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Abstract

Expression of chlorophyll (Chl) catabolic genes during leaf senescence is tightly controlled at the transcriptional level. Here,
we identified a NAC family transcription factor, LpNAL, involved in regulating Chl catabolic genes via the yeast one-hybrid
system based on truncated promoter analysis of STAYGREEN (LpSGR) in perennial ryegrass (Lolium perenne L.). LpNAL was
found to be a transcriptional repressor, directly repressing LpSGR as well as the Chl b reductase gene, NONYELLOWING
COLORINGT. Perennial ryegrass plants over-expressing LpNAL exhibited delayed leaf senescence or stay-green phenotypes,
whereas knocking down LpNAL using RNA interference accelerated leaf senescence. Comparative transcriptome analysis of
leaves at 30d after emergence in wild-type, LpNAL-overexpression, and knock-down transgenic plants revealed that LpNAL-
regulated stay-green phenotypes possess altered light reactions of photosynthesis, antioxidant metabolism, ABA and ethyl-
ene synthesis and signaling, and Chl catabolism. Collectively, the transcriptional repressor LpNAL targets both Chl a and
Chl b catabolic genes and acts as a brake to fine-tune the rate of Chl degradation during leaf senescence in perennial
ryegrass.

Introduction

Leaf senescence is a plant developmental process that is ac-
celerated by external stresses. Natural or stress-induced leaf
senescence typically features loss of chlorophyll (Chl), which
is regulated by Chl catabolic genes (CCGs), including
STAYGREEN (SGR, also known as NYE1), NONYELLOWING
COLORING 1 (NYCT), NYCI-LIKE (NOL), and PHEOPHYTIN
PHEOPHORBIDE HYDROLYASE (PPH) (Zhang et al, 2015
Kim et al, 2018a; Sade et al, 2018; Xu et al, 2018, 2019;
Woo et al, 2019; Guo et al, 2027; Yu et al, 2021). Tight

control of these CCGs’ expression is an important regulatory
mechanism of leaf senescence. For example, SGR is one of
the first well-characterized CCGs, dechelating Mg atom out
of Chl g, and knockdown (KD) or knockout of this gene
results in cosmetic SGR in model plants and crop species
(Shimoda et al, 2016, Wu et al, 2016; Xu et al, 2019).
Identifying the key upstream regulatory factors of SGR will
provide further insights into molecular signaling networks
regulating leaf senescence and facilitate molecular breeding
of stay-green plants.
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To date, transcriptional factors (TFs) identified upstream
of SGR belong to the TF families of No Apical Meristem
(NAM), ATAF1/2, and Cup-shaped cotyledon 2 (NAC); basic
region/leucine zipper motif, phytochrome interacting factor;
and WRKY (Woo et al, 2019; Guo et al, 2021). Among
them, the NAC family represents one of the largest plant-
specific central regulators of leaf senescence (Jensen et al,
2010; Podzimska-Sroka et al,, 2015; Kim et al.,, 2018a, 2018b).
In Arabidopsis (Arabidopsis thaliana), NAP (NAC-LIKE,
ACTIVATED BY AP3/Pl) (Guo and Gan, 2006; Liang et al,
2014; Yang et al, 2014), ORET (ANAC092) (Kim et al, 2009,
2018b; Qiu et al, 2015), ANACO016 (Kim et al, 2013;
Sakuraba et al, 2016), and ANAC072 (Li et al, 2016) have
been identified as transcriptional activators upstream of
CCGs regulating leaf senescence. In wheat (Triticum aesti-
vum), NAM-B1, a finely mapped worthy allele, functions in
accelerating leaf yellowing across all life stages (Uauy et al,
2006). Other members, such as ORS1/AtNAC059 (Balazadeh
et al, 2011), ZmNAC126 (Yang et al, 2020), and ANACO046
(Oda-Yamamizo et al, 2016) were also reported to play pos-
itive roles in accelerating leaf senescence, although they do
not directly target CCGs. ldentification and characterization
of these TFs provided insights into mechanisms of develop-
mental and external cues-induced expression of CCGs, hence
loss of Chl and leaf senescence. However, studies on up-
stream regulation of SGR mainly focused on transactivation
of these CCGs, but less is known about transcriptional sup-
pression of Chl catabolism that may suppress leaf senes-
cence and develop the stay-green phenotype (Woo et al,
2019).

Several NAC negative regulators of leaf senescence were
identified, such as VND-INTERACTING2 (VNI2) (Yang et al,
2011), JUNGBRUNNENT (JUB1) (Wu et al, 2012, Mayta
et al, 2019), ONAC106 (Sakuraba et al., 2015), and NAC075
(Kan et al, 2021). JUBT was responsive to both H,O, and
ABA, yet constitutive over-expression of JUB1 led to delayed
leaf senescence in Arabidopsis and tomato (Lycopersicon
esculentum) (Wu et al, 2012; Thirumalaikumar et al,, 2018;
Mayta et al, 2019). VNI2 functioned in repressing ABA-
mediated leaf senescence by directly regulating a subset of
COLD-REGULATED (COR) and RESPONSIVE TO
DEHYDRATION genes (Yang et al, 2011). Arabidopsis
NACO075 was characterized as a transcriptional activator that
directly bound the promoter of catalase 2, suppressed the
over-production of reactive oxygen species (ROS), and
thereby delayed the progression of leaf senescence (Kan
et al, 2021). In rice (Oryza sativa), ONAC106 was transcrip-
tionally induced by senescence signal and repressed the ex-
pression of CCGs (Sakuraba et al., 2015). Additional TFs were
yet to be identified that could orchestrate with the tran-
scription activators upstream of CCGs to fine-tune their ex-
pression during leaf senescence.

Perennial ryegrass (Lolium perenne) is one of the most im-
portant forage and turfgrass species grown in temperate
zones worldwide. One feature of perennial ryegrass is its fast
leaf senescence rate that the grass remains only 3.5 green
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leaves in each tiller throughout its life stages (Xu et al, 2019;
Yu et al, 2021). Reducing leaf senescence rate is important
for the genetic improvement of forage quality as well as turf
amenity in perennial ryegrass and other grass species. In our
previous studies, a series of CCGs such as LpPPH,
NONYELLOWING COLORING1 (LpNYCT), LpSGR, and LpNOL
have been identified in regulating Chl degradation associated
with cosmetic or functional SGR in its KD transgenic plants
(Zhang et al, 2015; Xu et al, 2018, 2019; Yu et al, 2021).
The objective of this study was to identify negative regula-
tors in leaf senescence by screening upstream transcription
factors regulating the expression of CCGs. Here, we identified
a novel NAC, LpNAL, that acts as a transcriptional repressor
on LpSGR and LpNYC1 and negatively regulates leaf senes-
cence in perennial ryegrass.

Results

Presence of transcriptional suppression regions in
LpSGR promoter

Approximately 1.7kb long promoter of LpSGR (abbreviated
as pLpSGR hereafter) was cloned using anchored-PCR, based
on specific primers located in a known sequence in 5'-
untranslated region (UTR) and the cloned genomic se-
quence of LpSGR. In silico promoter analysis of orthologous
SGRs revealed the presence of common cis-elements includ-
ing NAC binding site (NACBS, CGT[G/A]) (Puranik et al,
2012; Qiu et al, 2015; Supplemental Figure S1).

A bi-directional truncational analysis of pLpSGR was car-
ried out for their transcriptional activity in Nicotiana ben-
thamiana, and the result pinpointed three transcriptional
suppression regions of pLpSGR, namely -411 to -390, -538
to —467, and —684 to —611, and three transcriptional activa-
tion regions (TARs), namely -390 to —248, —611 to -538,
and —853 to —684. As for the three repression regions of —
684 to -611, —538 to —467, and —411 to -390, their tran-
scriptional activities were 2, 4, and 500 times lower than the
negative control with the empty vector (Figure 1). The
NACBS was found in both TAR and transcriptional suppres-
sion region of pLpSGR (Supplemental Figure S1).

A NAC family transcription factor, LpNAL, directly
repressed transcription of LpSGR
Based on the truncational promoter analysis, we hypothe-
sized that there were transcription factors specifically repres-
sing the expression of LpSGR. In our previous study (Yu
et al, 2021), differentially expressed TFs in mature and old
leaves of perennial ryegrass were identified (Supplemental
Table S1). Taking these differentially expressed TFs as the
potential targets, we performed yeast one-hybrid (Y1H)
analysis using pLpSGR as the bait and identified a putative
NAC TF, LpNAL, in the Y1H screen. Phylogenetic analysis
showed that LpNAL belonged to the ATAF subfamily
(Supplemental Figure S2).

LpNAL had the classical NAM and DNA-binding do-
main (DBD) at its N-terminus and TAR/transcriptional
suppression region domain at the C-terminus (Supplemental
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Figure 1 Promoter activity analysis of LpSGR in in N. benthamiana. The reporter and internal control were co-injected in mature N. benthamiana
leaves with the same concentration at ODgq, = 0.6. Relative transcriptional activities of different truncated promoters were displayed as LUC/GUS.

Data are means = standard deviation (sd) (n = 10).

Figure S3). The C-terminus truncated protein, LpNALAC,
trans-activated pLpSGR in Y1H, while the whole protein of
LpNAL did not (Figure 2A). In vitro electrophoretic mobility
shift assay (EMSA) showed that both the truncated
LpNALAC and the whole LpNAL proteins bound and shifted
two probes of pLpSGR (E3 and E4 corresponding to —519 to
—-465 and -635 to -567 of pLpSGR, respectively) where
NACBS were identified (Figure 2B; Supplemental Figure S4).
The in vivo assay by co-expressing 35S:LpNAL and
pLpSGR:LUC in N. benthamiana showed that the transcrip-
tional suppression effect was most remarkable on —467 to —
247 and -684 to -538 promoter regions of pLpSGR, which
covered the E3 and E4 probes (Figure 2C). Collectively, these
results proved that LpNAL directly bound the promoter of
and repressed the transcription of LpSGR.

To confirm the transcriptional repression activity of LpNAL,
we firstly used the yeast-based transcriptional assay. As
shown in Figure 3A, LpNAL and the negative control did
not show self-activation when fused to the GAL4 DBD
(GAL4DB), while a known transcription activator PvC3H72
(the positive control) did (Xie et al, 2019), indicating that
LpNAL had no trans-activation activity. Furthermore, in
planta transcriptional activity assay in protoplasts of peren-
nial ryegrass showed that, compared with the empty vector
control, LpNAL infusion with GAL4DB significantly repressed
the expression of the B-glucuronidase (GUS) reporter gene,
while the contrary was true for the control TF, PvC3H72
(Figure 3B). Green fluorescence signal of the LpNAL-green
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Figure 2 LpNAL directly repressed transcription of LpSGR. A, Binding activity of both LpNAL and LpNALAC on pLpSGR by Y1H assay. SD, selection
medium with dropout amino acid; W, L, and H are abbreviations of Trp, Leu, and His amino acid, respectively. B, LPpNALAC directly binds the E4
fragment of pLpSGR. C, LpNAL could repress the transcription of LpSGR in vivo by transient co-expression in mature leaves of N. benthamiana.
Relative transcriptional activities of different truncated promoters were displayed as LUC/GUS. Data in (C) are means % sp (n = 8).

fluorescent protein (GFP) fusion protein merged with the
DAPI stained nucleus signal, while fluorescence signal of the
GFP-only control dispersed in protoplasts (Figure 3C).
Collectively, these results demonstrated that LpNAL was a
nuclear-localized TF with transcriptional repression activity.
RT-qPCR was performed to further understand the ex-
pression profile of LpNAL associated with leaf senescence.
The expression of LpNAL was relatively lower in nongreen
organs (e.g roots, crown, and stems) than in leaves,

especially in early (24 d after leaf emergence [DAE]) and late
senescent leaves (36 DAE) (Xu et al, 2019; Figure 3D). We
also characterized the transcriptional response of LpNAL to
senescence-related hormones’ treatments, including ethylene
releaser (ethephon), salicylic acid (SA), abscisic acid (ABA),
gibberellic acid (GA3), 6-benzylaminopurine (6-BA), and
indole-3-acetic acid (IAA). As shown in Figure 3E, the tran-
scription of LpNAL was quickly upregulated by senescence-
promoting hormones, ABA and ethylene, within 1h, and
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was continually upregulated after 24 h in response to ABA
treatment.

LpNAL suppressed leaf senescence in perennial
ryegrass

Then we generated LpNAL overexpression (OE) and RNAi
transgenic ryegrass (abbreviated as OE and KD lines, respec-
tively) using the Agrobacterium-mediated transformation.
Two OE lines (OE-2 and OE-8) and two KD lines (KD-1 and

Ade, Leu, and His amino acid, respectively. B, LpNAL is a transcriptional
ss protoplast. C, Subcellular localization of LpNAL. The green color rep-
own in blue color, and Chl auto-fluorescence is in red. GFP, AF, DAPI,
, 4,6-diamino-2-phenyl indole, and bright field, respectively. The white
nt leaves in perennial ryegrass by RT-qPCR analysis. E, LoNAL is respon-
the Ethylene releaser). Columns marked with different letters in (B, D,
values (P < 0.05). Data are means = sb (n = 4).

KD-5), confirmed by GUS staining, regular PCR, and RT-
gPCR (Supplemental Figure S5), were used in phenotypic
characterization. Overall, the leaves of OE lines showed
much greener appearances than wild-type (WT) and the
contrary was true for the KD lines that showed accelerated
senescence (Figure 4A). OE lines had the lowest ratio of yel-
low leaves to the total number of leaves per plant, which
were ~30% of WT and ~16% of the KD lines (Figure 4,
B-D). In particular, in the fourth to fifth leaves from the top


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac070#supplementary-data

600 | PLANT PHYSIOLOGY 2022: 189; 595-610

A

Yu et al.

Yellow leaf ratio
o
W
=2

(=]
-
1

e
=)
L

C e
1.0 = WT a -
OE-2 b
| == oE-8 1
e KD-1 aa
B KD-5 g
0.6- b
a 2 ¢
. T
0.4 b d
aa bc ybe
« I3 g
0.24a T
0.0 nd rd th th
2 leaf 3" leaf 4" leaf 5" leaf
D
; 15-
o
. aa a_a a
b N 1 bab bab a
2 101 Sl a
g c
t b
;"E’ 1
d
5 5 d
iE; c
s
°
[

39%eaf 4" leaf 5" leaf

2™ |eaf
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of each tiller, OE lines had significantly lower electrolyte
leakage (EL) rates and higher Chl contents than those of
WT. On the contrary, the fourth leaf of KD lines showed
premature senescence with significantly higher EL values and
lower Chl contents than WT (Figure 4, C and D).

Under dark-induced leaf senescence, detached leaves of
the OE lines exhibited delayed leaf senescence, while KD
lines had accelerated leaf senescence compared with the
WT (Figure 5A). Contents of total Chl, Chl a & b, and Fv/
Fm of OE lines were significantly higher than those of WT
after 5d of dark (DAD) treatment, while the contrary was
true for the KD lines (Figure 5, B-E). Moreover, we detected
expression levels of five Chl catabolic genes and found that
LpSGR and LpNYC1 were expressed at lower levels in OE
lines but higher levels in KD lines than in WT (Figure 5, F-

J). Together, these results showed that LpNAL was a sup-
pressor of leaf senescence in perennial ryegrass.

LpNAL directly bound to pLpSGR and pLpNYC1
Considering LpSGR and LpNYC1 showed opposite expression
patterns to LpNAL in transgenic lines, we postulated that
LpNAL might directly bind to the promoter of LpNYC1
(pLpNYC1) as well. To confirm this hypothesis, we per-
formed the Y1H assay using LpNALAC as bait, and
pLpNYC1, pLpNOL as the prey. As shown in Figure 6A, only
the pair of LpNALAC and pLpNYC1 showed a positive result,
indicating that LpNALAC could bind pLpNYC1 in the yeast
system.

Taking advantage of the OE plants where LpNAL con-
tained a HA tag at the C terminus, we carried out
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(P < 0.05). Data are means = sp (n = 4).

chromatin immunoprecipitation quantitative PCR (ChIP-
gPCR) to analyze the enriched binding DNA fragments
immunoprecipitated together with LpNAL-HA proteins
(Figure 6B). As shown in Figure 6B, two promoter regions of
pLpSGR (SGR-1 and SGR-W) and two of pLpNYC1 (NYC1-1
and NYC1-W) were significantly enriched. In detail, at least
two repressing regions, —611 to =538 and -390 to —-248, and
half of the region —684 to —611 were covered in SGR-1 and
SGR-W amplicons. Collectively, both in vitro and in vivo ex-
perimental results demonstrated that LpNAL directly bound
pLpNYC1 and pLpSGR.

Then we screened five candidate fragments of pLpNYC1
(E2, E3, 3, W, and E4) by EMSA to narrow down the possible
binding sequence. We found that LpNAL bound all five
probes (Figure 6C). Furthermore, we showed that the bind-
ing between LpNAL and the E4-probe was repressed by the
unlabeled competitors (Figure 6D), confirming that LpNAL
directly bound the E4 region of pLpNYC1. Moreover, frag-
ments sequence alignment of pLpNYC1 and pLpSGR showed
that the sequence (CGT{6,89}ACG or CTG{89}ACG or
CTG{89}CAAG) could be the putative binding cis-element
of LpNAL. Exceptions were found with two fragments of
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pLpSGR, suggesting that flanking sequences of the core cis-
element were another factor required for the recognition
(Supplemental Figure S4).

Transcriptomic comparison between WT and
transgenic lines

Transcriptomic comparisons among OE, KD, and WT from
30-d-old leaves were conducted by using lllumina- HiSeq
4000. The contigs were assembled into 85,630 unigenes with
an N50 length of 1,730bp and a mean unigene size of
986 bp (Supplemental Figure S6). By Venn analysis, a total of
18,558, 17,314, and 9,686 differentially expressed genes
(DEGs) were found in the pair-wise comparison of transcrip-
tomes of OE versus WT, KD versus WT, and KD versus OE,
respectively, with the cut-off value set at |log2ratio| > 1 and
FDR < 0.001 (Supplemental Figure S7). A total of 9,961 out
of 18,558 (53.68%) DEGs were downregulated in OE versus

WT, while 7,078 out of 9,686 (73.07%) and 8,957 out of
17,314 (51.72%) ones were upregulated in KD versus OE and
KD versus WT (Figure 7; Supplemental Figure S7).

To identify DEGs responsive to the biological function of
LpNAL involved in regulating leaf senescence, we conducted
gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses on three sets of comparative
transcriptome analysis (KD versus WT, OE versus WT, and
KD versus OE). The GO analysis results showed that most
upregulated DEGs due to LpNAL expression were mainly
enriched in “intrinsic component of membrane,” “plastid
thylakoid,” “cytoskeleton,” and “ribosomal subunit” while
most downregulated DEGs were mainly included in the ribo-
somal subunit of OE versus WT (Supplemental Table S2).
Similar GO terms were also identified in KD versus WT and
KD versus OE. According to KEGG analysis, common path-
ways were mainly enriched in phenylpropanoid biosynthesis
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and DNA replication for up and downregulated DEGs in OE
versus WT, respectively, compared with KD versus WT and
KD versus OE (Supplemental Table S2).

Further MapMan analysis showed that 94.7% DEGs regu-
lated by LpNAL in photosystem showed higher expression
levels in OE plants including CABP, PsbP domain-OEC23 like
protein, Psb28, oxygen-evolving enhancer 3 (PsbQ), PsbS, pho-
tosystem Il 11 kDa, one helix protein (OHP), PsaP, cytochrome
¢6 (ATC6), ferredoxin-related protein, ferredoxin-NADP( + )-ox-
idoreductase 2 (FNR2), chlororespiratory reduction 23
(CRR23), and NAD(P)H dehydrogenase subunit H protein
(NAHH). And up to 71.4% DEGs in “ascorbate and glutathi-
one metabolism” upregulated in OE plants, such as APX,
dehydroascorbate reductase 2 (DHAR2), ascorbate peroxidase
6 (APX6), vitamin C defective 5, and gamma-glutamyl trans-
peptidase 4 (GGT4), when compared with WT and KD
plants. While “hormone regulation overview” showed that
DEGs related to ABA (like ABA1, CCD1, NCED1, NCEDY, and
AAO2), JA (LOX2, LOX5, AOS, and OPPRT), and ethylene
(ACO1 and ACS) synthesis pathways were downregulated in
OE but upregulated in KD compared with WT (Figure 7B;
Supplemental Figure S8). In addition, senescence-associated
genes, such as SAG712, FRS5, PAP10, SGR, and NYC1, were
downregulated in OE plants but upregulated in KD plants
(Supplemental Figure S8). These results indicate that the
regulation of LpNAL in leaf senescence mainly influences
light reactions of photosynthesis, senescence-related hor-
mones (ABA and ethylene), and the ascorbate and glutathi-
one reduction pathways of antioxidant metabolism.

DEGs participating in cell wall breakdown, lipid metabo-
lism, and nucleotide degradation processes showed different
transcriptional levels in KD, OE, and WT plants (Figure 7C).
Three DEGs encoding (1,4)-beta-mannan endohydrolases (-
MEH), beta-xylosidase 1 (BXL1), and two DEGs responsive to
pectate lyase (PEL) in cell wall breakdown showed lower ex-
pression in OE plants than those in WT, among which f-
MEH and two PEL genes showed much higher expression
levels in KD plants than in WT (Figure 7C, Supplemental
Table S3). Ten DEGs responsive to lipid biosynthesis showed
lower expression levels in OE versus WT, including 3-
ketoacyl-acyl-carrier protein synthase I, beta-hydroacyl-ACP
dehydratase, mosaic death 1, acyl activating enzyme1 (AAET),
AAE7, 3-ketoacyl-COA synthase 2 (KCA2), KCA4, and KCA6
compared with those in KD versus WT (Figure 7C).

Additionally, transcriptional levels of 16 DEGs were con-
firmed by RT-qPCR to verify the transcriptome data, includ-
ing three ABA-related pathway genes (ABA1, AAO2, and
SnRK2.2,), two ethylene genes (ACO71 and EIN3-LIKE 1
[EILT]), two JA-related genes (LOX5 and JAZ2), five senes-
cence marker genes (SGR, NYC1, CABP, SAG12, and FRS5),
and five candidate target genes (SAG12, C3H39, PAPI0,
GST39, and NAC087). The RT-gPCR result was consistent
with the lllumina-seq result, supporting the reliability of the
transcriptome data (Supplemental Figure S8).
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Discussion

LpNAL directly represses expression of two Chl
catabolic genes, LpSGR and LpNYC1

The CCGs, including SGR and NYC1, are known as positive
regulators of leaf senescence as KD or knockout of those
genes results in stay-green phenotypes in different plant spe-
cies (Thorogood, 1996; Armstead et al, 2006; Jiang et al,
2007; Ren et al, 2007; Fang et al, 2014 Xu et al, 2019).
Several activators upstream of such CCGs directly bind pSGR
and pNYC1, while few repressors have been reported and
verified as targeting such CCGs (Sakuraba et al, 2015; Woo
et al, 2019). This study confirmed the presence of a tran-
scriptional repressor that targets SGR and NYC1 promoters,
repressing their expression during leaf senescence. We found
that three suppression regions (-411 to —390, —538 to —467,
and —684 to -611) of pLpSGR in ryegrass were recognized
by LpNAL, all of which harbored the NACBS (Puranik et al,
2012). Furthermore, we also found that LpNAL could di-
rectly bind pLpNYC1 besides pLpSGR. Our study demon-
strated that LpNAL acted as a transcriptional repressor
upstream of the LpSGR and LpNYC1.

NAC family represents one of the largest plant-specific
regulators of leaf senescence (Jensen et al, 2010; Podzimska-
Sroka et al, 2015; Kim et al, 2018a, 2018b). Based on the
knowledge of NAC TFs involved in age or abiotic stress-
induced leaf senescence, most NAC TFs were found as posi-
tive regulators, except for JUB 1 (Wu et al, 2012, Mayta
et al, 2019), VIN2 (Yang et al, 2011), ONAC106 (Sakuraba
et al, 2015), and NAC075 (Kan et al, 2021). And none of
them were proven to be transcriptional repressors directly
binding promoters of these CCGs. The rice ONAC106 was
another TF that could bind pOsSGR and pOsNYCT according
to the Y1H result, yet no further in vitro or in vivo experi-
mental result was available to characterize whether it could
repress these CCGs' expression (Sakuraba et al, 2015).
Comparatively, LpNAL was a novel NAC TF acting as a re-
pressor for leaf senescence, at least partially, by directly sup-
pressing two CCGs (LpSGR and LpNYCT).

LpNAL represses senescence-associated pathways
and candidate target genes

Several NAC members directly or indirectly mediate CCGs in
the regulation of leaf senescence, altering cell division, ROS
accumulation, and biotic or abiotic stress responses in addi-
tion to the regulation of Chl degradation (Fujita et al, 2004;
Zhao et al, 2008, Wu et al, 2012, Kim et al, 2016, Oda-
Yamamizo et al, 2016; Duan et al, 2017, Woo et al, 2019;
Yang et al, 2020, Kan et al, 2021). To further understand the
regulatory mechanisms of LpNAL-induced repression of leaf
senescence in addition to its direct control of Chl catabolism,
we compared the transcriptomic profiles of senescent leaves
in OE, KD, and WT plants as LpNAL was only highly
expressed in  senescent leaves. The comparative
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transcriptomic analysis revealed that LpNAL-regulated DEGs
were mainly involved in light reactions of photosynthesis, an-
tioxidant metabolism, ABA, and ethylene synthesis and signal-
ing although a small number (27) of LpNAL-responsive DEGs
were involved in amino acid transportation and degradation,
cell organization, glutathione metabolism, energy metabolism,
nucleotide degradation, protein degradation, posttranslational
modification, RNA transcriptional regulation, and secondary
metabolism and signaling.

At the initiation of leaf senescence, photosynthetic activity
declines rapidly due to the breakdown of reaction center
complexes with Chl degradation (Yoshida 2003). Therefore,
the regulation of genes involved in photosynthesis during
the early stage of leaf senescence is critical. Notably, ~95%
of DEGs involved in light reactions of photosynthesis exhib-
ited higher expression levels in OE plants than those in WT
and KD plants, including those encoding light-harvesting
proteins (e.g. Lhcb1&7), electron transport proteins (e.g. Chl
a/b binding protein, FNR2, and CRR23), reduction-oxidation
reaction proteins (e.g. PsbP domain-OEC23 like protein,
Psb28, PsbQ, PsbS, photosystem Il 11 kDa, OHP, PsaP,
ATC6), and ATP production proteins (e.g. NAHH). Those
genes play key roles in light harvesting, electron transport,
reduction-oxidation reactions, and ATP production (Hihara
and Sonoike, 2001; Taiz and Zeiger, 2002; Knoop et al,
2013). The upregulation of those genes by overexpressing
LpNAL provides strong evidence supporting the positive
functions of LpNAL in delaying leaf senescence and main-
taining the photosynthetic activity of leaves, mainly by act-
ing on light reactions of photosynthesis.

During the decline in photosynthetic activity during leaf
senescence, ROS is produced, which has also been attributed
to accelerated leaf senescence with natural leaf aging or in-
duced by environmental stresses (Asthir 2015 Rogers and
Munné-Bosch, 2016). In this study, over 70% of DEGs in-
volved in ascorbate and glutathione metabolism were upre-
gulated by overexpressing LpNAL, including thylakoid APX,
DHAR2, APX6 (also called APX-R), and GGT4. APX and
DHAR are key enzymes in the ascorbate-glutathione path-
ways for scavenging H,O, (Hasanuzzaman et al, 2019), and
APX6 was also reported as a SAG alleviating oxidative dam-
age and delaying the onset of age-dependent leaf senescence
(Chen et al, 2014, 2021). In plants, the GGT enzyme is in-
volved in glutathione catabolism to produce glutamate, cys-
teine, and glycine which are involved in a number of
important cellular functions, such as the protection of cells
against oxidative stress (Schmitt et al, 2015; Bachhawat and
Yadav 2018). The upregulation of these antioxidant enzymes
indicated that LpNAL could regulate ROS scavenging and re-
duction of oxidation-caused leaf senescence during natural
or stress-induced leaf senescence.

ABA, ethylene, and jasmonic acid (JA) induce leaf senes-
cence and their hormonal levels increase during natural or
stress-induced leaf senescence (Kim et al, 2016, Woo et al,
2019). Many TF families (e.g. WRKY, TCP, MYC, CCCH, and
NAC) are involved in these hormonal signaling pathways to
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regulate leaf senescence (Ullah et al, 2019; Woo et al, 2019).
KD or knockout TF genes, such as ABIS5, EIN3, EIL1, OsDOS,
MYC2, or ORET that are downstream of ABA, ethylene, or
JA signaling pathways, produced stay-green phenotypes in
model plants (Breeze et al, 2011; Woo et al, 2019). In this
study, all the DEGs encoding key enzymes in ABA, ethylene,
and JA biosynthesis were repressed at least two times more
in OE plants than in WT, while most of the DEGs involved
in catalyzing these three hormones showed >15 times
higher expression in KD plants than in WT. Consistently,
several TFs downstream of these hormones, including the
candidate targets (e.g. JAZ2, NAC087, and C3H39), were all
downregulated in OE plants but upregulated in KD plants
compared with WT. These results demonstrated that sup-
pression of leaf senescence by LpNAL could be related to its
repression of ABA, ethylene, or JA biosynthesis and signaling
pathways in perennial ryegrass.

Several DEGs that participate in cell wall breakdown pro-
cesses, such as B-MEH and PEL, were downregulated by
overexpressing LpNAL but upregulated by suppressing
LpNAL. B-MEHs are hydrolytic enzymes that cleave the
mannan backbone from cell wall polysaccharides and are ac-
tivated during seed germination and plant senescence
(Schroder et al, 2009). Recent discoveries showed that -
MEH was associated with flowering and fruit softening in
barley and tomato (Hrmova et al, 2006; Vicente et al,
2007). PEL is an enzyme catalyzing pectate cleavage and is
involved in the maceration and soft rotting of plant tissue
(Sun et al, 2018). Dwarf and early-senescence leaf 1, a PEL-
like homolog, maintained normal cell division and the in-
duction of leaf senescence (Leng et al, 2017). These results
suggest that the effect of LpNAL on leaf senescence suppres-
sion might also involve the maintenance of cell wall
integrity.

Conclusion

In conclusion, LpNAL acts as a repressor for LpSGR and
LpNYC1 by directly binding to their promoters to suppress
leaf senescence. Over-expressing LpNAL in perennial ryegrass
led to the stay-green phenotype with inhibited dark- and
age-induced leaf senescence. LpNAL-regulated stay-green
phenotypes might also be altered in their regulation of met-
abolic processes other than that of Chl degradation, includ-
ing light reactions of photosynthesis, antioxidant
metabolism, ABA, and ethylene synthesis and signaling.

The progression of leaf senescence is a well-programmed
process where both “accelerators” and “brakes” are necessary
to drive it to the destination. In contrast to the senescence-
promoting “accelerators,” and “brakes” (e.g. CLE14) were in-
duced by senescence signals but functioned to repress age-
dependent and/or stress-induced leaf senescence (Zhang et
al, 2022). Here, we propose that LpNAL, a senescence-
responsive TF, is another “brake” during leaf senescence that
works with other TFs to coordinate the degradation of Chl
and progression of leaf senescence. This finding provided ad-
ditional knowledge on the leaf senescence mechanism for
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the genetic improvement of perennial ryegrass and other
forage- and turfgrass species.

Materials and methods

Gene cloning and plasmid construction

About 1.5kb LpSGR promoter sequence was cloned using a
Tail-PCR  method (GenBank assembly accession: GCA_
001735685.1). pLpNOL and pLpNYC1 were cloned by referring
to the publicly available genome dataset of perennial ryegrass
(GenBank assembly accession: GCA_001735685.1). The coding
sequence (CDS) of LpNAL was amplified from senescent
leaves cDNA of perennial ryegrass. The primers used for clon-
ing are listed in Supplemental Table S4.

CDS of LpNAL was firstly cloned into Gateway entry vec-
tor pENTR/D (Invitrogen, Carlsbad, CA, USA) at the EcoRI
and Hindlll sitesand then subcloned into pEarleyGate103
(Earley et al, 2006) for transient OE in N. benthamiana in
studying promoter repression by LpNAL, into pVT1629 (Xu
et al, 2011) for the generation of LpNAL OE transgenic lines,
and into P2GWF7.0 (Yu et al,, 2017) for the study of subcel-
lular functional localization, respectively. A LpNAL-specific
fragment (Supplemental Figure S2) was chosen for the RNAi
vector construction using the pEnD-Kannibal vector and
then recombined to pVT1629 (Xu et al, 2011) to produce
RNA interference transgenic plants. LpNAL and its C-termi-
nal truncated gene (LpNALAC) were subcloned into the
Y1H prey vector pGADT7 (Clonetech, Palo Alto, CA, USA)
at Ndel and EcoRl sites, into the prokaryotic protein expres-
sion vector pCold-TF vector (TaKaRa Bio, Inc,, Shiga, Japan),
and into the pZB369 vector (Xie et al, 2019) for the tran-
scriptional activity assay in plant cells. pLpNYC1, pLpPPH,
and pLpSGR were subcloned into Y1H bait vector pHIS2.1
(Clonetech, Mountain View, CA, USA) at Spel and EcoRI
sites, respectively. pLpSGR was also subcloned into
pCambia1381Z at BamHI and Hindlll sites to drive the
Luciferase (LUC) reporter gene.

Cis-elements in pLpSGR and the repressing activity
of LpNAL in N. benthamiana

By PLACE (http://www.dnaaffrc.gojp/PLACE/), a promoter
cis-element analyzing online software, a series of senescence-
associated cis-elements were targeted and truncated accord-
ing to the analysis. Bidirectional truncations of pLpSGR were
cloned and recombined into the pCambia1381Z reporter
vector in front of the 35S Q sequence to drive the LUC re-
porter gene. The pEarleyGate103-LpNAL was used as the ef-
fector vector with pEarleyGate103-eGFP as the negative
control. The vector pCambia1302-GUS-polyA was used as
the internal control in which the GUS gene (UidA) was
driven under the 35S promoter. The resulted vectors were
transformed into Agrobacterium tumefaciens strain “AGL1.”
Before inoculation into leaves of N. benthamiana,
Agrobacterium carrying corresponding vectors were normal-
ized to the same concentration of ODgy, at 0.8 with infec-
tion medium. Three kinds of Agrobacterium harboring the
effector, the reporter, and the internal control vectors were
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mixed with equal volume, centrifuged, and resuspended
with the final ODgy, adjusted to 1.8. The fourth leaf from
the top of 2-month-old N. benthamiana was injected with
the Agrobacterium solution using a one ml Micro syringe.
One day later, the treated leaves were cut and separated in
liquid nitrogen and stored at —80°C for LUC and GUS pro-
tein activity analysis. The protocol for protein extraction
and enzyme activity analysis was according to Yoo et al.
(2007). The ratio of LUC to GUS in the sample injected with
the effector gene indicated the relative activation/repression
effect of the effector (e.g. LpNAL or GFP as the control).

Phylogenetic analysis

The NAC family proteins in Arabidopsis and a series of well-
characterized NAC proteins in rice were downloaded from
the Plant Transcription Factor Database (http://planttfdb.
gao-lab.org). LpNAL and NAC family proteins were firstly
aligned by the Align module “Align by ClustalW” with a
nonconserved C-terminal domain excluded for further analy-
sis. Then, the distance MEGA file was further analyzed for
constructing a neighbor-joining phylogenetic tree with 1,000
bootstrap replicates. Branches corresponding to partitions
reproduced in <50% bootstrap replicates are collapsed. The
tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phy-
logenetic tree. The evolutionary distances were computed
using the Poisson correction method and are in the units of
the number of amino acid substitutions per site. The analy-
sis involved 104 amino acid sequences. All positions contain-
ing gaps and missing data were eliminated. There was a
total of 32 positions in the final dataset.

Plant growth conditions

In this study, both N. benthamiana and perennial ryegrass
(cv. “Buena vista”) were planted in mixed soil (peat: vermic-
ulite = 3:1; v/v) in each plastic pot (20cm in diameter and
25cm in height) and maintained in a well-controlled growth
chamber (25°C/20°C (day/night), 70% relative humidity, and
12-h photoperiod with photosynthetic active radiation of
700 pmol photons m™>s™").

Genetic transformation of perennial ryegrass

LpNAL OE and KD transgenic perennial ryegrass were gener-
ated by Agrobacterium-mediated genetic transformation fol-
lowing the protocol described by Zhang et al. (2013). The
Hygromycin-resistant positive plant lines were further con-
firmed by GUS staining and regular PCR for the presence of
the HPTII gene.

Transactivation assay

LpNAL and the positive control, PvC3H72, were subcloned
and fused with the GAL4 DBD. The recombined vectors
were then transformed into the yeast strain “Y2HGold”
(Clonetech) and screened on SD/-Trp medium. Then, posi-
tive clones were diluted and grown on plates containing
SD/-Trp-Leu-His and SD/-Trp-Leu-His-Ade for auto-
transactivation assay.
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For the transcriptional activity assay of LpNAL and
LpNALAC in plant cells, the pZB369-LpNAL and -LpNALAC
vectors were used as the effectors, and the pZB369-PvC3H72
vector was used as the positive control following the same
procedure reported before (Xie et al, 2019).

Subcellular localization of LpNAL in protoplasts of
perennial ryegrass

LpNAL was cloned into the p2GWF version 7.0 vector to
generate the LpNAL-GFP fusion gene. The resultant vector
was transformed into ryegrass protoplasts for subcellular lo-
calization observation following a protocol reported previ-
ously (Yu et al, 2017). GFP signal (excitation at 488 nm,
scanning at 505-530nm) and DAPI staining (excitation at
405nm, and scanning at 430nm) were visualized under a
confocal laser scanning microscope (Zeiss LSM780 Exciter).

Y1H assay

For the YT1H screen, firstly, we identified the putative
senescence-responsive TFs by analyzing transcriptomes of
early senescent and mature leaves (Yu et al, 2021), cloned
most of these senescence-responsive TFs (or partial sequen-
ces covering the putative DNA-binding motif), and
recombined them into the pGADT7 vector to construct a
“mini-library.” Then, each of these mini-library vectors and
the prey vector (pHIS2.1-pLpSGR) were co-transformed into
the yeast strain Y187. The transformed yeast cells were recov-
ered in YPDA plus medium (Clonetech) at 30°C for 1h and
screened on SD/-Leu-Trp. Positive clones were further tested
according to the method depicted before (Xu et al, 2018).
Full length CDS of the identified “prey” were further cloned
according to our newly constructed transcriptome (Yu et al,
2021). For verification, the recombined pGADT7 vectors
(pGADT7-LpNAL, -LpNALAG, and -LpORE1) and pHIS2.1 vec-
tors (pHIS2.1-pLpNYC1, -pLpNOL, and -pLpSGR) were co-
transformed into the yeast strain Y187 and grown on the se-
lection plates with SD/-Trp-Leu-His + 50 mM 3-AT.

ChIP-PCR

The fourth detached leaves from the top of 2-month-old
LpNAL OE transgenic plants in which a C'-HA tag was infu-
sion with LpNAL were sampled for the analysis. The ChIP
DNA fractions were normalized to the input DNA (ACt) to
avoid preparation errors of the chromatin sample. Input
samples and immunoprecipitated samples were analyzed by
gPCR. Input normalized LpNAL ChIP fractions were then ad-
justed for the normalized negative control (IgG) giving the
AACt value. qPCR reactions were performed three times for
each sample, and the expression levels were normalized to
the input sample for the enrichment detection. The fold en-
richment was calculated against the IgG reference by raising
2 to the AACt power (Walley et al., 2008). Two or three pri-
mers across the putative binding sites or nonbinding sites in
the promoters of three CCGs were used for quantification.
All primers’ information is listed in Supplemental Table S4.
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EMSA

pCold TF-LpNAL and -LpNALAC vectors were constructed
to generate LpNAL-HIS and LpNALAC-HIS fusion genes.
These recombinant proteins were expressed in Escherichia
coli strain “Rosetta BL21 (DE3)” under induced by 0.5 mM
isopropyl B-D-thiogalactoside at 16°C for 10h and then pu-
rified with Ni-IDA resin (Transgene, China) according to the
manufacturer’s instructions. The EMSA was carried out using
a Light Shift Chemiluminescent EMSA Kit (Thermo
Scientificc, Waltham, MA, USA), and bind shift results were
detected using a chemiluminescence imaging system (Vilber
Lourmat, Marne la Vallée, France). Unlabeled competitor
probes were added in a 50- or 100-fold molar excess.

Dark-induced leaf senescence

The first fully expanded leaf was detached and sandwiched
in two-layer filter paper prewetted in distilled water. Then,
the leaves were incubated in dark and kept in humidity and
sampled before and after dark incubation.

Transcriptional response of LpNAL to senescence-
related hormones and developmental senescence
signal

Two-week-old seedlings cultured in liquid half strength-
Hogland nutrient solution were treated with water, 50 uM
ABA, 200 uM ethephone (ethylene releaser), 100 uM GA3,
100 LM SA, 25 UM 6-BA, and 20 uM IAA. The first fully ex-
panded leaves were taken at six-time points (1, 2, 4, 8, 12,
and 24 h) with three replicates for each treatment. The sam-
ples were immediately frozen in liquid nitrogen and stored
in the —80°C refrigerator before the RNA extraction.

The emerged leaves on top were labeled as 0 DAE and
three stages of leaves (12, 24, and 36 DAE) representing ma-
ture, early senescent, and late-senescent leaves (Xu et al,
2019). Leaves, roots, crowns, stems, and sheaths were sam-
pled for the RT-gPCR analysis with three biological
replicates.

RT-qPCR analysis

Total RNA was extracted using the Plant RNA Kit (Omega
Biotech, Norcross, GA, USA) according to the manufac-
turer’s protocol. The first-strand cDNA was synthesized with
1 g RNA using the PrimeScript RT reagent Kit with gDNA
Eraser (Perfect Real Time) (Takara, Otsu, Japan). For RT-
gPCR, the reaction was performed with the SYBR Green
PCR Master Mix (Applied Biosystems, Waltham, MA, USA)
using a Roche Light Cycler 480 Il Real-Time PCR System.
Primers used for RT-qPCR are listed in Supplemental Table
S4. elHF4A was used as the reference gene (Huang et al,
2014). Relative expression levels were determined by the
27227 method. The RT-qPCR reactions were performed
with three biological replicates and two technical repeats for
each biological replicate. Detailed information of primers
used for RT-qPCR is listed in Supplemental Table S4.
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Physiological analysis of leaf senescence in perennial
ryegrass

Chl content measurement was performed by DMSO extrac-
tion from about 0.1g fresh leaf samples under 4d darkness
and measuring at the absorbance of 663 and 645nm, then
the blades were dried at 80°C for 3d for dry weight (DW)
measurement. Chl content calculation followed the descrip-
tion in Arnon (1949). For leaf photochemical efficiency (Fv/
Fm), the leaves after 30 min dark acclimation were measured
using a fluorescence induction monitor (Bioscientific Ltd,
Herts, UK). EL was measured by following the procedure de-
scribed in Martin et al. (1987). For the leaf yellowing rate,
leaves containing one-fourth or more yellowing part of the
whole leaf were labeled as the yellow leaf. Then, numbers of
yellow leaves and green leaves in a single tiller were
recorded. Ten tillers were counted in each pot for the calcu-
lation of the yellow leaf ratio.

Transcriptomic analysis

The RNA-Seq was carried out by Gene Denovo Co.
(Guangzhou, China) using the paired-end technology of
lllumina HiSeq 2000. Leaves of WT and each transgenic line
were used for RNA-seq with three biological replicates. Two
independent OE (OE2 and OE8) and KD (KD1 and KD8)
lines were used in this study. Detailed information about li-
brary construction, sequencing, and transcriptomic analysis
(e.g. GO and KEGG analyses) were the same as described be-
fore (Yu et al, 2021). The original transcriptome data were
deposited at NCBI (BioProject: PRJNA780368; SRA:
SUB10670514). Among the set of genes expressed above the
minimum expression cutoff, we selected those with at least
two-fold expression change and P-value < 0.001 for further
analysis. The DEGs among OE, WT, and KD were classified
functionally using the biological process category referenced
to Brachypodium distachyon (http://plants.ensembl.org/in
dexhtml). Differentially expressed unigenes were analyzed
with the Veen module using the TBtools platform (Chen
et al, 2018). Mapman overview was generated with
MAPMAN3.5.1R2 software (https://mapman.gabipd.org/).

Statistical analysis

Data in this study were statistically analyzed using the JMP
software (version 10, SAS Institute Inc, Cary, NC, USA) for
ANOVA at a significance level of 0.05. The data are
expressed as means = standard deviation (sp).
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GenBank/EMBL under accession numbers KX791203,
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