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Abstract

Petal senescence is a crucial determinant for ornamental quality and economic value of floral crops. Salicylic acid (SA) and
reactive oxygen species (ROS) are two prominent factors involved in plant senescence regulation. In this study, tulip
TgNAP (NAC-like, activated by APETALA3/PISTILLATA) was characterized as positively regulating tulip petal senescence
through dually regulating SA biosynthesis and ROS detoxification pathways. TgNAP was upregulated in senescing petals of
tulip while exogenous SA and H,O, treatments substantially promoted petal senescence in tulip. Silencing of TgNAP
by VIGS assay delayed SA and H,O,-induced petal senescence in tulip, whereas overexpression of TgNAP promoted
the senescence process in Arabidopsis (Arabidopsis thaliana) plants. Additionally, inhibition of SA biosynthesis prolonged
the lifespan of TgNAP-silenced petal discs. Further evidence indicated that TgNAP activates the transcriptions of two key
SA biosynthetic genes ISOCHORISMATE SYNTHASE 1 (TglCS1) and PHENYLALANINE AMMONIA-LYASE 1 (TgPAL1) through
directly binding to their promoter regions. Meanwhile, TgNAP repressed ROS scavenging by directly inhibiting PEROXIDASE
12 (POD12) and POD17 expression. Taken together, these results indicate that TgNAP enhances SA biosynthesis and ROS
accumulation to positively regulate petal senescence in tulip.

Introduction

Plant senescence is the last stage during the whole develop-
mental process, eventually resulting in death of cells, tissues,
and organisms (Gan and Amasino, 1997; Zhang et al, 2021).
Senescence generally occur in different organs, such as
leaves, stems, roots, and petals (Schippers et al, 2015 Woo
et al, 2019). Petal senescence is a complicated process and
closely related to economic value of ornamental plants
(Tripathi and Tuteja, 2007; Rogers, 2013; Ma et al, 2018).
Plant senescence is regulated not only by internal factors

such as natural aging, reproduction, reactive oxygen species
(ROS), hormones, and sugar, but also by external factors in-
cluding dehydration, temperature, light, ionic accumulation,
nutrition limitation, and pathogen attack or wounding (Gan
and Amasino, 1997; Woo et al, 2013; Zhao et al, 2016;
Mhamdi and Van Breusegem, 2018). Among plant hor-
mones, cytokinin (CTK) and gibberellins (GAs) are consid-
ered to retard senescence, while abscisic acid (ABA),
ethylene (ETH), and salicylic acid (SA) are commonly
regarded as aging-promoting hormones (Gan and Amasino,
1997; Morris et al, 2000; He et al, 2002; Zhao et al, 2016;
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Lee et al, 2021). As crucial plant hormones, ethylene and
ABA have been well studied to participate in leaf senes-
cence. Moreover, further studies have revealed that NAC TF
family plays a vital role in ethylene- and ABA-induced leaf
senescence. In maize (Zea mays), ZmNAC126 acts as a posi-
tive regulator in ethylene-induced leaf senescence function-
ing downstream of ZmEIN3 (ETHYLENE-INSENSITIVE3; Yang
et al, 2020). ORESARA1 (ORE1), a NAC transcription
factor in Arabidopsis (Arabidopsis thaliana), is also able to
promote leaf senescence in ethylene signaling pathway
by activating the expression of 1-AMINOCYCLOPROPANE-
1-CARBOXYLIC SYNTHASE2 (ACS2; Qiu et al., 2015). Tomato
(Solanum lycopersicum) SINAP2 directly upregulates expres-
sion of SISAG113 (SENESCENCE-ASSOCIATED GENE113)
and ABA biosynthesis-related gene SINCED1  (9-cis-
EPOXYCAROTENOID DIOXYGENASE 1) to promote leaf se-
nescence and establish ABA homeostasis (Ma et al,, 2018).
OsNAC2 increases ABA levels via regulating expression of
ABA biosynthetic genes (Mao et al, 2017).

A growing body of evidence indicates that SA plays im-
portant roles in natural senescence process (Rivas-San
Vicente and Plasencia, 2011; Zhang et al, 2013). SA level was
4-fold higher in senescing leaves when compared to young
leaves (Morris et al., 2000), and SA accumulation further led
to premature senescence in leaves (Vogelmann et al, 2012
Li et al, 2016). SA induced the expression of a couple of
senescence-associated genes (SAGs; Wang et al, 2021a).
Meanwhile, about 20% of senescence-enhanced genes ex-
hibit substantially decreased expression in SA-deficient
NahG  transgenic  Arabidopsis (Morris et al, 2000).
Arabidopsis mutants including pad4 and npr1, which are de-
fective in SA signaling pathway, showed delayed senescence
phenotype and a great reduction of SAGs expression (Morris
et al, 2000; Woo et al, 2019). Moreover, transcriptome
analysis shows an intriguing observation that SA treatment
has similar genomic change patterns with age-mediated leaf
senescence (Pyung et al, 2007), further suggesting the posi-
tive role of SA in senescence progress.

ROS not only acts as toxic by-product, but also as signal-
ing molecules to regulate development, growth, and defense
response of plants (Miller et al, 2010; Huang et al, 2016).
The excessive ROS production might damage macromole-
cules stabilization resulting in senescence initiation and cell
death (Miller et al, 2010). H,O, contents increase in differ-
ent senescing plants, such as senescing peach (Prunus per-
sica) fruit (Wu et al, 2016), ripening tomato (Jimenez et al,,
2002), and Arabidopsis aged yellow leaf (Niu et al, 2020;
Wang et al, 2020a). The cross-talk between oxidative burst
and SA has been extensively reported. Recent studies have
revealed that SA and ROS pathways are incorporated to
modulate senescence process in plants (Guo et al, 2017). SA
can induce the ROS accumulation (Rao et al, 1997; Wang
et al, 2021b) and H,O, also elicits the generation of SA
(Ledn et al, 1995). Altering SA biosynthesis resulted in a
modulation of the catalase (CAT) expression, indicating that
ROS function as upstream regulator of SA pathway (Han
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et al, 2013). Additionally, SA conversely regulates ROS accu-
mulation through inhibiting antioxidant enzymes activities
and reducing glutathione biosynthesis (Chen et al, 1993;
Viot et al, 2009). Therefore, the interactions between SA
and ROS are complicated.

Transcriptional analysis has proved that a number of TFs
are involved in senescence process in various plant species,
including WRKYs, ERFs, MYBs, bHLH, homeobox, and NACs
(NAM/ATAF/CUC), which further regulate expressions of
downstream senescence associate genes (LU et al, 2014
Song et al, 2014, Chen et al, 2017, Guo et al, 2017
Niu et al, 2020; Wang et al, 2020a; Yu et al, 2022). In
Arabidopsis, 57.5% (65/113) of NAC genes exhibited
expression changes during leaf senescence. Genetic study
revealed that ANAC002/ATAF1, ANACO016, ANACO17/NTL7,
ANACO019, ANAC029/AtNAP, ANAC059/0ORS1, ANACO081/
ATAF2, ANAC092/ORE1, and ANAC096 function as positive
regulators of leaf senescence (Guo and Gan, 2006; Balazadeh
et al. 2011; Wu et al, 2012; Kim et al, 2013; Nagahage et al,
2020). Balazadeh et al. (2010) identified 170 downstream
genes induced by ANAC092/ORE1 and found that 46% of
them are known to be involved in senescence pathway.
ANACO059/0RST was induced by H,O, treatment to trigger
expression of senescence-associated gene regulatory net-
works which accelerated plant senescence (Balazadeh, et al.
2011). Other NAGs, including ANAC042/JUB1, ANACO075/
NACO075, and ANAC083/VNI2 in Arabidopsis, and LpNAL in
perennial ryegrass (Lolium perenne L.) were reported to be
negative regulators of leaf senescence (Yang et al,, 2011; Wu
et al, 2012; Kan et al, 2021; Yu et al,, 2022). NAC transcrip-
tion factor VNI2 was induced by ABA and delayed leaf aging
through binding to the promoters of COR and RD genes
(Yang et al, 2011). NAC genes NTL9, ATAF2, and CaNAC1
were substantially induced by SA and involved in biotic
stress and leaf senescence (Delessert et al, 2005; Oh et al,
2005; Zheng et al, 2015 Nagahage et al, 2020). Recently,
ANACO017, ANAC082, and ANAC090 were reported to nega-
tively regulate leaf senescence by suppressing SA and ROS
pathways (Kim et al, 2018). It is suggested that NAC TF
may play a crucial role in SA signaling pathway. NAC075
activates CAT2 to reduce ROS accumulation and negatively
regulates leaf senescence (Kan et al, 2021). H,O, treatment
was reported to induce the expression of several
senescence-associated NAGCs, such as ANAC029/AtNAP,
ANACO002/ATAF1, ANAC042/JUB1, and ANAC059/ORS1
(Guo and Gan, 2006; Balazadeh, 2011; Wu et al, 2012).
However, the detailed regulatory networks among NAGC, SA,
and ROS remain largely unknown.

ANAC090 of Arabidopsis negatively regulates leaf senes-
cence by suppressing SA and ROS responses (Kim et al,
2018). In this study, however, we found that TgNAP pro-
motes petal senescence in tulip (Tulipa gesneriana) through
activation of SA biosynthesis and ROS detoxification path-
ways. TgNAP was identified as one of the substantially upre-
gulated NAGs in senescing tulip petals. The leaf senescence
was promoted in TgNAP overexpressed transgenic plants,
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while TgNAP silencing expression delayed petal disc aging.
TgNAP modulated SA biosynthesis and H,0, accumulation
by directly activating TgICST and TgPALT transcription, and
inhibiting expressions of ROS scavenging genes TgPOD12
and TgPOD17. We report here that TgNAP functions as a
positive regulator during tulip petal senescence partially in
SA- and H,0,-dependent manners.

Results

Transcriptomic analysis during petal senescence in
tulip

We previously investigated physiological and metabolite
changes during tulip petal senescence (Wang et al, 2020b).
RNA sequencing was performed to further dissect transcrip-
tomic changes of tulip petal at five developmental stages.
The results showed that 1967/1188, 3477/2644, 6252/5581
and 5871/3955 unigenes exhibited significant up-/downregu-
lation from S2 to S5 stages when compared to S1 stage
(Figure 1, A and B; Supplemental Table S1). Among them,
810 and 641 unigenes were commonly upregulated and
downregulated at all developmental stages, respectively.
Meanwhile, 1,987 and 1,173 unigenes were co-upregulated
and co-downregulated only at petal senescence stages
(S4_vs_S1 and S5_vs_S1; Figure 1, A and B; Supplemental
Table S2). Protein interaction network analysis revealed that
NAC transcription factor together with ROS, SA, ABA, and
ET pathways-related genes functioned as the core nodes
(Supplemental Figure S1a). We further obtained the expres-
sion patterns of NAC family genes in tulip. Totally 52 anno-
tated NAC unigenes were identified. Unigenes F01.PB833
and FO01.PB17010 were annotated as NAC029 and displayed
relatively low expression during early blooming stages (S1-
S3 stages) but had substantially increase in tulip petal at se-
nescence stage (S4 and S5 stages; Figure 1G Supplemental
Table S3).

As SA and ROS pathways are closely related with differen-
tial NACs during petal senescence in tulip, the expression of
two SA biosynthesis-related genes and ROS scavenging genes
were examined, respectively. TgPALT showed an obvious ele-
vation from S2 to S4, peaking at S3 (Figure 1D;
Supplemental Figure S1b). RT-qPCR results showed that
TglCS1 exhibited steady upregulation during petal senes-
cence (Supplemental Figure S1c). Heatmap and RT-qPCR
results showed that TgPOD12 and TgPOD17 exhibited a
marked decrease during senescence stage (Figure 1D;
Supplemental Figure S1, d and e).

TgNAP is a petal senescence-related gene induced
by SA

The open reading frame (ORF) of F01.PB833 is 765 bp,
encoding a protein of 255 amino acids. Phylogenetic tree
analysis indicated that FO1.PB833 obtained the most similar-
ity to AtNAC29 (AtNAP; Supplemental Figure S2a), which
was thereby named as TgNAP. Protein domain analysis
showed that TgNAP contains a conserved N-terminal region,
including A-E five subdomains (Supplemental Figure S2b).

Meng et al.

TgNAP was localized to the nucleus in Nicotiana tabacum
epidermal cells (Figure 2A). Truncated assay indicated that
C terminus is essential for TgNAP transcriptional activation
in yeast (Figure 2, B and C). Transcription level of TgNAP
was confirmed by RT-qPCR. The results showed relatively
lower expression at Stages 2 and 3 but significantly higher
levels at Stages 4 and 5 (Figure 2D). Furthermore, TgNAP ex-
pression was induced greatly and significantly in tulip petals
by exogenous SA treatment (Figure 2E). These results dem-
onstrate that TgNAP is a tulip petal senescence-related gene
induced by SA.

Silencing of TgNAP delays petal senescence and
inhibits SA synthesis in tulip

To further explore the potential role of TgNAP in petal se-
nescence in tulip, TgNAP was silenced using virus-induced
gene silencing (VIGS) method. The downregulated level of
TgNAP was verified by genomic PCR (Supplemental Figure
S3a) and RT-qPCR in TgNAP silenced petal discs and flowers
(Figure 3A; Supplemental Figure S3b). The control petal
discs exhibited color fading at Day 3 and completely turned
yellow on Day 5 (Figure 3B). Conversely, silencing of TgNAP
visibly delayed the petal senescence and only showed slight
color fading on Day 5 (Figure 3B). In line with the pheno-
typic differences, significantly higher anthocyanin content
and reduced transcript level of TgSAG6, which is the marker
gene of senescence in tulip (Wang et al, 2020b), were ob-
served in TgNAP silenced petal discs when compared to
TRV2 control discs (Figure 3, C and D). In addition, SA bio-
synthesis genes TgICST and TgPAL1 were significantly re-
pressed in TRV2-TgNAP (Figure 3, E and F) which was
evidenced by reduced SA content in TRV2-TgNAP petal
discs when compared to TRV2 control (Figure 3G). The
flower longevity of TRV2 control flowers was significantly
longer than that of TRV2-TgNAP (Supplemental Figure S3, c
and d). The above results illustrated that TgNAP is involved
in senescence process and SA biosynthesis in tulip petals.

Ectopic overexpression of TgNAP facilitates SA
synthesis and leaf senescence

To confirm the potential role of TgNAP in plant senescence,
transgenic Arabidopsis lines overexpressing TgNAP under
the control of the cauliflower mosaic virus (CaMV) 35S pro-
moter, were generated (Supplemental Figure S4, a—c). Under
normal growth condition, no morphological differences were
observed between the transgenic and wild-type plants dur-
ing vegetative stage (Supplemental Figure S4a). However,
TgNAP-OE transgenic lines exhibited a precocious rosette
leaf senescence phenotype with more yellow mature leaves
than WT plants on the 28th day after planting
(Supplemental Figure S4b). Consistently, the chlorophyll
content in TgNAP-OE rosette leaves was notably lower than
that in WT (Supplemental Figure S4f). Additionally, the
expressions of two senescence marker genes AtSAG12 and
AtSAG13 were significantly induced in transgenic plants rela-
tive to WT (Supplemental Figure S4, d and e). TgNAP-OE
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Figure 1 RNA sequencing analysis during petal senescence of T. gesneriana. A and B, Overlapping analysis of differentially expressed unigenes.
(A) Upregulation, (B) Downregulation. C, Expression profiles of 52 NAC genes in T. gesneriana during petal senescence. Two unigenes FO1.PB17010
and F01.PB833 annotated as NAC029 were highlighted with red box. GFB (the first stage, S1), CFB (the second stage, S2), flowers in FB (the third
stage, S3), flowers in ESP (the fourth stage, S4), and flowers in LSP (the fifth stage, S5). D, Expression profiles of TgPAL1, TgPOD12, and TgPOD17 in

T. gesneriana during petal senescence.

transgenic plants also exhibited significantly higher H,O,
content when compared to WT (Supplemental Figure S4g).
Since SA level significantly increased in senescence tulip
petal and TgNAP expression was markedly upregulated after
SA treatment (Figure 2E), TgNAP could putatively promote
petal senescence via SA-associated pathway. To verify the
speculation, SA contents were measured in WT and TgNAP-
OE transgenic Arabidopsis plants. The results revealed that
SA level was significantly enhanced in TgNAP-OE lines when
compared to WT (Supplemental Figure S4h). Moreover, the
expressions of SA biosynthesis-related genes AtSID2, AtPALT,
ALEPSS, and AtEPST were significantly higher in TgNAP-OE
than those in WT (Supplemental Figure S4, i-l). These
results indicated that overexpression of TgNAP notably

promoted leaf senescence in Arabidopsis via activating SA
biosynthesis pathway.

TgNAP promotes senescence in an SA-dependent
manner

To explore if SA accumulation is necessary for
TgNAP-promoted tulip petal senescence, the effect of SA
and SA synthesis inhibitor (2-aminoindan-2-phosphonic acid,
AIP; Solecka and Kacperska, 2013) on tulip petal and
Arabidopsis leaf were further investigated. In the presence of
AIP, petal senescence was obviously retarded as evidenced by
similar color fading between TRV2-TgNAP and TRV2
(Figure 4A). Consistently, AIP treatment delayed anthocyanin
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Figure 2 Characterization of TgNAP during petal senescence in T. gesneriana. A, Subcellular location of TgNAP. The fusion construct TgNAP-YFP
or YFP empty vector was co-transformed with VirD2NLS-mCherry (a nucleus marker) in N. benthamiana leaves. Confocal microscopic images
showed bright field, yellow (for YFP), red (for mCherry) fluorescence signals in epidermal cells. Scale bars = 25 pm. B, Schematic diagrams of the
full length (FL) and two truncated fragments (F1 and F2) of TgNAP used for constructing vectors. All constructed vectors were introduced in
pGBKT7 vector with GAL4 DBD domain. The numbers below the bars indicate the positions of amino acid. C, Transcription activity assay.
Growth of yeast cell (AH109 strain) transformed with various constructed vectors on SD/-Trp and SD/-Trp/-His/-Ade with or without X-o-gal se-
lective medium. Transformation of pGBKT7-p53 and pGBKT7 vector was used as a positive and negative control, respectively. D and E, RT-qPCR
analysis of TgNAP expression levels in T. gesneriana during petal senescence (D) or treated with 200 M SA for 3 d (E). S1-S5 are abbreviations of
first stage to fifth stage. The expression levels of the samples at the indicated time point were normalized to a TgUBQ10-like gene. Relative gene
expression was calculated using the 272" method. Error bars represent + SE (n = 3). Asterisks indicate significant difference between WT and
two transgenic lines based on the LSD values (**P < 0.01).

degradation in TRV2 control petal discs as evidenced by sim- TgSAG6 transcript was significantly reduced in both TRV2
ilar anthocyanin contents between TRV2 and TRV2-TgNAP  and TRV2-TgNAP petal discs after AIP treatment (Figure 4C).
petal discs in the presence of AIP (Figure 4B). Additionally, =~ TRV2 petal discs obtained significantly higher H,O,
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Figure 3 Silencing of TgNAP delayed senescence in tulip petal discs. A, Expression levels of TgNAP in the TRV2 control and TgNAP-silenced petals
at Day 3 by RT-qPCR analysis. The expression levels of the samples at the indicated time point were normalized to a TgUBQ10-like gene. Relative
gene expression was calculated using the 2724 method. B, Phenotypes of tulip petal discs detached from TRV2 control and TRV2-TgNAP line
under ambient conditions. Scale bar, 1 cm. The samples in each boxed area were photographed at the same time and are part of a single image.
C, Total anthocyanin levels of TRV control and TgNAP-silenced petals. D, Expression levels of TgSAG6 of TRV2 control and TgNAP-silenced petals.
E and F, Expression levels of TgPAL1 (E) and TgICS1 (F) of TRV2 control and TgNAP-silenced petals at Day 3. The expression levels of the samples
at the indicated time point were normalized to a TgUBQ10-like gene. Relative gene expression was calculated using the 2724 method. G, SA con-
tent in TRV2 control and TgNAP-silenced petals at Day 5. Error bars indicate SE (n = 3). Asterisks indicate significant difference between the
TgNAP-silenced petals and the TRV control based on the LSD values (**P < 0.01).

accumulation in the absence of AIP than TRV2-TgNAP, how-  Furthermore, the 7-8 rosette leaves from 28-d-old WT and
ever, AIP treatment resulted in similar H,O, contents in  TgNAP-OE transgenic Arabidopsis were detached and treated
TRV2-TgNAP and TRV2 petal discs (Figure 4 D and E).  with AIP and SA, respectively. After SA treatment for 3 d,
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Figure 4 Effects of SA biosynthesis on the senescence of tulip petals and 35S5:TgNAP transgenic Arabidopsis. A, The phenotypes of TgNAP-silenced pet-
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nin content (B) and expression level of TgSAG6 (C) of TRV control and TgNAP-silenced petals treated with AIP. The expression levels of the samples
at the indicated time point were normalized to a TgUBQ10-like gene. Relative gene expression was calculated using the 2722 method. Error bars indi-
cate SE (n = 3). Asterisks indicate significant difference between WT and two transgenic lines based on the LSD values (**P < 0.01). Different letters
denote significant differences at P < 0.05 analyzed by Tukey’s test. D, In situ detection of H,O, in TRV control and TgNAP-silenced plants after AIP
treatment, as revealed by histochemical staining with DAB. The samples in each boxed area were photographed at the same time and are part of a sin-
gle image. E, H,O, content in TRV control and TgNAP-silenced plants before and after AIP treatment. Error bars indicate SE (n = 3). Asterisks indicate
significant difference between WT and two transgenic lines based on the LSD values (*P < 0.05). F, The phenotypes of 2-week-old WT and transgenic
lines (#2 and #3) sprayed with or without 30 M AIP and 200 pM SA for 5 d. G-I, Measurement of chlorophyll contents (G), DAB staining (H), and
H,0, contents (H) in the leaves shown in (F) on Day 5. Error bars indicate SE (n = 3). Asterisks indicate significant difference between WT and two
transgenic lines based on the LSD values (*P < 0.05, **P < 0.01). Scale bar, 1.0 cm.
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the leaves of TgNAP-OE exhibited more yellowish than the
leaves of WT (Supplemental Figure S5a). However, AIP treat-
ment could obviously arrest the leaf senescence of TgNAP-
OE (Supplemental Figure S5a). Consistently, the chlorophyll
contents displayed decreased or increased levels after SA and
AIP treatment, respectively, in either detected genotypes
(Supplemental Figure S5b). Moreover, AIP treatment reduced
H,0, accumulation either in WT or in TgNAP-OE leaves
(Supplemental Figure S5, c and d). Additionally, the whole
plants of 2-week-old WT and TgNAP-OE transgenic
Arabidopsis were also sprayed with AIP and SA. Upon 5 d of
SA treatment, TgNAP-OE showed a larger portion of yellow-
ing than WT (Figure 4F). Consistent with these phenotypes,
the chlorophyll contents were lower and H,O, levels were
higher in TgNAP-OE transgenic Arabidopsis than WT
(Figure 4, G and H). All these data indicated that TgNAP pro-
motes plant senescence in an SA- and/or H,0O,-dependent
manner and SA biosynthesis potentially functions upstream
of H,O, accumulation in this process.

TgNAP directly activates TgPAL1 and TgICS1
expressions

Isochorismate synthase (ICS) and phenylalanine ammonia-
lyase (PAL) are two key enzymes in SA biosynthesis path-
way, which are responsible for converting branched acid and
phenylalanine into isochoric acid and trans-cinnamic acid,
respectively (Chen et al, 2009; Dempsey et al, 2011). The
promoter sequences of TgPALT and TgICST were cloned and
both contain a core NAC-binding element located at -716
~-713 bp and -700 ~-679 bp, respectively (Figure 5A).
The binding sequence is very similar to the region of
AtSAGT13, AtSAG202, and AtCKX3 that AtNAP bound to
(Zhang and Gan, 2012; Hu et al, 2021; Wang et al, 2022).
To explore whether TgNAP directly promotes TgPALT and
TglICS1 expression, yeast-one-hybrid (Y1H) assay was
employed using TgNAP protein as the prey (Figure 5B). All
transformed yeast grew well on SD/-Leu/-Ura media,
whereas only positive control and yeast cells harboring
TgNAP prey protein and wild-type TgNAP core binding se-
quence (PP and PI) survived on media supplemented with
Aureobasidin A (AbA; Figure 5C). Electrophoretic mobility
shift assay (EMSA) was carried out to document the interac-
tions between TgNAP and core binding sequence. Gel-shift
assay indicated His-TgNAP fusion protein is able to bind to
the biotin-labeled probes PP and Pl containing TgNAP core
binding sequence. The protein-DNA complex binding was
abolished when His-TgNAP fusion protein was incubated
with mutated probes AAAG (mPP and mPI). After
adding the unlabeled competitor probes, the binding capac-
ity decreased gradually in a dosage-dependent manner
(Figure 5D). These findings suggested that TgNAP directly
and specifically binds to the promoter regions of TgPAL1
and TgICS1, respectively. A dual LUC reporter assay was
further performed to examine the in vivo interactions
of TgNAP protein with TgPALT and TgICS1 promoters in
N. benthamiana leaves (Figure 5E). Substantial LUC
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fluorescence signals were observed in the presence of the
TgNAP-SK effector and wild-type PP and Pl reporters,
whereas very low signals were found for mutated mPP and
mPl reporters (Figure 5F). The LUC/REN ratio was signifi-
cantly higher in co-transformation of TgNAP-SK and report-
ers containing TgNAP core binding sequence when
compared to the control and mutated reporters (Figure 5G).
Taken together, these results revealed that TgNAP could ac-
tivate the TgPALT and TgICST promoter-driven transcription
by binding to core-binding motif.

Silencing of TgNAP delayed H,0,-induced tulip
petal senescence

To obtain more insight about the ROS roles during tulip
petal senescence, an exogenous treatment of H,O, was per-
formed using the tulip petal discs and Arabidopsis leaves.
With 2.0 mM H,0, treatment for 3 d in dark, the senescing
phenotypes in TRV control samples including color fading
and petal curly were substantially enhanced when compared
with control treatment, while TRV2-TgNAP petals largely
remained fresh and red color (Figure 6A). TRV2-TgNAP pet-
als had less H,O, accumulation than TRV2 control based on
DAB staining results (Figure 6C). Quantification of H,O,
content showed that the levels of H,O, in TRV2 control
were significantly higher than that in TRV2-TgNAP silenced
petal discs with or without H,O, treatment (Figure 6C). The
activity of H,0O, scavenging enzyme POD increased following
petal senescence and was higher in TRV2-TgNAP silenced
petal discs when compared to TRV2 control (Figure 6D).
Consistently, the expression levels of TgPOD12 and TgPOD17
were upregulated after TgNAP silencing (Figure 6, E and F).

TgNAP promotes H,0,-induced senescence

In transgenic Arabidopsis, both detached leaves and
whole plants of TgNAP-OE lines and WT were used for
H,O,-induced leaf senescence assays. Leaves of TgNAP-OE
lines were prone to be senescing and turned yellow earlier
than those of WT after H,O, treatment (Supplemental
Figure S6, a and e). Quantitative measurement and DAB
staining indicated that TgNAP-OE lines accumulated higher
H,O, content than WT (Supplemental Figure S6, b, d, and
g). POD activity decreased in TgNAP-OE lines which were
consistent with the H,0O, levels and leaf phenotype
(Supplemental Figure S6, ¢ and f). Additionally, the expres-
sion levels of ROS-related genes in transgenic Arabidopsis
and WT were investigated. The results showed that the
expressions of ROS production-related genes (AtRBOHA,
AtRBOHD, and AtRBOHF) showed significant upregulation
(Supplemental Figure S7, a-c), while those of ROS
scavenging-related genes (AtPRX4, AtPRX33, and AtPRX72)
were significantly downregulated (Supplemental Figure S7,
d—f). These data indicated that TgNAP is a positive regulator
in H,0O,-induced petal or leaf senescence.
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shown below indicated the position of specific binding of TgNAP in the promoters ahead of ATG. B, The prey and bait constructs used for Y1H
assay. mPP and mPI is a mutated version of PP and PI, in which the CACG was replaced with AAAG. PADH1, promoter of alcohol dehydroge-
nasel. GAL4AD, galactose-specific transcription enhancing factor 4 activation domain. C, Growth of yeast cells co-transformed with various prey
plus bait combinations on selective medium (SD/-Ura/-Leu) with (right) or without (left) AbA. AbA, Aureobasidin A. Positive control: p53-
AbAi + pGAD-p53; Negative control: bait + pGADT7. D, EMSA analysis of specific binding of TgNAP to the promoter of TgPALT and TgICS1. The
purified His-TgNAP protein and biotin-labeled probe of designed fragments containing CACG motif or mutated AAAG motif were used.
Competitor was unlabeled probe at 100- and 200-fold. +: presence; —: absence. E, The schematic of the TgNAP effector and pTglCS1:LUC,
pTgPAL1:LUC reporters. T35S, the terminator of CaMV 35S, respectively. MCS, multiple cloning sites. LUC, firefly luciferase. REN, Renilla luciferase.
F, Live image of transcriptional activation of the TgICST and TgPAL1 promoters by TgNAP in N. benthamiana leaves using Dual-LUC system. G,
Quantitative analysis of dual-LUC transient expression assays of the promoter activity in N. benthamiana protoplasts. LUC/REN ratio of SK-
TgNAP + pGreen0800 empty vector was used as the negative control and was considered as 1 for data normalization. Error bars indicate SE (n =
3). Different letters denote significant differences at P < 0.05 analyzed by Tukey's test.

TgNAP binds to promoters of TgPOD12 and
TgPOD17 to suppress gene expression

To further investigate the relationship between TgNAP and
ROS homeostasis during petal senescence, the promoter
sequences of TgPOD12 and TgPOD17 were amplified from
tulip genomic DNA. There was one core-binding motif in
the promoters of TgPOD12 and TgPOD17, respectively
(Figure 7A). Y1H was conducted to investigate the interac-
tion between TgNAP and promoters of TgPOD12/TgPOD17.

The prey and bait vectors were constructed as indicated
(Figure 7B). The results showed that only positive control
and yeast cells co-transformed with TgNAP-AD prey and
the wild-type P1/P2 bait grew normally on media supple-
mented with AbA. However, when the P1/P2 motif se-
quence was mutated from CACG to AAAG, the growth of
yeast was completely inhibited (Figure 7C). Next, EMSA was
performed to verify the binding of TgNAP to TgPOD12 and
TgPOD17 promoters. Shifted bands were observed when
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His-TgNAP fusion protein was incubated with the biotin-
labeled probes P1 and P2 containing core-binding motif,
respectively (Figure 7D). Dual LUC reporter assays were con-
ducted to further verify the transcriptional effect of TgNAP
on TgPOD12 and TgPOD17 genes. Quantitative measure-
ment of LUC/REN ratio and observation of LUC fluorescence
indicated that TgNAP is able to suppress the promoters of
TgPOD12 and TgPOD17 (Figure 7, E-G). These results were
consistent with gene expression level changes of TgPOD12
and TgPOD17 in TRV2-TgNAP petals (Figure 6, E and F).
Taken together, these results reveal that TgNAP represses
TgPOD12 and TgPOD17 transcription through binding to
the core-binding motif.

Discussion

Flower senescence is the terminal step and irreversible pro-
cess of flower development (van Doorn and Woltering

2008; Ma et al, 2018). The petals, as the most important or-
gan in flower, are able to attract pollinators and promote
pollination (van Doorn and Woltering, 2008; Rogers, 2013;
Ma et al, 2018). Petal senescence is accompanied by color
fading, wilting, loss of scent, and abscission, that impacts
economic and ornamental values of the flower (van Doorn
and Woltering, 2008; Rogers, 2013; Ma et al,, 2018; Sun et al,
2021). Different from leaf senescence, the molecular mecha-
nisms of flower or petal senescence are much less studied
and remain largely elusive (Woo et al, 2013; Bresson et al,
2018).

Previous reports have indicated that NAC TF family is
prominent among plant leaf senescence-associated transcrip-
tional regulators. Arabidopsis AtNAP, which is most closely
related to TgNAP, has been demonstrated to cause preco-
cious leaf senescence (Guo and Gan, 2006). Moreover,
AtNAP is able to bind the promoter of its target genes
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normalization. Error bars indicate SE (n = 3). Different letters denote significant differences at P < 0.05 analyzed by Tukey’s test.

AtSAG113 and AtCKX3 to mediate ABA and CK pathways
to facilitate leaf senescence (Zhang and Gan, 2012; Hu et al,,
2021). Rice OsNAP was shown to play a positive role in
ABA-induced leaf senescence (Mao et al, 2017). Rose
RhNAP has been reported to accelerate senescence in ma-
ture petals and enhance dehydration tolerance in young
rose petals by activating the expression of RhCKX6 (Zou
et al, 2021). Meanwhile, knocked down GnNAP in cotton
also caused a greatly delay in leaf senescence (Fan et al,
2015). Interestingly, we found that TgNAP promotes tulip

petal senescence through activating SA biosynthesis-related
genes TgPALT and TgICS1, but suppresses expression of
antioxidant-related genes TgPOD12 and TgPOD17 (Figures 5
and 7). These results are different from what observed by
Kim et al. (2018) indicating NAC TFs play dual roles in regu-
lating plant senescence through SA and ROS pathways. In
this study, silencing TgNAP in tulip greatly delayed senes-
cence process in petal discs (Figure 3), whereas overexpres-
sion of TgNAP remarkably accelerated leaf senescence in
Arabidopsis (Figure S4). These data were consistent with the
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results of TgNAP putatively orthologous genes from other
plant species. All these results revealed that TgNAP func-
tioned as a positive regulator during tulip petal senescence.

To date, numerous studies have dissected the different sig-
naling pathways mediated by TFs to regulate senescence
process, including SA and H,0, (Guo et al,, 2017; Niu et al,
2020; Wang et al, 2020a). In line with this fact, we found
that SA and H,0, contents were significantly reduced in
TRV2-TgNAP petals but increased in TgNAP-OE lines
(Figure 3; Supplemental Figure S4). H,O, and SA pathways
were reported to form an elegant regulatory feedback loop
to stimulate each other’s accumulation in multiple plant
physiological processes including aging and senescence
(Ledn et al, 1995; Kauss and Jeblick, 1995; Rao et al,, 1997;
Guo et al, 2017). Our data showed that supplement with
SA synthesis inhibitor AIP could greatly inhibit H,O, accu-
mulation in TRV2-TgNAP petals during petal senescence
(Figure 4). Meanwhile, SA treatment enhanced H,O, levels
whereas AIP treatment reduced H,O, accumulation in
TgNAP overexpression and WT Arabidopsis (Figure 4).
Therefore, SA promotes H,O, production whereas H,O,
also elicits SA biosynthesis, confirming the roles of both
molecules during tulip petal senescence.

Most TFs function as positive or negative regulators
through binding to the cis-acting elements in the promoter
of downstream target genes to modulate gene expression.
Recently, several TFs were reported to regulate SA and ROS
pathways  following plant  senescence.  Arabidopsis
AtWRKY75 plays a positive role in promoting leaf senes-
cence through activation of AtSID2 and repression of
AtCAT2 expression to enhance SA and H,0, accumulation
(Guo et al, 2017). AtWRKY42 and AtWRKY55 also partici-
pate in SA and ROS pathways to accelerate leaf senescence
by activating AtSID2 and AtRBOH genes (Niu et al, 2020;
Wang et al, 2020a). In Arabidopsis, ANAC019, ANACO55,
and ANACO72 function as positive regulator of plant senes-
cence partially through SA and JA pathways in terms of GO
enrichment analysis (Hickman et al, 2013). Previous
researches have defined that CACG is one of the core bind-
ing motif of NAC TFs (Olsen et al, 2005; Zhang and Gan,
2012; Hu et al, 2021; Wang et al, 2022). We further found
that TgNAP could directly bind to the core-binding motif
containing CACG in TgICST and TgPAL1 promoters, which is
similar to AtNAP binding motif (Zhang and Gan, 2012; Hu
et al, 2021; Wang et al, 2022), to activate their transcription
in tulip (Figure 5). Meanwhile, the transcript levels of TgICS1
and TgPALT and the SA content decreased in the TgNAP si-
lenced petal discs (Figure 3, E-G), but increased in TgNAP
overexpression plants in relative to WT (Supplemental
Figure S4, h-I). Our results are in line with a recent report
about a positive feedback regulatory loop, SA-AtNAP-
SAG202-ICS1-SA, that modulates SA-associated leaf senes-
cence (Wang et al, 2022). However, other Arabidopsis NAC
TFs, such as ANACO017, ANAC082, and ANACO090 troika,
negatively regulate leaf senescence by suppressing SA and
ROS responses (Kim et al,, 2018), which was consistent with
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our results that exogenous supply of AIP (inhibitor of SA)
could retard the senescence of tulip petals and Arabidopsis
leaves (Figure 4; Supplemental Figure S5). Consequently,
NAC transcription factors play divergent roles in plant se-
nescence depending upon the specific regulation of down-
stream targets.

Although SA is synthesized from both ICS and PAL path-
ways, and TgICST and TgPAL1T are both activated by TgNAP,
PAL pathway is responsible for synthesis of roughly 5% of
SA in pathogen-infected or UV-treated Arabidopsis (Chen
et al, 2009). PAL catalyzes phenylalanine to trans-cinnamate.
It is the first step in the phenylpropanoid pathway and a
crucial regulation point between primary and secondary me-
tabolism, which eventually generate various phenylpropa-
noids, including SA and other secondary metabolite, such as
flavonoids, lignin, stilbenes, anthocyanins, etc. (Huang et al,,
2010; Vogt, 2010; Kong, 2015). Hence, PAL is involved in var-
ious signaling pathways to response to environmental
stresses, plant growth, and development (Dixon and Paiva,
1995; MacDonald and D’Cunha, 2007; Chen et al, 2009).
Therefore, TgNAP probably activates TgPALT to regulate
other compounds synthesis, not only SA, which also partici-
pates in petal senescence regulation.

ROS plays crucial roles during natural course of senes-
cence, and the accumulation of which is able to trigger se-
nescence (Del Rio and Lopez-Huertas, 2016; Rogers and
Munné-Bosch, 2016; Singh et al, 2016). As a relatively diffus-
ible and stable ROS molecular, H,0, increases during plant
senescence, and the accumulated H,O, resulted in a positive
feedback regulation to senescence progress (Vanacker et al.,
2006; Khanna-Chopra, 2012). Excessive levels of ROS, espe-
cially H,O, content, can cause detrimental damage to cellu-
lar components, which lead to accelerated senescence
process (Miller et al,, 2010; Huang et al., 2016). Thus, antioxi-
dant enzymes, such as CAT, POD, and SOD, are critical play-
ers for ROS scavenging to maintain the equilibrium of ROS
accumulation (Gill and Tuteja, 2010). In addition to pro-
mote SA synthesis, TgNAP was also found to be involved in
H,O, accumulation to promote petal senescence in tulip.
We discovered that two H,0O, scavenging-related genes,
TgPOD12 and TgPOD17, were greatly upregulated in TRV-
TgNAP petals and considerably downregulated in TgNAP
overexpressed plants (Figure 6, C and D; Supplemental
Figure S7). Further analysis revealed that TgNAP could di-
rectly recognize and bind to the core-binding motif in
TgPOD12 and TgPOD17 promoters to repress their expres-
sion (Figure 7), and then lead to more ROS accumulation
(Figure 6; Supplemental Figure S6). Recently, AC(NACO075 was
reported to repress CATALASE 2 (CAT2) expression through
directly binding to its promoter region to negatively regulate
plant senescence (Kan et al, 2021). Moreover, several other
NAC TFs such as JUBT and ORS1 are transcriptionally in-
duced by H,O, (Balazadeh et al, 2011; Wu et al, 2012), indi-
cating a complicated regulation between NAC TFs and ROS
pathway. These data collectively demonstrated that NAC
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TFs regulate plant senescence through integrating internal
ROS signals.

Collectively, the expression of TgNAP was induced in sen-
escing petals as well as by exogenous SA treatment. In turn,
TgNAP further promotes the accumulation of SA and H,0,,
which are closely related (Kauss and Jeblick, 1995; Ledn
et al, 1995; Rao et al, 1997), to trigger petal senescence. It is
predictable that each of three factors (TgNAP, SA, and ROS)
mutually activates the other two to initiate and accelerate
the petal senescence process. Therefore, we propose that
TgNAP-SA-ROS feedback loops promote tulip petal senes-
cence in an irreversible manner. Nevertheless, the interac-
tions between SA and H,0, signaling pathways during plant
senescence are still not well understood. Even though
retarding SA synthesis inhibits intracellular H,O, accumula-
tion in tulip petals, the exact regulation effect of H,O, treat-
ment on SA pathway remains elusive. Further investigation
into the core members harboring both SA and ROS homeo-
stasis will be necessary to dissect the senescence mechanism
and facilitate prolonging cut flower’s vase life.

In conclusion, our study showed that a senescence-
associated NAC TF TgNAP from T. gesneriana acts as a posi-
tive regulator of petal senescence. We propose a work
model to illustrate how TgNAP functions in petal senes-
cence in tulip (Figure 8). TgNAP obtains a dual regulation to
SA biosynthesis and H,0, accumulation during petal senes-
cence in tulip. It is able to active SA synthesis gene (TgPAL1
and TgICS1) expressions and represses POD-encoding gene
(TgPOD12 and TgPOD17) expressions, which resulted in
more SA and H,0O, accumulation to promote petal and leaf
senescence either in tulip or in transgenic Arabidopsis
plants. Moreover, a mutual enhancement between SA and
H,O, could be responsible for irreversible progress during
petal senescence in tulip flowers. The upstream regulator of
TgNAP and other signaling pathways regulated by TgNAP
remains to be investigated in the future.

Materials and methods

Plant materials and growth conditions

Tulipa gesneriana ‘World Favorite’ were planted in the
greenhouse at Huazhong Agricultural University (Wuhan,
China) under natural light at 18~22°C. The flower tissues
were sampled at different stages from bud coloring to petal
senescence as previously described (Wang et al, 2020b). In
previous study, five stages were selected for transcriptome
analysis to obtain a comprehensive insight during flower
opening and senescence process (RNA seq accession No.
GSE136183), including green floral buds (GFB, Stage 1), col-
ored floral buds (CFB, Stage 2), flowers in full bloom (FB,
Stage 3), flowers in early senescent phase (ESP, Stage 4), and
flowers in late senescent phase (LSP, Stage 5). SA and AIP
(an inhibitor of PAL to decrease SA content) were used for
petal discs treatments (Solecka and Kacperska, 2013). Intact
tulip flower or petal discs (~1.0 cm®) were placed in 200
LM SA or 30 uM AIP for indicated time courses. Mock sam-
ples were treated with distilled water. The A. thaliana
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ecotype Col-0 was used for transformation. Plants were
grown in growth room under 16 h light/8 h dark photope-
riod condition. To generate TgNAP overexpression lines, the
ORF of TgNAP was clone into pCAMBIA1300 vector using
the Xba | and Spe | restriction sites. The resulting
pCAMBIA1300-TgNAP was introduced into Agrobacterium
tumefaciens strain GV3101 and then transformed into
Arabidopsis by flower dip method (Clough and Bent, 1998).
Nicotiana benthamiana was used for transient transforma-
tion for Subcellular location and Dual-LUC assays.

H,0, measurements and DAB staining

H,O, contents were measured using commercial detection
kits (Nanjing Jiancheng Bioengineering Institute, China)
according to the manufacturer’s instructions. In brief, 0.15 g
of frozen flower samples were fully ground with 1.5 mL PBS
buffer (0.1 mM, pH 7.8) and centrifuged at 4,000 rpm for
20 min at 4°C. And the supernatant was collected and used
for H,O, contents analysis. For histochemical staining, sam-
ples were incubated in 1T mg/mL DAB solution (in 0.01 mM
PBS, pH 3.8) in dark for 10 h and then decolorized in 75%
(v/v) ethanol until photographing,

Physiological measurements

Chlorophyll contents were measured as previously described.
In brief, the plant leaves were cut and incubated in 95% eth-
anol for 1 d in dark. The absorbance was measured at 649
and 665 nm by using spectrophotometer. The chlorophyll
contents were calculated following a formula as previously
described (Tian et al, 2020). For anthocyanin contents mea-
surement, the flower samples were dipped into acidic
MeOH solution for 24 h at 4°C. The absorbance was mea-
sured at 530 and 657 nm as previously described (Luo et al,,
2016; Shen et al, 2019). The total anthocyanin contents
were determined according to a specific formula:
Qanthocyanins = (As30-0.25 X Ags;)/M. For SA measurement,
100 mg of samples were collected and frozen in liquid nitro-
gen, and SA contents were extracted and determined on
UPLC-MS/MS system as previously described (Pan et al,
2010).

Senescence phenotype analysis

For natural leaf senescence, the third and fourth leaves of
28-d-old seedlings were used for chlorophyll content analysis
and detection of gene expression. For H,O,-induced de-
tached leaf senescence, seventh to eighth rosette leaves
were detached and put in MES buffer (2 mM, pH 5.8) with
or without 2 mM H,0O, for 3 d. For H,O, induced seedlings
senescence, 2-week-old Arabidopsis grown in soil separated
with or without 200 mM H,0O, for 5 d under 16 h light/8 h
dark photoperiod condition. For SA and AIP treatment, sev-
enth to eighth rosette leaves were detached and incubated
in MES buffer (2 mM, pH 5.8) with 200 pM SA or 30 uM
AIP for 3 d, 2-week-old Arabidopsis grown in soil separated
with or without 200 M SA or 30 pM AIP for 5 d under 16
h light/8 h dark photoperiod condition. For VIGS samples,
the phenotypes of petal discs were observed daily until
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Figure 8 A proposed working model for the regulatory network of TgNAP during tulip petal senescence. TgNAP is induced by petal senescence
and exogenous SA treatment, which subsequently activates TgICST and TgPALT transcription to enhance SA accumulation. In parallel, H,0O, scav-
enging genes TgPOD12 and TgPOD17 are repressed by TgNAP resulting in increasing ROS levels. Finally, SA and H,O, work together to accelerate

petal senescence in tulip.

senescence and color fading were occurred. For AIP treat-
ment, petal discs were put in distilled water with or without
30 uM AIP. For H,0, treatment, petal discs were incubated
in distilled water with or without 2 mM H,0O, for 3 d in
dark.

RNA extraction and RT-qPCR analysis

Total RNA was extracted from tulip flower and Arabidopsis
leaves using commercial RNA purification kit (Aidlab, RN33,
China). One microgram of RNA was used for reverse tran-
scription to generate cDNA by using the First Strand cDNA
Synthesis Kit (Toyobo, Japan) based on instruction manual.
RT-qPCR was performed on a QuantStudio 7 Flex PCR ma-
chine (Thermo Fisher Scientific, Inc,, Carlsbad, CA, USA) us-
ing ChamQ Universal SYBR gqPCR Master Mix (Vazyme).
The 20 pL reaction mixture contained 10 pL 2 X ChamQ
Universal SYBR gPCR Master Mix, 200 ng cDNA, 0.2 UM for-
ward and reverse primers. TgUBQ10-like was served as the
internal reference gene (Wang et al, 2020b). All primer
sequences were listed in Supplemental Table S1. The reac-
tion program was 95°C for 3 min, 40 cycles of 10 s at 95°C
and 30 s at 60°C, followed by 95°C for 15 s, 60°C for 60 s,
and 95°C for 15 s. Relative gene expression levels were ana-
lyzed by 2722 method (Livak and Schmittgen, 2001).

RNA sequencing analysis

cDNA library was generated using the NEBNext Ultra Il RNA
Library Prep Kit (NEB, USA) and sequenced using an
lllumina HiSeq 4000 sequencing system (lllumina, USA) with
the paired-end sequencing method. The raw reads were fil-
tered and clean data were mapped to the assembled tulip
PacBio full-length transcriptome with the accession number
PRINA703083. Fragments per kilobase of transcript per mil-
lion (FPKM) were used for the quantification of gene expres-
sion. Differential expression changes from three biological
replicates were analyzed using the DESeq R package (1.10.1).
Genes with FDR < 0.05 and log2 [fold change| >1 were
assigned as significantly differential expressed genes.

Cluster and protein interaction network analyses
Cluster analysis was conducted using the CLUSTER program
(http://bonsaihgcjp/~mdehoon/software/cluster/softwarehtm)
with uncentered matrix and complete linkage method (de
Hoon et al, 2004). The resulting tree figure was visualized
using Java Treeview (http://jtreeview.sourceforge.net/) as previ-
ously described (Chan, 2012).

Protein interaction networks were analyzed using the
STRING version 10.5 (https://string-db.org/; Szklarczyk et al,
2015). The resulting data were imported into CytoScape
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software (https://cytoscape.org/) to generate protein interac-
tion networks.

Cloning and sequence analysis of TgNAP

The full length of TgNAP was amplified by using specifically
designed primers based on previous transcriptome data of
T. gesneriana (GSE136183). Homologous proteins from other
species were searched and obtained from NCBI database. A
phylogenetic tree between TgNAP and all Arabidopsis NAC
proteins was constructed using MEGA 7.0 software with
neighbor-joining method. Multiple sequence alignment
results were shown in GENEDOC software.

Subcellular location of TgNAP

The ORF of TgNAP without stop codon was amplified and
fused to the 101LYFP vector, and the fused plasmid NAP-
YFP was transformed into A. tumefaciens strain GV3101. For
transient transformation, N. benthamiana leaves were infil-
trated with GV3101 carrying NAP-YFP fused vector or
empty vector (YFP) as previously described (Geng and Liu,
2018), and VirD2NLS inserted into mCherry was used as a
nuclear marker. YFP signal (excitation at 514 nm, scanning
at 520-540 nm) and RFP signal (excitation at 552 nm, scan-
ning at 590-640 nm) were observed by a confocal laser
scanning microscope (Leica TCSSP8, Germany).

Transcriptional activation activity assay

For transcriptional activation analysis, the full length of
TgNAP and two truncated fragments, F1 (1-132 aa) and F2
(133-270 aa), were amplified and cloned into pGBKT7 vec-
tor to fuse with GAL4 DNA-binding domain. All resulting
plasmids were introduced into yeast strain AH109 according
to manufacturer’s protocol. The transformed yeast cells
were plated onto SD/-Trp medium and SD/-Trp/-His/-Ade
medium with or without 4 mg/mL X-a-gal at 30°C for 48-
72 h. The transformed yeast with pGBKT7-p53 and empty
vector pGBKT7 were used as positive control and negative
control, respectively.

VIGS assay in tulip petals

To silence TgNAP in tulip petals, a non-conserved fragment
of TgNAP with 330 bp length located at 425~754 bp down-
stream of start codon (ATG) was amplified and inserted
into pTRV2 vector. The specificity of target region in VIGS
assay was verified by sequence alignment. The fused pTRV2-
TgNAP vector, empty pTRV1 and pTRV2 were individually
introduced into A. tumefaciens GV3101. The bacterial sus-
pensions containing pTRV2-TgNAP and pTRV1, or pTRV2
and pTRV1 were prepared for transformation of tulip petals
as previously described (Wu et al, 2017; Wang et al., 2020b).
In brief, the pTRV1 bacterial suspension (ODgyo=15) was
mixed with pTRV2 or pTRV2-TgNAP in 1:1 ratio (v/v) and
suspended in MES buffer (200 mM acetosyringone, 10 mM
MgCl, and 10 mM MES, pH 5.8). The mixtures of bacterial
solutions were incubated in dark at 28°C for 3~4 h. 1.0 cm
diameter discs of tulip petals were vacuum-infiltrated in bac-
terial solutions at 0.7 MPa. The infiltrated discs were washed
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with distilled water and incubated in darkness at 8°C for
first 3 d, and then were transferred to growth chamber (16
h light/8 h dark) for phenotype observation (Wu et al,
2017). At least 20 tulip tepals were used for each treatment.

EMSA assay

The coding sequence of TgNAP was cloned into pHMGWA
vector which contains a His tag and the resulting plasmid
was transformed into Escherichia coli strain Rosetta (DE3) to
generate the His-TgNAP fusion protein. After induction by
IPTG (0.5 mM) and expression at 37°C for 3 h, the HIS-
TgNAP fusion protein was purified. The His-TgNAP fusion
protein was induced by IPTG (0.5 mM) at 37°C for 3 h and
purified using Qiagen Ni-NTA Agarose kit. The 40-bp pro-
moter fragments of TgPAL1, TgICS1, TgPOD12, and TgPOD17
were synthesized as probes with biotin-label at the 3'-end.
Competitors were unlabeled DNA with same sequence. The
mutant probes were labeled, in which the core binding ele-
ments changed from CACG to AAAG. The EMSA assay was
conducted using the LightShift Chemiluminescent EMSA Kit
(Thermo) following the methods previously described (Geng
and Liu, 2018).

Yeast one-hybrid (Y1H) assay

The promoter fragments of TgPALT, TgICS1, TgPOD12, and
TgPOD17, which contain CACG, were amplified and fused to
pAbAi vector as baits vectors. In addition, mutant baits
were created by replacing CACG with AAAG. All resulting
bait and mutant bait plasmids were linearized and trans-
formed into Y1H Gold yeast strain. The full length of TgNAP
was amplified and inserted into pGADT7 to generate prey
vector. The prey vector was transformed into bait and mu-
tant bait yeast strains. The transformed yeast clones were
spotted on SD/-Leu/-Ura medium with or without AbA.
The yeast strains harboring baits and empty pGADT7 vector
were used as negative control, whereas the yeast strains har-
boring pAbAi-p53 and pGADT7-p53 were used as positive
control.

Dual-LUC assays

The CDS of TgNAP was amplified and cloned into pGreen Il
62-SK vector to act as effector. The promoter original and
mutated sequences of TgPAL1, TgICS1, TgPOD12, and
TgPOD17 were amplified and cloned into pGreen Il 0800-
LUC vector to be used as reporters. All of the effector and
reporters were introduced into A. tumefaciens strain GV3101
and transiently expressed in N. benthamiana leaves as previ-
ously described (Hu et al, 2018; Wang et al, 2019). The
activities of LUC and REN were determined by using the
Dual-Luciferase® Reporter Assay System (Promega, USA) fol-
lowing the instructions. For observation of LUC fluorescence,
1 mM D-Luciferin solution was used to spray on the infil-
trated leaves that then were placed in dark for 5 min. After
darkness, the luminescence was detected under a cooled
CCD camera by plant living imaging system (Nightshade LB
985, Germany).
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Statistical analysis

All experiments were performed at least twice with tripli-
cate. All data were presented as means + SE. Student’s t test
and ANOVA were used for statistical difference analysis, and
significant level was defined as P < 0.05 (*), P < 0.01 (**).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under the following accession
numbers: AtSAG12 (AT3G20770), AtSAG13 (AT2G29350),
AtSID2  (AT1G74710), AtPALT (AT2G37040), AtEPST
(AT5G67160), AtEDS5 (AT4G39030), AtRbohA (AT5G07390),
AtRbohD (AT5G47910), AtRbohF (AT1G64060), AtPrx33
(AT3G49110), AtPrx4 (AT1G14540), AtPrx72 (AT5G66390),
TgNAP and RNA seq accession No. GSE136183.
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