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Litchi is an important evergreen fruit tree. Floral formation in litchi is induced by low
temperatures (LTs). However, unstable flowering is a challenge for litchi production
in times of global warming and climate change. Previous studies have shown that
the methyl viologen dichloride hydrate-generated reactive oxygen species (ROS)
could promote flowering. Leaves in the panicles may affect the development of the
inflorescence in litchi under high-temperature condition. In this study, potted litchi
trees were transferred to growth chambers at LT and high temperature (HT). From a
previous dataset of the RNA sequencing of the ROS-treated rudimentary leaves, a NAC
transcription factor-encoding gene LcNAC13 was identified. By genetic transformation
of LcNAC13 to Arabidopsis thaliana and tobacco, it was found that the ROS-induced
senescence of the leaves was accelerated. Silencing LcNAC13 by virus-induced gene
silencing (VIGS) delayed ROS-dependent senescence. Our results suggested that
LcNAC13 regulates rudimentary leaf senescence. Our study provided a new target
gene for the future molecular breeding of new cultivars that could flower under global
warming conditions.

Keywords: NAC, rudimentary leaf, senescence, transcriptome, VIGS, litchi

INTRODUCTION

Litchi (Litchi chinensis) is an important evergreen fruit tree in southern Asia. Litchi floral buds are
a mix of panicle primordia and rudimentary leaves (Yang et al., 2017). In winter and early spring,
if temperatures are low enough, the rudimentary leaves (panicle leaves) abscise and the floral buds
develop into pure panicles. However, in the near 20 years, warm winters due to global warming
frequently happened. Under these conditions, the mixed buds might be exposed to relatively high
temperatures (HTs), then the rudimentary leaves developed into fully expanded leaves, and the
panicle primordia stopped developing and might shrink (Zhou et al., 2008). However, if the panicle
leaves are killed or their growth is inhibited, the panicles still can develop. Actually, growers always
use ethephon, an ethylene producer to control panicle leaf in litchi. Moreover, methyl viologen
dichloride hydrate (MV), producer of the reactive oxygen species (ROS), and sodium nitroprusside,
donor of nitric oxide (NO), are proved to be effective chemicals that can inhibit leaf growth
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(Zhou et al., 2012). Therefore, understanding the regulatory
mechanism of panicle leaf senescence and abscission is important
for flowering control in litchi.

We have previously studied the features of the low-
temperature-(LT), ROS-, and NO-induced senescence of panicle
leaves and found that programmed cell death (PCD) is involved
in these processes (Zhou et al., 2008; Yang et al., 2018). We
also constructed a litchi reference transcriptome for the ROS-
treated young leaves using Illumina RNA sequencing (RNA-Seq)
to identify ROS-responsive genes. We have identified a litchi
homolog MCII (LcMCII-1) and showed that silencing LcMCII-1
by virus-induced gene silencing (VIGS) delayed ROS-dependent
senescence. Ectopic overexpression of LcMCII-1 in Arabidopsis
promoted ROS-dependent senescence of leaves as well as natural
senescence (Wang et al., 2017).

NAC transcription factors (TFs) are plant-specific TFs (Zhang
et al., 2018; Li et al., 2020). More than 100 members were found in
Arabidopsis thaliana (Penfold and Buchanan-Wollaston, 2014).
NAC was named after no apical meristem petunia (NAM),
A. thaliana ATAF1/2, and CUC2 (Trupkin et al., 2019; Munir
et al., 2020). NAC proteins widely regulate plant growth and
development (Olsen et al., 2005; Yuan et al., 2019). Interestingly,
more than 30 NAC genes showed enhanced expression during
natural leaf senescence in Arabidopsis (Breeze et al., 2011).

Leaf senescence is the final stage of leaf development (Lin
and Wu, 2004; Kim et al., 2018). The process of senescence may
help the plant to aid in the adaptation to adverse environmental
conditions (Schippers et al., 2015). Leaves may be artificially
senescent before maturity when they are exposed to LTs and
drought (Allu et al., 2014; Naschitz et al., 2014; Muñoz and
Munné-Bosch, 2018). The panicle leaf senescence induced by
ROS or LT is regarded as premature leave senescence (Yang et al.,
2017, 2018). Up till now, little is known about the role of NACs in
litchi panicle leaf senescence.

In this study, we used our previous RNA-Seq dataset of the
ROS-treated rudimentary leaves (Lu et al., 2014) to identify
candidate LcNACs potentially involved in panicle leaf senescence.
We transferred the litchi potted trees to growth chambers for
LT- and HT- treatments to induce senescing leaves and growing
leaves, respectively. The expression profiles of the NACs in the
senescing and developing panicle leaves were compared for
further screening. Then, the identified LcNAC13 was subjected
to VIGS and transferred to Arabidopsis and tobacco (Nicotiana
benthamiana) for functional analysis. Our work provided target
genes for the future molecular breeding of new cultivars that
could flower under global warming conditions.

MATERIALS AND METHODS

Plant Materials and Experimental
Procedures
Four-year-old air-layered ‘Nuomici’ litchi trees were grown in 30-
L pots containing coconut chaff, loam, and mushroom cinder
(v/v/v, 3:1:1). The trees were subjected to LT conditions for
floral induction in open fields in winter. Once panicle primordia
emerged, six replicate trees were transferred to a growth

chamber at 12-h photoperiod and at 18
◦

C (LT) to encourage
panicle development and promote rudimentary leaf senescence.
Another six trees were transferred to a growth chamber at 12-
h photoperiod and at 26

◦

C (HT) to encourage the growth of
the rudimentary leaves. The percentage of the flowering terminal
shoots, the axillary panicles per panicle, and the leafy panicles,
the number of leaflets per panicle, and the number of fruits per
panicle were determined.

For gene expression assay, panicle leaf development was
divided into five stages. Senescing leaves and developing leaves
at different developmental stages as described by Yang et al.
(2017) were collected. Leaves were frozen in liquid nitrogen
and stored at −80

◦

C for total RNA extraction and gene
expression determination.

For ROS treatment, potted trees were placed in a greenhouse
at 26◦C with a diurnal 12-h photoperiod. For spraying, 120 µM
MV solution (Sigma) was used. After 0, 1, 3, and 5 days of MV
treatment, rudimentary leaf samples were collected and stored at
−80

◦

C for total RNA extraction.
For the VIGS treatment, potted ‘Nuomici’ trees were

transferred to a growth chamber at 12-h photoperiod, at 23
◦

C,
and with a relative humidity of 50 to 60%.

Colombian wild-type (Col-0) A. thaliana and N. benthamiana
were chosen for the heterologous genetic transformation.
Transgenic plants were grown under a photoperiod of 18 h, a
day/night temperature of 22◦C, and a photosynthetic photon
density of 60 µmol/m2 s1. Rosette leaves of the 30-day-old
transgenic Arabidopsis were cut and placed in Petri dishes,
sprayed with 40 µM MV. SPAD values corresponding to the
amount of chlorophyll in the leaves (Ling et al., 2011; Galanti
et al., 2019) were measured with a chlorophyll meter (SPAD,
model 502, Minolta, Japan) in 0, 3, and 6 days of treatment. To
measure transgenic tobacco in response to ROS, leaves at 4 to 5
whorl were sprayed with 40 µM MV. Ten days after spraying,
SPAD values of the fourth or fifth leaves were recorded.

Identification of Reactive Oxygen
Species-Responsive NACs Potentially
Involved in Rudimentary Leaf
Senescence
All the ROS-responsive NACs were screened from the RNA-Seq
dataset of the ROS-treated rudimentary (Lu et al., 2014). The
dataset is available from the NCBI Short Read Archive (SRA)1

under the number SAR158542.

Quantitative RT-PCR Analysis
First-strand cDNA was synthesized by Reverse Transcriptase
M-MLV (RNase H-) system (Takara, Japan) from 1 µg RNA.
Primers for quantitative RT-PCR (qRT-PCR) were designed
by Primer 6.0 software and synthesized by Sangon Co. Ltd.
(Shanghai). The litchi homolog β-actin was selected as a
reference gene (LcActin-F/R, Supplementary Table 1). qRT-PCR
was performed on a CFX real-time PCR machine (Bio-Rad,

1http://www.ncbi.nlm.nih/sra
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United States) according to the method described by Lu et al.
(2014).

Cloning and Bioinformatics Analysis of
LcNAC13
The LcNAC13-specific primers (LcNAC13-F/R, Supplementary
Table 1) were designed based on our transcriptome data of the
ROS-treated rudimentary leaves. Cloning of the target fragment
was performed using the T/A cloned pMD18-T vector (Takara,
Japan). The target gene sequence was analyzed using BLAST
online program for comparative analysis2. CDD was used for the
prediction of conserved structural domains of the target gene3.
Multiple sequence alignment of NACs was performed using
ClustalX 1.834, and phylogenetic tree construction was performed
with MEGA 6.0 based on the neighbor-joining (NJ) sequence
distance method (Tamura et al., 2013). Amino acid sequence
translation was performed using DNAMAN, and secondary
structure prediction was performed using SOPMA5.

Generation of Transgenic Arabidopsis
and Nicotiana tabacum
The overexpression vector was constructed using the binary
vector pBI121 containing a cauliflower mosaic virus 35S
(CaMV35S) promoter and NOS terminator (Wang et al., 2017).
Amplification of the coding sequence of LcNAC13 including
the restriction enzyme cut sites was performed using pBI121-
LcNAC13-F/R primers (Supplementary Table 1). Double
digestion of the pBI121 plasmid was performed with Xba1
and Sma1 restriction endonucleases. The target fragment was
inserted behind the CaMV35S promoter using the In-Fusion R©HD
Cloning Kit. Agrobacterium strain GV3101 cells containing
the pBI121-LcNAC13 recombinant plasmid were infested with
Arabidopsis flower clusters using the Agrobacterium-mediated
transformation system (Senthil-Kumar and Mysore, 2014; Zhang
et al., 2006). Kanamycin-resistant transgenic seedlings were
identified by PCR using primers 35S:LcNAC13-F/R and NptIIu-
F/R (Supplementary Table 1).

For tobacco transformation, we used the binary vector
pBI121-LUC (Wang et al., 2017). The pBI121-LUC was
double-digested by Xba1 and BamHI. The target fragment of
LcNAC13 was amplified using primer pBI121:LcNAC13:LUC-
F/R (Supplementary Table 1). The target fragment was inserted
into the pBI121-LUC expression vector following the CaMV35S
promoter using the In-Fusion R©HD Cloning Kit. The successfully
constructed vector was transformed into Agrobacterium strain
GV3101. N. tabacum transformation was carried out according
to the method of Ding et al. (2015).

Luciferase Imaging
Leaves were first sprayed with 1 mM D-luciferin potassium
(Goldbio, United States) and 0.01% Triton X-100. After being

2http://www.ncbi.nlm.nih.gov/BLAST/
3http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
4http://www.ebi.ac.uk
5https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html

placed in the dark for 20 min, luciferase (LUC) activity expressed
by bioluminescence intensity was measured using a deep-cooled
CCD imager (AndoriXon; Andor) and Meta Imaging Service
software (Meta Vue Version 7.8.0.0). LUC fluorescence signal is
detected to indicate the successful expression of the exogenous
gene in the plant, and the intensity of the fluorescence can reflect
the level of target gene expression.

Virus-Induced Gene Silencing of
LcNAC13
For silencing the LcNAC13, we used tobacco rattle virus
(TRV)-derived vectors, provided by Prof. Qin-Long Zhu from
Key Laboratory of Innovation and Utilization for Germplasm
Resources in South China Agricultural University. A 327-bp
fragment of LcNAC13 including the restriction enzyme cutting
site was amplified from pTRV2-LcNAC13-F/R (Supplementary
Table 1). The pTRV2 vector was double-digested by XbaI and
SmaI. The target fragment was inserted into the vector using the
In-Fusion R©HD Cloning Kit. VIGS was carried out according to
the method of Schachtsiek et al. (2019) and Shi et al. (2021).
The successfully transformed GV3101 strain containing TRV-
VIGS vector was placed in a YEP medium containing 10 mM
MES, 20 mM acetosyringone, 25 µg/ml rifampicin, and 50 µg/ml
kanamycin and incubated at 28◦C for 24 h. Agrobacterium cells
were collected by centrifugation and added to an infiltration
buffer (OD600 = 1-2) containing 200 mM acetosyringone,
10 mM MgCl2, and 10 mM MES (pH 5.6). Agrobacterium
cultures containing pTRV1 and pTRV2 (control) and pTRV1-
and pTRV2-LcNAC13 were mixed at a ratio of 1:1 (v/v) and
placed in the dark for 4 to 6 h before inoculation of plants. The
mixture was injected into the base of the stem of new litchi shoots
using a 1-ml syringe. Two days after infection, 120 µM of MV
was sprayed on the injected shoots to accelerate the rudimentary
leaf senescence. Leaves were collected at 0, 30, and 60 h after
MV treatment for qRT-PCR analysis, and those at 30 h were
collected for library construction. The percentage of the yellowish
leaf was determined after 0, 1, 3, 5, and 7 days of 120 µM MV
treatments. Leaflets with one-third of the surface turned brown
were defined as senescent leaves. The percentage of the brown leaf
was calculated as the percentage of brown leaflets to total leaflets
in one shoot (Wang et al., 2017).

RNA Extraction, Library Construction,
and RNA Sequencing of Virus-Induced
Gene Silencing Samples
We used the Plant Total RNA Isolation Kit (Huayueyang,
Beijing, China) for total RNA extraction and Oligo-dT beads
(Qiagen, Valencia, United States) for mRNA enrichment.
RNA was fragmented into short fragments by fragmentation
buffer and reverse-transcribed into cDNA by random primers.
Second-strand cDNA was synthesized by DNA polymerase I,
RNase H, dNTPs, and buffer. We then used Qiaquick PCR
Extraction Kit (Qiagen, United States) for the purification
of cDNA fragments. The fragments were end-repaired, poly
(A) added, and ligated to Illumina sequencing adapters.
The size-selected fragments were amplified and sequenced
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by Illumina HiSeqTM 4000 by Gene Denovo Biotechnology
Co. (China). A 125 paired-end (PE) module was used.
Before library construction, all the VIGS-treated leaves were
subjected to qRT-PCR analysis. Only those whose target gene
expression decreased up to twice were used. Then, six libraries
representing three biological replicates for treatment and control
were constructed.

RNA-Seq Data Analysis of Virus-Induced
Gene Silencing
Adapters in the raw reads were filtered. Reads with more than
10% of unknown nucleotides and with over 50% low Q-value
(≤10) bases were removed. To construct reference sequences,
clean reads in all the samples were de novo assembled by the
Trinity (Version 2.0) Program. The high-quality clean reads were
mapped to ribosome RNA (rRNA) to identify residual rRNA
reads. The rest of the reads were subjected to further analysis.

Unigenes annotation in the data was performed using the
BLASTx program (see text footnote 2) with an E-value threshold
of 1e−5 and compared to the NCBI nr database, Swiss-
Prot protein database, KEGG database, and COG database,
respectively. The best comparison information was selected
as the annotation results of unigenes. In case of inconsistent
information between different databases, the selection was made
in the order of nr, Swiss-Prot, KEGG, and COG. When a unigene
does not match any information, the sequence orientation
will be confirmed by the EST scan program. GO functional
annotation was performed by Blast2GO software, and unigene
functional classification was performed using WEGO software.
KEGG pathway annotation was performed by BlastX software.
The dataset is available in the NCBI SRA under the accession
number SRP162301.

Clean reads of one sample were uniformly mapped into the
reference sequence database by Bowtie2 software. The number
of unique-match reads was calculated and normalized to RPKM
(reads per kb per million reads) for gene expression analysis.
A comparison of unigene expression between treatments and
controls was made by the DESeq (Anders and Huber, 2010)6 with
FDR ≤0.05 and the absolute value of log2 ratio ≥1.

Statistical Analysis
Statistical package for the social sciences program (SPSS,
Chicago, IL, United States) was used to analyze variances. The
differences among treatment means were evaluated by Duncan’s
multiple range test at 0.05 and 0.01 probability levels. The
differences between the treatment and the control were evaluated
by Student’s t-test at 0.05 and 0.01 probability levels.

To explore the relationships between differentially expressed
genes (DEGs) in the transcriptome of VIGS samples, a
hypothetical model was constructed by PLS-SEM with SmartPLS
2.0 M3 software (Ringle et al., 2014; Chen et al., 2017). The
standardized path coefficient values were calculated with the
PLS algorithm by Path Weighting Scheme using a bootstrapping
method to get the significance of path coefficients. The sign
changes were individual. The samples during the calculation of

6http://bioconductor.org/packages/release/bioc/html/DESeq2.html

bootstrapping method were 5000. In the PLS model, differentially
expressed hormonal regulation-related genes of IAA, JA, GA,
ABA, and CTK were screened for modeling. In addition, the
three top numbers of the identified TF-encoding genes, namely,
NACs, MYBs, and WRKYs, were also selected as the group
for model building.

RESULTS

Low Temperature Induces Panicle Leaf
Senescence and Promotes Floral
Development
As shown in Figure 1, the percentage of the flowering terminal
shoots and the percentage of the axillary panicles per panicle
under LT were significantly higher than those under HT
condition. However, the percentage of leafy panicles and the
number of leaflets per panicle under HT condition were
higher than those under LT condition. The results suggested
that LT induced rudimentary leaf senescence and promoted
floral development in litchi. The developmental state of the
rudimentary leaves was divided into five stages. The morphology
of the senescing leaves under LT condition and that of the
developing leaves under HT condition are shown in Figure 2.
Under LT condition, the leaves on the panicle could not
develop normally and become prematurely senescent, while
the flower buds could develop. Under HT condition, the
leaves in the panicle developed, while the flower buds aborted,
suggesting that the growing rudimentary leaves might affect the
development of flower buds.

Identification of NACs Potentially
Involved in Reactive Oxygen
Species-Induced Rudimentary Leaf
Senescence
We analyzed a previous RNA-Seq dataset of the MV-treated
rudimentary leaves and identified 659 NACs (Supplementary
Table 2). Fourteen out of the NACs show upregulated expression
trends at 0, 5, and 10 h of ROS treatment. Among them,
expression levels of LcNAC13 increased with the time of
ROS treatments (Supplementary Figure 1) and with the
senescence (Lu et al., 2014). Therefore, this LcNAC13 gene was
further investigated.

LcNAC13 Is Highly Expressed During
Low-Temperature- and Reactive Oxygen
Species-Induced Rudimentary Leaf
Senescence
To investigate the expression of LcNAC13 in response to LT and
HT conditions, the relative expression of LcNAC13 at different
stages as shown in Figure 3 was determined. The results showed
that the expression of LcNAC13 under LT condition increased
from stage 1 to stage 5, while those under HT condition slightly
decreased (Figure 3A). The expression of LcNAC13 in response
to ROS was also studied. As shown in Figure 3B, the expression
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FIGURE 1 | Flowering phenotype of the litchi trees under low temperature (LT) and high temperature (HT) conditions. (A) Percentage of the flowering terminal shoots.
(B) Percentage of the axillary panicles per panicle. (C) Percentage of leafy panicles. (D) Number of leaflets per panicle. Vertical bars represent standard error (SE;
n = 3). Symbols above the column mean a significant difference between LT and HT treatments (Duncan’s multiple range test, *P = 0.05; **P = 0.01).

FIGURE 2 | Morphology of litchi rudimentary leaves and flower buds under HT and LT conditions. (A–E) Different developmental stages of the leaf on panicle and
flower buds under HT condition. (F–J) Different developmental stages of the leaf on panicle and flower buds under LT condition.
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FIGURE 3 | Expression of LcNAC13 in response to temperature (A) and reactive oxygen species (ROS) (B) treatments. Vertical bars represent SE(n = 3); an asterisk
indicates a significant difference according to Student’s t-test (P ≤ 0.05) and double asterisks indicate a significant difference according to Student’s t-test (P ≤ 0.01).

FIGURE 4 | Phylogenetic tree analysis of NAC. From the results of the evolutionary tree analysis, the most similar one to LcNAC13 is AtNAP. A phylogenetic tree was
constructed by neighbor-joining (NJ) method using MEGA 6.0 program.
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FIGURE 5 | Overexpression of LcNAC13 promotes ROS-dependent and nature senescence in Arabidopsis thaliana. (A) Relative expression of LcNAC13 in the three
transgenic lines. (B) SPAD values in leaves of the transgenic and wild-type plants after methyl viologen dichloride hydrate (MV) treatment. (C) Phenotypic changes in
leaves of the transgenic and the wild-type plants after MV treatment. (D) Phenotype of the transgenic and the wild-type plants showing natural senescence.
(E) Rosette leaves of the transgenic and wild-type plants 32 days after planting. Vertical bars represent SE (n = 3); an asterisk indicates a significant difference
according to Student’s t-test (P ≤ 0.05).

of LcNAC13 in the ROS-treated rudimentary leaves showed an
increasing trend from 0 to 5 days of treatment. Expression levels
of the LcNAC13 in the ROS-treated leaves were significantly
higher than those of the control at 3 and 5 days of treatment.
Taking together, LcNAC13 may play an important role in the LT-
and ROS-induced senescence of the rudimentary leaves.

Cloning and Characterization of
LcNAC13
The full-length sequence of LcNAC13 in litchi was obtained
by cloning with specific primers (Supplementary Table 1). We
identified a 1101-bp-long open reading frame (ORF) encoding
a protein of 367 deduced amino acids. The cDNA sequence of

LcNAC13, including 5′ and 3′ UTR, is shown in Supplementary
Figure 2. The NAC domain was originally characterized from
consensus sequences from petunia NAM and from Arabidopsis
ATAF1, ATAF2, and CUC2. As shown in Supplementary
Figure 3, the deduced LcNAC13 protein contains a highly
conserved region in its N-terminal sequence that may function
as a DNA-binding domain. The N-terminal residues contain five
subdomains (A–E) (Supplementary Figure 3). The C terminus of
LcNAC13 protein, serving as a transcription activation domain,
shows low sequence similarity to otherArabidopsisNAC proteins.

A phylogenetic tree for the LcNAC13 domain and typical
Arabidopsis NAC family proteins is shown in Figure 4. NAC
domains were classified into two large groups, and the LcNAC13
proteins fell into Group I. In addition, the NAC domains in each
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group could be divided into several subgroups according to the
similarity of the NAC-domain structures. Noticeably, NACs with
the same functions showed a tendency to fall into one subgroup.
For instance, LcNAC13 and AtNAP were clustered into one
subgroup, suggesting that they may have the same function.
AtNAP belongs to the NAC family of TFs, and the expression of
this gene is associated with senescence in Arabidopsis. Inducible
overexpression of AtNAP leads to premature leaf senescence
(Luoni et al., 2019).

Overexpression of LcNAC13 Promotes
Reactive Oxygen Species-Dependent
and Natural Senescence in Arabidopsis
and Tobacco
To analyze the function of LcNAC13, we performed heterologous
genetic transformation of A. thaliana and tobacco. As shown in
Figure 5A, the expression of LcNAC13 significantly increased in
the transgenic Arabidopsis plants. As one of the symptoms of
ROS-dependent senescence is the decrease in leaf chlorophyll
(Wang et al., 2017), the SPAD values corresponding to the
amount of chlorophyll in the leaves were determined. As shown
in Figure 5B, after 3 and 6 days of MV treatment, the leaf SPAD
values in the LcNAC13 transgenic plants were significantly lower
than those in the wild-type ones, respectively. The green color of
the transgenic leaves faded faster than that of the wild-type leaves
(Figure 5C). Moreover, the natural senescence of the transgenic
plants was accelerated (Figures 5D,E). These results suggested
that overexpression of LcNAC13 promoted ROS-dependent and
natural senescence in Arabidopsis.

For overexpression of LcNAC13 in tobacco, we used a firefly
luciferase (LUC) reporter. As shown in Figure 6, overexpression
of LcNAC13 in tobacco reduced the SPAD values after ROS
treatment. Bioluminescence indicating the reporter could be
detected in the leaves of the transgenic plants. Here, we used
LUC as a marker to observe the expression of the target gene of
LcNAC13. The senescence phenotype was judged by the SPAD
values. The results further suggest that the enhanced expression
of LcNAC13 promoted leaf senescence.

Silencing LcNAC13 Delays Reactive
Oxygen Species-Dependent Senescence
and Changes the Gene Expression
Patterns of the Rudimentary Leaves
Virus-induced gene silencing experiments were carried out for
further functional study on LcNAC13. Meanwhile, based on
the transcriptome sequencing data of the silencing samples
and the control samples, it is possible to understand the
changes in the expression pattern of genes regulated by
LcNAC13. As shown in Figure 7, after 3 days of MV treatment,
rudimentary leaves infected with pTRV2-NAC13 delayed the
browning compared with the TRV controls. qRT-PCR analysis
showed that LcNAC13 expression in the TRV2-LcNAC13-treated
leaves was significantly downregulated at 30 and 60 h of
infection (Figure 7B). Accordingly, after 3, 5, and 7 days of
MV-generated ROS treatment, the percentage of yellowish leaf

FIGURE 6 | Overexpression of LcNAC13 promotes ROS-dependent
senescence in tobacco. (A) Relative expression of LcNAC13 in the transgenic
and wild-type plants. (B) SPAD values in leaves of the transgenic and
wild-type plants after MV treatment. (C) Phenotype of the LcNAC13
transgenic tobacco leaves after 10 days of MV treatment. Vertical bars
represent SE (n = 3); an asterisk indicates a significant difference according to
Student’s t-test (P ≤ 0.05). The green box indicates imaging under a
deep-cooled CCD imager.

after silencing LcNAC13 was twofold, onefold, and 1.5-fold lower
than the control, respectively (Figure 7C). These results suggest
that silencing LcNAC13 delayed ROS-dependent senescence
in litchi leaves.

Digital Transcriptome Analysis and
Identification of Genes Involved in
Silence of LcNAC13
As decreased LcNAC13 expression was found at 30 h of ROS
treatment, samples at 30 h after silencing treatment were selected
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FIGURE 7 | LcNAC13 silencing delays MV-induced senescence in litchi leaves. (A) Phenotype of the virus-induced gene silencing- (VIGS) treated and control leaves
after MV-generated ROS treatment. TRV + MV represents control, and TRV–LcNAC5 + MV represents VIGS treatment. (B) LcNAC13 expression level of the
VIGS-treated and control leaves after MV treatment. (C) Percentage of the yellowish leaves. Data are means of three replicates, and the bars represent SEs.
Significant differences according to the Student’s t-test between VIGS-treated and control leaves at the same time point are indicated by the asterisks (*P < 0.05,
**P < 0.01).

for RNA-Seq. Six RNA-Seq libraries of the control and TRV-NAC
(silenced samples) were constructed to identify genes regulated
by LcNAC13. Compared with the control leaves, silencing
LcNAC13 resulted in 1857 significantly upregulated and 733
significantly downregulated DEGs (Supplementary Figure 4).

GO-term analysis was performed among the DEGs.
From the enriched GO term including regulation of cellular
macromolecule biosynthetic process, ROS metabolic process,
developmental process, carbohydrate metabolic process, ethylene
metabolic process(Supplementary Table 3), we identified 11
DEGs (Figure 8), including LcNAC13. They encode homologous
proteins including three ethylene-responsive TFs (ERF), three
NAC TFs (NAC), one WRKY transcription factor (WRKY), one
TF TGA1-like (TGA1), one TF APETALA2 isoform 1 (AP2-1),
one probable CCR4-associated factor 1 (CAF1), and one heat
stress TF family protein (Figure 8).

Identification of Differentially Expressed
Transcription Factors Involved in Silence
of LcNAC13
By screening differentially expressed TF-encoding genes, a total
of 691 of the TFs including 163 downregulated TFs and 528
upregulated TF-encoding genes were screened. BHLH, NAC,
HSF, and MYB were the most significantly downregulated genes

FIGURE 8 | Heatmap analysis of the downregulated transcription factor (TF) in
GO:0034645. Data were normalized to Z-score.

(Supplementary Figure 5). These TFs might be regulated by
LcNAC13.

Pathway Involved in the Silence of
LcNAC13
To reveal a framework of the DEGs of LcNAC13-silenced
leaves, we performed PLS-SEM analysis using the transcriptome
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FIGURE 9 | Direct diagram of the partial least squares structural equation model (PLS-SEM). The central part of the plot is based on the other five surrounding parts.
The level of the path coefficients is reflected by the width of the red (positive effects) or blue (negative effects) arrows. The values on the arrows indicate the intensity
of factor loading for that pathway. The pathways from hormone-related differentially expressed genes (DEGs) such as ABA, IAA, CTK, JA, and GA to TFs are first
order for DEGs encoded by TFs, while the pathway from DEGs encoded by TFs to senescence-associated genes (SAGs) is second order.

data of the LcNAC13-related enrichment function (GO) and
metabolic pathway (KEGG) and significant downregulation of
TFs including NACs, WRKYs, and MYBs. The use of PLS
methods for data analysis is due to the fact that PLS is not only
good at eliminating covariance between variables, but also stable

in working across multiple databases. Most of the latent variables
were significant when analyzed in PLS-SEM, and the external
model block could provide an adequate explanation of the latent
variables (Supplementary Table 4). In this calculated model,
when the values of average variance extracted (AVE, an indicator
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FIGURE 10 | A proposed model for the ROS-induced rudimentary leaf senescence regulated by LcNAC13. The numerals in the parentheses represent the number
of differentially expressed genes. The relationship of the groups of the DEGs is shown in Figure 9. The genes information inside the mapping is shown in
Supplementary Figure 6.

for converge validity) and composite reliability (indicator for
internal consistency reliability) are higher than 0.5 and 0.7,
respectively, (Supplementary Table 5), it means that the model
is available (Hair et al., 2014).

As shown in Figure 9, there are two forms of direct pathways
and indirect pathways. Among the three classes of significant
downregulated expression TFs, positive or negative associations
were established with DEGs associated with the senescence-
associated genes (SAGs), respectively. In the ABA, IAA, GA, and
JA hormone modules, ABA-DEGs, IAA-DEGs, GA-DEGs, and
JA-DEGs were correlated with the SAGs directly with a factor
loading above 0.96, suggesting a strong influence relationship
in these backgrounds. CTK-DEGs with SAGs had a high factor
loading in the CTK model (–0.915), and the absolute value of
it is higher than the second-order indirect pathways. However,
the absolute value of factor loading of all DEGs with NACs,
WRKYs, and MYBs was greater than 0.96, suggesting a strong
influence relationship between hormone DEGs and TFs in
these backgrounds.

According to the PLS model, we proposed a model for the
ROS-induced rudimentary leaf senescence regulated by LcNAC13
(Figure 10). LcNAC13 may directly regulate the expression
of SAGs. It may also regulate the expression of hormonal
regulation-related genes and the TF-encoding genes, namely,
MYBs, WRKYs, and NACs. Then, these genes may affect the
expression of the SAGs. Moreover, LcNAC13 may indirectly affect
the expression of MYBs, WRKYs, and NACs through hormonal

regulation-related genes. Finally, the changed expressions of the
SAGs resulted in rudimentary leaf senescence.

DISCUSSION

NAC transcription factors are widely found in plants. Several
NAC genes related to plant senescence have been verified (Zhou
et al., 2013; Trupkin et al., 2019; Ma et al., 2021). In our previous
sequencing analysis, members of the NAC family related to the
senescence of rudimentary leaves in litchi were identified and
the MV-generated ROS was used to induce the senescence of
rudimentary leaves in litchi (Liu et al., 2013; Lu et al., 2014).
MV can generate superoxide by accepting an electron from PS1
(Dodge, 1971). In this study, we showed that LcNAC13 was
involved in the ROS-induced and LT-induced senescence of litchi
rudimentary leaves. Senescence of the leaves in Arabidopsis and
tobacco was accelerated by LcNAC13. Previous studies showed
that the NAC TF is involved in the control of seed development,
abiotic stress resistance, and disease resistance (Puranik et al.,
2012; Forlani et al., 2021; Yuan et al., 2021). NAP belonging to
the NAC family can regulate plant growth and the leaf apoptosis
process (Guo and Gan, 2006; Greco et al., 2012; Fan et al., 2015).
Our study showed that LcNAC13 was involved in leaf senescence
in litchi. The phylogenetic tree indicated that LcNAC13 in litchi
had the highest similarity with NAP in Arabidopsis. Meanwhile,
NAP is well known as a central factor in the regulation of plant
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senescence (Luoni et al., 2019; Zou et al., 2021). Hence, it is likely
that LcNAC13 may be an important factor regulating senescence
in litchi leaves.

Our comprehensive analysis of the VIGS-LcNAC13
sequencing data indicated that the silence of LcNAC13 may
cause a series of changes, including metabolic process and
cell and catalytic activity according to the GO enrichment
analysis. According to the KEGG enrichment analysis, the
synthesis of starch and sugar, the synthesis of phenylpropanoid,
and photosynthesis were also changed. The results suggested
that LcNAC13 might control leaf senescence by altering a
series of processes.

Plant hormones are important regulators involved in plant
growth and development. The plant hormone signals can
be transmitted to the nucleus through a series of signal
transduction components. As a result, these signals can activate
gene expression and alter the physiological processes (McSteen
and Zhao, 2008; Qu and Zhao, 2011; Song et al., 2017). TFs
can bind to specific DNA sequences as a way to control
the transcription and expression of specific genes (Spitz and
Furlong, 2012; Todeschini et al., 2014; Rastogi et al., 2018).
In plants, NAC, WRKY, and MYB TFs are central TFs
for hormonal regulation and often play important regulatory
roles in growth and development (Xu et al., 2019; Fraga
et al., 2021; Wu et al., 2021). In order to obtain directly
information related to the LcNAC13-controlled senescence in
the rudimentary leaves, we established an LcNAC13-silencing
system using VIGS. We then performed RNA-Seq of the leaf
samples. In the VIGS-LcNAC13 sequencing data, differentially
downregulated expression genes were screened including a
number of NACs, WRKYs, MYBs, ABA-DEGs, IAA-DEGs,
JA-DEGs, and rudimentary leaf senescence-associated DEGs.
Interestingly, by the analysis of PLS-SEM, we found that ABA-,
auxin-, JA-, and GA-related DEGs all contributed directly and
positively to rudimentary leaf senescence-related DEGs. Only
the CTK module was negatively contributed to leaf senescence-
related genes (Figure 10 and Supplementary Table 6). In the
analysis of PLS-SEM, we can use the factor loading value
to distinguish which pathways are more influential between
the direct and indirect pathways. Comprehensive data analysis
suggests PLS-SEM is valuable in revealing relationships between
biological processes based on RNA-Seq data (Liu et al., 2019).

CONCLUSION

In this study, the LcNAC13 was isolated and characterized.
The results of gene expression analysis showed that LcNAC13
was involved in both LT- and ROS-promoted rudimentary leaf
senescence in litchi. The highest similarity between LcNAC13
and AtNAP was found by constructing a phylogenetic tree
analysis. Transformation of LcNAC13 in Arabidopsis and tobacco
accelerated leaf senescence. Silencing LcNAC13 delayed the ROS-
dependent senescence and changed the gene expression patterns
of the rudimentary leaves. The results of our study suggested
that LcNAC13 might be a key factor in promoting rudimentary
leaf senescence through different signaling pathways. Our work

provided an important target gene for the future molecular
breeding of new cultivars that could flower in warmer climates.
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differentially expressed genes.
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Frontiers in Plant Science | www.frontiersin.org 12 May 2022 | Volume 13 | Article 886131

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fpls.2022.886131/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.886131/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-886131 May 3, 2022 Time: 19:11 # 13

Wang et al. LcNAC13 Is Involved in Leaf Senescence

REFERENCES
Allu, A. D., Soja, A. M., Wu, A., Szymanski, J., and Balazadeh, S. (2014). Salt stress

and senescence: identification of cross-talk regulatory components. J. Exp. Bot.
65, 3993–4008. doi: 10.1093/jxb/eru173

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence
count data. Genome Biol. 11:R106. doi: 10.1186/gb-2010-11-10-r106

Breeze, E., Harrison, E., McHattie, S., Hughes, L., Hickman, R., Hill, C., et al.
(2011). High-Resolution temporal profiling of transcripts during Arabidopsis
leaf senescence reveals a distinct chronology of processes and regulation. Plant
Cell 23, 873–894. doi: 10.1105/tpc.111.083345

Chen, W., Li, J., Zhu, H., Xu, P., and Chen, J. (2017). Arbuscular mycorrhizal
fungus enhances lateral root formation in Poncirus trifoliata (L.) as revealed
by RNA-Seq analysis. Front. Plant Sci. 8:2039. doi: 10.3389/fpls.2017.02039

Ding, F., Zhang, S., Chen, H., Su, Z., Zhang, R., Xiao, Q., et al. (2015). Promoter
difference of LcFT1 is a leading cause of natural variation of flowering timing
in different litchi cultivars ( Litchi chinensis Sonn.). Plant Sci. 241, 128–137.
doi: 10.1016/j.plantsci.2015.10.004

Dodge, A. D. (1971). The mode of action of bipyridylium herbicides, paraquat and
diquat. Endeavour 30, 1–35.

Fan, K., Shen, H., Bibi, N., Li, F., Yuan, S., Wang, M., et al. (2015). Molecular
evolution and species-specific expansion of the NAP members in plants.
J. Integr. Plant Biol. 57, 673–687. doi: 10.1111/jipb.12344

Forlani, S., Mizzotti, C., and Masiero, S. (2021). The NAC side of the fruit: tuning
of fruit development and maturation. BMC Plant Biol. 21:238. doi: 10.1186/
s12870-021-03029-y

Fraga, O. T., de Melo, B. P., Quadros, I. P. S., Reis, P. A. B., and Fontes, E. P. B.
(2021). Senescence-Associated glycine max (Gm)NAC genes: integration of
natural and stress-induced leaf senescence. Int. Mol. Sci. 22:8287. doi: 10.3390/
ijms22158287

Galanti, R., Cho, A., Ahmad, A., and Mollinedo, J. (2019). Use of a chlorophyll
meter for nondestructive and rapid estimation of leaf tissue nitrogen in
macadamia. Hort. Technol. 29, 308–313. doi: 10.21273/HORTTECH04276-19

Greco, M., Chiappetta, A., Bruno, L., and Bitonti, M. B. (2012). In Posidonia
oceanica cadmium induces changes in DNA methylation and chromatin
patterning. J. Exp. Bot. 63, 695–709. doi: 10.1093/jxb/err313

Guo, Y., and Gan, S. (2006). AtNAP, a NAC family transcription factor, has an
important role in leaf senescence. Plant J. 46, 601–612. doi: 10.1111/j.1365-
313X.2006.02723.x

Hair, J. F., Ringle, C. M., and Sarstedt, M. (2014). PLS-SEM: indeed a silver bullet.
J. Market. Theory. Prac. 19, 139–152. doi: 10.2753/MTP1069-6679190202

Kim, J., Kim, J. H., Lyu, J. I., Woo, H. R., and Lim, P. O. (2018). New insights
into the regulation of leaf senescence in Arabidopsis. J. Exp. Bot. 69, 787–799.
doi: 10.1093/jxb/erx287

Li, B., Fan, R., Yang, Q., Hu, C., Sheng, O., Deng, G., et al. (2020). Genome-Wide
identification and characterization of the NAC transcription factor family in
musa acuminata and expression analysis during fruit ripening. Int. J. Mol. Sci.
21:634. doi: 10.3390/ijms21020634

Lin, J., and Wu, S. (2004). Molecular events in senescing Arabidopsis leaves. Plant
J. 39, 612–628. doi: 10.1111/j.1365-313X.2004.02160.x

Ling, Q., Huang, W., and Jarvis, P. (2011). Use of a SPAD-502 meter to measure
leaf chlorophyll concentration in Arabidopsis thaliana. Photosynth. Res. 107,
209–214. doi: 10.1007/s11120-010-9606-0

Liu, H., Wang, C., Chen, H., and Zhou, B. (2019). Genome-wide transcriptome
analysis reveals the molecular mechanism of high temperature-induced floral
abortion in Litchi chinensis. BMC Genomics 20:127. doi: 10.1186/s12864-019-
5493-8

Liu, W., Kim, H., Chen, H., Lu, X., and Zhou, B. (2013). Identification of MV-
generated ROS responsive EST clones in floral buds of Litchi chinensis Sonn.
Plant Cell Rep. 32, 1361–1372. doi: 10.1007/s00299-013-1448-8

Lu, X., Kim, H., Zhong, S., Chen, H., and Hu, Z. (2014). De novo transcriptome
assembly for rudimentary leaves in Litchi chinesis Sonn.and identification of
differentially expressed genes in response to reactive oxygen species. BMC
Genomics 15:805. doi: 10.1186/1471-2164-15-805

Luoni, B. S., Astigueta, F. H., Nicosia, S., Moschen, S., Fernandez, P., and Heinz,
R. (2019). Transcription factors associated with leaf senescence in crops. Plants
8:411. doi: 10.3390/plants8100411

Ma, L., Li, R., Ma, L., Song, N., and Xu, Z. (2021). Involvement of NAC
transcription factor NaNAC29 in Alternaria alternata resistance and leaf
senescence in Nicotiana attenuata. Plant Divers 43, 502–509. doi: 10.1016/j.pld.
2020.11.003

McSteen, P., and Zhao, Y. (2008). Plant hormones and signaling: common themes
and new developments. Dev. Cell 14, 467–473. doi: 10.1016/j.devcel.2008.
03.013

Munir, N., Yukun, C., Xiaohui, C., Nawaz, M. A., Iftikhar, J., Rizwan, H. M.,
et al. (2020). Genome-wide identification and comprehensive analyses of
NAC transcription factor gene family and expression patterns during somatic
embryogenesis in Dimocarpus longan Lour. Plant Physiol. Bioch. 157, 169–184.
doi: 10.1016/j.plaphy.2020.10.009

Muñoz, P., and Munné-Bosch, S. (2018). Photo-oxidative stress during leaf, flower
and fruit development. Plant Physiol. 176, 1004–1014. doi: 10.1104/pp.17.
01127

Naschitz, S., Naor, A., Wolf, S., and Goldschmidt, E. E. (2014). The effects of
temperature and drought on autumnal senescence and leaf shed in apple under
warm, east mediterranean climate. Trees 28, 879–890. doi: 10.1007/s00468-014-
1001-6

Olsen, A. N., Ernst, H. A., Leggio, L. L., and Skriver, K. (2005). NAC transcription
factors: structurally distinct, functionally diverse. Trends Plant Sci. 10, 79–87.
doi: 10.1016/j.tplants.2004.12.010

Penfold, C. A., and Buchanan-Wollaston, V. (2014). Modelling transcriptional
networks in leaf senescence. J. Exp. Bot. 65, 3859–3873. doi: 10.1093/jxb/eru054

Puranik, S., Sahu, P. P., Srivastava, P. S., and Prasad, M. (2012). NAC proteins:
regulation and role in stress tolerance. Trends Plant Sci. 17, 369–381. doi:
10.1016/j.tplants.2012.02.004

Qu, L., and Zhao, Y. (2011). Plant hormones: metabolism, signaling and crosstalk.
J. Integr. Plant Biol. 53, 410–411. doi: 10.1111/j.1744-7909.2011.01057.x

Rastogi, C., Rube, H. T., Kribelbauer, J. F., Crocker, J., Loker, R. E., Martini, G. D.,
et al. (2018). Accurate and sensitive quantification of protein-DNA binding
affinity. PNAS 115, E3692–E3701. doi: 10.1073/pnas.1714376115

Ringle, C. M., Da Silva, D., and Bido, D. D. S. (2014). Modelagem de Equações
Estruturais com Utilização do Smartpls. Rev. Brasil. Mark. 13, 56–73. doi: 10.
5585/remark.v13i2.2717

Schachtsiek, J., Hussain, T., Azzouhri, K., Kayser, O., and Stehle, F. (2019). Virus-
induced gene silencing (VIGS) in Cannabis sativa L. Plant Methods 15:157.
doi: 10.1186/s13007-019-0542-5

Schippers, M. C., West, M. A., and Dawson, J. F. (2015). Team reflexivity and
innovation. J. Manag. 41, 769–788. doi: 10.1177/0149206312441210

Senthil-Kumar, M., and Mysore, K. S. (2014). Tobacco rattle virus-based virus-
induced gene silencing in Nicotiana benthamiana. Nat. Pro. 9, 1549–1562.
doi: 10.1038/nprot.2014.092

Shi, G., Hao, M., Tian, B., Cao, G., Wei, F., and Xie, Z. (2021). A methodological
advance of tobacco rattle Virus-Induced gene silencing for functional genomics
in plants. Front. Plant Sci. 12:671091. doi: 10.3389/fpls.2021.671091

Song, S., Chang, J., Ma, C., and Tan, Y. (2017). Single-Molecule fluorescence
methods to study plant hormone signal transduction pathways. Front. Plant Sci.
8:1888. doi: 10.3389/fpls.2017.01888

Spitz, F., and Furlong, E. E. M. (2012). Transcription factors: from enhancer
binding to developmental control. Nat. Rev. Genet. 13, 613–626. doi: 10.1038/
nrg3207

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–
2729. doi: 10.1093/molbev/mst197

Todeschini, A., Georges, A., and Veitia, R. A. (2014). Transcription factors: specific
DNA binding and specific gene regulation. Trends Genet. 30, 211–219. doi:
10.1016/j.tig.2014.04.002

Trupkin, S. A., Astigueta, F. H., Baigorria, A. H., García, M. N., Delfosse, V. C.,
Gonzalez, S. A., et al. (2019). Identification and expression analysis of NAC
transcription factors potentially involved in leaf and petal senescence in Petunia
hybrida. Plant Sci. 287:110195. doi: 10.1016/j.plantsci.2019.110195

Wang, C., Lü, P., Zhong, S., Chen, H., and Zhou, B. (2017). LcMCII-1 is involved
in the ROS-dependent senescence of the rudimentary leaves of Litchi chinensis.
Plant Cell Rep. 36, 89–102. doi: 10.1007/s00299-016-2059-y

Wu, T., Goh, H., Azodi, C. B., Krishnamoorthi, S., Liu, M., and Urano, D.
(2021). Evolutionarily conserved hierarchical gene regulatory networks for

Frontiers in Plant Science | www.frontiersin.org 13 May 2022 | Volume 13 | Article 886131

https://doi.org/10.1093/jxb/eru173
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1105/tpc.111.083345
https://doi.org/10.3389/fpls.2017.02039
https://doi.org/10.1016/j.plantsci.2015.10.004
https://doi.org/10.1111/jipb.12344
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.3390/ijms22158287
https://doi.org/10.3390/ijms22158287
https://doi.org/10.21273/HORTTECH04276-19
https://doi.org/10.1093/jxb/err313
https://doi.org/10.1111/j.1365-313X.2006.02723.x
https://doi.org/10.1111/j.1365-313X.2006.02723.x
https://doi.org/10.2753/MTP1069-6679190202
https://doi.org/10.1093/jxb/erx287
https://doi.org/10.3390/ijms21020634
https://doi.org/10.1111/j.1365-313X.2004.02160.x
https://doi.org/10.1007/s11120-010-9606-0
https://doi.org/10.1186/s12864-019-5493-8
https://doi.org/10.1186/s12864-019-5493-8
https://doi.org/10.1007/s00299-013-1448-8
https://doi.org/10.1186/1471-2164-15-805
https://doi.org/10.3390/plants8100411
https://doi.org/10.1016/j.pld.2020.11.003
https://doi.org/10.1016/j.pld.2020.11.003
https://doi.org/10.1016/j.devcel.2008.03.013
https://doi.org/10.1016/j.devcel.2008.03.013
https://doi.org/10.1016/j.plaphy.2020.10.009
https://doi.org/10.1104/pp.17.01127
https://doi.org/10.1104/pp.17.01127
https://doi.org/10.1007/s00468-014-1001-6
https://doi.org/10.1007/s00468-014-1001-6
https://doi.org/10.1016/j.tplants.2004.12.010
https://doi.org/10.1093/jxb/eru054
https://doi.org/10.1016/j.tplants.2012.02.004
https://doi.org/10.1016/j.tplants.2012.02.004
https://doi.org/10.1111/j.1744-7909.2011.01057.x
https://doi.org/10.1073/pnas.1714376115
https://doi.org/10.5585/remark.v13i2.2717
https://doi.org/10.5585/remark.v13i2.2717
https://doi.org/10.1186/s13007-019-0542-5
https://doi.org/10.1177/0149206312441210
https://doi.org/10.1038/nprot.2014.092
https://doi.org/10.3389/fpls.2021.671091
https://doi.org/10.3389/fpls.2017.01888
https://doi.org/10.1038/nrg3207
https://doi.org/10.1038/nrg3207
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1016/j.tig.2014.04.002
https://doi.org/10.1016/j.tig.2014.04.002
https://doi.org/10.1016/j.plantsci.2019.110195
https://doi.org/10.1007/s00299-016-2059-y
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-886131 May 3, 2022 Time: 19:11 # 14

Wang et al. LcNAC13 Is Involved in Leaf Senescence

plant salt stress response. Nat. Plants 7, 787–799. doi: 10.1038/s41477-021-00
929-7

Xu, G., Huang, J., Lei, S., Sun, X., and Li, X. (2019). Comparative gene expression
profile analysis of ovules provides insights into Jatropha curcas L. Ovule
development. Sci. Rep. 9:15973. doi: 10.1038/s41598-019-52421-0

Yang, H., Kim, H., Chen, H., Lu, Y., Lu, X., Wang, C., et al. (2018). Reactive
oxygen species and nitric oxide induce senescence of rudimentary leaves and
the expression profiles of the related genes in Litchi chinensis. Hortic. Res. 5:23.
doi: 10.1038/s41438-018-0029-y

Yang, H. F., Lu, X. Y., Chen, H. B., Wang, C. C., and Zhou, B. Y. (2017). Low
temperature-induced leaf senescence and the expression of senescence-related
genes in the panicles of Litchi chinensis. Biol. Plant. 61, 315–322. doi: 10.1007/
s10535-016-0667-6

Yuan, X., Wang, H., Bi, Y., Yan, Y., Gao, Y., Xiong, X., et al. (2021). ONAC066,
a Stress-Responsive NAC transcription activator, positively contributes to rice
immunity against magnaprothe oryzae through modulating expression of
OsWRKY62 and three cytochrome p450 genes. Front. Plant Sci. 12:749186.
doi: 10.3389/fpls.2021.749186

Yuan, X., Wang, H., Cai, J., Li, D., and Song, F. (2019). NAC transcription factors
in plant immunity. Phytopathol. Res. 1:3. doi: 10.1186/s42483-018-0008-0

Zhang, H., Kang, H., Su, C., Qi, Y., Liu, X., Pu, J., et al. (2018). Genome-wide
identification and expression profile analysis of the NAC transcription factor
family during abiotic and biotic stress in woodland strawberry. PLoS One
13:e197892. doi: 10.1371/journal.pone.0197892

Zhang, X., Henriques, R., Lin, S., Niu, Q., and Chua, N. (2006). Agrobacterium-
mediated transformation of Arabidopsis thaliana using the floral dip method.
Nat. Protoc. 1, 641–646. doi: 10.1038/nprot.2006.97

Zhou, B., Chen, H., Huang, X., Li, N., Hu, Z., Gao, Z., et al. (2008). Rudimentary
leaf abortion with the development of panicle in litchi: changes in ultrastructure,

antioxidant enzymes and phytohormones. Sci. Hortic. 117, 288–296. doi: 10.
1016/j.scienta.2008.04.004

Zhou, B., Li, N., Zhang, Z., Huang, X., Chen, H., Hu, Z., et al. (2012). Hydrogen
peroxide and nitric oxide promote reproductive growth in Litchi chinensis. Biol.
Plant. 56, 321–329. doi: 10.1007/s10535-012-0093-3

Zhou, Y., Huang, W., Liu, L., Chen, T., Zhou, F., Lin, Y., et al. (2013). Identification
and functional characterization of a rice NAC gene involved in the regulation
of leaf senescence. BMC Plant Biol. 13:132. doi: 10.1186/1471-2229-13-132

Zou, J., Lü, P., Jiang, L., Liu, K., Zhang, T., Chen, J., et al. (2021). Regulation of rose
petal dehydration tolerance and senescence by RhNAP transcription factor via
the modulation of cytokinin catabolism. Mol. Hort. 1:13. doi: 10.1186/s43897-
021-00016-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Liu, Huang, Chen, Lu and Zhou. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 14 May 2022 | Volume 13 | Article 886131

https://doi.org/10.1038/s41477-021-00929-7
https://doi.org/10.1038/s41477-021-00929-7
https://doi.org/10.1038/s41598-019-52421-0
https://doi.org/10.1038/s41438-018-0029-y
https://doi.org/10.1007/s10535-016-0667-6
https://doi.org/10.1007/s10535-016-0667-6
https://doi.org/10.3389/fpls.2021.749186
https://doi.org/10.1186/s42483-018-0008-0
https://doi.org/10.1371/journal.pone.0197892
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1016/j.scienta.2008.04.004
https://doi.org/10.1016/j.scienta.2008.04.004
https://doi.org/10.1007/s10535-012-0093-3
https://doi.org/10.1186/1471-2229-13-132
https://doi.org/10.1186/s43897-021-00016-7
https://doi.org/10.1186/s43897-021-00016-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	LcNAC13 Is Involved in the Reactive Oxygen Species-Dependent Senescence of the Rudimentary Leaves in Litchi chinensis
	Introduction
	Materials and Methods
	Plant Materials and Experimental Procedures
	Identification of Reactive Oxygen Species-Responsive NACs Potentially Involved in Rudimentary Leaf Senescence
	Quantitative RT-PCR Analysis
	Cloning and Bioinformatics Analysis of LcNAC13
	Generation of Transgenic Arabidopsis and Nicotiana tabacum
	Luciferase Imaging
	Virus-Induced Gene Silencing of LcNAC13
	RNA Extraction, Library Construction, and RNA Sequencing of Virus-Induced Gene Silencing Samples
	RNA-Seq Data Analysis of Virus-Induced Gene Silencing
	Statistical Analysis

	Results
	Low Temperature Induces Panicle Leaf Senescence and Promotes Floral Development
	Identification of NACs Potentially Involved in Reactive Oxygen Species-Induced Rudimentary Leaf Senescence
	LcNAC13 Is Highly Expressed During Low-Temperature- and Reactive Oxygen Species-Induced Rudimentary Leaf Senescence
	Cloning and Characterization of LcNAC13
	Overexpression of LcNAC13 Promotes Reactive Oxygen Species-Dependent and Natural Senescence in Arabidopsis and Tobacco
	Silencing LcNAC13 Delays Reactive Oxygen Species-Dependent Senescence and Changes the Gene Expression Patterns of the Rudimentary Leaves
	Digital Transcriptome Analysis and Identification of Genes Involved in Silence of LcNAC13
	Identification of Differentially Expressed Transcription Factors Involved in Silence of LcNAC13
	Pathway Involved in the Silence of LcNAC13

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


