
 

https://doi.org/10.48130/VR-2021-0008

Vegetable Research 2021, 1: 8

Mutagenesis of SlNAC4 by CRISPR/Cas9 alters gene expression and
softening of ripening tomato fruit
Ying Gao1, Yi-Ping Zhang1, Zhong-Qi Fan2,3, Yuan Jing1, Jian-Ye Chen2, Donald Grierson4,5, Rui Yang6,
and Da-Qi Fu1*

1 Laboratory of Fruit Biology, College of Food Science & Nutritional Engineering, China Agricultural University, Beijing 100083, China
2 State Key Laboratory for Conservation and Utilization of  Subtropical  Agro-bioresources/Guangdong Provincial  Key Laboratory of  Postharvest  Science of  Fruit

and Vegetables, College of Horticulture, South China Agricultural University, Guangzhou 510642, China
3 Institute of Postharvest Technology of Agricultural Products, College of Food Science, Fujian Agriculture and Forestry University, Fuzhou, Fujian 350002, China
4 Laboratory  of  Fruit  Quality  Biology/Zhejiang  Provincial  Key  Laboratory  of  Horticultural  Plant  Integrative  Biology,  Zhejiang  University,  Zijingang  Campus,

Hangzhou 310058, China
5 Plant Sciences Division, School of Biosciences, University of Nottingham, Sutton Bonington Campus, Loughborough, LE12 5RD, UK
6 Beijing Key Laboratory for Agricultural Application and New Technique, Beijing University of Agriculture, Beijing 102206, China
* Corresponding author, E-mail: daqifu@cau.edu.cn

Abstract
Softening is  one of  the key fruit  quality  traits,  which results  from the selective expression of  cell  wall  metabolism genes during ripening.  The

identification of transcription factors (TFs) that regulate fruit softening is an important field in order to understand and control fruit softening. In

tomato, NAC (NAM, ATAF, and CUC) TFs members have been demonstrated to be involved in fruit ripening regulation, including NAC-NOR (non-

ripening), NOR-like1, SlNAC4, SlNAC1. Here, we generated slnac4 mutant knockout (CR-SlNAC4) tomato plant by a clustered regularly interspaced

short palindromic repeats genomic targeting system (CRISPR/Cas9) and SlNAC4 overexpressing (OE-SlNAC4) plant. In addition to confirming the

previously reported results that SlNAC4 positively regulates fruit ripening, we found that SlNAC4 has a strong effect on tomato fruit softening.

Compared with the control fruit, fruit softening was inhibited in slnac4 fruit and conversely was accelerated in OE-SlNAC4 tomato fruit. Through

RNA-sequencing (RNA-seq) analysis, we found that expression levels of SlEXP1 (expansin) and SlCEL2 (endo-β-1,4 glucanase) genes involved in

cell  wall  metabolism  were  significantly  different  in  WT  (wild  type)/slnac4 and  WT/OE-SlNAC4 fruit.  Further  study  showed  that  these  genes

contained a NAC TF binding domain in their promoter regions. In vitro electrophoretic mobility shift assays (EMSA) and dual-luciferase reporter

assays (DLR) demonstrated that these two genes were the direct targets of SlNAC4 binding and transactivation. The results enriched the function

of SlNAC4 and provided a new dimension in understanding the regulation of tomato fruit softening.
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INTRODUCTION

Fruit  ripening  and  softening  are  key  traits  for  many  fleshy
fruit[1,2]. During ripening, fruit will gradually soften and this is
largely  the  result  of  fruit  cell  wall  degradation[3−5].  Softening
can  improve  the  edible  quality  of  fruit  but  also  significantly
reduces  fruit  resistance  to  pathogenic  microorganisms  and
mechanical  damage  during  storage  and  transportation,
which can reduce the storage and shelf life[2] and lead to fruit
deterioration  and  loss.  For  these  reasons,  research  on  the
mechanism of fruit softening and control technology is a hot
scientific topic in postharvest biology of fruit and vegetables.
Although  great  progress  in  fruit  softening  has  been  made
over the last 30 years, there are still many unsolved problems
that need to be addressed.

Cell  wall  remodeling  plays  a  major  role  in  the  texture
changes  in  fleshy  fruit  and  involves  the  coordinated
expression of  a  large number  of  genes[6].  Tomato is  a  model
material  to  study  fruit  softening[5,7].  Fruit  softening  involves
disassembly  of  polysaccharide-rich  cell  walls,  a  reduction  in

cell-to-cell  adhesion  and  changes  in  cuticle  properties  that
affect water loss[8,9].  The precise mechanism of softening has
been  the  subject  of  decades  of  research  but  has  remained
elusive.  Enzymes  such  as  polygalacturonase  (PG)[10],  pectin
methyl  esterase  (PME)[11], β-galactanase  (β-Gase)[12−14],
expansin  (EXP1)[15,16] and  PL  (Pectate  lyase)[17] are  highly
expressed  during  the  ripening  process  and  all  have  been
investigated  as  candidates  for  promoting  changes  in
texture[5]. However, silencing of the gene encoding the major
ripening-associated  PG  isozyme  yielded  only  minimal
improvements  in  slowing  the  rate  of  fruit  softening[18−20].
Subsequent  research  targeted  silencing  of  other  ripening-
associated  pectin  metabolic  enzymes,  including  PME[20−22]

and  galactanase  (β-Gase)[23],  also  only  a  minor  effect  on
softening was demonstrated[4,7].  The role of  expansins in the
control  of  over  ripening  and  deterioration  has  also  been
investigated.  In  tomato,  expression  of  expansin1  (EXP1)  was
shown  to  contribute  to  fruit  softening[3].  Tomato  pectate
lyase (PL) gene is also believed to make a major contribution
to fruit softening and silencing expression of tomato PL alters
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texture  without  affecting  other  aspects  of  ripening[7,14,24,25].
Silencing of a strawberry gene encoding a PL also was shown
to reduce fruit softening[26,27].

The overall fruit softening process occurs in the final stages
of  fruit  development  and  ripening,  and  is  regulated  by  a
series  of  transcription  factors  (TFs)[28,29].  Softening,  together
with  other  aspects  of  ripening,  is  inhibit  in  several  naturally-
occurring  tomato  mutants  including rin (ripening
inhibitor)[30−33], nor (non-ripening)[34] and cnr (colorless  non-
ripening)[35−38], and have been considered to be ideal material
for  studying  the  transcriptional  regulation  of  fruit  softening.
The  knockout  (KO) RIN mutant  fruit  generated  by
CRISPR/Cas9  technology  showed  accelerated  cell  wall
degradation,  suggesting  that,  contrary  to  the  conventional
view,  RIN  represses  over-ripening  in  addition  to  facilitating
ripening[39].  The  softening  of  tomato cnr fruit  was  also
inhibited[37].  Softening  of  CR-NOR mutant  fruit  was  inhibited
by  down-regulating  cell  wall  degrading  enzymes  gene
including SlPG2a, SlPME2, SlTBG4, SlPL, SlCEL2, SlCEL8 and
SlEXP1[40]. Recently,  however,  the  role  of  these  TFs  has  been
re-evaluated.  Although  they  are  still  regarded  as  important
ripening  TFs,  their  phenotypes  have  been  found  to  result
from  gain-of-function  mutations[31,32,40−43].  Additional  NAC
TFs  have  also  been  shown  to  be  involved  in  ripening
regulation. NOR-like1 was highly expressed in tomato fruit, its
mutation delayed fruit  ripening,  and reduced the expression
levels of cell wall metabolic genes such as SlPG2a, SlPL, SlCEL2,
and SlEXP1[44].  The  overexpression  of  the SlNAC1 gene  in
tomato fruit resulted in the decrease in fruit firmness and peel
thickness,  which  affected  fruit  softening[45] and  the  firmness
of RNAi-SlNAC1 fruit was significantly higher than that of wild-
type  fruit[46]. SlAP2a belongs  to  AP2/ERF  family  transcription
factor. In RNAi-SlAP2a tomato fruit, the expression of PG, CEL1,
MAN3, MANS2 and other genes encoding cell  wall  degrading
enzymes were up-regulated[47]. There is still a long way to go
to excavate other transcription factors involved in regulating
fruit  softening  and  construct  the  transcriptional  regulation
network of fruit softening.

Another  NAC  gene,  SlNAC4,  has  been  reported  to  be  a
positive regulator of fruit ripening and carotenoid accumula-
tion  in  tomato  fruit[48],  and  participates  in  plant  stress
response[49].  Here,  we use CRISPR/Cas9 technology to obtain
SlNAC4-KO  plants,  and  also  transgenic  plants  overexpressing
SlNAC4 under  the  control  of  the  CaMV35S  constitutive  pro-
moter.  The  results  showed  that  SlNAC4  was  not  only  a
positive regulator of fruit  ripening but is  also involved in the
regulation  of  fruit  softening.  RNA-seq,  EMSA  and  DLR
techniques  were  used  to  show  that  SlNAC4  can  directly
regulate  the  expression  of  cell  wall  metabolic  genes SlEXP1
and SlCEL2, which enriched our understanding of the function
of  the SlNAC4 gene  and  provided  a  new  perspective  on  the
regulation of tomato fruit softening. 

MATERIALS AND METHODS
 

Plant material
Wild  type  (WT)  (Solanum  lycopersicum cv.  Ailsa  Craig,

abbreviated  as  AC)  and  mutant  CR-SlNAC4 and  OE-SlNAC4
lines  were  produced in  the  AC background and were  grown
in  a  standard  greenhouse  with  natural  light  and  regular

feeding  with  supplementary  fertilizer.  Fertilization  time  was
recorded  at  anthesis  in  order  to  determine  subsequent  fruit
ripening stages, in combination with fruit color, fruit size and
seed  development.  The  onset  of  fruit  ripening  was  deter-
mined  as  the  breaker  stage  (first  sign  of  color  change).  Fruit
samples  of  WT  and  the  CR-SlNAC4 and  OE-SlNAC4 were  har-
vested at different ripening stages (IMG: immature green, MG:
mature green, BR: breaker, B+3: three days after breaker, B+6,
B+9,  B+12)  for  different  experiments.  The  pericarp  tissues
were  collected  and  frozen  in  liquid  nitrogen  immediately,
then stored at −80°C until use. 

Primers
Primers  were  designed  using  the  online  program  Primer3

(v. 0.4.0), the Primer Premier 5 software or the CE Design v1.03
software.  All  primers  used  in  qRT-PCR  are  shown  in Supple-
mental  Table  S1,  primers  used  in  vector  construction  are
listed in Supplemental Table S2. 

Subcellular localization
The  coding  sequence  of SlNAC4 (without  the  stop  codon)

was  fused  to  GFP  driven  by  the  CaMV  35S  promoter  to
generate  SlNAC4-GFP  fusion  protein,  at  the  same  time,  a
nuclear  marker  protein  MADS-RIN  was  fused  to  mCherry  to
generate  RIN-mCherry.  The  two  fusion  proteins  were  cloned
into  the  pEAQ  vector[50] and  the  resulting  constructs  were
transformed  into A.  tumefaciens GV3101  separately.  Agro-
bacteria  containing  each  construct  were  grown  in  Luria-
Bertani  medium  at  28  °C  for  16  h,  and  then  20%  of  each
culture  was  transferred  into  a  new  Luria-Bertani  medium
containing  10  mM  MES[2-(N-Morpholino)  ethanesulfonic
Acid]  pH  5.6,  10 µM  AS(Acetyl  eugenone)  for  another  8  h.
Subsequently,  each  agrobacterium  was  pelleted  and  diluted
to OD600 = 0.5 with infiltration medium (double distilled water
containing 10 mM MES pH 5.6, 10 mM MgCl2 and 100 µM AS).
The  same  volume  of  SlNAC4:GFP  and  RIN:mCherry  were
mixed  and  infiltrated  into  four-week-old  tobacco  (Nicotiana
benthamiana) leaves for transient co-expression. The free GFP
and  mCherry  were  co-expressed  as  the  controls.  Two  days
after  infiltration,  tobacco  leaves  were  directly  observed  and
images  captured  under  a  laser  confocal  microscope  (Leica,
Germany). 

RNA isolation and quantitative real-time PCR

2−∆∆

Total RNA from tomato vegetative organs (root, stem, leaf)
and  reproductive  organs  (flowers  and  fruit  from  different
ripening  stages)  were  isolated  using  the  RNeasy  Mini  Kit
(Qiagen, Germany) according to the manufacturer's protocol.
DNaseI  (Qiagen,  Germany)  digestion  was  added  to  remove
genomic  DNA.  1.5%  (m/v)  agar  gel  electrophoresis  and
NanoDrop 1000 spectrophotometry (Thermo, USA) were used
to  assess  RNA  quality  and  final  concentration.  cDNA  was
synthesized from 2 µg total  RNA using TransScript  One-Step
gDNA  Removal  and  cDNA  Synthesis  SuperMix  (TransGen,
China)  with  Oligo(dT)18  primer.  Quantitative  real-time  PCR
(qRT-PCR)  was  performed  with  SYBR  Green  PCR  Master  Mix
(TransGen,  China)  in  a  20 µl  total  sample  volume  using  the
CFX96  Real-Time  PCR  System  (Bio-Rad,  USA).  Three
independent biological  replicates were analyzed per sample.
Relative  abundance  of  specific  mRNA  levels  was  confirmed
using  the Cᴛ method  and  normalized  by  the
housekeeping gene SlActin (Solyc03g078400). 
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CRISPR/Cas9 and overexpression vectors
construction and transformation

Four target sequences that were located specifically in the
SlNAC4 sequence  were  selected  using  the  CRISPR-P  (http://
cbi.hzau.edu.cn/crispr)  online  program[51].  The  four  sgRNAs
with  target  sequences  (target-sgRNAs)  were  amplified  and
inserted into the pYLCRISPR/Cas9Pubi-H binary vector by the
Golden  Gate  ligation  method  as  described  previously[52].
Oligonucleotide  primers  used  in  pYLCRISPR-SlNAC4 vector
construction  are  listed  in Supplemental  Table  S2.  For  the
SlNAC4 overexpression construct,  the  complete  CDS (Coding
DNA Sequence) fragment of SlNAC4 (without the stop codon)
was  amplified  with  cDNA  from  tomato  fruit  at  the  breaker
stage.  The  3×HA-tag  was  amplified  and  cloned  into  the
pCAMBIA-1300-221  destination  vector  with  the SlNAC4 CDS
fragment using Mut Express II  Fast Mutagenesis Kit  (Vazyme,
China).  The  resulting  two  constructs  were  confirmed  by
sequencing and then transformed into Solanum lycopersicum
cv. Ailsa  Craig using  the  stable Agrobacterium  tumefactions
(GV3101)-mediated  transformation  method[40].  The  trans-
genic  tomato  lines  were  selected  by  their  hygromycin
resistance. 

DNA extraction and transgenic lines identification
Total genomic DNA was extracted from fresh tomato leaves

of  WT,  CR-SlNAC4 and  OE-SlNAC4 transgenic  lines  frozen  in
liquid nitrogen using a DNA secure Plant Kit (Tiangen, China).
For CRISPR/Cas9 mutation analysis, DNA from CR-SlNAC4 lines
was  used  as  a  template  to  amplify  the  desired  gene
fragments  using  primers  flanking  the  target  sites.  The  PCR
products were sequenced to identify mutations. Primers used
in  this  section  are  listed  in Supplemental  Table  S3.  For  the
SlNAC4 gene editing lines, the two most likely off-target sites
of  each  target  (Supplemental  Table  S4)  were  tested;  the
primers used for off-target analysis are listed in Supplemental
Table  S5.  For  overexpression  analysis,  the  presence  of  the
transgene  was  verified  by  amplifying  the  hygromycin  resis-
tance  gene  using  DNA  from  OE-SlNAC4 lines  as  templates.
DNA from WT was used as the negative control. Hygromycin-
positive  plants  were  used  to  detect  the  expression  levels  of
SlNAC4 by qRT-PCR. 

Firmness measurement
Fruit  firmness  examination  was  performed  as  described

previously  with  minor  revision[53].  Freshly  harvested  WT,  CR-
SlNAC4 and  OE-SlNAC4 transgenic  fruit  at  six  ripening  stages
(MG, Br, B+3, B+6, B+9 and B+12) were analyzed using a TA.XT
Plus texture analyzer (Stable Micro Systems, England) with a 5
cm  diameter  cylindrical  stainless  probe.  An  equatorial  slice
about 1 cm thick was removed from each fruit and placed on
the test bench. The junction of outer and radial pericarp were
compressed 2 mm at a test speed of 1 mm/s, visible vascular
bundles,  fissures  and  locular  tissue  were  avoided.  Each  fruit
was  measured  at  two  or  three  sites,  and  the  average  of  the
maximum  force  developed  during  the  test  was  used  as  one
biological replicate. At least 6 and up to 12 fruit per genotype
and stage were used for each measurement. 

TEM (Transmission electron microscope)
The pericarp samples from WT, slnac4#13 and OE-SlNAC4#2

fruit  at  the  breaker  stage  were  excised,  fixed  and  performed
as  previously  described,  respectively[54].  The  transmission

electron microscope (TEM) observation was performed using
a  H-7650 transmission  electron  microscope  (Hitachi,  Japan),
and the micrographs were taken with an 832 camera (Gatan,
USA). 

RNA-sequencing
The RNeasy Mini Kit (Qiagen, Germany) was used to extract

total RNA from the fruit of WT, slnac4#13 and OE-SlNAC4#2 at
38 DPA. The genomic DNA was removed by DNase I (Qiagen,
Germany) digestion, three biological replicates were made for
each sample.  Then the RNA samples were sent to Novogene
(Novogene,  China)  for  RNA  quality  inspection,  RNA-
sequencing libraries construction, and sequencing. At least 6
G of  raw data were generated for each pair-end sequencing.
TopHat  software  (version  2.0.14)  was  used  to  map  the  clean
data  to  the  tomato  reference  genome  (version  SL2.50,
ftp://ftp.sgn.cornell.edu/tomato_genome) and the fragments
were  assigned  to  genes  by  feature  counts  and  count
programs.  Differential  gene  expression  between slnac4#13
mutant  and  WT  or  OE-SlNAC4#2 and  WT  were  identified  by
DESeq2  Library,  respectively,  and  the  fold  change  was
calculated  by  RPKMslnam1/RPKMWT  and  RPKMOE-SlNAM1/
RPKMWT. Genes of |fold change| ≥ 2 and modified p-value <
0.05  were  considered  as  differentially  expressed  genes
(DEGs).  DEGs  which  were  common  in  both  CRISPR  and
overexpression  lines  and  with  opposite  regulatory  patterns
were screened for further analysis. 

Protein expression and EMSA
The coding sequence (CDS)  of SlNAC4 gene was  amplified

from the cDNA of tomato fruit. Then the product was inserted
into the linearized pGEX-GST vector which was digested with
BamH I  and Xho I  to  produce  recombinant  SlNAC4  protein
with a glutathione S-transferases (GST) tag using ClonExpress
II  One  Step  Cloning  Kit  (Vazyme,  China).  The  N-GST-SlNAC4
fusion protein was expressed in Escherichia coli Rosetta (DE3)
and  induced  with  0.5  mM  IPTG  for  6  h  at  25  °C,  further
purified  with  Glutathione  Sepharose  4B  (GE  Healthcare,
Sweden) following the manufacturer's protocol. The oligonu-
cleotide probes (shown in Supplemental Table S5) containing
the  NACRS  (NAC  recognition  sequence)  [TGA][ACG]CGT[GA]
[TA][40] regions  derived  from  the  promoters  of SlEXP1 and
SlCEL2 were synthesized (Sangon Biotech,  China)  and biotin-
labeled  using  the  Biotin  3'  End  DNA  Labeling  Kit  (Thermo
Scientific,  USA).  EMSA  was  carried  out  as  previously
described[55].  Both  the  unlabeled  probes  and  the  mutant
probes  were  used  for  competition.  GST  protein  alone  were
used as negative control. 

Dual-luciferase reporter assay
Dual-luciferase  reporter  assay  was  performed  to  analyze

the  transcriptional  activity  of  SlNAC4  with  the  promoters  of
SlEXP1 and SlCEL2. The CDS fragment of SlNAC4 was amplified
and  cloned  into  the  CaMV35S  promoter-drove  pEAQ
vector[56] to construct the effector vector pEAQ-SlNAC4. The 1
kb  promoter  regions  of SlEXP1 and SlCEL2,  which  were
reported  in  our  previous  study[44],  were  amplified  and
inserted  into  the  linearized  double-reporter  vector  pGreenII
0800-LUC[57] to construct pGreenII 0800- SlEXP1-LUC/pGreenII
0800-  SlCEL2-LUC  using  ClonExpress  II  One  Step  Cloning  Kit
(Vazyme, China). Subsequently, the recombinant effector was
transferred  into A.  tumefaciens  EHA105,  and  the  reporters
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were transferred into EHA105 (pSoup). Transient transfection
assay  was  performed  in  4-week-old  tobacco  leaves  as
described previously[58]. After 48 h of infiltration, LUC and REN
luciferase  activities  were  measured  respectively  using  the
dual-luciferase assay kit (Promega, USA) with the Luminoskan
Ascent  Microplate  Luminometer  (Thermo  Fisher  Scientific,
USA)  and  the  results  were  calculated  by  the  ratio  of  LUC  to
REN. At least six biological replicates were performed for each
combination. 

Data Analysis
Data were analyzed by the ANOVA procedure of Statistical

Analysis Systems (SAS) software, version 5 (SAS Institute, Cary,
NC). 

RESULTS AND DISCUSSION
 

SlNAC4 is up-regulated during tomato fruit ripening
and its encoded protein is localized in the nucleus

Genome  analysis  revealed  that  the SlNAC4 gene
(Solyc11g017470.1) is 1314 bp long, with three exons and two
introns,  encodes  the  SlNAC4  protein  of  291  amino  acids.

SlNAC4  is  a  typical  NAC  transcription  factor,  containing  a
conserved  DNA-binding  NAC  domain  which  includes  five
subdomains (A, B, C, D and E) at its N-terminus (Fig. 1a). Most
plant  transcription  factors  are  translated  in  the  cytoplasm,
then  enter  the  nucleus  under  the  guidance  of  their  nuclear
localization  signals,  and  activate  or  inhibit  transcription  of
target genes such as SlNOR-like1[44],  NAC-NOR[40],  and RIN[31],
among  others.  In  addition,  some  of  membrane-bound
transcription factors  (MTFs)  are  anchored in  membranes in  a
dormant  state.  MTFs  were  activated  by  external  or  internal
stimuli, released from parent membranes and are transported
to  the  nucleus[59,60].  The  membrane-associated  transcription
factor  NAC089  controls  ER-stress-induced  programmed  cell
death in plants[61]; OsNTL3 encodes a NAC transcription factor
with  a  predicted  C-terminal  transmembrane  domain.  GFP-
OsNTL3 relocates from the plasma membrane to the nucleus
in  response  to  heat  stress  and  ER  stress  inducers[62];  A
membrane-associated  NAC  domain  transcription  factor  XVP
interacts  with  TDIF  co-receptor  and  regulates  vascular  meri-
stem  activity[63];  A  membrane-associated  NAC  transcription
factor  regulates  salt-responsive  flowering  via  FLOWERING
LOCUS T in Arabidopsis[64].

a

b

c

 
Fig. 1    Gene expression pattern and subcellular localization of SlNAC4. (a) Structure of the SlNAC4 protein. A−E represents the 5 subdomains
of the conserved NAC domain. (b) Gene expression of SlNAC4 in different organs and fruit ripening stages of tomato. IMG, immature green; MG,
mature green; Br, breaker; RR, red ripe. Bars represent ± SD of three independent replicates. SlActin gene was used as the internal control. (c)
SlNAC4  co-localized  with  RIN  (a  marker  protein  of  the  nucleus)  in  nuclei.  CaMV35S::SlNAC4-GFP  represents  SlNAC4  and  GFP  fusion  protein,
CaMV35S::RIN-mCherry represents MADS-RIN and mCherry fusion protein. CaMV35S::GFP co-expressed with CaMV35S::mCherry represent the
control. Bars = 20 µm.
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To  determine  the  subcellular  localization  of  SlNAC4,  the
SlNAC4-GFP was co-expressed with a nucleus marker protein
RIN-mCherry in tobacco leaves.  The green fluorescence from
SlNAC4-GFP  protein  was  co-localized  with  the  red  fluore-
scence  from  RIN-mCherry  in  the  nucleus,  indicating  that
SlNAC4 is localized in the nucleus (Fig. 1b).

To  understand  possible SlNAC4 gene  functions,  we
measured  the  expression  levels  of  the SlNAC4 genes  in
different  tomato  tissues  (root,  stem,  leaf,  flower)  and  fruit  at
different  ripening  stages  (immature  green,  mature  green,
breaker,  red  ripe)  by  quantitative  RT-PCR  (qRT-PCR).  The
results showed that SlNAC4 was expressed in all tested tissues
at different levels, but its expression was up-regulated during
tomato fruit ripening (Fig. 1c). Some of other ripening-related
NAC  TFs  also  have  high  expression  level  during  tomato  fruit
ripening  such  as  NAC-NOR[40],  SlNOR-like1[44],  SlNAC1[45,46],
SNAC4 and SNAC9[65].

These  results  indicated  that  SlNAC4  is  located  in  the
nucleus,  consistent with its role as a transcription factor,  and
its expression pattern is consistent with it playing a role in the
fruit ripening process. 

CRISPR/Cas9 gene editing of SlNAC4 inhibits while
overexpression of SlNAC4 promotes tomato fruit
ripening

Previous  studies  have  shown  that  the  ripening  process  of
RNAi-SlNAC4 (RNA interference) tomato fruit was delayed and
their carotenoid accumulation and ethylene production were
also  inhibited  compared  to  wild  type  tomato  fruit[48].
Although  RNAi  has  been  a  powerful  tool  for  studying  gene
function in  the  past  decades,  it  also  has  some disadvantage,
such  as  inability  to  silence  target  genes  completely  and
possible  functional  redundancy  of  target  gene  family.  As  a
result,  the  phenotypes  of  RNAi  (RNA interference)  plant  may
only  partially  reflect  the  functions  of  the  targeted  gene.
Recently,  clustered  regularly  interspaced  short  palindromic
repeats  genomic  targeting  systems  (CRISPR/Cas9)  can
specifically  mutate,  delete  or  inactivate  target  genes  to
achieve 100% gene silencing. This can also solve the problem
of  redundancy  of  gene  family  members,  and  is  superior  to
RNAi for studies on specific gene function[66−70].

To evaluate the role of SlNAC4 in tomato fruit ripening, we
generated SlNAC4 knock-out  mutant  (CR-SlNAC4)  using  a
CRISPR/Cas9  genome  targeting  system  as  well  as  stable
SlNAC4 overexpressing  plant  (OE-SlNAC4)  lines,  which  are
ideal  materials  to  study  the SlNAC4 function  during  fruit
ripening.  Four  single  guide  RNA  (sgRNA)  target  sequences
driven by LacZ-AtU3d, AtU3b, AtU6-1 and AtU6-29 promoters
were  designed  to  specifically  target SlNAC4 genomic  DNA
(Fig.  2a).  The  four  target-sgRNAs  were  amplified  and  cloned
into  the  binary  CRISPR/Cas9  vectors,  pYLCRISPR/Cas9Pubi-H,
driven  by  the  maize  ubiquitin  promoter  (Pubi)  with  the
Golden  Gate  ligation  method.  The  pCRISPR/Cas9-SlNAC4
vector  was  transformed  into  tomatoes  by  Agrobacterium-
mediated leaf disc-transformation. A total of 24 independent
T0 CR-NAC4 lines  were  obtained  and  of  these  lines  24  plants
were  genome  edited.  We  selected  two  representative  CR-
SlNAC4 T0 lines  for  further  analysis  and  two  homozygous
mutants were screened from the T1 generation of CR-SlNAC4,
which  were  named slnac4#7  and slnac4#13.  Gene  editing

details  of  the  two  mutants  are  shown  in Fig.  2b.  Off-target
analysis was performed to determine whether any gene other
than SlNAC4 had  been  edited  in  CR-SlNAC4 line.  Two  of  the
most likely off-target genes of each targeted site were tested
and the results suggested that no off-target occurred in either
the slnac4#7  or slnac4#13  lines  (Supplemental  Table  S4).
Transgenic  tomato  lines  overexpressing SlNAC4 under  the
control  of  the  cauliflower  mosaic  virus  (CaMV)  35S promoter
were  also  generated.  A  total  of  17  independent  overexpre-
ssion  (OE)  lines  were  obtained  in  the  T0 generation  and  we
also  selected  two  representative  OE  lines  (OE-SlNAC4#2,  OE-
SlNAC4#3)  for  further  research,  and  in  the  T1 generation,
SlNAC4 fruit  gene  transcript  levels  in  both  lines  were
substantially higher than in WT fruit (Fig. 2c).

To  determine  whether  the  CRISPR/Cas9-mediated  muta-
genesis  and  gene  overexpression  of SlNAC4 affected  tomato
fruit  development  or  ripening,  the  flowering  time  was
recorded and the fruit development and ripening stages, fruit
size,  color,  and  seed  development  were  also  recorded.
Comparing  the  days  from  fertilization  to  fruit  color  break,  it
was found that this was 38 days for WT tomato, 34 days for OE
lines (OE-SlNAC4#2,  OE-SlNAC4#3) and 41 days for CR-SlNAC4
line  (slnac4#7  and slnac4#13)  (Fig.  3d).  Although  the  time  to
the initiation of color change was different for the three types
of  fruit  with  different  levels  of SlNAC4 transcripts,  all  fruit
eventually  changed  to  be  the  same  color  as  wild  type  fruit
(Fig.  3e).  It  was  concluded  that  SlNAC4  participated  in  the
ripening  process  of  tomato  fruit  as  a  positive  TF,  which  is
consistent  with  previous  studies  on  the  role  of  NAC4  in  fruit
ripening[48],  and  this  transgenic  material  is  suitable  for
investigating  its  role  in  fruit  development  and  ripening.  At
present.  NAC  transcription  factors  have  been  found  to  be
involved  in  fruit  ripening  in  many  species[71],  such  as
tomato[44−46],  strawberry[72],  banana[73,74],  kiwi  fruit[75],
peach[76] and  apple[77],  and  affect  the  formation  of  fruit
quality,  such  as  color,  lycopene,  chlorophyll  degradation,
anthocyanin  synthesis,  flavor,  sugar  and  acid,  and  fruit
softening[71−77],  NAC  regulate  ethylene  production  to  affect
fruit ripening and quality[71−78]. 

SlNAC4 regulates tomato fruit softening
During the ripening of tomato fruit, we found that the fruit

of OE-SlNAC4 lines were softer than WT fruit, while fruit of CR-
SlNAC4 lines were firmer than that of WT at the same ripening
stages. To confirm whether SlNAC4 may regulate tomato fruit
softening,  the  firmness  of  freshly  harvested  fruit  from  WT,
slnac4#7, slnac4#13,  OE-SlNAC4#2 and  OE-SlNAC4#3 at  six
ripening  stages  (MG,  Br,  B+3,  B+6,  B+9  and  B+12)  were
harvested and analyzed using a texture analyser. As shown in
Fig. 3a, the fruit firmness of OE-SlNAC4 lines was significantly
lower than that of  WT during all  ripening stages from MG to
B+12,  while  fruit  of  CR-SLNAC4 lines  was  harder  than  WT  at
the MG stage. In the early stages this may not be statistically
significant but CR-SlNAC4 lines were harder than WT from the
Br+3  stage  to  B+12  (Fig.  3a).  Transmission  electron  micro-
scopy  (TEM)  was  carried  out  in  order  to  get  a  more  detailed
picture  of  the  cell  walls  of slnac4,  OE-SlNAC4 lines  and  WT
fruit.  The  results  indicated  that  the  microfilaments  of  the
slnac4#7  mutant  cell  walls  were  arranged  more  closely
compared  with  those  in  the  WT  cell  walls,  while  more  loose
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Fig. 2    SlNAC4 CRISPR/Cas9 gene edited and overexpression lines, and their tomato fruit ripening phenotype. (a) Schematic illustration of four
CRISPR/Cas9  target  sites  (T1,  T2,  T3,  T4)  in  the SlNAC4 genomic  sequence.  (b)  Gene  editing  details  of slnac4#7  and slnac4#13  mutants.  Blue
letters  represent  the  protospacer  adjacent  motif  (PAM).  (c)  qRT-PCR  analyses  of SlNAC4 expression  level  in  fruit  of  OE-SlNAC4#2  and  OE-
SlNAC4#3  overexpression  lines  compared  with  WT.  Bars  represent  ±  SD  of  three  independent  replicates.  The SlActin gene  was  used  as  the
internal control. (d) Days from anthesis to the fruit breaker stage of WT, slnac4#7, slnac4#13, OE-SlNAC4#2, and OE-SlNAC4#3. Lowercase letters
represent significant differences (p < 0.05). (e) The tomato fruit ripening phenotype of WT, slnac4#7, slnac4#13, OE-SlNAC4#2, and OE-SlNAC4#3.
dpa: days post anthesis.
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microfilaments  were  observed  in  cell  walls  of  OE-SlNAC4#2
fruit  (Fig.  3b),  suggesting  that  cell  wall  degradation  was
inhibited in  the fruit  of slnac4 mutant,  whereas in  contrast  it
was  promoted  in  OE-SlNAC4 fruit.  Our  previous  results  show
that  NAC-NOR[40],  NOR-like1[44] also  regulate  fruit  softening.
However,  the  interaction  between  these  NAC  members
regulating fruit softening has not been studied. 

SlNAC4 directly targets the cell wall genes SlCEL2 and
SlEXP1 to regulate tomato fruit softening

To analyze the roles of SlNAC4 in regulating fruit softening
at the molecular level,  strand-specific mRNA sequencing was
applied to analyze the differential expression of genes in the
pericarp  of slnac4#7,  OE-SlNAC4#2  and  WT  fruit  at  38  dpa
(Supplemental Data Set S1). Using a cutoff threshold of | Log2

(fold change) |  > 1 and the modified p-value < 0.05 between
transgenic  and  control  samples,  analysis  of  differentially
expressed  genes  (DEGs)  in slac4#7/WT  and  OE-SlNAC4#2/WT
revealed  that  600  genes  were  up-regulated  while  821  genes
were  down-regulated  in  the slnac4#7  mutant  compared  to
WT; 1,127 genes  were  up-regulated  while 1,678 genes  were
down-regulated in OE-SlNAC4#2 compared to WT (Fig. 4a, 4b).
When  we  overlapped  the  DEGs,  which  were  differentially
expressed in opposite patterns in slnac4#7 and OE-SlNAC4#2
lines,  215  DEGs  were  obtained  (Fig.  4c),  including  two  key

softening-associated  genes SlCEL2(Solyc09g010210)  and
SlEXP1(Solyc06g051800) (Fig. 4d).

In  order  to  confirm  the  RNA-Seq  results,  we  analyzed  the
expression level of SlCEL2 and SlEXP1 by qRT-PCR in slnac4#7
and slnac4#13,  OE-SlNAC4#2,  OE-SlNAC4#3 and  WT  fruit.  The
results  were  consistent  with  RNA-Seq  data  (Fig.  5a).  Base  on
the  results  that SlCEL2 and SlEXP1 were  down-regulated  in
slnac4 mutant,  while  upregulated  in  OE-SlNAC4 lines
compared  with  WT,  we  asked  whether  the  two  genes  were
direct  targets  of  SlNAC4.  To  test  this  hypothesis,  we  first
checked  whether  the  1  Kb  promoter  regions  of SlCEL2 and
SlEXP1 harbor  the  characteristic  NAC  recognition  sequences.
The  results  show  that  NACRS  sits  were  found  in  the  5'
regulatory regions of SlCEL2 and SlEXP1, suggesting that they
may both be direct targets of SlNAC4. In order to investigate
whether SlNAC4 can directly bind to the promoter regions of
SlCEL2 and SlEXP1 in  vitro,  an  electrophoretic  mobility  shift
assay (EMSA) was performed using the purified recombinant
GST-SlNAC4  protein,  with  purified  GST  protein  used  as  the
control. As shown in Fig. 5b, strong SlNAC4 binding activity to
the target gene promoter fragments was reduced greatly  by
incubating with excess concentrations of cold probes, but not
with  excess  mutant  probes.  In  the slnac4 mutant,  the
expression  of SlCEL2 and SlEXP1 was  significantly  inhibited,
suggesting that SlNAC4 positively regulated the transcription

a

b

 
Fig.  3    Tomato  fruit  softening  is  affected  by  different  levels  of  SlNAC4.  (a)  The  firmness  of  WT, slnac4#7, slnac4#13,  OE-SlNAC4#2,  and  OE-
SlNAC4#3 tomato fruit at different ripening stages. SD (p < 0.05) are indicated with lowercase letters. MG, mature green; Br, breaker; B+n, n days
after breaker. Error bars represent ± SD of at least six independent replicates. (b) Fruit cell wall structure of WT, slnac4#7, and OE-SlNAC4#2 at
the breaker stage created by transmission electron microscopy. Bars = 0.5 µm.
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of  both  genes.  To  test  this  assumption,  DLR  assay  was
performed.  The  relative  LUC/REN  ratio  in  tobacco  leaves  co-
transformed  with  CaMV35S-SlNAC4  and  CaMV35S-
REN/pSlCEL2-LUC or CaMV35S-REN/p SlEXP1-LUC was signifi-
cantly  higher  than  in  leaves  co-transformed  with  CaMV35S-
Empty  and  CaMV35S-REN/p  SlCEL2-LUC  or  CaMV35S-
REN/pSlEXP1-LUC  (Fig.  5c),  indicating  that  SlNAC4  could
activate the promoter activity of SlCEL2 and SlEXP1 in tobacco.
Taken  together,  the  results  demonstrated  that  SlNAC4  is  a
transcriptional  activator  that  positively  regulates  fruit
softening in tomato fruit by directly targeting the promoter of
SlCEL2 and SlEXP1.  The  model  of  SlNAC4  regulating  tomato
fruit softening is shown in Fig. 6. 

CONCLUSION

Our study is the first to compare SlNAC4 mutants obtained
by  gene  editing  with  OE-SlNAC4 tomato  fruit  driven  by
CaMV35S promotor.  The expression of SlNAC4 was shown to
be  enhanced  during  fruit  ripening,  and  its  encoded  protein
was  located in  the  nucleus. Compared to  wild  type fruit,  the
initiation  of  ripening  of slnac4 fruit  was  delayed  and  the
ripening of OE-SlNAC4 occurred earlier. Fruit with increased or
decreased  levels  of SlNAC4 transcripts  showed  either
increased or decreased softening. SlCEL2 and SlEXP1 involved
in cell wall metabolism were shown by RNA-seq to be down-
regulated in slnac4 fruit compared to WT fruit. EMSA and DLR
confirmed that these genes are the direct targets of SlNAC4. 

a

b

c

d

 
Fig.  4    RNA-Sequence  analyses  of  WT, slnac4#7,  and  OE-SlNAC4#2  fruit.  (a)  RNA-sequencing  data  visualized  by  volcano  plots.  Each  point
corresponds to a DEG. Red dots represent up-regulated genes, green dots represent down-regulating genes in slnac4#7 compared with WT or
OE-SlNAC4#2 compared with WT. | Log2 (Fold change) | = 1 and p-value = 0.05 are marked with purple lines. (b) The number of up-regulated
and down-regulated genes in slnac4#7/WT and OE-SlNAC4#2/WT fruit. (c) DEGs opposite regulated in slnac4#7 and OE-SlNAC4#2. (d) Two key
tomato fruit softening related genes SlEXP1 and SlCEL2 are significantly down-regulated in slnac4 mutant and up-regulated in OE-SlNAC4 fruit.
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Fig. 5    SlEXP1 and SlCEL2 are direct targets of SlNAC4. (a) qRT-PCR analysis of SlEXP1 and SlCEL2 in WT, slnac4#7, slnac4#13, OE-SlNAC4#2, and
OE-SlNAC4#3 at  the  breaker  stage.  Bars  represent  ±  SD of  three  independent  replicates. SlActin was  used as  the  internal  control.  (b)  SlNAC4
directly  binds  to  the  promoters  of SlEXP1 and SlCEL2.  The  wild-type  probes  containing  the  NACRS  ([TA][TG][AGC]CGT[GA][TA])  were  biotin-
labeled. 500×cold probes containing the wild-type NACRS or mutated NACRS were performed for competition. + represents presence, and −
represents  absence,  +++ indicates  increasing amounts.  (c)  The promoters  of SlEXP1 and SlCEL2 were significantly  activated by SlNAC4.  Error
bars represent ± SD of six replicates. ** indicates p < 0.01 (Student's t-test).

SlNAC4 regulates tomato fruit softening
 

Gao et al. Vegetable Research 2021, 1: 8   Page 9 of 12

http://www.maxapress.com/article/doi/10.48130/VR-2021-0008
http://www.maxapress.com/article/doi/10.48130/VR-2021-0008
http://www.maxapress.com/article/doi/10.48130/VR-2021-0008
http://www.maxapress.com/article/doi/10.48130/VR-2021-0008


Dates

Received  14  July  2021;  Accepted  18  September  2021;
Published online 28 September 2021

REFERENCES

Giovannoni  JJ. 2004.  Genetic  regulation  of  fruit  development
and ripening. The Plant Cell 16:S170−S180

1.

Klee  HJ,  Giovannoni  JJ. 2011.  Genetics  and  control  of  tomato
fruit  ripening  and  quality  attributes. Annual  Review  of  Genetics
45:41−59

2.

Brummell DA, Harpster MH, Civello PM, Palys JM, Bennett AB, et
al. 1999. Modification of expansin protein abundance in tomato
fruit  alters  softening  and  cell  wall  polymer  metabolism  during
ripening. The Plant Cell 11:2203−16

3.

Brummell  DA,  Harpster  MH. 2001.  Cell  wall  metabolism  in  fruit
softening and quality and its manipulation in transgenic plants.
Plant Molecular Biology 47:311−40

4.

Tucker  G,  Yin X,  Zhang A,  Wang M,  Zhu Q,  et  al. 2017.  Ethylene
and fruit softening. Food Quality and Safety 1:253−67

5.

Seymour  GB,  Østergaard  L,  Chapman  NH,  Knapp  S,  Martin  C.
2013.  Fruit  development  and  ripening. Annual  Review  of  Plant
Biology 64:219−41

6.

Wang D,  Yeats,  TH,  Uluisik S,  Rose JKC,  Seymour GB. 2018.  Fruit
Softening:  Revisiting  the  Role  of  Pectin. Trends  Plant  Sci
23:302−10

7.

Daher  FB,  Braybrook  SA. 2015.  How  to  let  go:  Pectin  and  plant
cell adhesion. Frontiers in Plant Science 14:523

8.

Romero P,  Rose  JKC. 2019.  A  relationship  between tomato fruit
softening,  cuticle  properties  and  water  availability. Food
Chemistry 295:300−10

9.

Dellapenna  D,  Alexander  DC,  Bennett  AB. 1986.  Molecular
cloning  of  tomato  fruit  polygalacturonase:  Analysis  of
polygalacturonase  mRNA  levels  during  ripening. PNAS
83:6420−24

10.

Jeong HY, Nguyen HP, Eom SH, Lee C. 2018. Integrative analysis
of  pectin  methylesterase  (PME)  and  PME  inhibitors  in  tomato
(Solanum lycopersicum): Identification, tissue-specific expression,
and  biochemical  characterization. Plant  Physiology  and
Biochemistry 132:557−65

11.

Lazan  H,  Ng  SY,  Goh  LY,  Ali  ZM. 2004.  Papaya β-
galactosidase/galactanase  isoforms  in  differential  cell  wall
hydrolysis  and  fruit  softening  during  ripening. Plant  Physiology
and Biochemistry 42:847−53

12.

Ishimaru  M,  Smith  DL,  Mort  AJ,  Gross  KC. 2009.  Enzymatic
activity  and  substrate  specificity  of  recombinant  tomato β-
galactosidases 4 and 5. Planta 229:447−56

13.

Wang D, Samsulrizal NH, Yan C, Allcock NS, Craigon J, et al. 2019.
Characterization of CRISPR Mutants Targeting Genes Modulating
Pectin  Degradation  in  Ripening  Tomato. Plant  Physiology
179:544−57

14.

Minoia  S,  Boualem  A,  Marcel  F,  Troadec  C,  Quemener  B,  et  al.
2016.  Induced  mutations  in  tomato SlExp1 alter  cell  wall
metabolism and delay fruit softening. Plant Science 242:195−202

15.

Perini MA, Sin IN, Villarreal NM, Marina M, Powell AL, et al. 2017.
Overexpression  of  the  carbohydrate  binding  module  from
Solanum  lycopersicum  expansin  1  (Sl-EXP1)  modifies  tomato
fruit firmness and Botrytis cinerea susceptibility. Plant Physiology
and Biochemistry 113:122−32

16.

Marín-Rodríguez  MC,  Orchard  J,  Seymour  GB. 2002.  Pectate
lyases,  cell  wall  degradation  and  fruit  softening. Journal  of
Experimental Botany 53:2115−19

17.

Smith  CJS,  Watson  CF,  Ray  J,  Bird  CR,  Morris  PC,  et  al. 1988.
Antisense RNA inhibition of polygalacturonase gene expression
in transgenic tomatoes. Nature 334:724−26

18.

Smith  CJS,  Watson  CF,  Morris  PC,  Bird  CR,  Seymour  GB,  et  al.
1990. Inheritance and effect on ripening of antisense polygalac-
turonase  genes  in  transgenic  tomatoes. Plant  Molecular  Biology
14:369−79

19.

Sheehy  RE,  Kramer  M,  Hiatt  WR. 1988.  Reduction  of  polygalac-
turonase  activity  in  tomato  fruit  by  antisense  RNA. PNAS
85:8805−9

20.

Tieman  DM,  Harriman  RW,  Ramamohan  G,  Handa  AK. 1992.  An
antisense  pectin  methylesterase  gene  alters  pectin  chemistry
and soluble solids in tomato fruit. The Plant Cell 4:667−79

21.

Tieman DM, Handa AK. 1994. Reduction in Pectin methylesterase
activity  modifies  tissue  integrity  and  cation  levels  in  ripening
tomato  (Lycopersicon  esculentum Mill.)  Fruits. Plant  Physiol
106:429−36

22.

Smith DL, Abbott JA, Gross KC. 2002. Down-regulation of tomato
β-galactosidase  4  results  in  decreased  fruit  softening. Plant
Physiology 129:1755−62

23.

 
Fig.  6    Regulatory model  of  SlNAC4 in tomato fruit  softening.  The expression of  CEL2 and EXP1 genes related to cell  wall  metabolism was
actived in SlNAC4 over-expressing tomato fruit. The CEL2 and EXP1 enzymes can degrade fruit cell wall components including pectin, cellulose
and  hemicellulose,  which  result  in  the  adhesion  between  normal  cells  is  destroyed  and  fruit  softening  is  accelerated.  On  the  contrary,  the
transcription of CEL2 and EXP1 genes is not activated in slnac4 mutant fruit, and the degradation of fruit cell wall component such as pectin,
cellulose and hemicellulose are inhibited, and fruit softening was significantly slowed.

 
SlNAC4 regulates tomato fruit softening

Page 10 of 12   Gao et al. Vegetable Research 2021, 1: 8

https://doi.org/10.1105/tpc.019158
https://doi.org/10.1146/annurev-genet-110410-132507
https://doi.org/10.1105/tpc.11.11.2203
https://doi.org/10.1023/A:1010656104304
https://doi.org/10.1093/fqsafe/fyx024
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1016/j.tplants.2018.01.006
https://doi.org/10.3389/fpls.2015.00523
https://doi.org/10.1016/j.foodchem.2019.05.118
https://doi.org/10.1016/j.foodchem.2019.05.118
https://doi.org/10.1073/pnas.83.17.6420
https://doi.org/10.1016/j.plaphy.2018.10.006
https://doi.org/10.1016/j.plaphy.2018.10.006
https://doi.org/10.1016/j.plaphy.2004.10.007
https://doi.org/10.1016/j.plaphy.2004.10.007
https://doi.org/10.1007/s00425-008-0842-x
https://doi.org/10.1104/pp.18.01187
https://doi.org/10.1016/j.plantsci.2015.07.001
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1093/jxb/erf089
https://doi.org/10.1093/jxb/erf089
https://doi.org/10.1038/334724a0
https://doi.org/10.1007/BF00028773
https://doi.org/10.1073/pnas.85.23.8805
https://doi.org/10.2307/3869525
https://doi.org/10.1104/pp.106.2.429
https://doi.org/10.1104/pp.011025
https://doi.org/10.1104/pp.011025
https://doi.org/10.1105/tpc.019158
https://doi.org/10.1146/annurev-genet-110410-132507
https://doi.org/10.1105/tpc.11.11.2203
https://doi.org/10.1023/A:1010656104304
https://doi.org/10.1093/fqsafe/fyx024
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1146/annurev-arplant-050312-120057
https://doi.org/10.1016/j.tplants.2018.01.006
https://doi.org/10.3389/fpls.2015.00523
https://doi.org/10.1016/j.foodchem.2019.05.118
https://doi.org/10.1016/j.foodchem.2019.05.118
https://doi.org/10.1073/pnas.83.17.6420
https://doi.org/10.1016/j.plaphy.2018.10.006
https://doi.org/10.1016/j.plaphy.2018.10.006
https://doi.org/10.1016/j.plaphy.2004.10.007
https://doi.org/10.1016/j.plaphy.2004.10.007
https://doi.org/10.1007/s00425-008-0842-x
https://doi.org/10.1104/pp.18.01187
https://doi.org/10.1016/j.plantsci.2015.07.001
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1093/jxb/erf089
https://doi.org/10.1093/jxb/erf089
https://doi.org/10.1038/334724a0
https://doi.org/10.1007/BF00028773
https://doi.org/10.1073/pnas.85.23.8805
https://doi.org/10.2307/3869525
https://doi.org/10.1104/pp.106.2.429
https://doi.org/10.1104/pp.011025
https://doi.org/10.1104/pp.011025


Uluisik S,  Chapman NH, Smith R,  Poole M, Adams G, et al. 2016.
Genetic  improvement  of  tomato  by  targeted  control  of  fruit
softening. Nature Biotechnology 34:950−52

24.

Yang L, Huang W, Xiong F, Xian Z, Su D, et al. 2017. Silencing of
SlPL, which encodes a pectate lyase in tomato, confers enhanced
fruit firmness, prolonged shelf-life and reduced susceptibility to
grey mould. Plant Biotechnology Journal 15:1544−55

25.

Jiménez-Bermúdez  S,  Redondo-Nevado  J,  Muñoz-Blanco  J,
Caballero  JL,  López-Aranda  JM,  et  al. 2002.  Manipulation  of
strawberry  fruit  softening  by  antisense  expression  of  a  pectate
lyase gene. Plant Physiology 128:751−59

26.

Santiago-Doménech N, Jiménez-Bemúdez S, Matas AJ, Rose JKC,
Muñoz-Blanco  J,  et  al. 2008.  Antisense  inhibition  of  a  pectate
lyase  gene  supports  a  role  for  pectin  depolymerization  in
strawberry  fruit  softening. Journal  of  Experimental  Botany
59:2769−79

27.

Karlova R, Chapman N, David K, Angenent GC, Seymour GB, et al.
2014.  Transcriptional  control  of  fleshy  fruit  development  and
ripening. Journal of Experimental Botany 65:4527−41

28.

Giovannoni  J,  Nguyen  C,  Ampofo  B,  Zhong  S,  Fei  Z. 2017.  The
epigenome  and  transcriptional  dynamics  of  fruit  ripening.
Annual Review of Plant Biology 68:61−84

29.

Vrebalov  J,  Ruezinsky  D,  Padmanabhan  V,  White  R,  Medrano  D,
et al. 2002. A MADS-box gene necessary for fruit ripening at the
tomato ripening-inhibitor (rin) locus. Science 296:343−46

30.

Ito Y, Nishizawa-Yokoi A, Endo M, Mikami M, Shima Y, Nakamura
N, Kotake-Nara E,  Kawasaki  S,  Toki  S. 2017.  Re-evaluation of  the
rin  mutation  and  the  role  of  RIN  in  the  induction  of  tomato
ripening. Nature Plants 3:866−74

31.

Li  S,  Xu H, Ju Z, Cao D, Zhu H, et al. 2018. The RIN-MC Fusion of
MADS-Box Transcription Factors Has Transcriptional Activity and
Modulates Expression of Many Ripening Genes. Plant Physiology
176:891−909

32.

Li S, Zhu B, Pirrello J, Xu C, Zhang B, et al. 2020. Roles of RIN and
ethylene in tomato fruit ripening and ripening-associated traits.
New Phytologist 226:460−75

33.

Yuan X,  Wang R,  Zhao X,  Luo Y,  Fu D. 2016.  Role of  the tomato
non-ripening mutation  in  regulating  fruit  quality  elucidated
using iTRAQ protein profile analysis. PLoS One 11:e0164335

34.

Orfila C, Huisman MM, Willats WG, van Alebeek GJ, Schols HA, et
al. 2002.  Altered  cell  wall  disassembly  during  ripening  of Cnr
tomato  fruit:  implications  for  cell  adhesion  and  fruit  softening.
Planta 215:440−447

35.

Manning K, Tör M, Poole M, Hong Y, Thompson AJ, et al. 2006. A
naturally  occurring epigenetic  mutation in  a  gene encoding an
SBP-box  transcription  factor  inhibits  tomato  fruit  ripening.
Nature Genetics 38:948−52

36.

Eriksson EM, Bovy A, Manning K, Harrison L, Andrews J, De Silva
J,  Tucker  GA,  Seymour  GB. 2004.  Effect  of  the Colorless  non-
ripening mutation on cell wall biochemistry and gene expression
during tomato fruit development and ripening. Plant Physiology
136:4184−97

37.

Giovannoni  JJ. 2007.  Fruit  ripening  mutants  yield  insights  into
ripening control. Current Opinion in Plant Biology 10:283−89

38.

Ito Y, Sekiyama Y, Nakayama H, Nishizawa-Yokoi A, Endo M, et al.
2020.  Allelic  mutations  in  the Ripening-Inhibitor locus  generate
extensive  variation  in  tomato  ripening. Plant  Physiology
183:80−95

39.

Gao Y, Wei W, Fan Z, Zhao X, Zhang Y, et al. 2020. Re-evaluation
of  the nor mutation  and  the  role  of  the  NAC-NOR  transcription
factor  in  tomato  fruit  ripening. Journal  of  Experimental  Botany
71:3560−74

40.

Gao Y, Zhu N, Zhu X, Wu M, Jiang CZ, Grierson D, Luo Y, Shen W,
Zhong  S,  Fu  DQ,  Qu  G. 2019.  Diversity  and  redundancy  of  the
ripening  regulatory  networks  revealed  by  the  fruitENCODE  and
the  new  CRISPR/Cas9 CNR and NOR mutants. Horticulture
Research 6:39

41.

Wang R, Tavano ECDR, Lammers M, Martinelli AP, Angenent GC,
et  al. 2019.  Re-evaluation  of  transcription  factor  function  in
tomato  fruit  development  and  ripening  with  CRISPR/Cas9-
mutagenesis. Scientific Reports 9:1696

42.

Wang  R,  Angenent  GC,  Seymour  G,  de  Maagd  RA. 2020.
Revisiting  the  Role  of  Master  Regulators  in  Tomato  Ripening.
Trends in Plant Science 25:291−301

43.

Gao  Y,  Wei  W,  Zhao  X,  Tan  X,  Fan  Z,  et  al. 2018.  A  NAC
transcription  factor,  NOR-like1,  is  a  new  positive  regulator  of
tomato fruit ripening. Horticulture Research 5:75

44.

Ma N, Feng H, Meng X, Li D, Yang D, et al. 2014. Overexpression
of  tomato  SlNAC1  transcription  factor  alters  fruit  pigmentation
and softening. BMC Plant Biology 14:351

45.

Meng C, Yang D, Ma X, Zhao W, Liang X, et al. 2016. Suppression
of  tomato  SlNAC1  transcription  factor  delays  fruit  ripening.
Journal of Plant Physiology 193:88−96

46.

Karlova R,  Rosin FM,  Busscher-Lange J,  Parapunova V,  Do PT,  et
al. 2011.  Transcriptome  and  metabolite  profiling  show  that
APETALA2a  is  a  major  regulator  of  tomato  fruit  ripening. The
Plant Cell 23:923−41

47.

Zhu M, Chen G, Zhou S, Tu Y, Wang Y, et al. 2014. A new tomato
NAC  (NAM/ATAF1/2/CUC2)  transcription  factor,  SlNAC4,  func-
tions  as  a  positive  regulator  of  fruit  ripening  and  carotenoid
accumulation. Plant and Cell Physiology 55:119−135

48.

Zhu M, Chen G, Zhang J, Zhang Y, Xie Q, et al. 2014. The abiotic
stress-responsive  NAC-type  transcription  factor  SlNAC4
regulates salt and drought tolerance and stress-related genes in
tomato (Solanum lycopersicum). Plant Cell Reports 33:1851−63

49.

Luo D, Ba L, Shan W, Kuang J, Lu W, Chen J. 2017. Involvement of
WRKY  transcription  factors  in  abscisic-acid-induced  cold
tolerance  of  banana  fruit. Journal  of  Agricultural  and  Food
Chemistry 65:3627−35

50.

Lei Y, Lu L, Liu H, Li S, Xing F, et al. 2014. CRISPR-P: a web tool for
synthetic  single-guide  RNA  design  of  CRISPR-system  in  plants.
Molecular Plant 7:1494−1496

51.

Ma  X,  Zhang  Q,  Zhu  Q,  Liu  W,  Chen  Y,  et  al. 2015.  A  robust
CRISPR/Cas9  system  for  convenient,  high-efficiency  multiplex
genome  editing  in  monocot  and  dicot  plants. Molecular  Plant
8:1274−1284

52.

Wu  T,  Abbott  JA. 2002.  Firmness  and  force  relaxation  charac-
teristics of tomatoes stored intact or as slices. Postharvest Biology
and Technology 24:59−68

53.

Russin WA, Trivett CL. 2001. Vacuum-microwave combination for
processing  plant  tissues  for  electron  microscopy.  In Microwave
Techniques  and  Protocols,  eds.  Giberson  RT,  Demaree  RS  Jr.
Totowa,  NJ:  Humana  Press.  pp  25–35 https://doi.org/10.1007/
978-1-59259-128-2_3

54.

Han Y,  Kuang J,  Chen J,  Liu X,  Xiao Y,  et  al. 2016.  Banana trans-
cription  factor  MaERF11  recruits  histone  deacetylase  MaHDA1
and represses the expression of  MaACO1 and expansins during
fruit ripening. Plant Physiology 171:1070−84

55.

Sainsbury F, Thuenemann EC, Lomonossoff GP. 2009. pEAQ: ver-
satile expression vectors for easy and quick transient expression
of  heterologous  proteins  in  plants. Plant  Biotechnology  Journal
7:682−93

56.

Hellens  RP,  Allan  AC,  Friel  EN,  Bolitho  K,  Grafton  K,  et  al. 2005.
Transient  expression  vectors  for  functional  genomics,  quanti-
fication  of  promoter  activity  and  RNA  silencing  in  plants. Plant
Methods 1:13

57.

Fan  Z,  Kuang  J,  Fu  C,  Shan  W,  Han  Y,  et  al. 2016.  The  Banana
transcriptional  repressor  MaDEAR1  negatively  regulates  cell
wall-modifying genes involved in fruit ripening. Frontiers in Plant
Science 7:1021

58.

Liu Y, Li P, Fan L, Wu M. 2018. The nuclear transportation routes
of  membrane-bound  transcription  factors. Cell  Communication
and Signaling 16:12

59.

SlNAC4 regulates tomato fruit softening
 

Gao et al. Vegetable Research 2021, 1: 8   Page 11 of 12

https://doi.org/10.1038/nbt.3602
https://doi.org/10.1111/pbi.12737
https://doi.org/10.1104/pp.010671
https://doi.org/10.1093/jxb/ern142
https://doi.org/10.1093/jxb/eru316
https://doi.org/10.1146/annurev-arplant-042916-040906
https://doi.org/10.1126/science.1068181
https://doi.org/10.1038/s41477-017-0041-5
https://doi.org/10.1104/pp.17.01449
https://doi.org/10.1111/nph.16362
https://doi.org/10.1371/journal.pone.0164335
https://doi.org/10.1007/s00425-002-0753-1
https://doi.org/10.1038/ng1841
https://doi.org/10.1104/pp.104.045765
https://doi.org/10.1016/j.pbi.2007.04.008
https://doi.org/10.1104/pp.20.00020
https://doi.org/10.1093/jxb/eraa131
https://doi.org/10.1038/s41438-019-0122-x
https://doi.org/10.1038/s41438-019-0122-x
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1016/j.tplants.2019.11.005
https://doi.org/10.1038/s41438-018-0111-5
https://doi.org/10.1186/s12870-014-0351-y
https://doi.org/10.1016/j.jplph.2016.01.014
https://doi.org/10.1105/tpc.110.081273
https://doi.org/10.1105/tpc.110.081273
https://doi.org/10.1093/pcp/pct162
https://doi.org/10.1007/s00299-014-1662-z
https://doi.org/10.1021/acs.jafc.7b00915
https://doi.org/10.1021/acs.jafc.7b00915
https://doi.org/10.1093/mp/ssu044
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1016/S0925-5214(01)00133-8
https://doi.org/10.1016/S0925-5214(01)00133-8
https://doi.org/10.1007/978-1-59259-128-2_3
https://doi.org/10.1007/978-1-59259-128-2_3
https://doi.org/10.1104/pp.16.00301
https://doi.org/10.1111/j.1467-7652.2009.00434.x
https://doi.org/10.1186/1746-4811-1-13
https://doi.org/10.1186/1746-4811-1-13
https://doi.org/10.3389/fpls.2016.01021
https://doi.org/10.3389/fpls.2016.01021
https://doi.org/10.1186/s12964-018-0224-3
https://doi.org/10.1186/s12964-018-0224-3
https://doi.org/10.1038/nbt.3602
https://doi.org/10.1111/pbi.12737
https://doi.org/10.1104/pp.010671
https://doi.org/10.1093/jxb/ern142
https://doi.org/10.1093/jxb/eru316
https://doi.org/10.1146/annurev-arplant-042916-040906
https://doi.org/10.1126/science.1068181
https://doi.org/10.1038/s41477-017-0041-5
https://doi.org/10.1104/pp.17.01449
https://doi.org/10.1111/nph.16362
https://doi.org/10.1371/journal.pone.0164335
https://doi.org/10.1007/s00425-002-0753-1
https://doi.org/10.1038/ng1841
https://doi.org/10.1104/pp.104.045765
https://doi.org/10.1016/j.pbi.2007.04.008
https://doi.org/10.1104/pp.20.00020
https://doi.org/10.1093/jxb/eraa131
https://doi.org/10.1038/s41438-019-0122-x
https://doi.org/10.1038/s41438-019-0122-x
https://doi.org/10.1038/s41598-018-38170-6
https://doi.org/10.1016/j.tplants.2019.11.005
https://doi.org/10.1038/s41438-018-0111-5
https://doi.org/10.1186/s12870-014-0351-y
https://doi.org/10.1016/j.jplph.2016.01.014
https://doi.org/10.1105/tpc.110.081273
https://doi.org/10.1105/tpc.110.081273
https://doi.org/10.1093/pcp/pct162
https://doi.org/10.1007/s00299-014-1662-z
https://doi.org/10.1021/acs.jafc.7b00915
https://doi.org/10.1021/acs.jafc.7b00915
https://doi.org/10.1093/mp/ssu044
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1016/S0925-5214(01)00133-8
https://doi.org/10.1016/S0925-5214(01)00133-8
https://doi.org/10.1007/978-1-59259-128-2_3
https://doi.org/10.1007/978-1-59259-128-2_3
https://doi.org/10.1104/pp.16.00301
https://doi.org/10.1111/j.1467-7652.2009.00434.x
https://doi.org/10.1186/1746-4811-1-13
https://doi.org/10.1186/1746-4811-1-13
https://doi.org/10.3389/fpls.2016.01021
https://doi.org/10.3389/fpls.2016.01021
https://doi.org/10.1186/s12964-018-0224-3
https://doi.org/10.1186/s12964-018-0224-3


Hoppe  T,  Rape  M,  Jentsch  S. 2001.  Membrane-bound  trans-
cription factors: regulated release by RIP or RUP. Current Opinion
in Cell Biology 13:344−48

60.

Yang Z,  Wang M,  Sun L,  Lu  S,  Bi  D,  et  al. 2014.  The membrane-
associated  transcription  factor  NAC089  controls  ER-stress-
induced  programmed  cell  death  in  plants. PLoS  Genetics
10:e1004243

61.

Liu  X,  Lyu  Y,  Yang  W,  Yang  Z,  Lu  S,  et  al. 2020.  A  membrane-
associated  NAC  transcription  factor  OsNTL3  is  involved  in
thermotolerance in rice. Plant Biotechnology Journal 18:1317−29

62.

Yang JH, Lee KH, Du Q, Yang S, Yuan B, et al. 2020. A membrane-
associated  NAC  domain  transcription  factor  XVP  interacts  with
TDIF  co-receptor  and  regulates  vascular  meristem  activity. New
Phytologist 226:59−74

63.

Kim  SG,  Kim  SY,  Park  CM. 2007.  A  membrane-associated  NAC
transcription  factor  regulates  salt-responsive  flowering  via
FLOWERING LOCUS T in Arabidopsis. Planta 226:647−54

64.

Yang  S,  Zhou  J,  Watkins  CB,  Wu  C,  Feng  Y,  et  al. 2021. NAC
transcription  factors SNAC4 and SNAC9 synergistically  regulate
tomato fruit  ripening by affecting expression of genes involved
in  ethylene  and  abscisic  acid  metabolism  and  signal
transduction. Postharvest Biology and Technology 178:111555

65.

Bao  A,  Burritt  DJ,  Chen  H,  Zhou  X,  Cao  D,  et  al. 2019.  The
CRISPR/Cas9 system and its applications in crop genome editing.
Crit Rev Biotechnol 39:321−36

66.

Barman  A,  Deb  B,  Chakraborty  S. 2020.  A  glance  at  genome
editing  with  CRISPR-Cas9  technology. Current  Genetics
66:447−62

67.

Manghwar  H,  Lindsey  K,  Zhang  X,  Jin  S. 2019.  CRISPR/Cas
System:  Recent  Advances  and  Future  Prospects  for  Genome
Editing. Trends in Plant Science 24:1102−25

68.

Chen  K,  Wang  Y,  Zhang  R,  Zhang  H,  Gao  C. 2019.  CRISPR/Cas
genome  editing  and  precision  plant  breeding  in  agriculture.
Annual Review of Plant Biology 70:667−97

69.

Wang  T,  Zhang  H,  Zhu  H. 2019.  CRISPR  technology  is  revolu-
tionizing  the  improvement  of  tomato  and  other  fruit  crops.
Horticulture Research 6:77

70.

Forlani  S,  Mizzotti  C,  Masiero S. 2021.  The NAC side of  the fruit:
tuning  of  fruit  development  and  maturation. BMC  Plant  Biology
21:238

71.

Martín-Pizarro C, Vallarino JG, Osorio S, Meco V, Urrutia M, et al.
2021.  The  NAC  transcription  factor  FaRIF  controls  fruit  ripening
in strawberry. The Plant Cell 33:1574−93

72.

Shan  W,  Kuang  J,  Wei  W,  Fan  Z,  Deng  W,  et  al. 2020.  MaXB3
modulates  MaNAC2,  MaACS1,  and  MaACO1  stability  to  repress
ethylene  biosynthesis  during  banana  fruit  ripening. Plant
Physiology 184:1153−71

73.

Shan  W,  Kuang  J,  Chen  L,  Xie  H,  Peng  H,  et  al. 2012.  Molecular
characterization  of  banana  NAC  transcription  factors  and  their
interactions with ethylene signalling component EIL during fruit
ripening. Journal of Experimental Botany 63:5171−87

74.

Fu B, Wang W, Liu X, Duan X, Allan AC, et al. 2021. An ethylene-
hypersensitive  methionine  sulfoxide  reductase  regulated  by
NAC  transcription  factors  increases  methionine  pool  size  and
ethylene  production  during  kiwifruit  ripening. New  Phytologist
232:237−51

75.

Zhou  H,  Lin-Wang  K,  Wang  H,  Gu  C,  Dare  AP,  et  al. 2015.
Molecular  genetics  of  blood-fleshed peach reveals  activation of
anthocyanin biosynthesis by NAC transcription factors. The Plant
Journal 82:105−21

76.

Migicovsky  Z,  Yeats  TH,  Watts  S,  Song  J,  Forney  CF,  et  al. 2021.
Apple  ripening  is  controlled  by  a  NAC  transcription  factor.
Frontiers in Genetics 12:671300

77.

Zhao C, Zhang H, Song C, Zhu J, Shabala S. 2020. Mechanisms of
Plant  Responses  and  Adaptation  to  Soil  Salinity. The  Innovation
1:100017

78.

Copyright:  ©  2021  by  the  author(s).  Exclusive
Licensee Maximum Academic Press, Fayetteville,

GA.  This  article  is  an  open  access  article  distributed  under
Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

 
SlNAC4 regulates tomato fruit softening

Page 12 of 12   Gao et al. Vegetable Research 2021, 1: 8

https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1371/journal.pgen.1004243
https://doi.org/10.1111/pbi.13297
https://doi.org/10.1111/nph.16289
https://doi.org/10.1111/nph.16289
https://doi.org/10.1007/s00425-007-0513-3
https://doi.org/10.1016/j.postharvbio.2021.111555
https://doi.org/10.1080/07388551.2018.1554621
https://doi.org/10.1007/s00294-019-01040-3
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1038/s41438-019-0159-x
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1093/plcell/koab070
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1093/jxb/ers178
https://doi.org/10.1111/nph.17560
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.3389/fgene.2021.671300
https://doi.org/10.1016/j.xinn.2020.100017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1371/journal.pgen.1004243
https://doi.org/10.1111/pbi.13297
https://doi.org/10.1111/nph.16289
https://doi.org/10.1111/nph.16289
https://doi.org/10.1007/s00425-007-0513-3
https://doi.org/10.1016/j.postharvbio.2021.111555
https://doi.org/10.1080/07388551.2018.1554621
https://doi.org/10.1007/s00294-019-01040-3
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1038/s41438-019-0159-x
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1093/plcell/koab070
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1093/jxb/ers178
https://doi.org/10.1111/nph.17560
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.3389/fgene.2021.671300
https://doi.org/10.1016/j.xinn.2020.100017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1371/journal.pgen.1004243
https://doi.org/10.1111/pbi.13297
https://doi.org/10.1111/nph.16289
https://doi.org/10.1111/nph.16289
https://doi.org/10.1007/s00425-007-0513-3
https://doi.org/10.1016/j.postharvbio.2021.111555
https://doi.org/10.1080/07388551.2018.1554621
https://doi.org/10.1007/s00294-019-01040-3
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1038/s41438-019-0159-x
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1093/plcell/koab070
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1093/jxb/ers178
https://doi.org/10.1111/nph.17560
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.3389/fgene.2021.671300
https://doi.org/10.1016/j.xinn.2020.100017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1371/journal.pgen.1004243
https://doi.org/10.1111/pbi.13297
https://doi.org/10.1111/nph.16289
https://doi.org/10.1111/nph.16289
https://doi.org/10.1007/s00425-007-0513-3
https://doi.org/10.1016/j.postharvbio.2021.111555
https://doi.org/10.1080/07388551.2018.1554621
https://doi.org/10.1007/s00294-019-01040-3
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1038/s41438-019-0159-x
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1016/S0955-0674(00)00218-0
https://doi.org/10.1371/journal.pgen.1004243
https://doi.org/10.1111/pbi.13297
https://doi.org/10.1111/nph.16289
https://doi.org/10.1111/nph.16289
https://doi.org/10.1007/s00425-007-0513-3
https://doi.org/10.1016/j.postharvbio.2021.111555
https://doi.org/10.1080/07388551.2018.1554621
https://doi.org/10.1007/s00294-019-01040-3
https://doi.org/10.1016/j.tplants.2019.09.006
https://doi.org/10.1146/annurev-arplant-050718-100049
https://doi.org/10.1038/s41438-019-0159-x
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1093/plcell/koab070
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1093/jxb/ers178
https://doi.org/10.1111/nph.17560
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.3389/fgene.2021.671300
https://doi.org/10.1016/j.xinn.2020.100017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-021-03029-y
https://doi.org/10.1093/plcell/koab070
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1104/pp.20.00313
https://doi.org/10.1093/jxb/ers178
https://doi.org/10.1111/nph.17560
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.3389/fgene.2021.671300
https://doi.org/10.1016/j.xinn.2020.100017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	MATERIALS AND METHODS
	Plant material
	Primers
	Subcellular localization
	RNA isolation and quantitative real-time PCR
	CRISPR/Cas9 and overexpression vectors construction and transformation
	DNA extraction and transgenic lines identification
	Firmness measurement
	TEM (Transmission electron microscope)
	RNA-sequencing
	Protein expression and EMSA
	Dual-luciferase reporter assay
	Data Analysis

	RESULTS AND DISCUSSION
	SlNAC4 is up-regulated during tomato fruit ripening and its encoded protein is localized in the nucleus
	CRISPR/Cas9 gene editing of SlNAC4 inhibits while overexpression of SlNAC4 promotes tomato fruit ripening
	SlNAC4 regulates tomato fruit softening
	SlNAC4 directly targets the cell wall genes SlCEL2 and SlEXP1 to regulate tomato fruit softening

	CONCLUSION
	ACKNOWLEDGMENTS

