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The roles of NAC transcription factors in regulating fruit ripening
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Abstract: Fruit ripening is a key stage in the growth and development of fruit trees. During ripening,
fruit becomes soft and the levels of sugars, aroma, and pigments increase. The ripening of a fleshy fruit
is not only closely related to the formation of fruit quality, but also to the storability after harvest. The
fruit ripening is a genetically programmed and highly coordinated process involved in huge changes in
a numbers of gene expressions. Besides the critical role of phytohormones, transcription factors have
been known to be involved in fruit ripening. Among the numerous transcription factor families in
plants, NAC (NAM, ATAF1/2, and CUC2) transcription factor is one of the largest specific transcrip-
tion factor families, which consists of a highly conserved N-terminal domain and a highly variable C-
terminal transcriptional regulatory domain. Wide varieties of the NAC genes are important for plants re-
sponse to biotic and abiotic stresses, such as response to light and temperature, salt and drought stress,
pathogenic bacteria stress. The NACs have been shown to be involved in the regulation of a numerous
ripening related processes in diverse species including tomato, apple, strawberry, banana, peach, litchi,
citrus and so on. Increasing evidences have confirmed the key function of NACs in the regulation of
fruit ripening including fruit softening, chlorophyll degradation, carotenoid metabolism, biosynthesis of
flavonoids and anthocyanins, sugar accumulation, biosynthesis of aroma compounds etc. In the present
paper, we reviewed the protein structure, number of the members and the phylogenetic tree of NACs of
the different fruit crops, and the function of NAC transcription factors in fruit ripening. Some members

of NAC family have been identified and characterized in model plants like Arabidopsis, petunia and to-
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bacco, as well as fruit crops like apple, citrus, and Pyrus spp. The extensive investigation aided by the
availability of several complete plant genomic sequences has identified 253 NAC genes in apple, 185 in
pear, 181 in banana, 145 in sweet orange, 70 in grape (Vitis vinifera) which makes them be one of the
largest family of TFs in plants. Typically, NAC proteins share a well conserved N-terminal NAC do-
main and a diversified C-terminal transcription regulatory region. However, a few variations in the
structure have also been identified. These structure variations might contribute to the different function
among the members. The NAC TFs are associated with the fruit softening by modulating cell wall re-
modeling proteins including xylosidase, pectate lyase, polygalacturonase, endo- 1,4-beta-glucanase, ex-
pansin, arabino galactan-proteins. Recent evidence emphasizes the important role of NAC in regulation
the biosynthesis of anthocyanins mainly by targeting the promotor of MYBs. Two apple NACs, Md-
NACS52 and MdNAC42, and a peach NAC (BL) have been shown to promote the anthocyanin biosyn-
thesis by enhancing the expression of the key MYB members. In litchi, a developmental upregulated
NAC, LcNACI3, enhance the accumulation of anthocyanins by repressing the expression of the
LcRIMYBI. Although the NACs have been shown play critical role in the leaf degreening during senes-
cence, their roles in chlorophyll loss in the fruits and how it works are still largely unclear. But studies
have implicated the NAC genes in the regulation of carotenoid biosynthesis by promoting the expres-
sion of key synthetic enzyme genes like phytoene desaturase, {-carotene desaturase, lycopene cyclase-e,
carotene hydroxylase-b. The NACs was found to regulate the biosynthesis of aroma compounds by di-
rectly binding to the promotor sequence of ester biosynthesis key alcohol acyltransferase (AAT) gene.
The overexpression of apple MdANACS5 enhanced the production of esters through promoting the expres-
sion of the MdAATI. In studies of strawberry and kiwifruit, the NACs were found to regulate the expres-
sion of terpene volatility biosynthesis pathway genes such as eugenol synthase 2, nerolidol synthase 1,
terpene synthase 1. Phytohormones are essential regulating signals during fruit development and ripen-
ing with ethylene and ABA as the critical hormones. The mumerous evidence have suggested that the
NAC:s be involved in fruit ripening regulation through modulating the ethylene biosynthesis and signal
transduction. In kiwifruit, AANACG6/7 enhance ethylene production and fruit ripening by binding the
promotor of key ethylene biosynthesis genes, 1-aminocyclopropane- 1-carboxylic acid synthase (ACS)
and ACC oxidase. The NACs have also been reported to be involved in the biosynthesis and/or signaling
of ABA. The expressions of peach NACs were upregulated in response to exogenous ABA. The down-
regulation of strawberry NAC retarded the expression of ABA biosynthesis key gene FaNCEDZ2/3/5 and
FaZEP (zeaxanthin epoxidase). These results indicated that a interaction between NAC transcription
factors and phytohormone mainly ethylene and abscisicaid might co-regulate fruit ripening. Hopefully,
our paper would provide references for genetic improvement and the development of techniques to ma-
nipulate fruit ripening.

Key words: Fruit ripening; NAC transcription factors; Fruit softening; Pigmentation; Sugar accumula-

tion; Aroma compounds
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BORRFER . PR, RS2 B ) % — B2 [ A 41
IFFUH B R, BT 90 32 AR R FE AL IR T SR S Al
BT 2~ WL R S TR~ R 428 SR S BB 47 WL
PRI T o

FE R IR o, AN R S ) e 3¢ ) 7 (tran-
scription factors, TFs) 7EAH A [l [ e ik ke 6 4 s
PEFEAE R, A 1EE DNA 25538 5 5 H AR R R 3)
T E GRS A RE T F bR R ) RIS AT
SR BT, AT R 28 SR S AR s AR H A
H A DNA 45 45 X5 ) AN 7], 47 30 AD S5O0 3 o R 7
538 58 N ZX i » 1 4 bZIP (basic region-leucine zip-
per) - MYB (myeloblastosis oncogene) . bHLH (basic
helix- loop- helix) . NAC (NAM, ATAF1/2, CUC) .
MADS (MCM 1 -agamous-deficiens-SSRF) . AP2/ERF
(apetalous 2/ethylene response factors) - C2H2 (cys2/
his2-type zinc finger) \DREB (dehydration responsive
element binding protein) . SPL(SQUAMOSA promot-
er binding protein-like) . WRKY (WRKY transcription

factors) &5 . T 4F K B & X NAC #% s K 1 K et ¢
AR, K IFAE R SR B A B E R
VER, 23 g 1 Ik NAC 58 R KOG AE 5L
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NAC &) ZAFAE T i 3 e B 7 KR 2
— NEREMPRA KRR AR E o« AT I 2
¥& 72 2F- (Petunia hybrida) NAM (no apical meristem)
fl ¥ I+ (Arabidopsis thaliana) ATAF1/2 (arabidopsis
transcription activation factor) fl CUC2 (cup shaped
cotyledon) 3 /LB , PRI E AT TR A AHABL IR O) <1 45 44
HLEATTH) ¥ B i 24 9 NAC ek B 7. B Al
i 4 B K A1 70 BT NAC % 3 7, R ILAL I+ A
13 A VEA A 414 A R 5 (Nicotiana ben-
thamiana) g 227 > NAC B 1™ 1EVF 2 M
$E T NACH K 7GR D, Hd 32 2R (Malus do-

"1 TERWEY NAC BEHE
Table 1 Number of NAC genes in different fruit crops

i BRI HE
Species Gene number
RAERRIER Actinidia chinensis 167%
W% Ananas comosus 73%
AR Carica papaya 82"
B2 T LA Citrus clementina 129
R Citrus sinensis 1459
TR Dimocarpus longan 1147
i Fragaria vesca 127%
RELE RS Fragaria x ananassa 98"
14k Juglans regia 121"

Ry FPRHCE
Species Gene number
U M. domestica 253%

T #E Musa acuminata 1817

W Prunus mume 129"

Wk Prunus persica 1157
1%L P. bretschneideri 1852
WEL P, pyrifolia 1851
£t Punica granatum 73
WK A6 %] Vitis vinifera 70"

H Ziziphus jujuba 101%

mestica) ¥ e R A i 21K 253 A, Kk L AL (Py-
rus bretschneideri) F17 L (P. pyrifolia) W Fh 24 J& R
P32 185 A, T HEAS SR 3 B (Ananas comosus)
& KK (Carica papaya) VL J BT %) (Vitis vinif-
era) ) NAC ZX I J 573 LE 8D 5 73930 9 73,82 #1170
Ao WFFE R IX 2 NAC sk [ FAE Y B KK
B A R IR SR RS S AR S
AL SR R R 4R LR
RN FEETT—FF, R NAC H R %K
TR B ER T 41 FH 20 400 N2 IR RR 2 s, A S 28 (1]
1-a~i) FIE S0 B P Fif NAC 45 #4352 CIE 1-a-ii~iv) o
HE O S x S 24 & e e AN F T4

(10 W% e - 7 F7 - WEJE 465 440 , T SR X6 R PR 3 — SR A PO (]
1-b) o SEHMRFE I 2 FEMEAETS NAC 3 5 R T K%k
BAIIR M2, BT HABYEKKE &
b R R A

Ooka 55 PR 95 45 o 355 b 28 2 182 1 41 1 A ALl
TR, 44 $0L e 7 R0 7K H S0 Y NAC B2 40 T A
M4, TARH14ANTA, THAFH 4T 2E
FAEAR SRR S IR 7 51 AR A, A 1 A i
SER CEEE CRLRE VR L T R AR R R AT Bk
B AN Al A S5 SRR R KRS B 8t AU T
A AN R L 368 N NAC # k1 2
HI RGO . &5 RanlE 2 fros 5 B0 NAC
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Fig. 1 Structural diagram of NAC transcription factor (a) and dimer structure of NAC protein (b) (modified from Puranik

et al.””, Ernst et al.”" and Zhao et al.”)
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FEII
Group 1I

ZEME T 7B (LeNAC) R (MANAC) L & # (MaNAC) L Hi 4 (FaNAC, FeNAC) L il # (CitNAC, RD26) . % JZ At 15 (CrNAC)
4G (FerNAC) BRI Bk (AINAC, AaNAC) % % (VVNAC) . Bk (PpNAC, BL) . 4L (PuNAC) . & A JR (CpNAC) . fili (DKNAC) . # 45
(VeNAC) %5 i RIZK 7% (ONAC, OsSNAC3/4/5/6/7/8) « & il (SINAC, SINOR, SENUS) . #l ¥ 7F (ANAC, ATAF1/2,CUC1/2/3,NAC1/
2, AtNAM, TIP) V& 22 4= (NAMD H F (TERND . /N 2 (GRAB1/2) . B4 # (SINAC) Jt 368 > NAC #3716 (A 1 R G, &
FER ¥ %) . NCBI Chttps://www.ncbi.nlm.nih.gov/) , GDR Chttps://www.rosaceae.org/) , PlantTFDB Chttp://planttfdb.gao-lab.org/) &5 1£ 2k K
B3, 8 TBtools % “One Step Build a ML Tree” T A AR KALSR 12K B 22 G0 A W02, 4 SO BE R n s A B

The figure constructs the phylogenetic tree of 368 NAC transcription factor proteins: litchi (LcNAC), apple (MdNAC), banana (MaNAC), straw-
berry (FaNAC, FcNAC), sweet orange (CitNAC, RD26), mandarin citrus (CrNAC), kumquat (FcrNAC), kiwifruit (AANAC, AaNAC), grape
(VVNAC), peach (PpNAC, BL), pear (PuNAC), papaya (CpNAC), persimmon (DKNAC), cranberry (VeNAC) and other fruit trees and rice (ONAC,
OsNAC3/4/5/6/7/8), tomato (SINAC, SINOR, SENUS), arabidopsis (ANAC, ATAF1/2, CUC1/2/3, NAC1/2, AtNAM, TIP), petunia (NAM), tobacco
(TERN), wheat (GRAB 1/2), potato (StNAC). Amino acid sequence was obtained from NCBI (https://www.ncbi.nlm.nih.gov/), GDR (https://www.ro-
saceae.org/), PlantTFDB (http://planttfdb.gao-lab.org/) and other online websites to access. The phylogenetic trees™ was constructed by maximum
likelihood using the TBtools software “One Step Build a ML Tree” function, with branch lengths representing genetic distance.

2 R NAC HEREFHARGHAK D

Fig. 2 Phylogenetic tree of NAC transcription factors in fruit trees



1460 L S I R 404
F2 —L NACHREFHRAERSERATNER
Table 2 The roles of NAC transcription factor members in the ripening of some fruit species

A NAC JE R B 57 FE TR
Fruit species NAC gene member Main function
AR Actinidia arguta AaNAC2/3/4 S A A Monoterpene synthesis
HHAESRIERE A, chinensis AcNAC2/3/4 I A G 2 e

Monoterpene synthesis, ethylene synthesis
RN A. deliciosa AdNAC2/3/6/7/72 LTRGBS SRR

Ethylene and terpenoid synthesis, fruit softening
i AT Citrus reticulata CrNAC036 ABA A " Abscisic acid synthesis
fill& C. sinensis CitNAC62 [ A A7 45 2 7 5 Reduce citric acid content
i C. sinensis RD26 4 B HRBE R R Accumulation of glucose and fructose
FEARIK Carica papaya CpNAC1/2 KA N A A Carotenoid synthesis
ZFEAIXC. papaya CpNAC3 )15 5 % 3P Ethylene signal transduction
I Diospyros kaki DKNAC1/3/5/6/7/13/16 SRS C Y Fruit de-astringency
HEAE Eriobotrya japonica EjNACS2 K% N & A ™ Carotenoid synthesis
YR Fragaria xananassa FaNAC035/42/92 RSB AL Fruit softening
YU F xananassa FaNAC035 R BERIES A

Synthesis of Color, sugar and aroma
BRI EHE F chiloensis FeNACI ZH ffu e 9 ABA {5 5

Cell wall remodeling, ABA signaling response
4 Fortunella crassifolia FerNAC22 KA b F A R Carotenoid synthesis
75 ¥ Litchi chinensis LcNACI13 T Z AW M Anthocyanin biosynthesis
T Musa acuminata MaNAC1/5/87/140 ARG £ AU Synthesis of aroma components
FHE M. acuminata MaNAC1/2/3/4/6/16/83/87/92/94/95 LJGA5 5 5% F5“" Ethylene signal transduction
FTHE M. x paradisiaca MpSNAC67 4R 2K P % Chlorophyll degradation

SER Malus domestica MdANAC1/1a/2/16/18.1/26/32/41/47/5
7/63/78/80/91/119/141

SER M. domestica MdANACI8.1

SER M. domestica MANAC9/42/52

Wk Prunus persica

Bk P. persica
Bk P. persica

KT B Pyrus ussuriensis

BL(BLOOD), PpNAC1/PpNAC2

PpNACI9

PpNAC1/PpNAC4/PpNAC6, PPNAC.A59,

Purpe.4G181700
PuNAC2/PuNACS/PuNAC21

YELP pyrifolia PpNAC61/70/172/176/23
WA Vaccinium corymbosum VeNACO72
WA Vitis vinifera VVNACO03/11/13/33/60

LIEE) A B Ethylene biosynthesis

FSEHAL™ Fruit softening
HHAFITE (A AR

Flavonoid and anthocyanin accumulation

TR ER FEARNERR R TR 5 B>

Synthesis of anthocyanins, volatile esters, fatty acid synthesis
KHHEE N A ™ Carotenoid synthesis
I B ABA T Y Ethylene synthesis, ABA response

R R A Bl s

Ethylene synthesis and signal transduction
535 4 Fruit coloration

168 2 2 Anthocyanin accumulation
WK E Berry development

TRER R . FEB R E 5 (F chiloensis) S SR
I A2 R I FeNACT AT LU =5 20 i B 2R A
SRR A, TR L IRFRERE (4. deliciosa) T,
AdNACG6 F1 AANAC7 W] AR 33 Bp A ik SR i g st 2
HERAGEY . S A, 7R S SR BRI L R B, 5 A
AR 4 S B % 5% [Rl - NON-RIPENING (NOR) [
B AR RV MANACIS. 157 B Sl i 22 25 M1
e sE R 1, 1] AR D9 B3R s A4 5 3 AN H S
TSR FEE (1) TR0 S IR, G sk 20 e AR B —
Tl i < 110 g 2 o) 3 SR B S ) R A, 2 e e S R

SR SR R AISCER B ) e R e
22 R:EE

TE S S A G R A A R Bl A SRR ) PR A
AN S FAE 67 19 B RN ZE S R R 2R DA B 2K
B R p-tHE bR R R R R R
SRR, FEAN I BRI RS . RSt
P B FES T I DGR R R 2 — , 3850 HLEEHA 1Y
RS R 51 PR &, 4R AR 7 AR SR AR A T
e, X FAE = ok UL, B (O R RSk E B
B R SIME S T35 4 7.
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221 cHREMMALEAT N EMRE HEERER
AR LR AT B A R aE AR R . KR Mu-
sa % paradisiaca) W', I FRIE MpSNACG67 23 FEARM Fr
M2 E B, fR i SRR B AL, U IR DR T g
) Y I R R PR A R . BN H AT 2R 2R PR IR
FHRIE R I T NAC e R 178 5 SE et 12
rhOG -2 R B AR T A 1) LA A T FE 4B 1R
B 5T 35 B 22 JCVE T NAC %5 5% [ 175 2 S Rl 34

R R R A A R SRR N R A IR
o FARJNH, CpNACT & S 5 Bl st 72 i 2R 58
N AP B IE TR R 70, CpNAC2 fl 4
AU 3a (ethylene-insensitive 3a) CpEIN3a A H.{/E
3L 2 5 8 AR NS 92K 5 a7 v i) 28 0 2
NG i RS K ForNAC22 % 5K F
ZACTET , H R LB AR T FRA R, v B
RSB S N R R R R B, K
FHEE N IR R A O B AR A I 25 B A
Mo wPAMRRSERRIARY PREERE T HR
R, BB S PpNACT9 Feak w5, T 2K
BN RF M OCHE LR SRR N R A SN A i 4
(carotenoid-cleaving dioxygenase 4) PpCCD4 )15
B ZE(CT B ABER I, PPNACT9 REWS B4 s A1
PpCCD4 J& 81 id P, AT 1k 2R S il o 75 oh
RAKAE PRI R. RN RO,
EjNACS82 ik 81 2% i T H WAL B v, FEREAE
RSKEHE DR R A R R .

222 RFEEALETF SR AR,
NAC # R T MANACS 2 i e /K AE R 523 (0 141 8]
G0, 1 2R IE MANAC52 BE W (L 32 3 Rl 41 2348
BH KBRS, ELLRNSERT, MANAC42 RIE R H
THRYR, 5REEANEaT 2R R EIEM
K, TELL R SE AR (1 AW & o i 45 B 2 A
FI®. 55— NAC i 2 MANACY W 5 21 P 3% JL 1) 3
) 2 A= 0 R U A % 5 12 5k R e s /K 5 i
R B IEAHSG, 23 R A 21 23 rh it 33Kk MdANACY
J5 B & B R BN, AE A A B S R Ao AR
o B SR A BT R B 6 S NAC 5 e IR 118 R B2 il ot
I AR G AR R e S T B, W] REALE 7 B SR
R EHE MR AE™, FEM AT RN,
LeNACI3 W f 42 R B AL L AW & ™. X
ZLEA TN [ A B B S LU s A 0 i R, NAC 5K
W AT e S 5 R R S G R PR A R

W, 320 AR BT ER FaNACO35 1) R
PR R AL AT LD A O SR FE R R IR TR, RS
O 3EIR , 17 i 35 FaNACO035 W 218 5 %5 B9z 3 {0
PERTW R EAE s H 1N NACEE R VeNACO72,
12 R (1) 3R 0K B A5 SR S sl 3 €T B, ] RE AR B
T AR S A U TR AR B8 ke I 1 R AR A 7R I ik
FHE S % e B T NAC B 35% K 17 S i 3 (K] BL
(BLOOD) , ZHERIMRIBEAER LK E GRS
PpNAC1 7 35 K 7 T2 B U — SR AR B0E PpMYB10.1
(2202 , 330 1T (2 30 76 €0 A 0 6 Fds 15 25 A 6 IR 1)
RiL, A FHR A KSR R AL O S M2
e,
23 EHMER

AR B R A B B AR L, 5
TSI DA TR B DIAE G o SR S b st v A o
T2 T T T W R N B2 R E A A P AR T
B DBRIEAFAERNE AR, AR RFLSE T
of A SR S FE AR R W — AN EE BT T, E R LU 2 )
T SR S R A ) EE R AR T R RE RO 0
BT T REWE 7K R Tl A o 2 R A TG T R R A
1B HAK LeSUT4 23K W) 2 W% 73 R R B 1) B g
DA77, {H ST R AR 22 0% A 4 IR - DU i A %
RIB . AW TE R B NAC 5 5 N 7 5 AE SR SE
PG o B AR R A AR . 7R AR BT
T, FaNAC035 FFRIs , ¢ i3 88 B 76 B Sk
AR IR R, TEFE 4 T T I B SR A A
TE 55 #AI 5 P 2 8] A7 7E 72 7 1K NAC B2 1K RD26
(responsive to desiccation 26) , £ 5 52 pl 20 2 H %
BRI RIS F0E R A A R R IR AE O
Ti[m R
24 FHEUEVHERK

RIS R E RGNS TR &
ey Lakid NN NN N SN =Y IR A/
(& RS AR 88 HA TR R AL G P 4 R
TE TR SR R B AR SRR R TE 7 R A )
TP K AR I B LR 3R W R I B SRR AR
WEW 51 B4R £ 4 A L Foh 45 B A% 3%, 8] I T
KB TEUF IR S B ZERRRIBIE 70 R B K 7
PpNAC1 AE 8 4% 4% & 1k e 251k S W00 & . fe
BB R I, i % E PpNACT o] DIARE HEk 5 sz 4%
KA AW (B)-2- CIwEE RN (Z)-3- Ol B B i A4
-3 AR Wi TR I RR 82 (18 3) M FLAiT AR 18 R Wi =4,
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Ui W PpNACT AE R 75 i 7 R I8 8% 7 A= SR Si2 AU AH 5
ERMAH VLY & = EZAERY. Ak, Pp-
NAC1 t1 7] L5 PpNAC2 #H BAE R BE 210 &)
AR, AR, B Sk R 7 FaNACO035 762 il 5 7
AP A=) G R PR AR . AaNAC2.
AaNAC3 . AaNAC4 7E B PRApE Bk 5 52 Bl g 72
TR G T AR R . R SRR
Bl &% B AANACG6 F1 AANACT 2 35 A Ak ol 30t
FEHE R H AT
25 S5RILRAHMTRE

P F S i v FE R, DENAC1/3/5/6/7/13/16 %
15 U, AT AR AR A AR SR A i TR R ke A
FHES0, AE M A A 24 it #2 R, CitNAC62 il Cit-
WRKY 1 7] LA BAE F 0 CitAco3 1 )3 81, (e it
FFIE , AT PR S A TR IR 2 &

3 NAC T S AR LH]

3.1 NACEBEEMERSSHMEREFE
3ALESSH R %

3.1.1 NAC #-h R £ aypsl  Lrydh =
BT HH 4 BB 2H BORN 25 8 (1) A8 Ak 5 B 1), B AR SRR
VAR SRR DA B SR e b p PERE A % L £ 4 R A
UL R IR VAU R P21 2 3 X 25 A ot 1 B
JIC AT IR AR A, 4 B Y P 5 B 25
Forb g e [ fig g 5 = IR G S E AT . £
B B g RS A FR R I FeNAC T 5 3R 2L fi#
fiff (pectate lyase, PL) 3 [Kl FcPL W) )5 &) F 45 & 5
WO FLAE S5, YT RSB G A i) 4 e SRR AR
e, 78 R AL B 2E T, FaNAC035 38 3 412 33F - B
i (p-xylosidase , XYL) % [K] FaXYL3 . 3 ik 24 i
M (pectate lyase, PL) & [Kl FaPL3-4. N V) -1,4-7%
% W % (endo- 1,4- beta- glucanase, GH9B) &
FaGH9BI5+ ¥ it & 1 (expansin, EXP) %
FaEXPI1-3\ 3 i H HE 6 B (pectin methylesterase,
PME) % [} FaPME39. [ $i 461 > FL 4% £ 11 (arabi-
no galactan-proteins, AGPs) 3 [X| FadGPs % 41 i)
BE [ 5 B G R R 1) R IE , 2 5 R IR S
AR () 4%

3.12 NAC#rhAR%E&H Emmd ERIHEOTT
i1, 3 % 1% MANAC52 18 1 36 3% 5 MdMYB9 . Md-
MYBI1 ¥ 3 )+ FH HAE F AR 3 R 4 2R 7E 6
TR B, MANACS2 38 W] LAY MALAR J5 3 T 45 &

R L RIE W 3 R AL T R A R TELLE
i, MdANAC42 ] 5 MAMYBI10 A BEAE ], L % ik
MANAC42 664 3 MdCHS . MdCHI.MdF3H .MdD-
FRMdANS 1 MAUFGT 4§ 45 ¥ 5 R 1) 22 325 1111 38 Jin
AT RSN, Fob R HR bR
MANACY J5 & 1 B & B 55 K] MAFLS %% s 7K1 il
B LS B R T 3 P SR I MANACY 18
IS MAFLS 332 1F [ 18 1 2 i i

BL (BLOOD) 7t Ifil #k 5 5 & & Ji& Bl it 55 Pp-
NAC1 J¥ B 1) 7 5 — AR B0E PoMYBI0.1 3R 1%,
PR E AR AL €8 A= W A A A5 1 45 1 TR 3R 1A,
1 LeNAC13 fg i 35 B {6 8 A W A ikl ¢
K LeCHS1/2 LeCHI LcF3H LcF3’ H+ LeDFR Al
5 B SN 1 3 Bl LeMYBI () 3k, 10 # B b
RIMYB j% & LcRIMYBI1 1] 5 LeNAC13 & B4 2
A ELAE FH IF I B 6 bl DR 2Rk i 0 A
= 5 A R, BiAG 1 VeNACO072 1] 45 &
MYB % 3% K T AtPAP] J8 ) T 3 80% H %k, £
T it R ak VeNACO72 AT LA 3 AtPAPT J AtD-
FRAtANS FIE T IR A6 (L AL R 0 2 38 ik b1,
7R VeNACO72 £ s SR Sk p IE W16 O O AR R
[RIBLA

FARJNCpNACT W S5 G 2R HEE =AD& ROR
PR R )\ AL 2 L AN 2/4 (phytoene desatu-
rase 2/4) CpPDS2/4 JE Zl [ NAC 255 AL s 7, 2
R MBI b =AW E B I H
T, R T CpPDS2/4 4, i3t — B 5Tk KB Cp-
NACT 7] LLE I WOE T E 25 i S B B -]
N2 LM AIEE (C-carotene desaturase) CpZDS - F i
21 2 I L I -e (lycopene cyclase-e) CpLCY-e Fl # 3

N 2 2 1L -b (carotene hydroxylase-b) CpCHY-b ]

FIE R B AN AL AW ESE R
SEH, FerNAC22 B IS i S8 M 3RV E L
AR = A G RE R 1 )3 B0 T, S FE T A 4K B-
1L (lycopene f-cyclase) FerLCYBIB-THE N &
B AL 2 (B-carotene Hydroxylase 2) FerBCH2 F19-)lii
A - N RN A B 5 (9-cis-epoxycarot-
enoid dioxygenases 5) FcrNCEDS , 7E M i F1 75 i 7
P 2R i ik FerNAC22 R s 2 i g s &k
Y& B A 22 B DR 1) R 08 DR E 3 AR R T
Bk FerNAC22 W35 40 435 0, R W FerNAC22 18
IEBOESEAE N AR IR AR OB SR DR (1) R i b Al
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TR B,
3.1.3 NACH"WREHEAMRASmaIE BT
SR RS AL, B FaNACO35 W DiER G, T & &
%1 2 Ceugenol synthase 2) & K| FaEGS2 FIZR BT
F )& 4k KL K] FaEOBII . FaDOF2 ik T
W, 2 50 0 S R A6 ) 05 A T R R AR T (1 2
Yy & R B AL BE A R B (nerolidol synthase 1)
FaNESI Fix W FEIR N iH. 8 FaNAC035 75 L [A]
VR AR S AL RS B S AR B R R
FEE L IIRE. AHIE ), LIRBIERR AdNAC6 T Ad-
NAC7 W] LA 45 4 2 H BE B o 4% v p- 1 i SR g
(endo-p- mannanase , MAN) % [K] AdMAN1 A1 755 ¥z 7
I T B % B I8 5 0 & BB 1 (terpene synthase 1)
AaTPS1 [ JA )T X S HRIE , [F (2 3 BRE
Pk S S R G R R A A RN D SR I R A
AR d , AaNAC2 . AaNAC3 . AaNAC4 A 45 &
it ) A B 1 (terpene synthase 1) AaTPS1 JA & ¥ 1
e E FL Rk, M 75 H AR R R, A NAC 45 & 47
R AR ACNAC2. AcNAC3. AcNAC4 A fE 5
AcTPS1 A3 T 456, FEME KA E WA & %z
BH, 33 5] N 12 bp B NAC 1% 00 45 & X 38 7] AR
X AcTPS1 Ja 8 ¥ B BOEEH , i — P48 75 NAC #%
SRR LR Bk R et 2 R 4 B 5 kB TR
FSCFRI LA

Bk PONACT 83 B #4561 R VERR R A i 5
PG £ I Bt AL % 2 B (alcohol acyltransferases,
AATs) 3 [Kl PpAATI 1 )5 2+ 3k e 220 17 1 425 1
B E W B, 15 Te 0 SIAATI FAZARAE MR it %
ik PpDNACI 7] UMK & SIAATI 113255 Fe bl 30 SR sz %
RAEBRIEIMITE L, 7346, SR o PpNACT 1 [R5 2 4]
MANACS ()& A REIE L 45 & MdAATI 45 2 1%
TEHRIE W R YERR R A B 5ol T 7L
RIN, 1k Rk PpNACT 7] LAE 3E Bk S sS4 R PEA G
W) (B)-2- U B AN (Z)-3- CUI BE B AT A -3 I i
P U PR IR (182 3) S HAT AL ¥ R = A gk — 2B 1
SEIGIE B PpNACT ] DAZE 6 0 R IR (18:3) A i J: [l
PpFAD3-1 3 3 H B HRIE , i B PpNACI {E
15 IR Rl 6 7 A SR S U AR S HE R A LA A
o AR, HAh, PpNACT 7] LL 5 PpNAC2
TE R — R AR, J5 & AT DLEs & PpAATI )G 8 T30
L2 O
3.1.4 NAC# "R EBAF R R GGHLE FiR

S DKNACT AAURT DL e 2 A 380 Bt 3 5 Bt
3 FE R 298 N K F DRERF9 W3k , i8] LS
Fili SR 55 P I 2 G ¥R I8 2 (pyruvate decarboxylase) 2
DKPDC2 1) 3 3% , M1 1 43 Al S 552 1) B 7
DENAC13 M1 DENAC16 7] VL3 5 25 & Jli i72 AH 5% 3 A
DKPDC?2 (¥ 3% [N T DKERF9 F1 7, Jii & ¥ (alco-
hol dehydrogenase) & Kl DkADH1 ] 8- X 3k -3
TG IS, TR a2 AT R S i 7

A FaNACO35 [ T IE#E R SL b &< &
St TR T U R 2 S A R A TR ST FE M )
R, F 1 15 B 5 B (sucrose synthase 1) FaSUS FlljiE
B 1% PR A A B (sucrose phosphate synthase) FaSPS1
[18) 232K T A1 7 RS SIS 5 SO P e AR B b R

AR,
32 NACEEFEZEHEZEEYERNESESEMW

TR E 0 RS2 R R RS PR 0 7 2 AN AT ke
[, 1M £, 9% A1 ABA (abscisic acid , ABA) # A A2 i
25 B SR BAZ DR, S TE TR R A 7R L st e
AL B B VE H T R R R AR Y SR Sl 5 ABA
A% (HBRK B2 10T 9T 3 W) R SE G e 2 R A
PEIER A B 50 7% B BIE 9T 45 R 78 ABA £
TR B A0 B BT L AE 2R 3R PR i v 4
IR AE P ST AE R BE A X NAC ¥ 5% K 10T 7%
IABTERN , V2 IR IINAC I 2 5 L)@
ABA WG BUFIE 5 5 g A, 72 P45 B S sl
REHEBMIEM
32,1 B CHBIIAE LM R EE R
BCARE DR, R 10 £ 0 PT DA RV 2 4 i A
A R AE PR AR R RSt 3 AR K B
WHARWINAC ¥ 72 5 LIG LD & AN LA
5 S A 78 R S B b ke A B AR
F o AnZ5ECUHE SR I MANAC7 RERS B 5 2 0%k
W& R IE 4% K 7 MAERF3 J& 3l X 3k 45 & 5%
T H K, UL MANAC47 7] LGl LAk 5
5RREMIRE. 7547 (Golden Delicious) 3 H
T MANAC2 7] GBI i N LA A1 5 R LA iUk
FE[H (reversion to ethylene sensitivity, RTE)MdRTE b
HWEAEH 25 CIRE S50 1 RS R,

TEFHEH , MaNACI R MaNAC2 i85 215 5
I8 B % fF MaEIL5 (ethylene insensitive 3- like
proteim) A EAE R FF T HRIA . fEJE2E0t 5 &
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I, MdNAC1 FTMANAC2 7] LA L 5 25 £ & Bl
(¥ 47 4% K ¥ MaERF 11 W8 8hF X £5 4 , ik Ho 5%
S AT 0TS MaERF11 (1) ¥ ¥ 55 K] MaACS1 Al
MaACOI WZRIE it I AE G . L0 RN
1 K -7 RTEI-HOMOLOG 1 (RTH1) & 5 512 il #
() B 2 7, AE 9 MaNAC2 1 R g4t br , 52
L A, B I, MaNACT A1 MaNAC2 7 R 8 it
IF IR — RPF TS5 T E RN

TE LRI B SR SR A 55 i R A AR L Ad-
NAC2 M AdNAC3 P LR W] DL B4 45 & LR W)
B OB 1- R AN Je - 1- R R & i (1-amino-
cyclopropane- 1- carboxylic acid synthase) J&
AdACST W) JA 3 ¥ X 38, WOk AdACST ik , {2 it
V& CIE = A M B RE5E K I, AANAC6 Fil Ad-
NAC7 0] DL B 4245 & AdACS1 F1 AdACO1 ) J5 3l F
IX 5k FE I AT R R IA Y, AT HE 20 AR A B
RSN . AdNAC2 M AANAC72 {13k 4% 205 |
W, AR IA E BT LSS & T AR &R T RIE Ji
5§ (methionine sulfoxide reductase B) & [K| AdMsrB1
JA BT EAREZEE N )R, 1 RIE AdNACT2 MY
I AdMsrB1 (323K, J0 42 i B F i 2 R (methi-
onine, Met) fll I & i ELFE AT 1A ACC B & =M &
IR O R IX 2 AR TR T NAC 7R A it
N B SR T A 42 T A Bk SR S R e e ) R AR
FHEY, Nieuwenhuizen £ 4E i A8 55 MR Bk vt 4% 31
ACNAC2/3/4 38 i 12 ] AcACSI ) 323K K1 R %
REWAFR ARG | LIRS L)E )
ARG R, A8 T 5 M SR S R U o

TE WP R AR ) B Spk i, NAC % 53¢ R -1 WE 5K %
NAP ¥ 5t K ¥ PpDNAPI .PpNAP4 .PpNAPG6 1£ 5 528
iR Rk B, JRHEREE SR AR, 2 5
b SR S A R e 5 e gl NOR'™ i FE ARALLI
Purpe.4G181700 £ 5- 34k I S pe A B R ik & AR
a1 A AR IR T — AN DU 2045 (1 DR 5 5 2% ) S s
() Rt ] A FE Y, PpNAC.AS9 fefis 45 & T &
J#i W N [K F- A16 (ethylene response factor A16)
PpERF.A16 Ja 8 T2t H3R1A , #f# i NAC-ERF {5
SRR BN T O A G R 15 T PpACST R
ACC %4k B (ACC oxidase) PpACOI ()32 iE,

78 7 AR sz, CpNAC3 7] DL Bl sk 5 Cp-
MADS4 #H HAE e R 456 T CIRE 57 3 0 08

H[K CpERF9 R CpEILS [ Ja 3 T I BiE e 113Kk
Ut BH CpNAC3 7] DL 8% 5 CpMADS4 P3[R0 £
AT 5 e 500 % T AE 2R S o 45 o R R Rk PR AR
e FERK T AL R S B #2 H , PuNAC2 F1 Pu-
NACS8 FiE /K- AE MW = U Jm 2% B AT RE 2 5
TS A R B 2 S RS S T T Pu-
NAC21 315035 N, U0 B 0] A A2 AL AR S B2 )
B R

322 iBid ABA@#IAE ABA &S5 RSN
VA28 ) EE B R, TE SR SE R AL T A R 2 LR
ORGSR RS EERERS. BT
B NAC ¥ 5 K 1 KR A ABA T 45 3 52 Rl 34 75
T E B A . 7R RS R PG FE
DUER FaNAC035 2= 1 il ABA 4= W) 4 B G 4 2
FaNCED2/3/5 1 % K 3 51 ¥4 8 4k ¥ (zeaxanthin ep-
oxidase) FaZEP ¥4 1% , i R 5 ABA & = kb , [A]
M ABAGSHGENKEAWAERENES , EO
S5 A R B B AE SR, 3R B FaNACO035 i i i $%
ABA BV & RAVE 57 35 5 B RS A 1)
@, Zhu 55 PUAE R R ARG R BRAS T — AN H
CrNACO036 7 fm 218 5] 2 1 ABA Sk 2k RAZAK,
CrNACO036 1] UL H # 8 5 CrMYB68 H.1F 45 &
CrNCEDS J& #) 7 X 48 3f # ] H £ &, ¥ 9
CrNACO036 7% #1 1i] ABA F 22 F 1 $2 b A ik 240 72
HORFERRRRAE FH

323 HtbsE BT LM ABA, T SERT FUIE B
FoAth 0 2 AE J S G FE bt B EEE R NAC
L2 5K RN A G R E 5 ST, 5
TS R AT P 5 . TE R AR R I FE H UUER Fa-
NACO35 J& , SHERKEMZ A A MG S S
(R AH DG 2 R Rk 2. 35 2 5, Ui W FaNACO035 W] e
HiEd A K EMZ G S ERES S R R AR

g,

4 520 NAC FE R R IE K 2= 5P

4.1 MNZK ABAFHEES

Zhang %557 182 /N3 B NAC JE R R ik tH 13
ANE SRS AR KR Y B B A 22 e R R SRR
PERIE W R, Hod MANAC1a 1 MANACT78 115
TE R I it 0k 2 v 52 31 205 1) P A 1-MCP 1155
S, M MANAC2/26/41/57/80/91/119/141 W) 4% 2. )%
WAL, S 5 OIRW7= AEl  — 2, U NAC
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e s DR AT AR IR I S MR A AR AR I L 2
SRR B MBS R R . O AR BB I
WA RE R AR A R MaNACI A MaNAC2 3R 15,
H5 oI R 3G IR FF— 3, MaNAC2 J3 3 1
TE LI A B2 5 80  UESEH 2 C M5 3, LisEY
EFERAL P RAT ZIHmEE, RIAE 104
MaNACs 2 H ik B, Ho o MaNAC016/083/094/
095 B RE S A b e 205 5 2 B, T MaNAC094
BN 72 A FE LIRS 5 B 3 00 K 1Y) % B 1 45 A
T, AR FTER H 1E (methyl jasmonate , MeJA) 1]
AR [ 0 58 AR 20 5ok 6 R B A bk e 2 15 52, [
5% 5 AdNAC2 F1 AdNAC3 335, ] ABA kb Bk
B SEJS , PpNACI PpPNAC4 PDNACG6 ( SC ik 1 #k Jy
PpNAPIPpNAP4PpNAPG6) F ik /K- Ft i » S SL A
2 N4, 5" PpNACI.PpNAC4.PpNACG it

Wi . ABA S 5, 2 5 B S A B x-SR it
I ABA IE 0] LS ARAE 3F FaNACO035 (3235 , 3k 1 1
I ABA £ & R FeNACT 7878 F) 55 SRS Rl
AR RIA N, KB 3775+ & ABAFIAE
K255 2 PR I S B T, R W] FeNACT ]
REMI M. ABA S5 ER 5 55 5 RS A 5,

VF H A5 ST R B0 R A R S Bl 2 S B  Fa-
NACS6 Fik sy, a3+ IX & H ABA IR
B VEKE . CEEHEm BT 1% R R IE
IKFRZX RS, YO 2 A B 9% Fa-
NAC56 5 FRE FE S R B R
4.2 ZEIHEFRKFEEIFEHE

FFE 1, RING E3 3% #: 1§ XA21 45 & & A 3
(MaXB3) 1] LA 5 MaNAC2.MaACS1 1 MaACO1 #H
HAEA, JEIELZ R E LS LB, W 754 5%
BN B 5 7K A 205 2R WG RN i R S, A
7 4 S SIORI R Aot v ks AN S YR s R A MaXB3, il
PLAM ] 200 B A i IR R Sl 3, IE s T
MaXB3 (75 Fl . [A i MaXB3 B & MaNAC1 F
MaNAC2 ] R H AR R, I 52 B e AT B e %
) . MaXB3 Al MaNAC1.MaNAC2.MaACS1 Fll
MaACO1 £ £ T B A B 15 0 15 LI 1 22 )2
U B, 1F 78 R B AANAC6 Fl AANACT %% 5%
JE B% miR164 51 7] [, X — B RIS AL T IR 5 5
()T i I 52 200 30 ), V40 i 5E A2 20 b B, Ad-
NAC6 A AANACT 7 4H i 1248 i ot &5 5341
AdNAC6 Al AANACT A PATE i [7) 5 — 5 A4 B 5

TR, RIEMMAZ e L. SR, miR164 [AF1E
2x[H 1k AANAC6 A1 AANACT #E N4 k% , 7 S:30E
T AEYR R F o 3X PP miR164-NAC # 5% 5 /K T
BRRRT AT R HE A B HE H4
S s IR S K R R G A oY, Ak, Thae
BRI A A AR JE AR T O B B S 1B 1 )
—ANEENLH], E A B T, MaNAC42 7658 4L e~
B 5 S AR O A R BRI R B T4
MaNAC42 H ) =R A2 FE DNA 46/ )
G SRt PR R B, T AR 2 BRI KL 5 g B 7T DUAEE Ji)
MaNAC42, fEA 4L T~ , MaMsrB2 7] PLE 18 5
AL MaNAC42 F: 1k 2 H DNA 2456 fe /7, iX L fiff
G5 RAR R T — N K& MaMsrB2 £ S ) 5 55
#E R F MaNAC42 [ AR S5 15 LIS 72 1
B SR B B9, BL-PpNACT S — BAR A S
TS T M 3 5 5 T PpSPL1 (SQUAMOSA pro-
moter-binding-like 1) BT #1 #i] , BH 3 T ¥ ¥ by 55
PpMYBI10.1 [P35 , NIt B 16 685 1A B, T 7E
KRB G, PpSPLI 3% T, BL-PpNACI 5798 — %
A B SR WO ¥ 1 T R 5 TR AT BB & bHLH-WDA40
BRI EE R, B 58, PoMYB10.1 (155 5% , T
Rt e et B ™. bR T il o, R W
AL 5oy BT R B, Bk SR 52 A (8], PpNACT FH
PpAAT1 FRL 3G N5 R AL AL i H3K4me3 13
A 5%, 16 AR B 3L 52 v U %2 31 PpNACT
PpAAT1 £ si I 40 1 % 4 & [ 45 id hyper-
H3K27me3 , {H1E AR R L f , 7 1 R st
15 R B AR AL 7E R 5 NAC 36 K R TE AR 5 118 Kk
PEBE G B R ST HLA] S
4.3 MR IEREFRIEEHME

KFEH MpSNACE7 e i 8 5 i 25 A1 41
TS5 it , ik 5 2R 18 MpSNACG7 1155 i K] 7 2 iy
Faox I e Ry i AN B A, 3 — 2B A0 R 30 Mp-
SNAC67 1] DA ¥ & i 4% 2 B& ff 2 5 PAO- like
(Pheophorbide-a-oxygenase , it 85 M S 2 a 12U
HCAR-like(hydroxymethyl chlorophyll-a-reduc-
tase, & H JE M-S 2 IR - NYC/NOL-like (Chloro-
phyll-b-reductase, ' 4% 3 b ik Ji7 [ ) LA K2 ORSI-like
(PR, TE ) 8 45 I 35 I B AR A SR s )
FerNAC22 B5 3/K AR LG BG4 0 355 3, JRbE
RSP AT R IA LA™, (E3E RGN, Md-
NACS2 %2615 3Rk 1, I B2 a6 0 15 4
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(light-regulator) [1] MdHY5 & [n] 177 % Y615 5 H
N, 3E— 25 1 9260 B MdHYS 7] PL4E & MANACS?2
J& Bl F A I G-box s 3 AE F Je A, 18 3 Ok Md-
NACS2 A 3 it 2 5% (1. 1@ 1d RNA-Seq
A Sz} 5 & PCR 73 #7 , PPNAC61/70/172/176/23 7]
R 5 LiE S FPRRLME AN, & ERE
o AR 25 2F T DL A MaNAC67-like [ 352 , $]
FLXF B-VE W) g I K] MaBAMG 1ol 195 71 5% 03 Tk TR ifg i
MaSEX4 5 SR 5618 1A MaMEXT e ¥y W fif < 4t
fifg 58 [R] (1) % S BOTE N O 0 15 5 #5 5 R 7 MaEBF 1
(EIN3 binding F-box- D I AH T AEH , B T 2E 2 #
RS, AERT R SR I AR, DENAC1/3/5/
6/7/13/16 RESE W . CO, b 3 1 3R 1A 1, i 2k 5 5k

Hﬁ‘ﬁ {Jjﬂ [38~40] .
5 R4iEREH

NAC ¥ 53¢ K1 F& A v fie KB e s PR 7 50k
o B RRE GRIK R S D e CAE L AE )
IS B HIR RS € . NAC sk I FEM A A K
HE FHE AR AR A5 DR SR SR B R A
AR ORI R AR E . B IARSy TAEY)
FHORM E K NAC 5N TERLKE MK
Ao i B AR Th B E #7452 45 78 ,NAC 5 MYB. 4
Wi - ABA HH 2 s DR W13 [ A P S R 425 190 5% i
JRE A Y5 A0 B 8545 5 A R S G AR A R O
Mo fEX T NAC ¥ 5 K 7 KA DI BE B 5 2 BAk oy
T, R 4 KA [F) 5 S50 5 D RE A 7E
R A Rtk — P RN 9T, NAC 3 1) 4% (A
T 2 T IEREAR I R S SR IR A2 . AR
(BT 58— J7 THL A BT NAC #5252 SR S
FSC AR i R T AT R 2 AL IR N B R 5
— J7 10 i A% HA) R % AR (] R R [m] S R A
(clustered regularly interspaced short palindromic re-
peats, CRISPR)/CRISPR # 5 &5 1 9(Cas9) 5 K 2H 4
HMEAMI A mEAERUK, DR ED H
RE R B R T R S SRR SRR Hh SR e
TR SI it 5t SR B AR ) e R T e K] o R R v
P NAC B R 1% /K ~F 8 NAC B 1 14 AT n 5 3
Xof SRS BRI it J5T T S PR R 4% E AR ORIt AT B 15
FIEZ RN . W TR A FH o R R SR SE i
AR R > 7 B T75, LAAE B SR il i R
F AR ANEEAL B 77 TH] B 58 U8 S (¥ HE Al o
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