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ARF2-PIF5 interaction controls transcriptional
reprogramming in the ABS3-mediated plant

Senescence pathway
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Abstract

One of the hallmarks of plant senescence is the global transcrip-
tional reprogramming coordinated by a plethora of transcription
factors (TFs). However, mechanisms underlying the interactions
between different TFs in modulating senescence remain obscure.
Previously, we discovered that plant ABS3 subfamily MATE trans-
porter genes regulate senescence and senescence-associated tran-
scriptional changes. In a genetic screen for mutants suppressing
the accelerated senescence phenotype of the gain-of-function
mutant abs3-1D, AUXIN RESPONSE FACTOR 2 (ARF2) and
PHYTOCHROME-INTERACTING FACTOR 5 (PIF5) were identified as
key TFs responsible for transcriptional regulation in the ABS3-
mediated senescence pathway. ARF2 and PIF5 (as well as PIF4)
interact directly and function interdependently to promote senes-
cence, and they share common target genes such as key senes-
cence promoting genes ORESARA 1 (ORE1) and STAY-GREEN 1 (SGR1)
in the ABS3-mediated senescence pathway. In addition, we discov-
ered reciprocal regulation between ABS3-subfamily MATEs and the
ARF2 and PIF5/4 TFs. Taken together, our findings reveal a regula-
tory paradigm in which the ARF2-PIF5/4 functional module facili-
tates the transcriptional reprogramming in the ABS3-mediated
senescence pathway.
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Introduction

Senescence, or aging, is an integral, active, and final chapter of life.
For sessile land plants, a coordinated senescence program is

, Xue An*, Min Jia**, Yan Li*, Haofeng Liu®,

essential for nutrient repurposing, reproduction, and the survival of
the species (Schippers et al, 2015; Woo et al, 2019). The integration
of developmental, hormonal, and environmental regulatory path-
ways ensure plant senescence is executed in an orderly fashion
(Schippers et al, 2015). Environmental factors, both abiotic and
biotic, also drastically impact senescence. The deprivation of light
under shading or dark conditions induces precocious senescence
(Liebsch & Keech, 2016; Kamranfar et al, 2018). Premature senes-
cence due to abiotic and biotic stresses can negatively impact both
plant growth and crop production (Guo & Gan, 2014).

One central hallmark of plant senescence is the transcriptome-
wide reprogramming of gene expressions, including the induction of
many senescence-associated genes (SAGs; Breeze et al, 2011;
Buchanan-Wollaston et al, 2005; Guo et al, 2004; Guo & Gan, 2012;
Guo & Gan, 2014; Kim et al, 2016; Liebsch & Keech, 2016; Lin &
Wu, 2004; Woo et al, 2019; Woo et al, 2016). It is evident that a
complex array of transcription factors (TFs) are involved in the tran-
scriptional regulation of senescence. On one hand, many TF genes
are SAGs and their expression is activated as part of the transcrip-
tome reconfiguration during senescence (Lin & Wu, 2004; Kim
et al, 2016). On the other hand, molecular genetics investigations
have established an increasing number of TFs as genetic regulators
of senescence (Woo et al, 2019). In light signaling, red light sup-
presses senescence by converting the Pr form of phytochrome B
(phyB) to the active Pfr form, which subsequently inhibits the bHLH
family TFs PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) and
PIF5, both positive regulators of senescence (Sakuraba et al, 2014;
Song et al, 2014; Zhang et al, 2015). In the ethylene pathway,
plant-specific TF ETHYLENE INSENSITIVE 3 (EIN3) acts down-
stream of EIN2 to promote senescence (Sakuraba et al, 2014). In the
ABA pathway, the bZIP TFs ABA INSENSITIVE 5 (ABI5) and
ENHANCED EM LEVEL (EEL) as well as the NAC family TF NAC-
LIKE, ACTIVATED BY AP3/PI (NAP), work together to promote
senescence (Sakuraba et al, 2014; Yang et al, 2014). In addition,
AUXIN RESPONSE FACTOR 2 (ARF2), an ARF family of TFs
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presumably involved in auxin signaling, was identified as a regula-
tor of senescence based on the delayed senescence phenotype of
the loss-of-function arf2 mutants (Ellis et al, 2005; Okushima
et al, 2005; Lim et al, 2010). Through the oresara (ore; Korean
meaning long-living) mutant screen, the NAC family TF ORE1 was
identified as a key TF promoting senescence (Kim et al, 2009, 2018;
Durian et al, 2020). Current data suggest that independent or
sequential actions of upstream TFs, PIF4/PIFS, ABIS, and EIN3 con-
verge on ORELI to facilitate senescence (Sakuraba et al, 2014). It is
evident that extensive cross-talks occur between these TF cascades
to ensure the highly organized transcriptome reprogramming during
senescence (Woo et al, 2019).

To dissect the molecular mechanisms that modulate the signaling
networks in plant senescence, we have established a highly repro-
ducible system in which senescence is induced in Arabidopsis seed-
lings with the carbon (C)-deprivation treatment (Jia et al, 2019).
We have shown that the ABS3 subfamily of MATE transporters acts
as positive regulators of plant senescence. A gain-of-function mutant
allele of ABS3, abs3-1D, in which the expression of ABS3 is acti-
vated by an activation tagging T-DNA upstream of the ABS3 gene,
displays an accelerated senescence phenotype while the knockout of
four ABS3 subfamily genes in mateq quadruple mutant drastically
inhibited senescence (Wang et al, 2015a; Jia et al, 2019). The ABS3
subfamily transporters reside in late endosome, interact in a non-
canonical way with AUTOPHAGY 8 (ATGS8), and facilitate degrada-
tion through the vacuole (Jia et al, 2019; Zentgraf, 2019). Interest-
ingly, the expressions of several SAGs were precociously induced in
abs3-1D, but delayed in mateq, upon C-deprivation. The natural
question is that how does a cytoplasmic degradation process medi-
ated by ABS3 triggers gene expression responses in the nucleus, and
we hypothesized that a retrograde signaling pathway operates from
the cytoplasm to the nucleus to regulate nuclear gene expression in
the ABS3-mediated senescence pathway.

In this work, taking a molecular genetics approach, we identified
extragenic suppressor mutations in ARF2 and PIFS that reversed the
precocious senescence phenotype of abs3-1D, as well as the ectopic
SAG activation in abs3-1D at the molecular level. In addition, ARF2
physically interacts with PIFS and PIF4, and together they control
the transcriptional response in the ABS3-mediated senescence path-
way. We revealed previously unrecognized molecular mechanisms
of functional interdependency between ARF2 and PIF5 in promoting
senescence. Furthermore, we uncovered reciprocal regulations
between ABS3 subfamily MATEs and the ARF2 and PIF5/4 TFs.
Together, our findings reveal a senescence regulatory paradigm in
which the ARF2-PIF5/4 TF functional module facilitates the tran-
scriptional regulation in the endosomal ABS3-mediated senescence
pathway.

Results

ARF2 and PIF5 are required for the ABS3-mediated
senescence pathway

To identify signaling components in the ABS3-mediated senescence
pathway, we carried out ethyl methanesulfonate (EMS) mutagenesis
in the abs3-1D background and screened for suppressor mutants
that could reverse the accelerated senescence phenotype of abs3-1D
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under C-deprivation. Two non-allelic and recessive suppressor lines,
designated FDI11-55 and FDI18-70, were identified (Fig 1A and B).
The activated expressions of ABS3 were validated in FDI1-55 and
FD18-70, respectively, ruling out the possibility of suppression
through transcriptional silencing (Fig 1C and D). Phenotypically,
the suppressor mutations in FDII-55 and FDI8-70 significantly
reversed the accelerated senescence of abs3-1D, indicated by the rel-
ative contents of chlorophyll and total cellular proteins under C-
deprivation (Fig 1E and F). Moreover, the ectopically induced
expressions of SAGs, such as ORESARA 1 (OREI) and STAY-GREEN
1 (SGR1; Armstead et al, 2007; Kim et al, 2009), in abs3-1D under
C-deprivation were also greatly reduced in FDII-55 and FDI8-70,
respectively (Fig 1G and H). To identify the molecular lesions in
FD11-55 and FD18-70, suppressor lines were backcrossed with the
wild type (WT) and whole-genome resequencing of pooled genomic
DNAs of suppressor mutants from the F2 segregating population
was carried out. In FD11-55, a C to T nonsense mutation was identi-
fied in the AUXIN RESPONSE FACTOR 2 (ARF2/At5g62000) gene,
converting the codon CAA for Q101 to a stop codon (Fig 1I). In
FD18-70, a C to T nonsense mutation converting the codon CAG for
Q159 to a stop codon in the PHYTOCHROME-INTERACTING
FACTOR 5 (PIF5/At3g59060) gene was identified (Fig 1J).

To verify that the mutations we identified in ARF2 and PIFS are
the causal mutations in FDI11-55 and FDI18-70, respectively, we
expressed ARF2-GFP in FDI11-55 and PIFS5-GFP in FD18-70 under the
control of their endogenous promoters (pARF2:ARF2-GFP and pPIF5:
PIFS-GFP), respectively. For both complementation assays, we
obtained multiple transgenic lines that restored the accelerated
senescence phenotype of abs3-1D (Fig EV1A-F). The delayed senes-
cence phenotypes in single mutants of arf2-20 or pif5-10 under C-
deprivation were also reversed by the introduction of pARF2:ARF2-
GFP and pPIF5:PIF5-GFP (Fig EV1G-L). Finally, soil-grown single
mutants of arf2-20 and pifS-10 also showed delayed natural senes-
cence compared with the WT, as reported, and suppressed the pre-
cocious natural senescence in abs3-1D (Appendix Fig S1A and B;
Ellis et al, 2005; Lim et al, 2010; Okushima et al, 2005; Sakuraba
et al, 2014; Song et al, 2014; Zhang et al, 2015). Together, these
data establish that ARF2 and PIF5 are required for the ABS3-
mediated senescence during both C-deprivation-induced and natural
senescence.

ARF2 and PIF5 control the transcriptional reprogramming in the
ABS3-mediated senescence pathway

Given that ARF2 and PIFS are both TFs, we investigated whether
they are responsible for the aberrant transcriptional activation of
SAGs in the ABS3-mediated senescence pathway (Jia et al, 2019).
To this end, transcriptome profiles of WT, abs3-1D, arf2-20 abs3-
1D, arf2-20, pif5-10 abs3-1D, and pif5-10 seedlings before and after
4-day C-deprivation were analyzed with RNA-seq. First, we identi-
fied 2,587 differentially expressed genes (DEGs; |log,FC| > 0.6,
padj<0.01) between abs3-1D and WT under C-deprivation. Interest-
ingly, the majority of these DEGs (2,412 of 2,587) were only
affected by the abs3-1D mutation under C-deprivation, but not dif-
ferentially expressed in samples before C-deprivation, suggesting a
highly specific transcriptional response in abs3-1D upon C-
deprivation (Dataset EV1). The most enriched Gene Ontology (GO)
terms in abs3-1D up-regulated genes included leaf senescence

© 2022 The Authors
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Figure 1. ARF2 and PIF5 are required for ABS3-mediated senescence.
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A Seedlings of WT, abs3-1D, FD11-55, and arf2-20 before and after 6 days C-deprivation.

B Seedlings of WT, abs3-1D, FD18-70, and pif5-10 before and after 6 days C-deprivation.

C,D RT-gPCR analysis of ABS3 expression levels in 7-day-old seedlings of the same genotypes as shown in A (C) and B (D). Fold changes were calculated with respect to
the expression level in the WT. two-tailed t test, ****P < 0.0001, n.s., not significant.

E,F Chlorophyll and total cellular protein content reduction in genotypes shown in A (E) and B (F) after 6 days C-deprivation.

G, H RT-gPCR analysis of ORE1 and SGR1 expression levels in genotypes shown in A (G) and B (H) before and after 4 days C-deprivation. Fold changes were calculated

with respect to the expression level in the WT before C-deprivation.

I,]  Suppressor mutation sites in FD11-55 (1) and FD18-70 (J). In the gene model, boxes and lines represent exons and introns, respectively. 5'- and 3'-untranslated
regions (UTRs) are shaded in gray. The arrow head indicates the position of the suppressor mutation site. In (C-H), data are means =+ standard deviation (s.d.) of

three biological replicates.

(Fig 2A). In addition, genes involved in senescence-promoting pro-
cesses and plant hormones, such as defense response, abscisic
acid, jasmonic acid, and salicylic acid, were also enriched in abs3-
1D up-regulated genes (Fig 2A). Conversely, the most enriched GO
terms in abs3-1D down-regulated genes were processes related to
photosynthesis, consistent with the accelerated chlorophyll degra-
dation and senescence phenotype of abs3-1D during C-deprivation
(Fig 2B). These findings indicate that the ABS3-mediated senes-
cence pathway entails transcriptome reprogramming and transcrip-
tional regulation.

© 2022 The Authors

Next, we analyzed the expression profiles of abs3-1D-regulated
genes in arf2-20 and pif5-10 backgrounds, respectively. Under C-
deprivation, the impact of abs3-1D on gene expression was almost
completely abolished in the arf2-20 background (arf2-20 abs3-1D vs.
arf2-20) when compared with the WT background (abs3-1D vs. WT;
Fig 2C). The differential expressions of 97.7% of the abs3-1D up-
regulated genes (1,309 of 1,340) and 97.8% of the abs3-1D down-
regulated genes (1,219 of 1,247) in the WT background were abol-
ished or reversed in the arf2-20 background (Fig 2D; Dataset EV2).
The pifS-10 background showed a similar albeit weaker effect on
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the abs3-1D-regulated genes compared with the arf2-20 background
under C-deprivation (Fig 2C). Differential expressions of 72.5% of
the abs3-1D up-regulated genes (971 of 1,340) and 86.2% of the
abs3-1D down-regulated genes (1,075 of 1,247) in the WT back-
ground were diminished or reversed in the pif5-10 background
(Fig 2D; Dataset EV3). These results demonstrate that ARF2 and

Hui Xue et al

PIF5 play essential roles in mediating the transcriptome reprogram-
ming in abs3-1D under C-deprivation.

To reveal the molecular signatures of ARF2- and PIF5-regulated
genes in the ABS3-mediated senescence pathway, we identified
3,448 ARF2-regulated genes (abs3-1D vs. arf2-20 abs3-1D) and
2,745 PIFS-regulated genes (abs3-1D vs. pif5-10 abs3-1D) in the
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Figure 2. ARF2 and PIF5 control the transcriptional reprogramming in the ABS3-mediated senescence pathway.

A, B Top 10 significantly enriched GO terms derived from genes that are up-regulated (A) or down-regulated (B) in abs3-1D seedlings compared with the WT under
C-deprivation. Enriched GO terms were ranked based on their false discovery rate (FDR).

@ Heatmap of log2FC values of 2,587 ABS3-regulated genes (abs3-1D vs. WT) under C-deprivation in indicated comparisons.

D Percentage of ARF2- or PIF5-dependent ABS3-regulated genes under C-deprivation. Genes that were not significantly up- or down-regulated by abs3-1D in the arf2-
20 (arf2-20 abs3-1D vs. arf2-20) or pif5-10 (pif5-10 abs3-1D vs. pif5-10) background under C-deprivation were defined as ARF2- or PIF5-dependent ABS3-regulated

genes, respectively.

E Significant overlap between ARF2-, PIF5-, and C-deprivation-regulated genes in the abs3-1D background.

F Heatmap of log2FC values of 1,326 ARF2, PIF5, and C-deprivation co-regulated genes in indicated comparisons. C-deprivation: abs3-1D 4 days C-deprivation vs.
abs3-1D 0 day C-deprivation; ARF2: abs3-1D vs. arf2-20 abs3-1D after 4 days C-deprivation; PIF5: abs3-1D vs. pif5-10 abs3-1D after 4 days C-deprivation. Enlarged
were expression changes of senescence genes identified in DAVID GO analysis (https://david.ncifcrf.gov/).

G PIF5 and PIF4 binding motifs were over-represented in the promoter regions of ARF2, PIF5, and C-deprivation co-regulated genes. Enriched motifs were identified
with the AME tool in MEME Suite 533 (https://meme-suite.org/meme/tools/ame) using 1,000 bp promoter sequences.

abs3-1D background. A significant overlap (1,684 genes) was
observed between ARF2-regulated and PIF5-regulated genes (Fig 2E;
Dataset EV4). Moreover, the majority of the genes co-regulated by
ARF2 and PIF5 (1,326 of 1,684) were also regulated in similar man-
ners by C-deprivation in the abs3-1D background (abs3-1D 4 days
C-deprivation vs. abs3-1D 0 day C-deprivation; Fig 2E and F). This
subset of 1,326 genes co-regulated by C-deprivation, ARF2, and PIF5
in the abs3-1D background includes many known SAGs, such as
OREI and SGRI1 (Fig 2F). Finally, we identified conserved over-
represented cis-elements in the promoters of genes co-regulated by
C-deprivation, ARF2, and PIF5 in the abs3-1D background. G-box, a
conserved binding motif for PIFS and PIF4, was significantly
enriched (Fig 2G; Hornitschek et al, 2012). These findings suggest
that a common set of genes are regulated by ARF2, PIFS5, and C-
deprivation in the abs3-1D background.

PIF5 and PIF4 share redundant roles in the ABS3-mediated
senescence pathway and interact directly with ARF2

Given the conserved nature of PIF5 and PIF4, we next tested geneti-
cally whether PIF4 is also involved in the ABS3-mediated senes-
cence pathway (Leivar & Monte, 2014; Pfeiffer et al, 2014; Paik
et al, 2017; Pham et al, 2018). A T-DNA insertion allele of PIF4,
pif4-2 (SAIL_1288_E07), was crossed with pif5-10, abs3-1D, and
pif5S-10 abs3-1ID to obtain higher order mutants (Leivar
et al, 2008a). pif4-2 alone also showed resistant to C-deprivation-
induced senescence, albeit weaker than that of pif5-10 (Fig EV2A
and B). pif4-2 pif5-10 double mutants showed a stronger stay-green
phenotype than the respective single mutants under C-deprivation
(Fig EV2A and B). In the abs3-1D background, although the progres-
sion of senescence in pif4-2 abs3-1D was overall similar to that of
abs3-1D, pif4-2 pifS-10 abs3-1D triple mutants showed further
delayed senescence compared with pifS-10 abs3-1D under C-
deprivation (Fig EV2C and D). These observations suggest that both
PIF5 and PIF4 are required and share redundant functions in the
ABS3-mediated senescence pathway but the role of PIFS is more
prominent.

PIFs regulate diverse plant developmental processes, including
hypocotyl elongation and senescence, at least partially through inter-
actions with other TFs (Hornitschek et al, 2012; Leivar &
Monte, 2014; Pfeiffer et al, 2014; Sakuraba et al, 2014; Song
et al, 2014; Zhang et al, 2015; Paik et al, 2017; Pham et al, 2018).
Given the close functional link between ARF2 and PIF5/4, we next
tested if both PIF5 and PIF4 interact directly with ARF2. In yeast two-
hybrid assays, co-expression of BD-ARF2 with AD-PIF5 or AD-PIF4

© 2022 The Authors

was capable of activating reporter genes (Figs 3A and EV3A). In
bimolecular fluorescence complementation (BiFC) assays, we fused
N-terminus and C-terminus of YFP (YN and YC) to ARF2 and PIFS,
respectively, and the two fusion proteins, YN-ARF2 and PIF5-YC,
were co-expressed transiently in Arabidopsis leaf mesophyll proto-
plasts. Strong YFP signals were reconstituted in the nuclei of cells co-
expressing YN-ARF2 and PIF5-YC (Fig 3B). Similarly, co-expression
of YN-ARF2 and PIF4-YC also yielded nuclear localized YFP signals
(Fig EV3B). Next, we verified the ARF2-PIF5/4 interaction with the
in vitro pull-down assay. Recombinant PIF5 or PIF4 with a N-
terminal maltose-binding protein (MBP) tag and a C-terminal His tag
(MBP-PIF5-His or MBP-PIF4-His) was incubated with glutathione S-
transferase (GST)-tagged ARF2 (GST-ARF2) and glutathione beads.
GST-ARF2 was able to pull down either MBP-PIF5-His or MBP-PIF4-
His, whereas MBP-PIF5-His or MBP-PIF4-His was not detected in the
pull-down fraction when incubated with GST alone, nor did we
found interaction between MBP-His with GST-ARF2 in control assays
(Figs 3C and EV3C). Furthermore, we co-expressed hemagglutinin
(HA)-tagged ARF2 (ARF2-HA) together with PIF5-GFP, PIF4-GFP, or
GFP in protoplasts, and carried out co-immunoprecipitation (IP)
assays using GFP-trap. To increase the stable accumulation of PIFs,
protoplasts from leaf mesophyll cells of a loss-of-function phyB
mutant, phyB-101, were used (Shen et al, 2007; Wang et al, 2015a).
ARF2-HA was detected in the immunoprecipitated fraction together
with PIF5-GFP or PIF4-GFP, but not with GFP alone (Figs 3D and
EV3D). These findings uncover previously unknown physical inter-
actions between PIF5/4 and ARF2 proteins.

Finally, to determine the regions of interaction between PIF5 and
ARF2, we performed BiFC assays with truncated forms of ARF2 and
PIF5. ARF2 has an N-terminal DNA-binding domain (ARF2-N), a
middle region (ARF2-M), and a C-terminal dimerization domain
(ARF2-C; Appendix Fig S2A; Tiwari et al, 2003). N- and C-terminal
regions of PIFS (PIF5-N and PIF5-C) contain the active phyB binding
(APB) motif and the DNA-binding bHLH motif, respectively
(Appendix Fig S2A; Pedmale et al, 2016). Co-expressing YN-ARF2-
N or YN-ARF2-M with full-length PIF5-YC reconstituted nuclear
localized YFP signals, whereas we did not detect interaction
between PIF5-YC and YN-ARF2-C (Appendix Fig S2B). PIF5-N-YC
also interacted with YN-ARF2, YN-ARF2-N, and YN-ARF2-M in the
nucleus, respectively (Appendix Fig S2B). On the other hand, when
PIF5-C-YC was co-expressed with YN-ARF2 or YN-ARF2-N, we
observed reconstituted YFP signals that were outside of the nucleus
(Appendix Fig S2B). These findings suggest that the N-terminal of
PIF5 can interact with the N-terminal and middle region of ARF2 in
the nucleus.
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A Interaction between ARF2 and PIF5 in the yeast two-hybrid assay. Growth of yeast cells co-transformed with indicated BD and AD vectors was monitored on quadru-
ple dropout medium (QDO, SD-Ade/-His/—Leu/—Trp) and QDO medium containing X-a--gal.

B Interaction between ARF2 and PIF5 in protoplast BiFC assays. YN-ARF2 and PIF5-YC were coexpressed with the nuclear marker NLS-mCherry in Arabidopsis mesophyll
protoplasts. Coexpression of YN-ARF2 and YC alone or YN alone with PIF5-YC served as negative controls. Bars, 10 um.

C Direct interaction between GST-ARF2 and MBP-PIF5-His in in vitro GST pull-down assays.

D Co-immunoprecipitation of ARF2-HA with PIF5-GFP in vivo. ARF2-HA was coexpressed with PIF5-GFP or GFP alone in protoplasts. Proteins co-immunoprecipitated by

GFP-Trap beads were immunoblotted with anti-GFP and anti-HA antibodies.

Source data are available online for this figure.

ARF2 and PIF5 regulate senescence interdependently
and independently

The physical interaction between ARF2 and PIF5 promoted us to test
their functional relationship in regulating senescence. First, we gen-
erated overexpression (OE) lines for ARF2 and PIF5 by introducing
endogenous promoter-driven pARF2:ARF2-GFP and pPIFS:PIF5-GFP
into the WT background, respectively. Multiple independent ARF2-
GFP OE lines showed significantly increased ARF2 transcripts and
markedly accelerated senescence under C-deprivation and natural
growth conditions (Fig 4A-C; Appendix Fig S3A and B). These find-
ings establish that ARF2 is sufficient to promote senescence when
overexpressed. Similarly, the overexpression of PIF5 led to acceler-
ated C-deprivation-induced and natural senescence (Fig 4D-F;
Appendix Fig S3C), consistent with previous reports (Sakuraba
et al, 2014; Song et al, 2014; Zhang et al, 2015).

Next, pARF2:ARF2-GFP OE lines in the WT background (OE-3
and OE-7) were crossed into pif5-10 (pifS-10 pARF2:ARF2-GFP) and
pif4-2 pifS-10 backgrounds (pif4-2 pif5-10 pARF2:ARF2-GFP),

6 of 18 The EMBO Journal ~ 41: 110988 | 2022

respectively. Senescence phenotypes of pARF2:ARF2-GFP in the WT,
pif5-10, and pif4-2 pif5-10 mutant backgrounds under C-deprivation
and natural senescence conditions were compared. When PIFS is
mutated, the ability of ARF2 overexpression to promote senescence
was attenuated in pifS-10 pARF2:ARF2-GFP lines (Fig EV4A-D;
Appendix Fig S3A). Simultaneous loss of PIF4 and PIFS further
delayed the senescence of ARF2-GFP OEs under C-deprivation and
natural senescence conditions (Fig 4A-C; Appendix Fig S3B). We
also crossed two pPIFS:PIF5-GFP OEs (OE-2 and OE-20) into the
arf2-20 background (arf2-20 pPIFS:PIF5-GFP). The progression of C-
deprivation-induced or natural senescence was delayed in arf2-20
PPIFS:PIFS-GFP lines compared with pPIF5:PIFS-GFP OEs in the WT
background, despite similarly elevated PIFS5 transcript levels
(Fig 4D-F; Appendix Fig S3C). These data suggest an interdepen-
dency of ARF2 and PIF5 in promoting senescence.

On the other hand, arf2-20 pif5-10 double mutants displayed fur-
ther delayed senescence and stronger suppression of the accelerated
senescence phenotype of abs3-1D, compared with the respective sin-
gle mutants (Fig 4G-J). In line with the finding of non-overlapping

© 2022 The Authors
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Figure 4. ARF2 and PIF5 regulate senescence interdependently and independently.
A Seedlings of WT, pARF2:ARF2-GFP OEs in the WT background, pif4-2 pif5-10, and pARF2:ARF2-GFP OEs in the pif4-2 pif5-10 background before and after 6 days C-

deprivation.

B RT-gPCR analysis of ARF2 expression levels in 7-day-old seedlings of the same genotypes as shown in (A). Fold changes were calculated with respect to the expression

level in the WT.

C Chlorophyll and total cellular protein content reduction in genotypes shown in (A) after 6 days C-deprivation. Color legends in (C) are the same as in (B).

m o

level in the WT.

Seedlings of WT, pPIF5:PIF5-GFP OEs in the WT background, arf2-20, and pPIF5:PIF5-GFP OEs in the arf2-20 background before and after 6 days C-deprivation.
RT-gPCR analysis of PIF5 expression levels in 7-day-old seedlings of the same genotypes as shown in (D). Fold changes were calculated with respect to the expression

Chlorophyll and total cellular protein content reduction in genotypes shown in (D) after 6 days C-deprivation. Color legends in (F) are the same as in (E).
Seedlings of WT, arf2-20, pif5-10, and arf2-20 pif5-10 before and after 12 days C-deprivation.

Seedlings of WT, abs3-1D, arf2-20 abs3-1D, pif5-10 abs3-1D, and arf2-20 pif5-10 abs3-1D before and after 8 days C-deprivation.

F
G
H Chlorophyll and total cellular protein content reduction in genotypes shown in (G) after 12 days C-deprivation.
|
J

Chlorophyll and total cellular protein content reduction in genotypes shown in (I) after 8 days C-deprivation.

Data information: In B, C, E, F, H, and J, data are means =+ s.d. of three biological replicates.

genes regulated by ARF2 or PIF5 under C-deprivation in RNA-seq
analysis (Fig 2E), the genetic interaction between arf2-20 and pif5s-
10 suggests that ARF2 and PIF5 also regulate senescence through
pathways that are independent of one another.

ORE1 and SGR1 are common target genes of ARF2 and PIF5 in the
ABS3-mediated senescence pathway

The functional interdependency and the physical interaction between
ARF2 and PIF5 suggest they may share common target genes in the
ABS3-mediated senescence pathway. To uncover potential common
target genes of ARF2 and PIF5, we first carried out bioinformatics
analysis based on published DAP-seq data for ARF2 and ChIP-seq
data for PIF5 and PIF4 (O’Malley et al, 2016; Jin et al, 2017). Among
the 3,448 ARF2-regulated genes in the abs3-1D background, 1,100
were identified in DAP-seq as potential direct targets of ARF2
(Fig 5A; Dataset EV5). Based on published ChIP-seq data, 905 genes
of the PIF5-regulated genes in the abs3-1D background were identi-
fied as potential direct targets of PIF5 and/or PIF4 using the plant
transcription factor database (PlantTFDB, http://planttfdb.gao-lab.
org/aboutus.php; Fig 5A; Dataset EV5; Jin et al, 2017). An overlap
of 182 genes, including key senescence promoting-genes OREI and
SGR1, were found to be putative common target genes of ARF2 and
PIF5/4 (Fig 5A). The core sequence (5-TGTC-3') for the ARF2-

binding motif was identified in the promoters of OREI and SGRI in
close proximity to the PIF5-binding G-box (Fig 5B).

Second, we examined the direct binding of ARF2 and PIF5 to the
same region in promoters of OREI and SGRI with ChIP-qPCRs. In
transgenic lines expressing pARF2:ARF2-GFP or pPIF5:PIFS-GFP in
the WT background, OREI and SGRI promoter sequences were sig-
nificantly enriched in ChIP fractions compared with those in inputs
(Fig 5C and E). Consistently, activated expressions of OREI and
SGR1 under C-deprivation were observed (Fig 5D and F).

Third, given the direct interaction between ARF2 and PIF5, we
investigated whether ARF2 and PIF5 require each other to regulate
target genes. We performed ChIP-gPCR and RT-qPCR analyses using
DARF2:ARF2-GFP OE lines in the pif4-2 pifS-10 background. Interest-
ingly, the binding of ARF2 to the promoters of OREI and SGRI1 was
overall similar in pif4-2 pif5-10 compared with that in the WT back-
ground (Fig 5C). However, the induction of OREI and SGR1 expres-
sions by the overexpression of ARF2 was greatly compromised
(Fig 5D). These findings suggest that ARF2 binds to the promoters
of OREI and SGRI in a PIF5/4-independent manner but the effect of
ARF2 overexpression on these target genes requires PIF5/4
(Fig 5D).

Next, we performed ChIP-qPCR and RT-qPCR analyses using
DPPIF5:PIF5-GFP OE lines in the arf2-20 background. The binding of
PIFS to the promoters of OREI and SGRI and the activated

Figure 5. ORE1 and SGR1 are common target genes of ARF2 and PIF5 in the ABS3-mediated senescence pathway.

A The venn diagram of putative ARF2 target genes and PIF5/4 target genes.

B Diagrams of the promoter regions of ORE1 and SGR1. Orange arrow heads indicate the positions of G-box and purple arrow heads indicate the positions of the core
sequence (5'-TGTC-3) for ARF2 binding. Horizontal lines indicate fragments amplified in ChIP-qPCRs.

C ChIP-gPCR analysis of ARF2-GFP binding to the promoters of ORE1 and SGR1 in the WT and pif4-2 pif5-10 backgrounds.

D RT-gPCR analysis of OREI and SGRI expression levels in seedlings of WT, pARF2:ARF2-GFP OEs in the WT background, pif4-2 pif5-10, and pARF2:ARF2-GFP OEs in the
pif4-2 pif5-10 background before and after 4 days C-deprivation. Fold changes were calculated with respect to the expression level in the WT before C-deprivation.

E ChIP-gPCR analysis of PIF5-GFP binding to the promoters of ORE1 and SGRI in the WT and arf2-20 backgrounds.

F RT-gPCR analysis of ORE1 and SGR1 expression levels in seedlings of WT, pPIF5:PIF5-GFP OEs in the WT background, arf2-20, and pPIF5:PIF5-GFP OEs in the arf2-20
background before and after 4 days C-deprivation. Fold changes were calculated as in (D).

G Hypocotyl elongation in seedlings of WT, pPIF5:PIF5-GFP OEs in the WT background, arf2-20, and pPIF5:PIF5-GFP OEs in the arf2-20 background. Seedlings were grown

under continuous light for 1 week.

H RT-gPCR analysis of PIL1 and YUCS8 expression levels in seedlings shown in (G). Fold changes were calculated with respect to the expression level in the WT. Color

legends in (H) are the same as in (F).

| Diagrams of the promoter regions of PIL1 and YUC8. Orange arrow heads indicate the positions of G-box. Horizontal lines indicate fragments amplified in ChIP-qPCRs.
] ChIP-gPCR analysis of PIF5 binding to the promoters of PIL1 and YUCS8 in the WT and arf2-20 backgrounds.

Data information: In D, F, and H, data are means =+ s.d. of three biological replicates. In C, E, and J, fold enrichments were calculated with respect to the input. PP2A
served as a non-binding control. Data are means + s.d. of three technical replicates. Two-tailed t test, n.s.,, not significant, ****P < 0.0001. The experiment has been

independently repeated with similar results.
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expressions of OREI and SGR1 by PIF5 overexpression were signifi-
cantly reduced in the arf2-20 background compared with those in
the WT background (Fig 5E and F). In stark contrast, the promotion
of cell elongation by PIF5 was not affected by the loss of ARF2.
Light-grown arf2-20 pPIF5:PIF5-GFP seedlings displayed the distinc-
tive elongated hypocotyl and petiole phenotype characteristic of the

© 2022 The Authors

overexpression of PIFS (Fig 5G; Appendix Fig S3D). Consistently,
the binding of PIFS to its known targets involved in promoting cell
elongation, such as PIF3-LIKE 1 (PIL1) and YUCCA 8 (YUCS8) and the
activation of PILI and YUCS8 expression were similar in pPIFS:PIFS-
GFP lines in WT and arf2-20 backgrounds (Fig SH-J). These data
demonstrate that PIFS5 binds to the promoters of OREI and SGRI in
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an ARF2-dependent manner and requires ARF2 to reach full induc-
tion of OREI and SGRI.

Finally, if the induction of OREI and SGRI is a direct output of
the ARF2-PIFS functional module, a loss-of-function mutation of
ORE]1 or SGR1 would be expected to suppress the premature senes-
cence of abs3-1D. To test this, we obtained a T-DNA insertion allele
of OREI, designated orel-101 (SAIL_694_C04), and generated a
knockout allele of SGR1, sgr1-101, using the CRISPR-Cas9 technol-
ogy (Appendix Fig S4A and B). Both orel-101 and sgri-101 sup-
pressed the premature senescence phenotype of abs3-1D under C-
deprivation (Fig EVS5A-H). Furthermore, the overexpression of
OREI and SGRI in the mateq background markedly accelerated
senescence of mateq under C-deprivation (Fig EVSI-N). These data
suggest that the OREI and SGRI are common target genes of ARF2
and PIF5S in the ABS3-mediated senescence pathway.

The promotion of senescence by ARF2 and PIF5 requires the ABS3
subfamily MATEs

Our suppressor analysis indicate that ARF2 and PIF5S are required in
the ABS3-mediated senescence pathway. To determine if the promo-
tion of senescence by ARF2 and PIF5 also requires the ABS3 sub-
family MATEs, we overexpressed pARF2:ARF2-GFP and pPIFS:PIF5-
GFP in mateq, the quadruple loss-of-function mutants of four ABS3
subfamily genes (Jia et al, 2019), respectively. The expression levels
of ARF2 and PIF5 in the overexpression lines were determined with
RT-gPCR, and ARF2 and PIFS overexpression lines with comparable
expression levels in WT and mateq backgrounds were selected for
further analysis (Fig 6A and B). In the WT background, overexpres-
sion of either pARF2:ARF2-GFP or pPIF5:PIF5-GFP resulted in signifi-
cantly aggravated senescence under C-deprivation (Fig 6C-F). In
contrast, pARF2:ARF2-GFP OEs in the mateq background showed
significantly slowed senescence compared with pARF2:ARF2-GFP
OEs in the WT background under C-deprivation (Fig 6C and E).
Similar to the findings with pARF2:ARF2-GFP OEs, the accelerated
senescence caused by the overexpression of pPIFS:PIFS-GFP was also
abolished in the mateq background under C-deprivation (Fig 6D
and F). The induction of OREI and SGRI, direct targets of ARF2 and
PIFS, was also compromised in mateq pARF2:ARF2-GFP and mateq
DPIF5:PIFS-GFP under C-deprivation (Fig 6G and H). Interestingly,
the mateq background did not impact the capability of PIF5 to acti-
vate its direct targets, PIL1 and YUCS, in the cell elongation pathway
(Fig 6I). In natural senescence, both pARF2:ARF2-GFP and pPIF5:

Hui Xue et al

PIF5-GFP OEs also showed lesser degrees of senescence in the mateq
background than in the WT background (Appendix Fig S5A and B).
These data suggest that the abilities of ARF2 and PIF5 to promote
senescence are also partially dependent on the ABS3 subfamily
MATEs, further supporting the functional links between ARF2, PIF5,
and MATEs in regulating senescence.

Feedback transcriptional repression of ABS3 by ARF2

During our RT-gPCR and RNA-seq analyses, we consistently
observed that the accumulation of ABS3 transcripts was significantly
elevated in the arf2-20 background but not in the pifS-10 back-
ground, suggesting that ARF2 may be able to negatively regulate the
transcription of ABS3 (Fig 1C and D). Interestingly, the binding of
ARF2 to the ABS3 promoter was also identified in ARF2 DAP-seq
(O’Malley et al, 2016). Thus, we investigated whether ARF2 binds
directly to the ABS3 promoter and represses ABS3 expression. Multi-
ple potential ARF family TF binding core sequences (5'-TGTC-3)
were identified in the ABS3 promoter (Fig 7A). ChIP-qPCR using
DARF2:ARF2-GFP OE lines revealed the enrichment of ARF2 binding
to multiple regions in the ABS3 promoter (Fig 7B). To narrow down
the potential ARF2-binding region in the ABS3 promoter, mutant
forms of the ABS3 promoter with deletions of regions harboring the
core ARF2-binding sequence (5-TGTC-3'), pABS3“®!, pABS3%¢,
pABS3“®, and pABS3“%¢, were generated, respectively (Fig 7A).
Wild-type and mutant forms of pABS3:GFP reporters were co-
expressed with p35S:ARF2-HA in protoplasts. The repression of GFP
expression by ARF2-HA was abolished only when pABS3“R?:GFP
was co-expressed (Fig 7C and D; Appendix Fig S6). There are two
putative ARF2-binding sites (5-TGTC-3’), S1 and S2, in the R2
region (Fig 7A). To further dissect the roles of S1 and S2, two addi-
tional mutant pABS3-GFP reporter constructs, pABS34!:GFP and
pABS3ASZ:GFP, in which the S1 and S2 sites were deleted, respec-
tively, were generated. We found that the repression of GFP expres-
sion by ARF2-HA was abolished in pABS345%:GFP, but not in
pPABS351:GFP (Fig 7C and D; Appendix Fig S6). These data suggest
that ARF2 represses ABS3 expression through direct binding to the
ABS3 promoter and the S2 site is likely required for ARF2 to repress
ABS3 expression. Notably, the repression of ABS3 expression by
ARF2 is independent of PIF5 and PIF4, as we also detected
decreased ABS3 transcript levels in pif4-2 pif5-10 pARF2:ARF2-GFP
OEs (Fig 7E). Together, these findings suggest a negative feedback
regulation scheme of ABS3 by ARF2, in which increased expressions

Figure 6. ABS3 subfamily MATEs are required for ARF2 and PIF5 to promote senescence.

A RT-gPCR analysis of ARF2 expression levels in 7-day-old seedlings of WT, pARF2:ARF2-GFP OEs in the WT background, mateq, and pARF2:ARF2-GFP OEs in the mateq
background. Fold changes were calculated with respect to the expression level in the WT.
B RT-gPCR analysis of PIF5 expression levels in 7-day-old seedlings of WT, pPIF5:PIF5-GFP OEs in the WT background, mateq, and pPIF5:PIF5-GFP OEs in the mateq

background. Fold changes were calculated as in (A).

C Seedlings of the same genotypes as in (A) before and after 6 days and 9 days C-deprivation.
Seedlings of the same genotypes as in (B) before and after 6 days and 11 days C-deprivation.
E, F Chlorophyll and total cellular protein content reduction in genotypes shown in A (E) after 6 days and 9 days C-deprivation and in genotypes shown in B (F) after

6 days and 11 days C-deprivation.

G, H RT-gPCR analysis of ORE1 and SGRI expression levels in genotypes shown in A (G) and B (H) before and after 4 days C-deprivation. Fold changes were calculated

with respect to the expression level in the WT before C-deprivation.

| RT-gPCR analysis of PIL1 and YUCS8 expression levels in 7-day-old seedlings of the same genotypes as shown in (B). Fold changes were calculated as in (A).

Data information: Color legends in (E) and (G) are the same as in (A). Color legends in (F), (H), and (I) are the same as in (B). In A, B, and E-I, data are means =+ s.d. of three

biological replicates.
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of ABS3 promote senescence via the ARF2-PIF5 mediated transcrip-
tional regulation, while the transcription of ABS3 itself is directly
repressed by ARF2.

Discussion

Through large-scale genetic suppressor analysis, we showed that
mutations in two transcription factor genes, ARF2 and PIFS, respec-
tively, can effectively suppress the early senescence phenotype of
abs3-1D under C-deprivation and natural senescence conditions
(Figs 1 and EV1; Appendix Fig S1). More importantly, the elevated
expressions of SAGs, such as OREI and SGR1, were also mitigated in
abs3-1D upon the mutation of ARF2 or PIF5 (Fig 1). Moreover, the
global transcriptional reprogramming caused by the elevated expres-
sion of ABS3 in abs3-1D under C-deprivation, was largely dependent
on ARF2 and PIF5, as revealed in RNA-seq analysis (Fig 2). These
results suggest that ARF2 and PIF5 act as signaling components
responsible for the transcriptional responses in the ABS3-mediated
senescence pathway (Fig 7F). ARF2 belongs to the plant ARF family
TFs which are important components of the auxin signaling path-
way (Okushima et al, 2005). Surprisingly, ARF2 was identified in
multiple forward genetic screens and implicated in a large spectrum
of processes in Arabidopsis, suggesting that it may possess addi-
tional functions beyond a typical ARF protein (Li et al, 2004;
Schruff et al, 2006; Lim et al, 2010; Zhao et al, 2016). ARF2 is
involved in the regulation of flowering time, fertility, seed size, pho-
tomorphogenesis, abscisic acid signaling, and low K" responses (Li
et al, 2004; Ellis et al, 2005; Schruff et al, 2006; Wang et al, 2011;
Richter et al, 2013; Zhao et al, 2016). Supporting the genetic evi-
dence that ARF2 may function beyond the auxin signaling pathway,
microarray data indicate that auxin-regulated gene expression was
largely unaffected in arf2 mutants (Ellis et al, 2005). Instead, ACC
SYNTHASE (ACS) genes are down-regulated in arf2, suggesting
ARF2 plays a positive role in regulating the biosynthesis of ethylene
that promotes leaf senescence (Okushima et al, 2005). ARF2 was
also identified as OREI4 in genetic screens for mutants with delayed
SAG expression and several studies have reported that arf2 mutants
showed a marked delay of leaf senescence (Ellis et al, 2005;
Okushima et al, 2005; Lim et al, 2010). However, previous efforts
and our own attempts with 35S promoter-driven ARF2 overexpres-
sion gave rise to loss-of-function arf2 phenotypes, probably due to
co-suppression (Okushima et al, 2005). In this work, we showed
that the loss of ARF2 genetically suppressed the accelerated senes-
cence of the abs3-1D mutant (Fig 1A, C, E, G and I), while the

Figure 7. Feedback transcriptional repression of ABS3 by ARF2.

Hui Xue et al

overexpression of endogenous promoter-driven ARF2 leads to an
accelerated senescence phenotype (Fig 4A-C), clearly demonstrat-
ing ARF2 as a positive regulator of plant senescence.

PIF5 belongs to a subfamily of bHLH family of TFs that also
includes PIF4 and PIF3 in Arabidopsis (Leivar et al, 2008b). PIFs are
central signaling hubs in various developmental processes including
photomorphogenesis, thermomorphogenesis, shade avoidance,
phototropism, and circadian clock regulation (Lorrain et al, 2008;
Leivar et al, 2008b; Keller et al, 2011; Hornitschek et al, 2012; Li
et al, 2012; Leivar & Monte, 2014; Pfeiffer et al, 2014; Sakuraba
et al, 2014; Song et al, 2014; Zhang et al, 2015; Pedmale
et al, 2016; Paik et al, 2017; Shor et al, 2017; Pham et al, 2018).
The regulation of these processes is underpinned by a large comple-
ment of PIFS direct target genes (Hornitschek et al, 2012; Sakuraba
et al, 2014; Song et al, 2014, 2018; Zhang et al, 2015; Pedmale
et al, 2016; Shor et al, 2017). In shade avoidance response, PIF5,
PIF4, and PIF7 directly activate auxin biosynthesis genes, such as
YUCCAs (YUCs) to promote hypocotyl elongation (Lorrain
et al, 2008; Keller et al, 2011; Li et al, 2012). PIF5 and PIF4 also
interact with blue light receptor CRY2 to promote phototropic growth
(Pedmale et al, 2016). In addition, PIFS, PIF4, and PIF3 have been
reported to regulate senescence (Sakuraba et al, 2014; Song
et al, 2014; Zhang et al, 2015). Senescence promoting genes, such
as OREI and SGRI, are direct targets of PIF5 and PIF4 (Sakuraba
et al, 2014; Song et al, 2014; Liebsch & Keech, 2016; Woo
et al, 2019). However, additional components in the PIF-regulated
senescence pathway remain largely unexplored. Here we show that
PIFS and PIF4 act redundantly to promote senescence in the ABS3-
mediated senescence pathway (Figs 1B, D, F, H, and J, and EV2).

One key discovery we demonstrated in this work is that ARF2
and PIF5/4 work in concert to promote senescence in plants
(Fig 7F). We uncovered a previously unknown physical interaction
between ARF2 and PIF5/4 (Figs 3 and EV3) and provided evidence
supporting that a close functional interdependency between ARF2
and PIF5/4 in promoting senescence in both C-deprivation and natu-
ral senescence processes (Fig 4A-F; Appendix Fig S3). First, our
RNA-seq data and bioinformatics analyses showed significant over-
lapping between ARF2- and PIF5- regulated genes under C-
deprivation and identified putative common target genes of ARF2
and PIF5 (Figs 2E and 5A). Next, we showed that ARF2 and PIF5
can bind to the promoters of their common targets OREI and SGRI
(Fig 5B, C and E). Third, ARF2 and PIFS require each other to
induce the expression of OREI and SGRI and to promote senescence
(Fig 5D and F). Interestingly, the modes of functional dependency
between ARF2 and PIFS5 were different. Without PIF5/4, ARF2 was

A Adiagram of the promoter region of ABS3. Purple arrow heads indicate the positions of the core sequence (5'-TGTC-3') for ARF2 binding. Horizontal lines indicate the
fragments amplified in ChIP-qPCRs. Brackets indicate the deleted regions in pABS3?%%, pABS32%?, pABS34%%, and pABS347*, respectively.

B ChIP-gPCR analysis of ARF2-GFP binding to the promoter of ABS3. Fold enrichments were calculated with respect to the input. PP2A served as a non-binding control.
Data are means =+ s.d. of four technical replicates. The experiment has been independently repeated three times with similar results.

C PpABS3:GFP or pABS345%GFP was expressed in WT mesophyll protoplasts with or without p35S:ARF2-HA. p35S:mCherry was co-transfected and served as a transfection
control. Protoplasts were examined with fluorescence microscopy. Experiments were independently repeated three times with similar results. Bars, 100 pm.

D Dot plots of GFP relative fluorescence intensity in protoplasts expressing WT and mutant forms of pABS3:GFP with or without p35S:ARF2-HA. Data are median with
interquartile range, n is indicated in parentheses, two-tailed Mann—Whitney test, n.s., not significant, ****p < 0.0001.

E RT-gPCR analysis of ABS3 expression levels in 7-day-old seedlings of WT, pARF2:ARF2-GFP OEs in the WT background, pif4-2 pif5-10, and pARF2:ARF2-GFP OEs in the
pif4-2 pif5-10 background. Fold changes were calculated with respect to the expression level in the WT. Data are means =+ s.d. of three biological replicates.

F A working model depicting the ARF2-PIF5/4 functional module in the ABS3-mediated senescence pathway.
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still capable of binding the promoters of OREI and SGRI but the
induction of their expressions was attenuated under C-deprivation
(Fig 5C and D). In contrast, when ARF2 was mutated, the ability of
PIFS to bind to the promoters of OREI and SGRI and activate their
expressions was compromised (Fig SE and F). In addition, ARF2
and PIFS likely also regulate senescence independently. First, in our
RNA-seq analysis, we found that ARF2 and PIF5 regulate non-

© 2022 The Authors

overlapping genes under C-deprivation as well (Fig 2E). Next, bioin-
formatics analysis also identified non-overlapping putative target
genes for ARF2 and PIF5 (Fig 5A). Last, the senescence phenotype
of arf2-20 pifS-10 double mutants is consistent with independent
functions of ARF2 and PIF5 (Fig 4G-J).

The functional relationship between ARF2 and PIF5/4 in regulat-
ing senescence is reminiscent of the regulation of hypocotyl
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elongation by the tripartite interactions between BRASSINAZOLE
RESISTANT 1 (BZR1), a key TF in plant hormone brassinosteroid
(BR) signaling, PIF4, and ARF6 (Oh et al, 2014). ARFs can function
as both transcription activators and repressors (Ulmasov
et al, 1999; Tiwari et al, 2003). ARF6 is a transcription activator
while ARF2 is thought to be a transcription repressor in auxin sig-
naling (Ulmasov et al, 1999; Tiwari et al, 2003; Oh et al, 2014).
Unexpectedly, our findings indicate that ARF2 can promote the
expression of SAGs, such as OREI and SGRI. It is possible that ARF2
may be able to form both transcriptional repressing and transcrip-
tional activating complexes in different processes through interac-
tions with distinct partners. It will be interesting to explore whether
additional transcription factors, such as BZR1 and its homolog,
BRI1-EMS-SUPPRESSOR 1 (BES1), also participate in the regulation
of senescence through interaction with ARF2 and PIF5/4.

Notably, neither the well-established enhanced hypocotyl cell
elongation phenotype of PIFS OEs nor the binding of PIF5 to its
cell elongation targets was affected by the loss of ARF2 (Fig 5G-
J). These findings suggest that the interaction between ARF2 and
PIF5 is specific for the regulation of senescence, while other
genetic factors might work with PIFS to facilitate the control of
hypocotyl cell elongation. In agreement with this notion, PIF pro-
teins are known to interact with other TFs to regulate diverse cel-
lular processes (Paik et al, 2017; Pham et al, 2018). Modulating
the interaction between PIFs and their interactors may represent a
common mechanism for plant cells to differentially regulate PIF
activities.

Finally, we discovered reciprocal regulations between ABS3-
subfamily MATEs and the ARF2-PIF5/4 functional module (Fig 7F).
On one hand, an increased expression of ABS3 in abs3-1D activates
the transcription of SAGs via TFs ARF2 and PIF5/4, while loss of
ABS3 subfamily MATEs dampens the senescence promoting effects
of ARF2 and PIFS overexpressions (Fig 6). Since the transcripts
levels of ARF2 and PIFS were largely unaffected by the gain- or loss-
of function of ABS3 subfamily MATEs, it is possible that ABS3 sub-
family MATEs may activate ARF2-PIF5 module to promote senes-
cence through post-transcriptional regulation (Fig 7F). On the other
hand, we revealed a direct feedback inhibition of ABS3 transcription
by ARF2, establishing another intriguing layer of regulation in the
ABS3-mediated senescence pathway (Fig 7). ARF2 binds directly to
the promoter of ABS3 and represses ABS3 transcription (Fig 7A-D).
Feedback regulation is a common mechanism in biology to fine-
tune the output of developmental signals. For example, in plant hor-
mone jasmonic acid-induced senescence pathway, TFs Dof2.1 and
MYC2 activate each other’s expression thereby forming a
senescence-promoting feedforward loop (Zhuo et al, 2020). Nega-
tive feedback has also been observed in the regulation of plant
senescence. In nitrogen deficiency-induced senescence, the protein
stability of OREL is negatively regulated through protein degradation
via an E3 ubiquitin ligase NITROGEN LIMITATION ADAPTATION
(NLA; Park et al, 2018). In this work, we showed that a negative
feedback regulation of ABS3 by ARF2 operates in the ABS3-
mediated senescence pathway, further underlining the complexity
of senescence regulation in plants (Fig 7F). It is conceivable that the
highly ordered and coordinated nature of plant senescence necessi-
tates multiple layers of regulation including negative feedback
mechanisms to ensure robust responses to highly dynamic internal
and external cues.
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Materials and Methods
Plant materials

All Arabidopsis lines used in this study are in the Columbia-0 (Col-
0) background. abs3-1D and mateq (abs3-1 abs4-1 abs3l1-1 abs312—
1) have been described (Wang et al, 2015a). T-DNA insertional
mutants of PIF4 (pif4-2, SAIL_1288_E07) and OREI (SAIL_694_C04,
designated orel-101 in this study) were obtained from the Arabidop-
sis Biological Resource Center. abs3-1D suppressor lines FD11-55
(arf2-20 abs3-1D) and FD18-70 (pif5-10 abs3-1D) were identified in
this study. arf2-20 and pif5-10 single mutants were obtained by
backcrossing FD11-55 (arf2-20 abs3-1D) and FD18-70 (pifS-10 abs3-
1D) with the WT, respectively. The double mutants arf2-20 pif5-10,
pif4-2 abs3-1D, pif4-2 pif5-10 and triple mutants arf2-20 pifS-10
abs3-1D, pif4-2 pif5-10 abs3-1D were generated in this study by
genetic crossing. The double mutant sgri-101 abs3-1D was gener-
ated by the CRISPR-Cas9 technology. Mutant genotypes were vali-
dated by PCR and sequencing. Primers used for genotyping are
listed in Appendix Table S1. The arf2-20 pPIFS:PIF5-GFP lines were
generated by crossing two non-segregating pPIF5:PIFS-GFP lines in
the WT background with arf2-20. Similarly, the pif4-2 pifS-10
DARF2:ARF2-GFP lines and pifS-10 pARF2:ARF2-GFP lines were gen-
erated by crossing two non-segregating pARF2:ARF2-GFP lines in the
WT background with pif4-2 pif5-10 and pifS-10, respectively. The
rest of the transgenic lines were generated using the Agrobacterium-
mediated floral dip method (Clough & Bent, 1998).

Plant growth conditions

Seeds were surface-sterilized and stratified at 4°C for 2 days in the
dark before sowing. Plants were grown under ~80 pumol m 2 s~
illumination at 22°C. Plants used in protoplast preparations were
grown on peat pellets (Jiffy-7, Jiffy Group) under 12 h/12 h day/
night cycle. For all other purposes, plants were grown on commer-
cial soil mix (Pindstrup) under continuous light. C-deprivation treat-
ment was carried out as previously described (Jia et al, 2019).
Briefly, seeds were sown on 1/2 Murashige and Skoog (MS)
medium (M153, PhytoTechnology Laboratories) supplemented with
1% (w/v) Bacto agar (214010, BD) and 1% (w/v) sucrose and
allowed to grow for 7 days at 22°C under continuous light. Seed-
lings were then transferred onto 1/2 MS medium with 1% (w/v)
Bacto agar and no sucrose and kept in the dark at 22°C for indicated
time periods.

abs3-1D suppressor screen

EMS mutagenesis of abs3-1D seeds was carried out as described (Li
et al, 2021). Briefly, ~ 48,000 homozygous abs3-1D seeds were
mutagenized and divided into 30 pools, each containing ~1,600 M1
plants. M2 seeds were harvested and used for screening. M2 seeds
were grown on 1/2 MS medium supplemented with 1% sucrose for
7 days and then subjected to C-deprivation treatment for 6 days. On
each plate, 10 abs3-1D seedlings were treated with C-deprivation in
parallel with the M2 seedlings. M2 seedlings displayed delayed
senescence compared with abs3-1D were considered as candidate
suppressors, transferred to soil, selfed, and harvested individually.
For each pool, ~ 6,000 M2 seeds were screened for the suppression

© 2022 The Authors

850807 SUOWWID aAes.D (el (dde au Aq pausenob afe sajone VO ‘@S J0 Sa|nJ 1o} A%eiq)8uljuQ A3|IA UO (SUORIPUOO-pUe-SWLRIALI0D" A8 I AReIq 1 BUI UO//:SANY) SUORIPUOD pue swie | 8y} 88S *[220z/2T/zz] uo Ariqiiauluo Aeim ‘Aisieaun preAeH Aq 8860TT2202 [que/zszST 0T/10p/BIo sseidoguie mmmy/sdny wouy pepeoumod ‘6T ‘220z ‘GL0209%T



Hui Xue et al

of the accelerated senescence of abs3-1D under C-deprivation. After
validating the delayed senescence phenotype in M3 generation, can-
didate suppressors were backcrossed with WT for two to three
rounds to clear their genetic background. Genomic DNA from 20-30
pooled suppressors from the F2 population of a backcross was puri-
fied using the DNAquick Plant System kit (4992710, TIANGEN
Biotech). DNA library preparation, genome resequencing, reads
mapping, and SNP identification were performed at Novogene in
Tianjin, China.

Vectors

Primers used in vector construction are listed in Appendix Table S1.
Information on vectors generated in this study is provided in
Appendix Table S2.

To express ARF2-HA in protoplasts, the coding sequence of ARF2
was amplified and assembled with PCR amplified backbone of
HBT95-2 x HA using the NEBbuilder HiFi DNA Assembly Master
Mix (New England Biolabs; Yoo et al, 2007). To express PIF5-GFP
and PIF4-GFP in protoplasts, coding sequences of PIF5S and PIF4
were amplified, restriction digested, and cloned into pUC18-p35S:
GFP. Vectors for expressing YN and YC fusion proteins in proto-
plasts have been described (Jia et al, 2019). For BiFC assays, coding
sequences of ARF2, ARF2-N, ARF2-M, and ARF2-C were amplified
and fused to the C-terminus of YN in pUCI8-p35S:YN to generate
pUC18-p35S:YN-ARF2, pUCI8-p35S:YN-ARF2-N, pUCI8-p35S:YN-
ARF2-M, and pUCI18-p35S:YN-ARF2-C, respectively. Coding
sequences of PIFS5, PIF4, PIF5-N, and PIF5-C were amplified and
fused to the N-terminus of YC in pUC18-p35S:YC to generate pUCI 8-
P35S:PIFS-YC, pUC18-p35S:PIF4-YC, pUCI8-p35S:PIF5-N-YC, pUCI8-
p35S:PIF5-C-YC, respectively.

For yeast two-hybrid assay, coding sequences of ARF2, PIF5, and
PIF4 were amplified and cloned into pGBKT7 (BD vector; 630443,
Takara Bio) and pGADT?7 (AD vector; 630442, Takara Bio) to gener-
ate pGBKT7-ARF2, pGADT?7-PIF5, and pGADT7-PIF4, respectively.

For recombinant protein expression, additional constructs were
generated. To express recombinant ARF2 with an N-terminal GST
tag (GST-ARF2), the coding sequence of ARF2 was cloned into
DPGEX-4T-1 (27-4580-01, GE Healthcare). To express recombinant
PIFS5 with an N-terminal MBP and a C-terminal His-tag (MBP-PIF5-
His), a PIFS-His fusion generated by PCR was assembled with the
backbone of pMAL-c4x (E8000S, New England Biolabs) using the
NEBbuilder HiFi DNA Assembly Master Mix (E2621, New England
Biolabs). To express MBP-PIF4-His, coding sequence of PIF4 was
amplified from pUC18-p35S:PIF4-GFP and used to replace PIFS in
DPMAL-c4X-MBP-PIF5-His.

For protoplast effector/reporter assays, the promoter of ABS3
was amplified and used to replace p35S in pUCI8-p35S:GFP to gener-
ate pUCI8-pABS3:GFP. To generate mutant forms pABS3, fragment
flanking the deleted regions were amplified and assembled with the
backbone of pUCI8 using the NEBbuilder HiFi DNA Assembly
Master Mix (E2621, New England Biolabs).

For plant transformation, genomic regions encompassing the pro-
moter and coding regions of ARF2, PIFS, OREI, and SGR1 were
amplified and cloned into a binary vector pCambial300-GFP to have
GFP fused to the C-termini of ARF2, PIF5, OREI, and SGR1 respec-
tively. Transgenic lines were screened on 1/2 MS medium supple-
mented with 0.8% (w/v) agar and 25 mg 1~! hygromycin.

© 2022 The Authors
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To generate knockout mutant of SGRI with the CRISPR-Cas9
technology, two sgRNAs that targeted two sites in the coding
sequences of SGR1 were designed using the CRISPRscan (https://
www.crisprscan.org/) website (Moreno-Mateos et al, 2015). The
dual-gRNA cassette was amplified by overlapping PCR using
primers SGR1-DT1-F, SGR1-DT1-BsF, SGR1-DT1-R, and SGR1-DT1-
BsR and the pCBC-DTI1TZ2 plasmid as the template. The resulting
PCR products were digested with Bsal, and cloned into the pHEE2A
binary vector (Wang et al, 2015b). The resulting pHEE2A-dual-
sgSGR1 vector was used to transform abs3-1D. Deletion mutants of
SGRI were identified in T1 generation by PCR and sequencing.

Chlorophyll and total cellular protein content measurement

To measure chlorophyll and total cellular protein contents of the
seedlings before and after C-deprivation treatment, whole seedlings
were weighed and ground in liquid nitrogen. Total chlorophyll was
extracted with 95% ethanol at 4°C in the dark with gentle agitation
overnight. Tissue debris were then removed by centrifugation at
12,000 g at 4°C for 10 min. Chlorophyll content (ug/mg fresh tissue
weight) in supernatants was determined (Lichtenthaler, 1987). Total
protein was extracted with 50 mM Tris—HCI pH 6.8, 2% sodium
dodecyl sulfate (SDS), and 10% glycerol at 95°C for 5 min, super-
natants were separated from tissue debris by centrifugation at
12,000 g at RT for 10 min. Protein contents in supernatants (ug/mg
fresh tissue weight) were measured using a Pierce™ Rapid Gold
BCA Protein Assay Kit (A53226; Thermo Fisher Scientific) following
the manufacturer’s instructions. To calculate relative chlorophyll
and protein content, chlorophyll and protein content before C-
deprivation was defined as 100% in each genotype. Data were
generated with three biological replicates, each consisting of 10
seedlings.

RNA extraction and quantitative RT-PCR (RT-qPCR)

Total RNAs were prepared from seedlings using the Trizol RNA
reagent (15596018, Thermo Fisher Scientific). First stand cDNAs
were synthesized from 1 pg total RNA using the Maxima H Minus
complementary DNA Synthesis Master Mix (M1682, Thermo Fisher
Scientific). qPCRs were performed using the FastStart Essential DNA
Green Master (06402712001, Roche) on a Real-Time PCR System
(QuantStudio 6 Flex, Thermo Fisher Scientific). Primers for qPCRs
are listed in Appendix Table S1. Quantifications of RT-qPCR data
were based on three biological replicates using GAPDH as an inter-
nal control.

RNA-Seq and data analysis

Seedlings used in RNA-seq were grown under continuous light for
7 days and then treated with C-deprivation for 4 days. For each
genotype, three biological replicates were included. Library prepara-
tion, sequencing, reads mapping, and differential expression analy-
sis were performed at Novogene in Tianjin, China. Briefly, libraries
were prepared using NEBNext® Ultra™ RNA Library Prep Kit for
[lumina® (E7530L, New England Biolabs), and sequenced on an
[llumina Novaseq platform. 150 bp paired-end reads were gener-
ated. Clean reads were aligned to the Arabidopsis reference genome
(Araportl1.Release.201606) using Hisat2 v2.0.5. Differential
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expression analysis was performed using the DEseq2 R package.
The resulting P-values were adjusted using Benjamini and Hoch-
berg’s approach. In each pair-wise comparison, genes with |log2
fold change| > 0.6 and an adjusted P-value (P,q;) < 0.01 found by
DEseq2 were considered as differentially expressed. Enriched gene
ontology (GO) terms were determined using functional annotation
tools provided by DAVID Bioinformatics Resources 6.8 (https://
david.ncifcrf.gov/tools.jsp).

Yeast two-hybrid assays

AD and BD vectors were co-transformed into the Y2H Gold yeast
strain (630498, Takara Bio). Co-transformed yeast cells were
selected on double dropout (DDO, SD-Leu/—Trp) medium. Liquid
cultures grown from single colonies on DDO plates were adjusted to
the same OD value. For each co-transformation, 5 pl liquid culture
was spotted onto quadruple dropout (QDO, SD-Ade/-His/—Leu/—
Trp) medium and QDO medium supplemented with 40 mg 1~! X-o-
gal (630,462, Takara Bio) and incubated at 28°C. The growth of
yeast colonies was monitored for 4-5 days. Empty pGADT7 and
PGBKT?7 plasmids served as negative controls.

Recombinant protein purification and GST pull-down assays

Expressions of recombinant proteins were induced in Escherichia
coli strain BL21 (DE3) with 0.1 mM IPTG at 37°C (for GST, MBP-
His, MBP-PIF5-His, and MBP-PIF4-His) or 30°C (for GST-ARF2) for
4 h. GST-ARF2 and GST were purified using the Glutathione
Sepharose 4B resin (17-0756-01, GE Healthcare). MBP-PIF5-His,
MBP-PIF4-His, and MBP-His were purified with the Ni Sepharose 6
Fast Flow resin (17-5318-02, GE Healthcare). Purified proteins were
exchanged and concentrated with TBS buffer (25 mM Tris—HCl pH
7.2, 150 mM NaCl) using Pierce™ Protein Concentrator (88513 and
88502, Thermo Scientific). GST pull-down assays were performed
with 5 pg GST or GST-ARF2 and 5 pg MBP-PIF5-His/MBP-PIF4-His
using 10 ul Glutathione Sepharose 4B resin. Input and pull-down
fractions were immunoblotted with anti-GST (ab19256, Abcam) and
anti-His (ab18184, Abcam) antibodies. A protease inhibitor cocktail
(04693132001, Roche) was added to 1x final concentration in all
buffers used in recombinant protein purification and pull-down
assays.

BiFC assays

Preparation and transient transfection of Arabidopsis leaf mesophyll
protoplasts were performed as described (Yoo et al, 2007). In each
assay, 200 pl protoplasts (2 x 10° ml™") were co-transfected with
indicated YN and YC vectors (20 pg each) together with the nuclear
marker vector p35S:NLS-mCherry (5 pg). Protoplasts were examined
with a spinning-disk confocal system (Revolution WD, Andor) using
a 100x 1.44 N.A. oil immersion objective (HCX PL Apo, Leica) 12 h
after transfection. Confocal images were processed with the Fiji
ImageJ software.

Co-Immunoprecipitation (Co-IP)

For Co-IP assays, 10 ml phyB-101 mesophyll protoplasts
(2 x10° ml™") were co-transfected with 1 mg p35S:ARF2-HA
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together with 1 mg p35S:PIF5-GFP/p35S:PIF4-GFP or 0.1 mg p35S:
GFP. After 12 h incubation in WI buffer (4 mM MES-KOH pHS5.7,
0.5 M mannitol, and 20 mM KCl) in the dark, protoplasts were har-
vested (100 g, 2 min) and frozen in liquid nitrogen. Cell pellets were
resuspended in 1 ml IP buffer (10 mM HEPES pH 8.0, 150 mM
NaCl, 2.5 mM MgCl,, 1% [v/v] Nonidet P-40, 0.5 mM EDTA, and
5% [v/v] glycerol), sonicated for 10 min (30 s on/off cycles) with
Bioruptor Pico (Diagenode), incubated on ice for 30 min, and then
centrifuged at 12,000 g for 5 min at 4°C. After centrifugation, the
supernatant served as the input for Co-IP. IP was performed using
magnetic GFP-Trap beads (gtma-20, ChromoTek). Input and IP frac-
tions were immunoblotted with anti-GFP (632381, Takara Bio) and
anti-HA (11867431001, Roche) antibodies. A protease inhibitor
cocktail (04693132001, Roche) was added to 1x final concentration
in all buffers used in sample preparation and Co-IP.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP assays were performed as described with minor modifications
(Meng et al, 2018). Seven-day-old seedlings (Fig 7) or 7-day-old
seedlings with an additional 3 days C-deprivation treatment (Fig 5)
were used in ChIP assays. 3-4 g of seedlings were infiltrated with
the crosslinking buffer (10 mM Tris-HCl pH 8.0, 0.4 M sucrose,
10 mM MgCl,, 5 mM B-ME, 1 mM PMSF, and 1% formaldehyde)
for 10 min under vacuum. Crosslinked seedlings were frozen and
ground in liquid nitrogen. Nuclei purified by differential centrifuga-
tion in a discontinuous sucrose gradient were lysed in Nuclear Lysis
Buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% [w/v] SDS,
1 mM PMSF, 1 x protease inhibitor cocktail). Chromatin was
sheared with Bioruptor Pico (Diagenode). Chromatin complexes
were immunoprecipitated with magnetic GFP-Trap beads (gtma-20,
ChromoTek) at 4°C overnight with gentle agitation. After reverse
crosslinking and proteinase K (EO0491, Thermo Fisher Scientific)
digestion, immunoprecipitated DNAs were purified using the
QIAquick PCR Purification Kit (28,104, Qiagen). Input and immuno-
precipitated DNAs were adjusted to the same concentration prior to
gPCR analysis. A PP2A fragment served as the non-binding control
in ChIP-qPCRs. Fold enrichments were calculated with respect
to the input. Primers used in ChIP-qPCRs are listed in
Appendix Table S1.

Protoplast effector/reporter assays

In each assay, 200 pl WT mesophyll protoplasts (2 x 10° ml™?)
were co-transfected with WT or each mutant form of pABS3:GFP
(20 pg) and p35S:mCherry (5 pg) with or without p35S:ARF2-HA
(20 pg). Protoplasts were examined with a fluorescence microscope
(DMi8, Leica) using a 20x objective lens (HC PL APO N.A. 0.80)
12 h after transfection. For each assay, relative GFP fluorescence
signal intensity was measured in more than 100 transfected cells,
i.e. cells expressing the p35S:mCherry transfection control, using
Fiji-ImageJ software. All assays were repeated independently at least
three times with similar results.

Accession numbers

Sequence data for the genes used in this study can be found in The
Arabidopsis Information Resource (www.arabidopsis.org) under the
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following accession numbers: ABS3, AT4G29140; ABS4,
AT1GS58340; ABS3L1, ATSG19700; ABS3L2, ATSGS52050; ARFZ2,
ATS5G62000;  PIFS, AT3GS9060; PIF4, AT2G43010; OREIl,
ATS5G39610; SGR1, AT4G22920; PIL1I, AT2G46970; YUCS,
AT4G28720; PP2A, AT1G13320; GAPDH, AT1G13440.

Data availability

The RNA-seq raw data have been deposited to Sequence Read
Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under the acces-
sion number PRINA701129.

Expanded View for this article is available online.
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