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Abstract
Background

Salicylic acid (SA) plays an important role in regulating leaf senescence. However, the molecular
mechanism of leaf senescence of sa�ower (Carthamus tinctorius) is still elusive. In this study we found
that the bHLH transcription factor (TF) CtbHLH41 in Carthamus tinctorius signi�cantly delayed leaf
senescence and inhibited the expression of senescence-related genes.

Results

In order to explore how CtbHLH41 promotes leaf senescence, we carried out yeast two-hybrid screening.
In this study, by exploring the mechanism of CtbHLH41 regulating CtCP1, it was found that CtCP1
promoted the hydrolysis of CtbHLH41 protein, accelerated the transcriptional activities of salicylic acid-
mediated senescence-related genes CtSAG12 and CtSAG29, chlorophyll degradation genes CtNYC1 and
CtNYE1, and accelerated leaf senescence. We found a negative SA regulator CtANS1, which interacts with
CtbHLH41 and regulates its stability, thereby inhibiting CtCP1-mediated leaf senescence.

Conclusions

In short, our results provide a new insight into the mechanism of CtbHLH41 actively regulating the
senescence of sa�ower leaves induced by SA.

Introduction
Leaf senescence is a process of programmed degradation of intracellular materials and redistribution of
nutrients. During leaf senescence, nutrients such as sugars, amino acids, and nucleotides after the cell
contents are hydrolyzed are transported from the senescence parts to the plant growth parts or storage
organs to facilitate their better growth and successful reproduction (Lim et al., 2007, Schippers et al.,
2015, Woo et al., 2019). Chloroplast contains most of the protein in leaves and stores abundant nitrogen
resources. More than 80% of the nitrogen content in plant grains comes from the recycling of chloroplast
nitrogen during senescence (Girondé et al., 2015). The reutilization of nutrients during senescence affects
the vigor and quality of seeds, such as wheat, corn and other crops(Robinson et al., 2012). From this
point of view, the impact of senescence on crop yields is crucial.

So far, there have been many studies on the physiological and molecular functions of plant hormones in
the regulation of leaf senescence. In general, cytokinin (CTK) and auxin inhibit leaf senescence, while
ethylene, abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA) and gibberellin (GA) promote leaf
senescence (Schippers et al., 2015). Current research shows that SA also plays a role in age-dependent
aging. High levels of SA in senescent leaves are involved in regulating the up-regulation of leaf
senescence-related genes SAGs. A large number of SAGs such as PRla, cbitinase and SAG12 in
Arabidopsis thaliana lacking the SA signal synthesis pathway (nprl and pad4 mutants, NabG
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overexpression plants) have reduced or have not express of SAGs. Transcriptome analysis found that: SA
pathway and age-dependent senescence look alike. The SA pathway is speci�cally involved in age-
dependent leaf senescence, and further studies have also shown that the content of SA in NabG
overexpressing plants is drastically reduced, and the phenotype of delayed senescence is age-dependent
rather than dark-induced leaf senescence(Morris et al., 2000).

Leaf senescence is a complex physiological process, which is �nely regulated by many transcription
factors, such as bHLH transcription factor. bHLH transcription factors have a DNA binding domain
composed of about 60 amino acids. The C-terminal of the binding domain is the HLH region, which is a
homodimer or heterodimer formed by the interaction of hydrophobic amino acids. Combines with
different parts of the target gene promoter (Atchley et al., 1999). At the N-terminus of the binding domain
is a basic region. The basic region can be bind to DNA, and its conserved amino acids can recognize E-
box (5'-CANNTG-3') (Massari & Murre, 2000) and G-box (5'-CACGTC-3') (Martínez-García et al., 2000). The
Arabidopsis bHLH transcription factor subfamily phytochrome-interacting factors (PIFs) are involved in
the process of light signal transmission. For example, PIF5 positively regulates the dark-induced
senescence process and promotes the degradation of chlorophyll(Zhang et al., 2015).

Cysteine proteases are also involved in the senescence of plants. During senescence, many cellular
metabolic processes are reduced, including transcription, but the expression of genes called senescence-
associated (SAG) is induced. It includes genes encoding enzymes for degradation such as proteases and
nucleases, and genes for enzymes involved in carbohydrate and lipid metabolism. Although there are
many SAG studies on different plants, only certain SAGs are strictly related to plant senescence. For
example, Arabidopsis SAG12 (AtSAG12) is one such gene whose expression is strictly related to aging
(Miller et al., 1999, Otegui et al., 2005). During leaf senescence, the pepper (Capsicum annuum) PLCP
gene (CaCP) is induced to express and is also induced by abiotic and biotic stress treatments(Xiao et al.,
2014).

In the course of our research on CtbHLH41, we found that the overexpression of CtbHLH41 slows down
leaf senescence, but the regulation of the molecular mechanism is not very clear. CtCP1 was included in
the results of CtbHLH41 screening by yeast two-hybrid, which may promote leaf senescence of plants. At
present, there is no study on the regulation of CtCP1 protein by CtbHLH41. In this study, by exploring the
mechanism of CtbHLH41 regulating CtCP1, it was found that CtCP1 promoted the hydrolysis of
CtbHLH41 protein, accelerated the transcription and expression of senescence-related genes mediated by
salicylic acid, and accelerated leaf senescence. We also found a gene CtANS1 that negatively regulates
SA, which also interacts with CtbHLH41 and regulates its protein stability, thereby delaying leaf
senescence caused by CtCP1. In general, the relationship among CtbHLH41, CtCP1 and CtANS1 during
sa�ower leaf senescence was described by protein-protein interaction. This study expounded the
molecular mechanism of CtbHLH41, CtCP1 and CtANS1 regulating leaf senescence, provided a
theoretical basis for the further study of sa�ower nutrition and nutrient re�ux, and provided a new idea to
better solve the problem of nutrient transport in production in the future.
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Results

CtbHLH41 negatively regulates SA-mediated Senescence
of Carthamus tinctorius leaves
A large amount of bHLH TF expression was signi�cantly induced in the process of natural senescence.
CtbHLH41 gene is homologous to Arabidopsis thaliana AT5G48560 (light signal bHLH). We used the
sa�ower genome database(https://sa�ower.scuec.edu.cn/index.html) BLAST to search for a bHLH gene
and identi�ed it as CtbHLH41 (CCG019190.1). Then a phylogenetic tree was constructed based on the
amino acid sequences of 13 different plant species including sa�ower to identify bHLH homologous
proteins. All proteins contain a basic region and a HLH region, and CtbHLH41 is highly homologous to
CsBHLH094 from Cynara cardunculus var. scolymus (Supplementary Figure S1).

The developmental stages of sa�ower leaves can be divided into three stages: non-senescence (NS),
premature senescence (ES) and late senescence (LS). We measured the expression of CtbHLH41 in these
three stages. It was found that the expression of CtbHLH41 in NS stage was lower than that in ES and LS
stages, and the expression trend was increasing (Fig. 1A). BHLH has previously been found to play an
important role as a regulator in JA-mediated defense against necrotizing pathogens and SA-induced cell
death (Liu et al., 2020, Yan et al., 2020). In order to study the possible involvement of CtbHLH41 in SA-
mediated response, we �rst examined the induction and time dynamics of CtbHLH41 expression after SA
treatment. As shown in �gure 1B, the expression of CtbHLH41 is induced by SA. We constructed
CtbHLH41 overexpression vector and transformed it into Arabidopsis thaliana, and produced 9
independent Arabidopsis lines to verify the function of CtbHLH41 in leaf senescence (supplementary
�gure S2). The isolated leaves and whole plants of wild type, mutant and CtbHLH41 overexpression lines
were used to determine leaf senescence induced by SA. After SA treatment, the leaves of mutant
Arabidopsis thaliana seedlings were more yellowed than those of wild type (WT) and transgenic
seedlings (Fig. 1C). The chlorophyll content and the maximum quantum yield of photosystem II (Fv/Fm)
in the leaves of mutant plants decreased signi�cantly, which was the same as the color difference
between them (�gure 1DE). We used transient system to transform CtbHLH41 overexpression and
antisense inhibition vectors into isolated sa�ower leaves to further prove the senescence phenotype of
Arabidopsis thaliana leaves (supplementary �gure S1). As before, sa�ower showed delayed senescence
due to overexpression of CtbHLH41, while sa�ower showed early senescence due to antisense inhibition
of CtbHLH41 expression (�gure 1F). In addition, the CtbHLH41 overexpression and antisense inhibition
vectors of Carthamus tinctorius also showed corresponding differences in chlorophyll content (Fig. 1G).
Consistent with these �ndings, chlorophyll content is lower, which represents the expression of
senescence-related genes (SAGs); for example, SAG12 and SAG29 are stronger in mutants than in
transgenic plants (�gure 1H-I). We found that the increased expression of CtNYC1 and CtNYE1 in
sa�ower leaves was due to the inhibition of CtbHLH41 expression (supplementary �gure S3). The above
results show that CtbHLH41 plays a negative regulatory role in leaf senescence induced by SA.



Page 5/26

Physical interaction between CtbHLH41 and CtCP1
During the screening of potential interaction partners of CtbHLH41 using yeast two-hybrid system (Y2H),
we found that CtbHLH41 could interact with CtCP1 (supplement �gure S2). In addition, the biological
signi�cance of their interaction remains to be determined. Interestingly, cysteine proteases (CP) have
been revealed to be involved in a variety of physiological processes through the SA pathway (Kovács et
al., 2016). Therefore, we speculate that CtbHLH41 may form a complex with CtCP1 to regulate the SA-
mediated response. The interaction between Y2H and bimolecular �uorescence complementarity (BiFC)
was further con�rmed by Y2H and bimolecular �uorescence complementarity (BiFC) measurements. As
shown in Fig. 2A and B, CtbHLH41 interacts with CtCP1, and the Basic at the N-terminal of CtbHLH41
gene is essential for their interaction. We also con�rmed their interaction by pull-down analysis in vitro.
The results showed that CtbHLH41 with GST fusion could retain CtCP1-His, while GST alone could not
(Fig. 2C). Finally, in order to further con�rm the direct regulation of CtCP1 expression by CtbHLH41, we
also used the CtCP1 promoter (2.0kb) fused with LUC gene (CtCP1p:LUC) to determine the transient
expression in tobacco leaves. The effector plasmid contains CtbHLH41 gene driven by cauli�ower
mosaic virus (CaMV) 35s promoter (35S:CtbHLH41). As shown in Fig. 4D and F the co-expression of
CtbHLH41 gene and a reporter plasmid resulted in a signi�cant up-regulation of LUC signal compared
with the control. To sum up, these results suggest that there is a physical interaction between CtbHLH41
and CtCP1, and they may form a complex to regulate sa�ower leaf senescence mediated by SA.

CtCP1 is regulating SA-mediated leaf senescence of Carthamus tinctorius.

Since CtbHLH41 participates in SA-mediated sa�ower leaf senescence and interacts with CtCP1, we
speculate that CtCP1 may also participate in SA response through the interaction with CtbHLH41. In order
to study the possible involvement of CtCP1 in SA-mediated response, we determined the induced
expression of CtCP1 after SA treatment at �rst. As shown in �gure 3B, CtCP1 expression is induced by SA
at the mRNA levels. Combined with its strong expression in senescent leaves (Fig. 3A), we concluded that
CtCP1 may also play a role in SA-induced leaf senescence. Therefore, the exfoliated leaves of plants with
WT, cp1 mutants or CtCP1 overexpression were used for the determination of SA-induced leaf
senescence. After SA treatment, cp1 mutants showed delayed leaf senescence compared with WT plants
(�gure 3C). Compared with wild-type plants, mutant plants also showed less cell death, higher chlorophyll
content and lower SAG expression (�gure 3D-F and supplementary �gure S4). In contrast, 35S:CtCP1
transgenic plants showed accelerated leaf senescence after SA treatment, accompanied by an increase in
cell death and a decrease in chlorophyll content, but higher SAG expression (�gure 3D-F and
supplementary �gure S4). The same results were found in sa�ower leaves (�gure 3G-J and
supplementary �gure S4). Therefore, these observations suggest that CtCP1 positively regulates
sa�ower leaf senescence induced by SA.

Sa�ower leaf senescence induced by CtbHLH41 delayed
SA is CtCP1 dependent
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We cloned the promoter of 2kb upstream of CtCP1 gene and constructed a β-glucuronidase (GUS) vector
driven by this region, and then transferred it into Arabidopsis thaliana to further prove the function of
CtCP1 in response to SA. The results showed that the GUS activity of transgenic Arabidopsis thaliana
treated with SA was enhanced under histochemical staining (�gure4A-B). In view of the interaction
between CtCP1 and CtbHLH41, we suspect that CtbHLH41 is involved in sa�ower leaf senescence
mediated by CtCP1. Arabidopsis lines overexpressing CtbHLH41 were hybridized with Arabidopsis lines
overexpressing CtCP1 or mutant cp1, respectively. Arabidopsis thaliana plants overexpressing
CtbHLH41/cp1 turn yellow more slowly and contain more chlorophyll than plants overexpressing
CtbHLH41/CP1 or overexpressing CtCP1 or mutant cp1 and overexpressing CtbHLH41 or bhlh41 alone
(�gure 4C-E and supplementary �gure S5). Consistent with these �ndings, the chlorophyll content is lower,
which means that the expression of senescence-related genes (SAGs) is stronger in mutants than in
transgenic plants (�gure 4F-G and supplementary �gure S5). Therefore, the senescence of sa�ower
leaves induced by CtbHLH41-delayed SA is CtCP1-dependent.

CtCP1 promotes the hydrolysis of CtbHLH41 protein
Recent studies have shown that cysteine proteases are usually involved in plant senescence by
hydrolyzing substrates (Deng et al., 2019). CtbHLH41-His fusion protein and some reported conventional
protease substrates (including casein, azo casein, protein, gelatin, collagen and l.leucine.p.nitroaniline)
were used to verify the effects of different substrates on CtCP1 activity. The enzyme had the highest
activity against CtbHLH41-His fusion protein, with a relative activity of 165% respectively, and was further
improved under SA treatment (�gure 5A-B).

We speculate that CtCP1 may affect the stability of CtbHLH41 protein. We obtained CtCP1
overexpression and antisense sa�ower leaves (CtCP1-OE and CtCP1-Anti) by transient transformation.
Next, we carried out the cell-free CtbHLH41 degradation test, and incubated the total proteins extracted
from wild-type, CtCP1-OE and CtCP1-Anti leaves with CtbHLH41-His. As shown in Fig. 5C, the degradation
rate of CtbHLH41-His protein in CtCP1-OE leaves was much higher than that in wild-type leaves, while the
degradation rate of CtbHLH41-His in CtCP1-Anti leaves was slower. However, the degradation of
CtbHLH41-His protein was signi�cantly inhibited by proteasome inhibitor E-64 (Fig. 5C). These results
showed that CtCP1 protease hydrolyzed CtbHLH41 protein. In order to further prove that CtCP1 can also
promote the hydrolysis of CtbHLH41 in plants, we also used instantaneous system to obtain
35S:CtbHLH41-GFP and 35S:CtbHLH41-GFP + 35S:CtCP1-OE transgenic sa�ower leaves. Finally, by
Western blotting with anti-GFP antibody, we found that the abundance of CtbHLH41-GFP protein in
35S:CtbHLH41-GFP + 35S:CtCP1-OE transgenic leaves was lower (Fig. 5D). In summary, these results
suggest that CtCP1 mediates the hydrolysis of CtbHLH41 protein.

CtbHLH41 delays SA-mediated leaf senescence in a
CtANS1-dependent manner
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BHLH transcription factors usually perform their biological functions by speci�cally binding to G-box
(CACGTG), which exists in the promoter of its target gene (An et al., 2019). Our Y2H results suggest that
CtbHLH41 may play a role in sa�ower leaf senescence mediated by SA by regulating the expression of
related genes in the �avonoid pathway (supplement �gure S2). Interestingly, a putative G-box element
was found in the CtANS1 promoter. In order to con�rm this result, we determined the transient expression
in tobacco leaves. We cloned the CtANS1 promoter fragment of 2.0kb and fused with pGreenII0800-LUC
reporter gene into pCtANS1-LUC, CtbHLH41 to construct the effector vector pGreenII62-SK to produce
CtbHLH41-SK. As a result, we found that the promoter of CtANS1 was activated by CtbHLH41 (�gure 6D-
F). Yeast one-hybrid test showed that the pGADT7-CtbHLH41 fusion protein binds to the four tandem
repeats of the G-box motif from the CtANS1 promoter rather than to pGADT7 alone, which strongly
activates the expression of the HIS3 reporter gene (Fig. 6C), indicating that CtbHLH41 binds to the G-box
motif in the CtANS1 promoter. In order to further study the possible response of CtANS1 to SA, we stained
transgenic Arabidopsis thaliana with or without SA treatment and found that SA treatment signi�cantly
increased GUS activity. Therefore, we speculate that the promoter of CtANS1 may directly bind to
CtbHLH41 and increase its own transcriptional expression to regulate the SA response.

In order to further con�rm this conclusion, the genetic relationship between CtbHLH41 and CtANS1 was
studied. The bhlh41 mutant hybridized with the ans1 mutant to produce bhlh41/ans1 double mutant, and
the 35S:CtbHLH41 mutant hybridized with the ans1 mutant to produce 35S:CtbHH41/ans1, 35S:CtANS1
hybridized with the 35S:CtbHLH41 or bhlh41 mutant to produce 35S:ANS1/CtbHLH41 and
35S:ANS1/bhlh41, respectively (supplementary �gure S6). Then the leaf senescence mediated by SA in
these transgenic lines was examined. As shown in �gure 6F, the overexpression of CtbHLH41 can delay
the senescence of ans1, and the overexpression of CtANS1 can also delay the senescence of bhlh41.
Consistent with these aging phenotypes, the chlorophyll content and SAG expression between
35S:bHLH41/ans1 and 35S:ANS1/bhlh41 or between 35S:ANS1 and 35S:ANS1/CtbHLH41 were similar
(�gure 6G-H and supplementary �gure S6). Therefore, genetic analysis showed that CtbHLH41 acted on
the upstream of CtANS1 and acted as a negative regulator of SA-mediated leaf senescence in a CtANS1-
dependent manner.

Discussion
Leaf senescence is not only a passive degradation process of cell structure metabolism, but also the
result of a series of �ne regulation of gene expression. With the cloning of a large number of senescence-
related genes, it has laid a solid foundation for the analysis of the molecular mechanism of leaf
senescence. The most signi�cant change of leaf senescence is chloroplast degradation, and 70% of leaf
protein is concentrated in chloroplast, with the disintegration of chloroplast, a large number of proteins
are degraded. For most plants, the critical period of seed and fruit formation is often accompanied by leaf
senescence, which leads to the decline of photosynthesis and the reduction of yield (Quirino et al., 2000,
Song et al., 2014). In addition, the regulation of leaf senescence time will also affect plant stress
tolerance (Rivero et al., 2007, Zhao et al., 2016). In the growth and development of herbaceous plants, it is
of great signi�cance to study the role of leaf senescence and the leaf senescence regulatory network.
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We found that CtbHLH41 was expressed in senescent sa�ower leaves and was also induced by SA;
bhlh41 mutants showed accelerated SA-induced leaf senescence while plants overexpressing CtbHLH41
showed signi�cantly delayed SA-induced leaf senescence compared with WT plants (�gure 1) indicating
that CtbHLH41 as a negative regulator SA-mediated leaf senescence. These SA-induced aging
phenotypes are associated with changes in the expression of several aging-related genes, such as
CtSAG12, CtSAG29, CtNYC1 and CtNYE1 (�gure 1 and supplementary �gure S2). As the second largest
transcription factor family in plants, the bHLH family in Carthamus tinctorius is composed of 23
functionally diverse members (Yingqi et al., 2019). However, so far, there are few reports about their
involvement in plant senescence. Therefore, our results provide new insights into the importance of bHLH
protein in Carthamus tinctorius, especially in plant senescence response.

CtbHLH41 can regulate leaf senescence not only by regulating downstream genes, but also by interacting
with other proteins. Here, we demonstrate the interaction between CtbHLH41 and CtCP1 (�gure 2).
Cysteine protease regulates SA-induced leaf senescence (Kovács et al., 2016, Poór et al., 2013, Havé et al.,
2018, Gong et al., 2020). Recent studies have shown that cysteine proteases negatively regulate
chloroplast development under SA treatment (Durian et al., 2020, Shi et al., 2021). It has been proved that
OsPLCPs can negatively regulate the virulence of Xanthomonas oryzae pv in previous RNA-seq data
(Niño et al., 2020). It has been found that leaf senescence is regulated by SAG12 directly activating the
expression of NYC1 and NYE14 and inhibiting the expression of NPR1 (Morris et al., 2000). Here, our data
shows that the promotion of leaf senescence is due to the overexpression of CtCP1 gene in plants, while
inhibiting the expression of CtCP1 delays leaf senescence (�gure 3). CtCP1 activated the expression of
CtNYC1 and CtNYE1 in sa�ower leaves transformed by CtCP1-OE, which further proved that CtCP1 could
positively regulate leaf senescence (supplement �gure S4). We found that the transcriptional activation
of CtNYC1 and CtNYE1 by CtbHLH41 was enhanced, which may be due to the acceleration of CtbHLH41-
mediated leaf senescence by CtCP1 (Fig. S5). The transcriptional activity of CtbHLH41 to target genes
may be affected by the interaction between CtCP1 and CtbHLH41, thus promoting leaf senescence. Our
results show that CtCP1 plays an opposite role in leaf senescence promoted by CtbHLH41. All biological
processes of plants are actively involved in proteolysis (van Wijk, 2015, Liao et al., 2019). Several studies
have shown that cysteine proteases are involved in leaf senescence by hydrolyzing substrates (Carrión et
al., 2013, Otegui et al., 2005). Our results show that the enhancement of leaf senescence induced by SA is
due to the degradation of CtbHLH41 by CtCP1 (�gure 5). CtCP1 can be released from CtbHLH41-
mediated degradation and accelerate the degradation of CtbHLH41 in the presence of SA. Our results
provide an in-depth understanding of the molecular mechanism of SA-induced leaf senescence mediated
by cysteine protease. These results suggest that SA-induced leaf senescence can be regulated by
CtbHLH41 regulating different target protein dynamics.

Despite the functional diversity, it was found that bHLH protein exerted its biological function (Jian-
PingAn2019) by directly binding to G-box (CACGTG) in its target promoter. Interestingly, we reveal here
that CtbHLH41 can directly target CtANS1 through G-box in its promoter and subsequently regulate SA-
mediated leaf senescence (�gure 6). Due to the comparative expression patterns of CtbHLH41 and
CtANS1 in CtbHLH41 mutants and overexpressed plants, as well as the enhanced LUC signal in transient
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expression assay (Fig. 6), we infer that CtbHLH41 plays a role as a positive regulator of CtANS1. Genetic
analysis further showed that CtbHLH41 acted on the upstream of CtANS1 and participated in SA-
mediated leaf senescence in a CtANS1-dependent manner (Fig. 6). Previously, bHLH has also been shown
to directly activate several senescence-related genes and chlorophyll degradation regulatory genes
(NYE1), but inhibit chloroplast activity maintenance genes (GLK2) during leaf senescence (Song et al.,
2014, Qi et al., 2015). Therefore, CtbHLH41 can be used as both an activator and an inhibitor to �ne-tune
leaf senescence. We �nd that CtbHLH41 interacts with CtCP1 and CtANS1, and the same region of
CtbHLH41 interacts with CtCP1 and CtANS1, and CtCP1 and CtANS1 interact with full-length CtbHLH41,
but it is not clear whether these two interactions are related (�gure 2). CtCP1 and CtANS1 may interact
competitively with CtbHLH41 to antagonize the regulation of leaf senescence, but this hypothesis needs
to be further veri�ed.

Finally, the role of CtbHLH41 in leaf senescence is summarized by a working model (�gure 7). On the one
hand, in the presence of SA, leaf senescence is due to CtCP1 interacting with CtbHLH41 and hydrolyzing
CtbHLH41 to degrade CtbHLH41. On the other hand, CtbHLH41 interacts with CtANS1 to delay leaf
senescence by reducing the transcriptional activity of CtbHLH41 to senescence-related genes CtSAG12
and CtSAG29 and chlorophyll degradation genes CtNYC1 and CtNYE1. In this study, the role of CtbHLH41
in the regulatory network of leaf senescence was characterized by direct interaction with CtCP1 and
CtANS1.

Materials And Methods

Plant materials and growth conditions
The sa�ower (Carthamustinctorius) variety of "Jihong 1" was used as material in our study. The seeds
were sown in the experimental �eld of Jilin Agricultural University in Changchun, China in late March
2018. Then the leaves of Carthamus tinctorius at different developmental stages were picked, put in
liquid nitrogen and stored in the ultra-low temperature refrigerator at-80 ℃. The Columbia ecotype of
Arabidopsis thaliana was used. The seeds were disinfected with 20% bleach for 15 minutes, then sowed
at 4°C on half-intensity Murashige and Skoog (MS) medium for 3 days. The plants transferred to the soil
7 days after germination and grew in a greenhouse at 22°C under 16 hours of light / 8 hours of dark
photoperiod. Tobacco grows in a greenhouse at 25°C under 16 hours of light / 8 hours of dark
photoperiod. The mutants of Arabidopsis thaliana: bhlh41(SALK_085759C), cp1(SALK_065256C) and
ans1(SALK_120680C) were purchased from AraShare (http://www.arashare.cn/). Taq DNA polymerase is
purchased from Takara Biotechnology Co. Ltd (Japan), SA is purchased from Sigma Co. Ltd (USA), and
other chemicals are purchased from Shanghai Sangon Biotechnology Co., Ltd. (China).

Plasmid vector construction and plant genetic
transformation
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The full-length coding sequences of CtCP1 and CtANS1 were cloned into pCAMBIA3301-Flag vector, and
the full-length coding sequence CtbHLH41 was cloned into pCAMBIA1302-GFP vector. Finally, the
fragments of CtbHLH41, CtCP1 and CtANS1 sequences were cloned into pCAMBIA3301 vector to obtain
antisense inhibitory vectors (CtbHLH41-Anti, CtCP1-Anti and CtANS1-Anti). The instantaneous
transformation of sa�ower leaves by CtbHLH41-GFP was obtained according to the previous study and
with slight improvement (An et al., 2018). In order to generate proCtCP1GUS and proCtANS1:GUS
constructors, the promoter fragments of CtCP1 and CtANS1 were inserted into pCAMBIA3301-GUS vector
and then transformed into Arabidopsis thaliana. Transgenic Arabidopsis seedlings were obtained based
on previously described methods (An et al., 2020). The instantaneous transformed sa�ower leaves (An et
al., 2020) were obtained according to the methods described by others and slightly improved. All the
primers used for gene cloning in the experiment can be seen in the supplementary table S1.

RNA extraction and gene expression analysis
10 mM solution was prepared by dissolving SA in 90µl ethanol and adding water. The SA solution was
diluted to 100um with distilled water and sprayed on the plants. Spray water on the plants as a control.
The total RNA in sa�ower, sa�ower, Arabidopsis and treated seedlings was extracted using the
RNAplantPlus kit (Coolaber) and according to the manufacturer's instructions. The �rst strand cDNA is
synthesized using the PrimeScript strand RT kit (TaKaRa) and according to the manufacturer's
instructions. Use UltraSYBR Mixture (Takara) to qRT-PCR on the Mx3000P instrument (Multiplex
Quantitative PCR System). The primers used in the experiment can be seen in Supplementary Table S1.
Each experiment performed three biological replicates and three technical replicates.

Analysis of senescence induced by SA
The �fth and sixth rosette leaves of 4-week-old plants were placed in a petri dish containing distilled
water with or without 100µM SA, and then the petri dish was placed in low light (20µmol m-2s-1
photosynthetic photon �ux density) at 22°C for 7 days. Three-week-old plants growing in the soil were
sprayed with or without 100µM SA and placed under 22°C under low light (20µmol m-2s-1 photosynthetic
photon �ux density) for 7 days. According to (Schoefs et al., 2001), 80% acetone was used to extract
chlorophyll from isolated leaves. Cell mortality was detected by trypan blue staining; leaves of speci�ed
genotypes treated with or without 100 µM SA were soaked in 0.05% trypan blue solution, kept at 80°C for
2 minutes, and then cleared with chloral hydrate.

Yeast two-hybrid screening and con�rmation
The recombinant plasmid pGBKT7-CtBHLH41 was constructed by cloning the full-length CtbHLH41
coding sequence into the bait vector pGBKT7, and then transforming it into the yeast strain Y2H Gold
(Clontech, USA). The sa�ower cDNA library and the ampli�ed CtCP1 or CtANS1 full-length coding
sequence are fused with the prey vector pGADT7. In order to con�rm the protein-protein interaction, we
performed a yeast two-hybrid screen, and performed it according to the hybridization protocol described
in the Clontech Matchmaker TM Gold Yeast Two-Hybrid manufacturer. See attached table S1 for Y2H
screening primers.
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Pull-down and BiFC assays
The recombinant plasmids CtCP1-pET32a and CtbHLH41-pGEX-KG were generated by cloning the full-
length coding sequences of CtCP1 and CtbHLH41 into pET32a and pGEX-KG vectors. The recombinant
plasmids were then transformed into E. coli BL21 (DE3), and the fusion proteins CtCP1-His and
CtbHLH41-GST were induced and expressed by 0.8mM isopropyl β-Dmurmurl 1-galactoside (IPTG).
Finally, the eluted proteins were detected by Western blotting using anti-GST and anti-His antibodies
(Abmart, Shanghai, China). CtCP1-cYFP and CtbHLH41-nYFP were generated by cloning the coding
sequences of CtCP1 and CtbHLH41 into 35S:pSPYCE-cYFP and 35S:pSPYNE-nYFP vectors. The
recombinant plasmid was then transformed into Agrobacterium tumefaciens EHA105 and then injected
into tobacco leaves. Finally, the YFP �uorescence signal was detected by confocal laser scanning
microscope (Leica).

Transient expression assay
For transient expression analysis, CtCP1 and CtANS1 promoters were inserted into pGreenII0800-LUC
vector. The recombinant plasmid pGreen62-SK-CtbHLH41 was obtained by cloning the full-length
CtbHLH41 into pGreen62-SK vector. The recombinant plasmid was transformed into tobacco leaf by
Agrobacterium tumefaciens, and the �nal LUC/REN activity ratio was obtained by double luciferase
reporter gene detection system (Promega)(An et al., 2018).

GUS analysis
We prepared X-gluc buffers (1mM X-Gluc, 0.5mM ferricyanide, 0.5mM ferricyanide, 0.1mM EDTA and
0.1% Triton X-100), and then incubated transgenic Arabidopsis thaliana at 37°C for 14 hours. The �nal
GUS activity was detected by �uorescence spectrophotometer.

Y1H assay
The natural promoters (about 2.0kb) of CtANS1 and CtCP1 were cloned into pHIS2 vector. The ORF of
CtbHLH41 was ampli�ed and cloned into pGADT7 vector. Each pHIS2 bait vector containing target gene
and pGADT7-CtbHLH41 prey vector were co-transformed into competent yeast strain Y187. The
transformants were selected on SD/-Trp/-Leu medium and treated with 30mM 3-amino-1 3-AT (SD/-Trp/-
Leu/-His + 30mM 3-AT). The combination of pGADT7-CtbHLH41 and pHIS2 was used as negative control
plasmid.

Quanti�cation of chlorophyll content and Fv/Fm ratio
We obtained the total chlorophyll concentration by extracting total pigment from plant leaves with 95%
ethanol and incubating it overnight, and then using ultraviolet / visible spectrophotometer
(SOPTOPUV2800S, Shanghai, China) to measure the absorbance at 649 and 665 nm. Finally, using a
closed chlorophyll �uorescence imaging system (Photon system instrument, Brno, Czech Republic) and
analyzing the sa�ower leaves according to the manufacturer's instructions, calculate the Fv/Fm ratio, as
mentioned earlier (Sakuraba et al., 2020).
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Protease speci�city
In order to determine the speci�city of protease, azo casein, albumin, gelatin, collagen,
l.leucine.p.nitroaniline and CtbHLH41-His fusion protein were used as substrates to measure enzyme
activity. For azo casein, 90 µ l substrate 1% and 10 µ l enzyme solution were incubated at the optimum
temperature and pH value for 30 minutes. The reaction was then terminated by adding cold TCA 15%.
The solution was centrifuged at 4000 × g for 15 minutes. The absorbance of the supernatant was
measured at 440 nm. When using l.leucine.p.nitroaniline for detection, 30 µl substrate (10 mM), 100 µ l
protease, 120 µ l distilled water and 250 µ l Tris-HCL (100 mM) were incubated for 30 minutes at the
optimum temperature and pH value. In order to stop the reaction, 100 µ l 30% (w / w) acetic acid was
used. The sample was centrifuged at 4000 × g for 10 minutes. The absorbance of the supernatant was
measured at 410 nm. Albumin, collagen, gelatin and CtbHLH41-His fusion proteins were also determined
in the same way as azo casein.

Protein degradation and hydrolysis analysis
For the determination of protein degradation in vitro, the degradation buffer (25mM Tris-HCl, pH7.5,
10mM NaCl, 10 mM MgCl2, 4mM, 4mM phenylmethylsulfonyl �uoride, 5mM DTT, and 10mM ATP) was
used. The CtbHLH41-His fusion protein was incubated with various plant proteins at 23°C and evaluated
with anti-His antibody (Abmart) by Western blotting. For in vivo hydrolysis detection, the abundance of
CtbHLH41-GFP protein in transiently transformed sa�ower leaves (CtbHLH41-GFP and CtbHLH41-
GFP/CtCP1-OE) was evaluated by Western blotting using anti-GFP antibodies.

Statistical analyses
Each experiment in this study carried out at least three biological replicates and three technical replicates.
The data was processed using Origin 2019b software for t-test, and asterisks indicate signi�cant
differences (* P <0.05).
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Figure 1

CtbHLH41 negatively regulates SA-induced leaf senescence. (A) CtbHLH41 transcription level in late
senile (LS), premature senile (ES) and non-senile (NS) leaves. (B) qRT-PCR analysis of CtbHLH41
transcription level in 4-week-old WT sa�ower leaves after 100um SA treatment. (C) Senescence
phenotype of 4-week-old Arabidopsis leaves of designated genotypes treated with or without 100um SA
for 7 days. Scale = 1 cm. (D) chlorophyll content in speci�ed genotypes treated with or without 100um SA
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for 7 days. (E) Fv/Fm in speci�ed genotypes treated with or without 100um SA for 7 days. (F) Leaf
senescence phenotype of speci�ed genotypes of Carthamus tinctorius treated with or without 100um SA
for 14 days. Scale = 1cm. (G) chlorophyll content in designated genotypes treated with or without 100um
SA for 14 days. qRT-PCR analysis of SAG12 and SAG29 expression in leaves of speci�ed genotypes of
Carthamus tinctorius treated with or without 100um SA for 14 days. The asterisk indicates the signi�cant
difference determined by t-test (* P < 0.05, P < 0.01).

Figure 2

CtbHLH41 physically interacts with CtCP1. (A) yeast two-hybrid (Y2H) assay showed the interaction
between CtbHLH41 and CtCP1. The full-length CtbHLH41 and truncated CtbHLH41 sequences were
cloned into pGBKT7-BD vector. The full-length CtCP1 was cloned into pGADT7-AD vector. Empty pGAD
vector was used as negative control. (B) BiFC determination. CtCP1-cYFP and CtbHLH41-nYFP constructs
were transiently expressed in tobacco leaves, and the �uorescence signals were observed by �uorescence
microscope. Scale, 50μm. (C) CtbHLH41 and CtCP1 pull-down assay in vitro. CtCP1-His protein was
incubated with CtbHLH41-GST and GST. Anti-GST and anti-His antibodies were used to detect proteins
pulled down with GST beads. (D) schematic diagram of reporter and effector constructors. (F) luciferase
assay showed that the transient transformation of CtbHLH41 into tobacco activated the expression of
CtCP1. Empty vector (SK + LUC) was used as negative control. The LUC/REN ratio represents the ability
of CtbHLH41 to activate CtCP1 expression. The asterisk indicates that there is a signi�cant difference
between * P < 0.05 and P < 0.01.
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Figure 3

CtCP1 positively regulates SA-induced senescence of sa�ower leaves. (A) CtCP1 transcription level in
late senile (LS), premature senile (ES) and non-senile (NS) leaves. (B) qRT-PCR analysis of CtCP1
transcription level in 4-week-old WT sa�ower leaves after 100um SA treatment. (C) Senescence
phenotype of 4-week-old Arabidopsis leaves of designated genotypes treated with or without 100um SA
for 7 days. Scale = 1 cm. (D) Trypan blue staining of the indicated genotypes treated with or without SA
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for 7d . Scale bar =2 mm. (E) chlorophyll content in speci�ed genotypes treated with or without 100um SA
for 7 days. (F) Fv/Fm in speci�ed genotypes treated with or without 100um SA for 7 days. (G) Leaf
senescence phenotype of speci�ed genotypes of Carthamus tinctorius treated with or without 100um SA
for 14 days. Scale = 1cm. (HJ) chlorophyll content in designated genotypes treated with or without
100um SA for 14 days. qRT-PCR analysis of SAG12 and SAG29 expression in leaves of speci�ed
genotypes of Carthamus tinctorius treated with or without 100um SA for 14 days. The asterisk indicates
the signi�cant difference determined by t-test (* P <0.05, P <0.01).
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Figure 4

CtbHLH41 negatively regulates SA-induced leaf senescence in a CtCP1-dependent manner. (A) GUS
staining (B) GUS in proCtCP1::GUS transgenic Arabidopsis thaliana was treated with (SA) or without
(simulated) 100um SA for 12h. (C) Aging phenotype of speci�ed genotypes treated with or without
100um SA for 7 days. Scale=1 cm. (D-E) Chlorophyll content and Fv/Fm in speci�ed genotypes treated
with or without SA for 7 days. (F-G) qRT-PCR was used to analyze the transcription levels of SAG12 and
SAG29 in the speci�ed genotypes with or without SA treatment. The transcription level of SAG12 and
SAG29 in untreated WT leaves was arbitrarily set to 1. The asterisk indicates the signi�cant difference in
t-test (* P < 0.05, P < 0.01).
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Figure 5

CtCP1 promotes the hydrolysis of CtbHLH41 protein. (A) CtCP1 substrate speci�city. (B) the relative
activity of the enzyme with or without SA treatment. (C) acellular CtbHLH41-His degradation test. The
CtbHLH41-His fusion protein was incubated with total proteins extracted from wild type (WT), CtCP1-O1
and CtCP1-Anti transgenic leaves for a speci�ed period of time. (D) using anti-GFP antibody to evaluate
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the abundance of CtbHLH41-GFP protein in transgenic sa�ower leaves (CtbHLH41-GFP and CtbHLH41-
GFP/CtCP1-OE) by Western blotting.

Figure 6

CtbHLH41 delays SA-mediated leaf senescence in a CtANS1-dependent manner. (A) GUS staining (B)
GUS in proCtANS1:GUS transgenic Arabidopsis thaliana was treated with (SA) or without (simulated)
100um SA for 12h. (C) The interaction between CtbHLH41 and candidate target gene CtANS1 in Y187
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yeast cells. Based on the growth status of transformed Y187 yeast cells on SD-TL and SD-TLH + 30 mM
3-AT medium, the binding ability of CtbHLH41 to target promoter sequence was identi�ed. The
combination of pGADT7-CtbHLH41 and pHIS2 is used as a negative control. (D) schematic diagram of G-
box cis-elements and reporter and effector constructors in the promoter of CtANS1 for the LUC assay. (E)
luciferase assay showed that the transient transformation of CtbHLH41 into tobacco activated the
expression of CtANS1. Empty vector (SK + LUC) was used as negative control. The LUC/REN ratio
represents the ability of CtbHLH41 to activate CtANS1 expression. (F) Aging phenotype of speci�ed
genotypes treated with or without 100um SA for 7 days. Scale=1 cm. (G) Chlorophyll content in speci�ed
genotypes treated with or without SA for 7 days. (H) qRT-PCR was used to analyze the transcription levels
of SAG29 in the speci�ed genotypes with or without SA treatment. The transcription level of SAG29 in
untreated WT leaves was arbitrarily set to 1. The asterisk indicates the signi�cant difference in t-test (* P
< 0.05, P < 0.01).
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Figure 7

Model of interaction between CtCP1-CtbHLH41-CtANS1 in SA-mediated sa�ower leaf senescence. CtCP1
and CtbHLH41 were both up-regulated during the senescence of sa�ower leaves and induced by SA. The
SA pathway usually promotes leaf senescence of sa�ower. CtCP1 interacts with CtbHLH41 to hydrolyze
its protein and positively regulate SA-mediated sa�ower leaf senescence. CtANS1 negatively regulates
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SA-mediated sa�ower leaf senescence, and CtbHLH41 directly binds to the promoter of CtANS1 to inhibit
their expression during SA-mediated sa�ower leaf senescence.
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