula-
tion of hormonal pathways (Schippers, 2015). Ethylene (ET),
which accumulates as senescence progresses, is a major pro-
moter of leaf senescence. The mRNA level and activity of
ETHYLENE-INSENSITIVE 3 (EIN3), a core component
of ET signaling, are significantly increased during leaf sen-
escence. EIN3 also directly activates a series of downstream
senescence-associated genes (SAGs), such as ORESARA 1
(ORET), NAC DOMAIN CONTAINING PROTEIN 83
(NACO083), NAC102, and SENESCENCE-ASSOCIATED
GENE 29 (SAG29) (Kim et al., 2009; Chang et al., 2013; Li
et al., 2013). Abscisic acid (ABA) is involved in promoting
environmental stress-induced senescence. The content of
ABA in leaves was increased by drought, high salt, and cold
stress (Guo and Gan, 2006; Schippers, 2015). ABA-activated
ABA INSENSITIVE 5 (ABI5) promotes the transcription of
NAC-LIKE ACTIVATED BY AP3/PI (NAP), while NAP
inhibits stomatal closure by activating SAG113 (Zhang and
Gan, 2012), and induces the expression of NON-YELLOW
COLORING 1 (NYC1) to promote chloroplast degradation
(Yang et al., 2014). The key regulators of the brassinosteroid
(BR) signaling pathway BRASSINAZOLE-RESISTANT 1
(BZR1) and BRIT-EMS-SUPPRESSOR 1 (BES1) can dir-
ectly bind to promoters of NAC transcription factors, such
as: NAC002, NACO019, NACO055, and NACO072, inhibiting
their expression and delaying senescence (Sun et al., 2010;
Yu et al., 2011; Chung ef al., 2014). Jasmonic acid (JA) also
plays critical roles in regulating leaf senescence. TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL
FACTORA4 (TCP4) activates the expression of the JA bio-
synthesis gene LIPOXYGENASE2 (LOX2), while TCP9 and
TCP20 bind to the promoter of LOX2 to inhibit JA biosyn-
thesis (Danisman et al., 2012). These proteins coordinately ac-
tivate JA signaling gradually with the process of senescence. In
addition, JA and auxin antagonistically regulate leaf senescence
by WRKY57 (Lim et al., 2003; Jiang et al., 2014). WRKY57
can directly represses the transcription of SENESCENCE4
(SEN4) and SAG12. In addition, INDOLE-3-ACETIC
ACID INDUCIBLE 29 (IAA29) and JASMONATE
ZIM-DOMAIN4/8 (JAZ4/8) competitively interact with
WRKY57 to integrate the JA and auxin signaling pathways to
regulate leaf senescence (Jiang et al., 2014). Thus, all these hor-
mone signaling pathways integrated to cooperatively regulate
leaf senescence.

When plants are under stress conditions, all aspects of their
growth and development will be affected, which will induce
precocious senescence of older leaves, thereby removing the
injured tissues and delivering nutrients to younger tissues to
improve adaptability (Schippers et al., 2015; Quint et al.,2016).
Many external factors, such as darkness, nutrient limitation,
drought, heat or cold, high salinity, and pathogen attacks or
wounding, can trigger senescence during leaf development
(Balazadeh et al., 2010; Sade et al.,2018). Temperature is one of

the most important environmental factors affecting the seasonal
growth of plants (Ding et al., 2020). When the ambient tem-
perature rises moderately (~28 °C), it will markedly stimulate
the thermomorphogenesis of plants (Quint et al., 2016). When
plants survive after a non-lethal high temperature (~37 °C) for
a period of time, their tolerance to lethal high temperature
(242 °C) is enhanced. This process is called acquired heat tol-
erance (Mittler ef al.,2012; Li et al.,2019). When plants grow in
an environment above their optimal growth temperature for a
prolonged period of time, they will experience heat stress (Bita
and Gerats, 2013). Heat stress will inhibit seed germination, re-
duce fertility, decrease crop yield, and activate programmed cell
death in specific cells or tissues, and, in severe cases, cause plant
death (Mittler et al., 2012; Quint et al., 2016; Li et al., 2019).
However, there are few studies on the induction of plant leaf
senescence by heat stress, and the underlying mechanism of
heat stress-induced senescence is still largely unclear.

PIF4 was shown to be an integrator in the high temperature
signaling pathway (Quint et al., 2016). The core component
of the circadian clock, TIMING OF CAB EXPRESSION1
(TOC1), can interact with PIF4 to inactivate it in order to in-
hibit the thermomorphogenesis of Arabidopsis in the evening
(Zhu et al.,2016). In addition, the transcription of TCPS5 is rap-
idly induced and its protein is more stable at high temperature.
Further, TCP5 enhances PIF4’s activity at both transcriptional
and post-transcriptional levels to positively regulate the plant
response to high temperature (Han et al., 2019; Zhou et al.,
2019). Previously, PIF4 and PIF5 proteins were shown to be
involved in dark-induced and age-triggered leaf senescence by
directly activating expression of SAGs, such as EIN3, ABI5,
and ENHANCED EM LEVEL (EEL) (Seaton et al., 2015),
which are critical components of ET and ABA signaling path-
ways (Sakuraba et al., 2014a; Song et al., 2014; Liebsch and
Keech, 2016).Very recently, it was reported that the increased
PIF4 protein binds to the ORE? promoter at high ambient
temperature to accelerate leaf senescence (Kim et al., 2020).
However, the network of PIF4 and PIF5 proteins in regulating
heat stress-induced leaf senescence still remains elusive.

To investigate whether PIF4 and PIF5 are involved in heat
stress-induced leaf senescence, we examined the sensitivity of
rosette leaves of both mutants and overexpression lines of PIF4
and PIF5 in response to heat stress. We found that PIF4 and
PIF5 could positively regulate heat stress-induced leaf senes-
cence in Arabidopsis thaliana. Further, we found that heat stress-
induced leaf senescence could be gated by the circadian clock,
and plants were more resistant to heat stress-induced leaf sen-
escence in the daytime. Moreover, the accumulation of PIF4
and PIF5 proteins is accompanied by recovery after heat treat-
ment. Finally, our findings established a molecular framework
for fully deciphering the underlying mechanisms of PIF4 and
PIF5 in mediating heat stress-induced leaf senescence, and pro-
vided a candidate target for generating heat-resistant crops to
better cope with climate warming.
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Materials and methods

Plant material and growth conditions

Arabidopsis  thaliana plant material used in this study includes
pif3-1 (CS2101452), pif4-2 (CS66043), pif4-2 pif5-3 (CS68096),
pifg (CS66049), 35S::PIF3, PIF4pro:PIF4-HA (Li et al., 2020),
PIF5pro:PIF5-HA (Li et al., 2020), and wild-type Col-0. Arabidopsis
thaliana seeds were sterilized with 75% ethyl alcohol for 3 min and
10% sodium hypochlorite for 10 min, washed with sterile water three
or five times, and then placed on Murashige and Skoog (MS; Schaffer
et al., 1998) solid medium containing 3% sucrose. After 3 d at 4 °C,
they germinated and were grown in a 22 °C light incubator under
12 h light and 12 h dark cycles (light quality, LED light; light intensity,
200 umol m ™2 s™"). After 10 d, the seedlings were transplanted into the
soil to grow under 16 h light and 8 h dark cycles (light quality, LED
light; light intensity, 50 pmol m ™2 s™").

Measurements of chlorophyll and membrane ion leakage

The A. thaliana plants grown in soil under 16 h light/8 h dark conditions
for 3 weeks were used for heat treatment at 42 °C for 5 h at Zeitgeber
time (ZT) 2. After 3 d of recovery growth at 22 °C, the third and fourth
rosette leaves of the treated and untreated plants were collected. Each
sample contains 6—8 leaves and the weight was recorded. A 1 ml aliquot
of 80% acetone solution (v/v) was added to immerse the leaves, then
they were placed at room temperature in the dark for >24 h.The ab-
sorbance at 645 nm and 663 nm was measured by a microplate reader
(TECAN Intfinite M200 Pro), and the chlorophyll content was calculated
by the formula (8.02 Ay;+20.21 Agys)XV/W as previously described
(Zhang et al., 2018). For measuring the membrane ion leakage, the leaves
were washed three times with sterilized deionized water. Then 6 ml of
deionized water was added to each sample and the leaves were immersed
and shaken gently overnight. The conductivity C1 (before boiling) and
the conductivity C2 (after boiling for 10 min) were measured by a con-
ductivity meter (CD400, Alalis). The ion leakage rate is the ratio of C1 to
C2, as previously described (Zhang et al., 2018).

RNA-sequencing analysis

The A. thaliana Col-0 and pif4 pif5 plants grown in soil under 16 h
light/8 h dark conditions for 3 weeks were used for heat treatment at
42 °C for 5 h. After 3 d of recovery growth, the third and fourth rosette
leaves of the treated and untreated plants were collected for RNA extrac-
tion. RNA-sequencing (RNA-seq) and differential gene expression ana-
lyses were performed at BerryGenomics (Beijing). Sequencing libraries
were generated using the NEB Next Ultra™ RNA Library Prep Kit for
[Mumina (NEB, USA) following the manufacturer’s recommendations,
and index codes were added to attribute sequences to each sample. The
library preparations were sequenced on an Illumina Hiseq Xten platform
and paired-end reads were generated. Genes with ¢<0.05 and fold change
>1.5 were identified as differentially expressed genes (DEGs). RINA-
seq raw data generated in this study have been deposited in the Gene
Expression Omnibus under accession number GSE155710.

RNA extraction and quantitative real-time PCR

Seedlings of Col-0 and pif4 pif5 were grown under 12 h light/12 h dark
cycle conditions (LED light; light intensity 200 pmol m ™2 s™') at 22 °C
for 18 d. Heat treatment was at 42 °C for 2 h at two time points, ZT6
and ZT18.The third and fourth rosette leaves were collected immedi-
ately, while the untreated material was collected at the same time (ZT8
and ZT20). The third and fourth rosette leaves of the heat-treated and
untreated materials were also collected at the corresponding time points
(ZT8 and ZT20) for the next 3 d, and the total RNA was extracted

by TRIzol reagent (Life Technologies). The guide DNA (gDNA) eraser
(Takara) was used to remove the potential DNA contamination, and re-
verse transcription into cDINA was performed with the PrimeScript RT
kit (Takara) according to the manufacture’s instruction. Quantitative PCR
was performed on a Quant Studio 3 instrument (Applied Biosystems,
USA) using a SYBR Green Real-Time PCR Master Mix (Toyobo,
Japan). The PCR program was: 95 °C for 2 min, followed by 40 cycles of
95 °C for 155,55 °C for 15 s, and 72 °C for 15 s, followed by melting
curve analysis. Gene expression was normalized by the geometric mean
of TUB4 and ACTIN2 expression. At least three biological and three
technical replicates were conducted. Data represent the mean £SD of
three biological replicates. All of the primers used for real-time PCR
analysis are listed in Supplementary Table S1.

Purified GST-tagged PIF4 protein and EMSA

The GST-PIF4 plasmid was transformed into the Escherichia coli BL21
strain. An 8 ml overnight culture was seeded to 400 ml of LB for
continued growth at 37 °C for 2 h, then induced with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) at 28 °C for 6 h. The cells in the
pellet were collected by centrifuging at 4000 rpm for 10 min, then resus-
pended with 10 ml of extraction buffer [5 mM EDTA, 250 mM NaCl,
50 mM Tris=HCI, pH 8.0, 1 mM PMSF (phenylmethylsulfonyl fluoride),
1 ug ml™ pepstatin, 1 ug ml™" aprotinin, and 5 ug ml™" leupeptin]. Then,
500 wl of lysozyme solution (10 mg of lysozyme in 1 ml of water) was
added and incubated on ice for 30 min. Before sonication, 100 pl of 1
M DTT and 1 ml of 10% sarkosyl (w/v) were added and mixed thor-
oughly. The lysate was sonicated until it become transparent, then 2.3 ml
of Triton X-100 was added and mixed thoroughly. After centrifuging at
13 000 rpm for 10 min, the supernatant was poured onto 500 pl of gluta-
thione S-transferase (GST)—resin and incubated at 4 °C for 3 h. After
washing the beads with buffer (1 mM EDTA, 150 mM NaCl, 50 mM
Tris—=HCI, pH 8.0, 3 mM DTT, 1 mM PMSE 0.5% Triton X-100) five
times, the GST—PIF4 protein was eluted with 10 mM reduced glutathione
(Aladdin) solution. The Lightshift Chemiluminescent EMSA kit (Thermo
Scientific) was used for EMSAs, as previously described (Li et al., 2020).

Immunoblot for detecting PIF proteins

The third and fourth leaves of the transgenic materials of PIF4pro: PIF4-HA
and PIF5pro:PIF5-HA which were grown under 12 h light/12 h dark
cycle conditions (LED light; light intensity 200 wmol m ™ s™") at 22 °C
for 18 d, treated at 42 °C for 2 h at ZT6 and ZT18, and harvested imme-
diately after treatment. They were also harvested at corresponding time
points over the next 2 d. Total protein was extracted as described previ-
ously (Li ef al., 2020). PIF4-HA and PIF5-HA were detected by western
blotting with HA antibody (3F10, Roche).

Statistical analysis

Differences between means were statistically analyzed by one-way
ANOVA using Tukey’s honestly significant difference (HSD) mean sep-
aration test (IBM SPSS Statistics Software). Statistically significant differ-
ences at the P<0.05 level are indicated with different letters in the figures.

Results

PIF4 and PIF5 are critical regulators of heat stress-
induced leaf senescence

Leaf senescence can be induced by a number of external abi-
otic factors, including drought, salinity, and high ambient
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temperature (Kim et al., 2020). Whether leaf senescence can
be triggered by heat stress and the underlying mechanisms
still remain unclear, knowledge of which is important given
the increased frequency of extreme heatwaves (Kim et al.,
2020). PIF4 was shown to function as a central hub in the
regulation of high temperature-induced architectural adap-
tations in Arabidopsis (Koini ef al., 2009; Quint et al., 2016).
In addition, PIF4 and PIF5 proteins were implicated in the
regulation of dark-induced and age-triggered leaf senescence
(Sakuraba et al., 2014a; Song et al., 2014; Liebsch and Keech,
2016). Thus, we questioned whether PIF proteins are involved
in heat stress-induced leaf senescence. To examine this, we
treated 3-week-old Col-0 and pif4 pif5 mutant plants grown
in soil at 42 °C for 3, 4, or 5 h, and then left to recover at
22 °C for 3 d. We found that heat treatment could trigger
leat senescence in the wild-type Col-0, whereas the pif4 pif5
mutant exhibited a pronounced delayed heat stress-induced
leat senescence phenotype, particularly with 5 h of heat treat-
ment (Supplementary Fig. S1). Further, we comprehensively
examined the effect of heat stress-induced leaf senescence in
other PIF mutants such as pif3, pif4, pif4 pif5, and pifq (pif1 pif3
pif4 pif5). Consistently, all the tested mutants displayed a sig-
nificantly delayed heat stress-induced leaf senescence pheno-

type (Fig. 1A), with higher chlorophyll contents (Fig. 1B) and
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lower levels of membrane ion leakage (Fig. 1C). Moreover, we
found that mutation in PIF4 and PIF5 resulted in more severe
phenotypes than mutation in PIF3 (Fig. 1A—C). Intriguingly,
the pif4 pif5 double mutants are overall similar to the pifg mu-
tant with regard to chlorophyll content and membrane ion
leakage, suggesting that PIF4 and PIF5 play a major role in
regulating heat stress-induced leaf senescence. Further, we
analyzed the heat stress-induced leaf senescence phenotypes
produced by elevated expression levels of PIF genes including
358:PIF3, PIF4pro:PIF4-HA, and PIF5pro: PIF5-HA.We tound
the elevated PIF gene levels in those transgenic lines could ac-
celerate heat stress-induced leaf senescence with lower chloro-
phyll contents and much higher membrane ion leakage (Fig.
1D—F). Taken together, all these results suggested that PIF3,
PIF4, and PIF5 acted as positive regulators in mediating heat
stress-induced senescence, in which PIF4 and PIF5 play more
critical roles.

Multiple biological processes are involved in PIF4- and
PIF5-mediated heat stress-induced leaf senescence

To investigate potential mechanisms underlying PIF4- and
PIF5-mediated heat stress-induced leaf senescence, we per-
formed RNA-seq analysis. Three-week-old Col-0 and pif4
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Fig. 1. Heat stress-induced leaf senescence phenotype of PIF-related mutants. (A) Representative third or fourth rosette leaves from 3-week-old Col-0,
pif3-1, pif4-2, pif4-2 pif5-3, and pifq plants grown in soil and left to recover for 3 d after heat treatment at 42 °C for 5 h at ZT2 under 16 h light/8 h dark
cycles. Scale bar=1 cm. (B and C) Chlorophyll content (B) and ion leakage (C) of the third and fourth rosette leaves from 3-week-old Col-0, pif3-1, pif4-2,
pif4-2 pif5-3, and pifq plants grown in soil and left to recover for 3 d after heat treatment at 42 °C for 5 h. (D) Representative third or fourth rosette leaves
from 3-week-old Col-0, 35S::PIF3, PIF4pro:PIF4-HA, and PIF5pro:PIF5-HA transgenic lines grown in soil and left to recover for 3 d after heat treatment
at 42 °C for 5 h at ZT2 under 16 h light/8 h dark cycles. Scale bar=1 cm. (E and F) Chlorophyll content (E) and ion leakage (F) of the third or fourth rosette
leaves from 3-week-old Col-0, 35S::PIF3, PIF4pro:PIF4-HA, and PIF5pro:PIF5-HA transgenic lines after recovery for 3 d following heat treatment at

42 °C for 5 h. For (A-F), three biological replicates were performed. Error bars represent the SD. Different letters indicate statistically significant differences
among means by Tukey’s HSD mean separation test with SPSS statistics software (P<0.05).
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pif5 double mutant grown in soil were treated at 42 °C for
5 h, and then left to recover at 22 °C for 3 d. The third and
fourth rosette leaves were collected for RNA-seq analysis.
In total, we identified 2165 DEGs after heat treatment com-
pared with the untreated group in Col-0, comprising 1411
up-regulated and 754 down-regulated genes. However,
only 291 DEGs were found in the pif4 pif5 double mu-
tant, comprising 146 up-regulated and 45 down-regulated
genes, which was significantly lower than in Col-0 (Fig.
2A; Supplementary Dataset S1), consistent with PIF4 and
PIF5 playing critical roles in mediating heat stress-induced
leaf senescence. Functional assignment of the heat stress-
induced DEGs in Col-0 by Gene Ontology (GO) enrich-
ment analysis further revealed that the DEGs were involved

in a series of biological processes, including response to
stress, response to heat, response to hormone stimulus, and
leaf senescence (Fig. 2B, D). Further, we compared the
up-regulated DEGs activated by heat stress with 192 pre-
viously documented senescence-regulatory genes (SRGs)
(Li et al.,2014). In total, 19 SRGs were present in the heat
stress-up-regulated DEGs (Fig. 2C) and 15 SRGs in the
heat stress-down-regulated DEGs (Fig. 2E). GO analysis of
DEGs with heat treatment in pif4 pif5 showed that hor-
mone- and heat stress-related biological processes were also
highly enriched (Supplementary Fig. S2). Taken together,
the transcriptomic profiling analysis suggests that PIF4 and
PIF5 regulate heat stress-induced leaf senescence probably
through integrating multiple pathways.
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Fig. 2. Transcriptomic analysis of pif4 pif5 and Col-0 with heat stress treatment. (A) The number of differentially expressed genes (DEGs) in the pif4

pif6 mutant and Col-0 with heat treatment. The samples were harvested from the third and fourth rosette leaves of 3-week-old wild-type Col-0 and pif4
pif5 plants grown in soil under 16 h light/8 h dark conditions and left to recover for 3 d after heat treatment at 42 °C for 5 h, and untreated plants. (B)
Gene Ontology (GO) analysis of the up-regulated genes between heat-treated and untreated wild-type Col-0. (C) Venn diagram showing the overlap

of up-regulated genes in heated Col-0 with leaf senescence-regulatory genes (SRGs). The heatmap shows the up-regulated SRGs in Col-0 after heat
treatment. The scale represents fold change. (D) GO analysis of the down-regulated genes between heat-treated and untreated wild-type Col-0. (E) Venn
diagram showing the overlap of down-regulated genes in heated Col-O with leaf SRGs. The heatmap shows the down-regulated SRGs in Col-0 after heat

treatment. The scale represents fold change.
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A series of senescence-associated genes were
transcriptionally regulated by PIF4 and PIF5 in
mediating heat stress-induced leaf senescence

To investigate whether the expression of SAGs was related to
heat stress-induced leaf senescence, we detected the expres-
sion profiles of these genes in 3-week-old Col-0 and pif4 pif5
mutants grown in soil and left to recover for 3 d after heat
treatment or no treatment. The results showed that SAG113,
NACO019, Non-yellowing 2 (NYE2), SAG29, NACO055, and
WRKY6 were significantly up-regulated in Col-0 after
heat treatment, but the expression levels were continuously
lower and not significantly changed in pif4 pif5 (Fig. 3A-D;
Supplementary Fig. S3B—F). In contrast, the expression levels
of IAA29, C-REPEAT/DRE BINDING FACTOR 2 (CBF2),
BRASSINOSTEROID INSENSITIVE 1 (BRI1), and ARRS5
were significantly down-regulated in Col-0, but did not sig-
nificantly change in the pif4 pif5 double mutant after heat
treatment (Fig. 3E—H; Supplementary Fig. S3A). Therefore, we
suggested that PIF4 and PIF5 promote heat stress-induced leaf
senescence by transcriptional regulation of a series of SAGs.
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Potential direct target genes of PIF4 and PIF5 in
regulating heat stress-induced leaf senescence

As PIF4 and PIF5 function as transcription factors (Leivar and
Quail, 2011; Leivar and Monte, 2014), we screened the poten-
tial direct targets of PIF4 and PIF5 to mediate heat stress-induced
leaf senescence. Previously reported ChIP-Seq analyses have
identified 1279 PIF4-bound genes and 1497 PIF5-bound genes
(Hornitschek et al., 2012; Pfeiffer et al., 2014). Thus, we first com-
pared and identified genes that were up-regulated in Col-0 but
not in pif4 pif5, then overlapped those genes with PIF4/5-bound
genes and leaf SRGs. We indentified NACO019 and SAG113 as
potential direct target genes of PIF4 and PIF5 proteins (Fig. 4A,
B). Similarly, we compared and identified genes that were down-
regulated in Col-0 but not in pif4 pif5, then overlapped these genes
with PIF4- and PIF5-bound genes and leat SR Gs. We found that
IAA29, BRI1,and CBF2 were potential direct target genes of PIF4
and PIF5 in this process (Fig. 4C, D). Taken together, these results
suggested that NACO019, SAG113, IAA29, CBF2, and BRI1 were
potential direct targets of PIF4 and PIF5 proteins in mediating heat
stress-induced leaf senescence.
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Fig. 3. The transcript levels of senescence-associated genes after heat stress-induced leaf senescence. (A-H) Quantitative real-time PCR analysis of
NACO019 (A), SAG113 (B), NYE2 (C), SAG29 (D), IAA29 (E), CBF2 (F), BRI (G), and ARR5 (H) in Col-0 and pif4 pif5 of the heat-treated and untreated
groups. Three-week-old wild-type Col-0 and pif4 pif5 plants were grown in soil under 16 h light/8 h dark conditions and were treated at 42 °C for 5 h.
The third and fourth rosette leaves which began to turn yellow at the edge were collected for RNA extraction after 3 d of recovery. Three biological
replicates were performed. Error bars represent the SD. Different letters indicate statistically significant differences among means by Tukey’s HSD mean

separation test with SPSS statistics software (P<0.05).
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Fig. 4. Screening the potential targets of PIF4 and PIF5 proteins to mediate heat stress-induced leaf senescence. (A and B) Venn diagrams showing the
overlap among up-regulated genes in Col-0 or pif4 pif5 after heat treatment, the genes bound to PIF4 (A) or PIF5 (B) proteins, and the leaf senescence-
regulatory genes (SRGs). (C and D) Venn diagrams showing the overlap among down-regulated genes in Col-0 or pif4 pif5 after heat treatment, the

genes bound to PIF4 (C) or PIF5 (D) proteins, and the leaf SRGs.

PIF4 directly binds to the promoters of NAC019 and
IAA29

To further analyze the direct binding of PIF4 and PIF5 to the
promoters of their target genes, we next examined the binding
affinity of PIF4 proteins for the promoters of NAC019 and
IAA29 by EMSAs. The EMSAs were performed with puri-
fied PIF4 protein tagged by GST. Bioinformatic analysis of
the potential PIF protein binding sites found that there were
four G-boxes (G4, base pairs —1001 to —995; G3, base pairs
—993 to —987; G2, base pairs =794 to —788; and G1, base pairs
—164 to —158) in the NAC019 promoter. Thus, the 60 bp
probes containing the G-box sequence were designated as
NACO019pro-G1, NACO19pro-G2, and NACO019pro-G34
(because G3 is very close to G4, we designed a 60 bp probe
containing both G-box 3 and G-box 4) (Fig. 5A) There was
one G-box (base pairs —2245 to —2239) and one PBE (PIF-
binding element, base pairs —1154 to —1148) in the IAA29
promoter and the probes were referred to as IAA29pro-G and
IAA29pro-p (Fig. 5A). The results of the EMSAs revealed that
GST-PIF4 could bind NACO019pro-G1, NACO019pro-G34,and
IAA29pro-G, but not NACO019pro-G2 and LAA29pro-p, while
the negative control of GST alone did not bind any probes (Fig.
5B). Moreover, the intensities of the shifted bands were signifi-
cantly inhibited by non-labeled competitor probes, suggesting
that PIF4 could specifically bind the promoter of NAC019 and
IAA29. These EMSA results, together with previous publicly
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Fig. 5. PIF4 protein can directly bind the promoters of NAC079 and
IAA29. (A) Schematic diagram of the promoter regions of NACO719

and IAA29. Yellow boxes represent the G-box elements. The green

box represents the PBE (PIF-binding element). There are four G-boxes

in the NACO19 promoter. NACO19pro-G1, NACO19pro-G2, and
NACO19pro-G34 (the third and fourth boxes are adjacent, so this probe
includes the third and fourth G-boxes) represent probes containing G-box
sequences. The IAA29 promoter sequence has a G-box and a PBE, and
the probes are designed as follows: IAA29pro-G and IAA29pro-p. (B)
EMSA show that GST-PIF4 can bind the NACO79 and IAA29 promoter.
The 100-fold unlabeled competitor (Competitor) and GST alone were used
as negative controls. Red arrowheads mark the shifted bands.

accessible ChIP-seq data, suggested that NAC019 and IAA29
could be bound by PIF4 protein. In addition, our analysis
found that there were two G-boxes (base pairs =321 to =315
and —1865 to —1859) on the promoter of SAG113, one G-box
(base pairs =251 to —245) and one PBE (base pairs —324 to
—318) on the promoter of CBF2, and one PBE (base pairs
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—238 to —232) on the promoter of BRI1. Therefore, the pro-
moters of SAG113, CBF2,and BRI1 contain the binding mo-
tifs of PIF4 and PIF5 proteins, and combined with the data of
ChIP-Seq, we suggested that SAG113, CBF2, and BRI1 may
also be bound by PIF4 and PIF5 proteins.

PIF4 and PIF5 proteins accumulate with progress of
heat stress-induced leaf senescence

To investigate whether PIF4 and PIF5 were regulated at the
transcriptional and post-transcriptional level by the heat treat-
ment, we detected the transcript and protein levels of PIF4 and
PIF5 in response to heat treatment. Eighteen-day-old wild-
type Col-0 grown in MS agar plates with 3% sucrose under
12 h light/12 h dark cycles were treated at 42 °C for 2 h at ZT6
and ZT18, respectively, and then the third and fourth rosette
leaves were collected immediately and also at the same time
points over the next 2 d. Interestingly, we found that the tran-
scriptional levels of PIF4 and PIF5 decreased after heat treat-
ment during the recovery stage on the following days (Fig. 6A,
B). However, the same treatment and collection method was
used to detect the PIF4 and PIF5 proteins in transgenic ma-
terials PIF4pro:PIF4-HA and PIF5pro:PIF5-HA, and we found
that the proteins levels of PIF4 and PIF5 were decreased on
the first day, but were significantly accumulated at the recovery
stage (Fig. 6C), suggesting that a post-transcriptional mech-
anism exists, which could be due to degradation by seques-
tered phyB (Al-Sady et al., 2006; Shen et al., 2007), as previous
reports demonstrated that heat can promote phyB transtorm-
ation from the Pfr form to the Pr form (Jung et al.,2016; Legris

et al., 2016), which may inhibit the degradation of PIF4 and
PIF5 proteins. Taken together, these results demonstrated that
PIF4 and PIF5 could also be regulated at the transcriptional
and post-transcriptional level to respond to heat stress.

Time of day confers heat stress-induced leaf
senescence

The thermotolerance of plants was shown to be gated by the
circadian clock (Li et al., 2019). We wondered whether heat
stress-induced leat senescence is also gated by the circadian
clock. To substantiate this notion, we subjected 18-day-old
Col-0 seedlings grown in MS agar plates with 3% sucrose
under 12 h light/12 h dark to 42 °C for 2 h at four different
time points of ZT0, ZT6, ZT12, and ZT18 within a day and
night cycle. The seedlings treated with heat at ZT6 displayed
a significantly delayed heat stress-induced leaf senescence
phenotype compared with those treated at ZTO and ZT18,
showing higher chlorophyll contents and much lower levels
of membrane ion leakage (Fig. 7A—C). The seedlings treated
with heat at ZT6 showed the lowest rate of leaf senescence.
These results indicated that the plants subjected to heat treat-
ment in the dark period display an accelerated leaf senescence
rate, while this is relatively delayed during the daytime.

Heat stress-induced leaf senescence is gated by the
circadian clock

To investigate whether heat stress-induced leaf” senescence is
gated by the circadian clock, we treated Col-0 seedlings under
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Fig. 6. The expression level of PIF4 and PIF5 during the senescence induced by heat stress. (A and B) The transcript level of PIF4 (A) and PIF5 (B)

in heat-treated or untreated wild-type Col-0 determined by qunatitative real-time PCR. The third and fourth leaves from 18-day-old Col-0 grown on

MS agar plates with 3% sucrose and left to recover for 3 d after heat treatment at 42 °C for 2 h at ZT6 and ZT18 under 12 h light/12 h dark cycles.

The leaves were collected after immediately heat treatment and at the same time of the day over the next 2 d. Different letters indicate statistically
significant differences among means by Tukey’s HSD mean separation test with SPSS statistics software (P<0.05). (C) Immunodetection of PIF4-HA
and PIF5-HA protein levels in the process of senescence induced by heat treatment. The third and fourth leaves from 18-day-old PIF4pro:PIF4-HA and
PIF5pro:PIF5-HA grown on MS agar plates with 3% sucrose and left to recover for 3 d after heat treatment at 42 °C for 2 h at ZT6 and ZT18 under 12 h
light/12 h dark cycles. The leaves were collected immediately after heat treatment and at the same time of the day over the next 2 d.
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Fig. 7. The response to heat stress-induced senescence in Col-0 in a time
course. (A) The phenotype of 18-day-old Col-0 grown on MS agar plates
with 3% sucrose and left to recover for 3 d after heat treatment at 42 °C
for 2 h in a time course (ZT0, ZT6, ZT12, and ZT18) under 12 h light/12 h
dark cycles. Scale bar=1 cm. (B and C) Chlorophyll content (B) and ion
leakage (C) of the third and fourth rosette leaves from 18-day-old Col-0
plants grown on MS plates with 3% sucrose and left to recover for 3 d
after heat treatment at 42 °C for 2 h at ZT0, ZT6, ZT12, and ZT18. Three
biological replicates were performed. Error bars represent the SD. Different
letters indicate statistically significant differences among means by Tukey’s
HSD mean separation test with SPSS statistics software (P<0.05).

continuous light (LL) conditions. The Col-0 plants were entrained
in 12 h light/12 h dark cycles for 17 d, then transterred to con-
tinuous light conditions at dawn, with LL24 as subjective dawn
and LL36 as subjective dusk. The plants were treated at 42 °C
for 2 h at LL24, LL30, LL36, and LL42. The results showed that
Col-0 displayed an accelerated leaf senescence rate during sub-
jective day, and a slower rate of accelerated leaf senescence during
subjective night (Fig. 8A—C). This result further confirmed that
the heat stress-induced leaf senescence was gated by the circadian
clock under free-running condition.

Time of day confers the transcriptional alterations of
NACO019, SAG113, and IAA29 under heat stress

Since heat stress-induced leaf senescence was shown to be
gated by the circadian clock, we propose that the heat stress-
mediated transcriptional alterations of NAC019, SAG113,
IAA29, CBF2, and BRI1 were also gated by the circadian
clock. To veritfy this notion, the expression of these genes in
18-day-old Col-0 and pif4 pif5 seedlings in MS agar plates with
3% sucrose under long-day conditions with or without 42 °C
treatment for 2 h at ZT6 and ZT18 was detected by quantita-
tive real-time PCR. The results showed that the mRINA level
of NAC019 and SAG113 continuously increased during the
recovery period after heat treatment in Col-0 at ZT6, but the

Heat treatment LL24 LL30 LL36 LL42
Growth condition 42°C 2 hours ' ' y

— |

LL30

LL24 LL36

LL42

Untreated

42°C 2 hours

B

& 150

£ 100 g 60
= %

£ 50 2 30
° s

o

S5 0 0

Heat

Untreated

Heat

Untreated

Fig. 8. The response to heat stress-induced senescence in Col-0 under
constant light. (A) The phenotype of 18-day-old Col-0 grown on MS agar
plates with 3% sucrose and left to recover for 3 d after heat treatment

at 42 °C for 2 h in a time course (LL24, LL30, LL36, and LL42) under
constant light. The schematic diagram shows the light and heat treatment
conditions. The boxes indicate that Col-0 plants were entrained in 12 h
light/12 h dark cycles for 17 d, then transferred to continuous light
conditions at dawn, where LL24 is subjective dawn and LL36 is subjective
dusk. The red arrows indicate that plants were treated at 42 °C for 2 h

at LL24, LL30, LL36, and LL42. Scale bar=1 cm. (B and C) Chlorophyll
content (B) and ion leakage (C) of the third and fourth rosette leaves from
18-day-old Col-0 grown on MS agar plates with 3% sucrose and left to
recover for 3 d after heat treatment at 42 °C for 2 h at LL24, LL30, LL36,
and LL42. Three biological replicates were performed. Error bars represent
the SD. Different letters indicate statistically significant differences among
means by Tukey’s HSD mean separation test with SPSS statistics software
(P<0.05).

rising trend of NACO019 and SAG113 in pif4 pif5 mutants at
this time point was slower (Fig. 9A, B). However, the expres-
sion level of IAA29 in Col-0 was significantly reduced, but was
lower and not significantly changed in pif4 pif5 after heat treat-
ment at ZT6 (Fig. 9C). It is worth noting that the transcrip-
tional expression of the senescence genes changes significantly
after heat treatment at ZT6 during the day, but the transcrip-
tion expression of the senescence genes was lower and there
was no significant change at ZT18 at night after heat treatment
(Fig. 9; Supplementary Fig. S4). These results suggested that the
plants might be more actively responsive to heat stress-induced
senescence during the day.

Discussion

PIF mutants have a significantly enhanced leaflongevity in age-
triggered and dark-induced senescence (Sakuraba ef al., 2014q;
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Fig. 9. The change in transcript levels of NAC079, SAG113, and IAA29
during heat stress-induced senescence. (A-C) Transcript levels of NACO19
(A), SAG113 (B), and IAA29 (C) during heat stress-induced senescence
were detected by quantitative real-time PCR. The third and fourth rosette
leaves of 18-day-old Col-0 and pif4 pif5 plants grown on MS plates with
3% sucrose were immediately harvested after heat treatment at 42 °C
for 2 h at ZT6 and ZT18 under 12 h light/12 dark cycles, and were

also collected on the next 3 d at the same time point. Three biological
replicates were performed. Error bars represent the SD. Different letters
indicate statistically significant differences among means by Tukey’s HSD
mean separation test with SPSS statistics software (P<0.05).

Song et al., 2014). PIF4 and PIF5 promote leaf senescence
through the signaling pathways of two senescence-promoting
hormones, ET and ABA, by directly activating expression of
EIN3, ABI5,and EEL (Sakuraba et al.,2014a;Song et al.,2014).
PIF4 plays a critical role in the regulation of morphogenesis
in response to temperature. PIF4 also regulates plant growth
and development by integrating multiple signaling pathways to
control the expression of downstream growth-related factors.
Previous studies have shown that pif4 mutant is more sensitive
to high temperatures (Zhu ef al., 2016). Further, it was recently
reported that high ambient temperature (~28 °C) promotes
cotyledon senescence in 7-day-old light-grown seedlings in
the dark by increasing both the mRNA and protein levels of
PIF4 (Kim et al., 2020). The increased PIF4 protein bound to

the promoter of ORET at high ambient temperature to ac-
celerate cotyledon senescence, while also activating ABA and
ET signaling to accelerate senescence at high ambient tem-
perature (Kim et al., 2020). Besides high ambient temperature,
whether PIF proteins are involved in the regulation of senes-
cence of rosette leaves under heat stress (~42 °C) condition
is still unclear. Here, we show that heat stress can trigger leat
senescence similar to other abiotic stresses, in which PIF4 and
PIF5 positively regulate heat stress-induced leaf senescence
in 3-week-old A. thaliana plants. Further we identified that
NACO019,IAA29, and SAG113 were direct transcriptional tar-
gets of PIF4 and PIF5 in mediating heat stress-induced leaf
senescence.

NACO019, NACO055, and NACO072, the three important
members of the NAC family, play critical roles in stress re-
sponses and leaf senescence (Hickman et al., 2013). While
identifying upstream transcriptional regulators of these three
genes using yeast one-hybrid assay, CBF1, CBF2, CBF3, and
CBF4 were screened out by directly binding the promoter
of NAC072 (Hickman et al., 2013). It is worth noting that
only CBF1 and CBF2 are involved in the senescence response
(Hickman et al., 2013). Therefore, we propose that CBF2 acts
as a direct target of PIF4 and PIF5 in the regulation of heat
stress-induced leaf senescence by transcriptional regulation of
these NAC genes (Fig. 10). It has been reported that NAC019
is also an important regulator in mediating the regulation of
thermotolerance and heat stress transcription factors (HSFs)
(Guan et al., 2014). Thus, it is reasonable that NAC019 func-
tions downstream of PIF4 and PIF5 to mediate heat stress-
induced leaf senescence through integrating multiple hormone
signaling pathways, such as JA, salicylic acid (SA), and BR
(Fig. 10). SAG113 was activated by NAP to inhibit stomatal
closure, hence mediating ABA-induced leaf senescence (Zhang
and Gan, 2012). Here, SAG113 acts as a direct target of PIF4
and PIF5 mediating heat stress-induced leaf senescence pos-
sibly also through the ABA signaling pathway (Fig. 10). It is
worth noting that the transcript abundance of SAG113 does
not change significantly in pif4 pif5 mutant grown in soil after
heat treatment, and after a 3 d recovery (Fig. 3B). There is a
significant heat-induced increase in SAG113 transcript abun-
dance in pif4 pif5 mutant grown in MS agar plates with 3%
sucrose (Fig. 9B). We suggest that the differences in the tran-
script abundance of NAC019 and SAG113 might be due to
different growth conditions. IAA29 plays a positive role in
regulating JA-induced leaf senescence probably through com-
petitively interacting with WRKY57 to integrate the JA and
auxin signaling pathways to regulate leaf senescence (Jiang
et al.,2014). In summary, we proposed a downstream molecular
regulation network of PIF4 and PIF5 by integrating a series of
hormone signaling pathways and leaf senescence to regulate
heat stress-induced leaf senescence.

It is worth noting that heat treatment appears to signifi-
cantly increase leaf chlorophyll content in the pif4 mutant.
This might be due to the fact that PIF4 directly bound to and
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Fig. 10. A proposed working model for PIF4- and PIF5-mediated heat
stress-induced senescence in Arabidopsis. PIF4 and PIF5 proteins act as
positive regulators of heat stress-induced senescence via regulation of its
direct target genes such as NAC019, IAA29, SAG113, and CBF2, which
integrates multiple hormone signaling pathways to inhibit the heat stress-
induced leaf senescence process. NAC019 is an important regulator in
mediating leaf senescence and stress responses (Hickman et al., 2013;
Guan et al., 2014). SAG113 was activated by NAP to inhibit stomatal
closure, thus mediating ABA-induced leaf senescence (Zhang and Gan,
2012). We thus suggested that PIF4 and PIF5 can directly activate
NACO0179 and SAG113 to mediate heat stress-induced leaf senescence
through integrating multiple hormone signaling pathways, such as JA, SA,
BR, and ABA. IAA29 can integrates the JA and auxin signaling pathways
to regulate leaf senescence (Jiang et al., 2014). CBF2 was screened out
by directly binding the promoter of NAC019, NAC055, and NACO072,

and shown to be involved in the senescence response. We also found
that PIF4 and PIF5 can directly repress IAA29 and CBF2 to regulate heat
stress-induced leaf senescence through integrating multiple hormone
signaling pathways.

regulated the expression of chlorophyll- and chloroplast-related
genes, such as NON-YELLOWING 1 (NYE1), GOLDEN
2-LIKE TRANSCRIPTION FACTOR 1 (GLK1), GLK2, and
PROTOCHLORO-PHYLLIDE OXIDOREDUCTASE C
(PORC), thus negatively regulating chloroplast activity (Song
et al.,2014). PIF4 protein accumulates after the heat stress (Fig. 6),
thus the chlorophyll degradation genes were activated while the
chlorophyll activity maintenance genes were inhibited, and re-
sulted in the yellowing leaf in Col-0 (Fig. 1A, B). However, in the
pif4 mutant, these genes lost PIF4 control, resulting in further in-
creased chloroplast activity and chlorophyll content (Fig. 1A, B).

The expression of TCP5 is rapidly induced and its protein
stability is also enhanced under high temperature conditions.
TCP5 interacts with PIF4 to enhance its transcriptional acti-
vation activity and also binds to the promoter of PIF4 to pro-
mote the transcription of PIF4 (Han ef al., 2019). Moreover,
TCP17 interacts with CRY1 at low temperature, and is re-
leased at high temperature to up-regulate the expression of
PIF4 (Zhou et al., 2019). Therefore, it was proposed that high
temperature activates PIF4 by stabilizing TCP to control plant
thermomorphogenesis. Here, we found that PIF4 and PIF5
protein levels were temporally decreased with heat treatment,
but accumulated at the recovery stage, suggesting that there was

a crucial factor involved in the degradation of PIF4 and PIF5
proteins. Whether TCP transcription factors were involved in
heat stress-induced leaf senescence, especially at the recovery
stage, needs further investigation to decipher the mechanism
of PIF4- and PIF5-mediated heat stress-induced senescence.

The thermotolerance of plants is gated by the circadian
clock (Li et al.,2019) and exhibits a rhythmic pattern, which
is closely related to the diurnal expression patterns of heat-
associated genes (Dickinson et al., 2018; Blair et al., 2019).
The circadian clock proteins REVEILLE4/8 (RVE4/8) regu-
late plant heat resistance by directly regulating ERF53/54
around noon, which reveals to some extent how the circadian
clock helps plants adapt to high temperatures during the day
(Li et al., 2019). CIRCADIAN CLOCK-ASSOCIATED 1
(CCA1), the core component of the circadian clock, directly
activates GLK2 and inhibits ORE1 expression to negatively
regulate leaf senescence (Song et al., 2018). Here we found
that time of day contributes to the heat stress-induced leat
senescence and to whether it is more damaging when it is
challenged at night or at dawn. However, plants are more
sensitive to heat stress-induced leaf senescence at subjective
dusk under free-running conditions. These separate regula-
tions at night or at dawn in a time of day-specific manner
and at subjective dusk in free-running conditions indicates
that light/dark and the circadian clock are critical for heat
stress-induced leaf senescence. The molecular links among
the circadian clock, light/dark, and heat stress-induced leaf
senescence await further investigation.

Supplementary data

The followng supplementary data are available at JXB online.

Fig. S1. Exploration of experimental conditions for heat
treatment.

Fig. S2. Analysis of down-regulated DEGs in Col-0 after
heat treatment.

Fig. S3.The transcript levels of senescence-associated genes
after heat stress-induced senescence.
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