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Effect of the ZANAC2 Gene on Freeze Tolerance and Agronomic Traits of Wheat
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Abstract: NAC transcription factors are pivotal in regulating plant growth, development, and stress
responses. This study aims to investigate the role of the TaNAC2 gene in wheat’s adaptation to low-
temperature stress and its growth development. To achieve this, we developed TaNAC2 gene overex-
pression and gene-edited lines using Fielder as the transformation recipient. Subsequently, we evalua-
ted cold stress tolerance, growth development, and agronomic traits in both controlled incubator and
greenhouse. The results showed that after 10 hours of low-temperature stress treatment at —5 C,
compared to Fielder, the relative expression level of TaNACZ2 genes in the T, overexpression lines
OES8, OE11, and OE14 was significantly increased(P<C0. 01), while relative conductivity was signifi-
cantly reduced(P <C0. 05); seedling survival rates increased and frost damage indices decreased, but
neither showed significant differences. In the T,-generation gene-edited line GE45(aabbdd) , the rela-

tive expression level of the TaNAC2 gene was significantly reduced(P<C0. 05) ; seedling survival rate
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decreased, and relative conductivity and frost injury index increased, but none of these showed signifi-
cant differences; in GE91(aaBBDD), the relative expression level of the TaNACZ2 gene, relative con-
ductivity, seedling survival rate, and frost injury index were all similar to Fielder. Under greenhouse
pot conditions, compared with Fielder, except that the days from sowing to heading of OE1l were
significantly reduced(P<C0. 05), there were no significant differences in plant height, tiller number,
and spikelet number of OE8, OE14, GE45, and GE91. In summary, the TaNACZ gene positively
regulates wheat's tolerance to low-temperature stress, but has no obvious effect on agronomic traits.

Keywords: Triticum aestivum L. ; TaNACZ2; Low temperature stress; Agronomic traits; Gene over

expression; Gene editing
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Table 1 Primers used in this study and their purposes

519 J¥ %1 ik
Primer Sequence(5'—3") Purpose
Actin-F ATGGAAGCTGCTGGAATCCAT GRT-PCR {9 1 47
ActinR CCTTGCTCATACGGTCAGCAATAC The internal standard of qRT-PCR
NAC2-RT-F GACGACATCCAGAGCATGTACA TaNAC2 FERAE T 32 8444 M F i R ik
TaNACZ gene expression in
NAC2-RT-R AAGAGGGAGGAGTAGAGCAG Zhongmai 8444 leaves

TaNAC2-CDS-F
TaNAC2-CDS-R
TaNAC2-F
TaNAC2-R
TaNAC2-5AF
TaNAC2-5AR
TaNAC2-5BF
TaNAC2-5BR
TaNAC2-5DF
TaNAC2-5DR
TaNAC2-RT2-F
TaNAC2-RT2-R
TaNAC2-RT45-F
TaNAC2-RT45-R
TaNAC2-RT91-F1

TTTGGAGAGAACACGGGGGACTATGCCGGCGGTGAGGAGGAG
AACGATCGGGGAAATTCGAGCTTTAGAACGGGGCCGGCATGC

TTTAGCCCTGCCTTCATACGCT
GTGGCCATCATCTCCTGGTG
CAGCTTTCTACAGACGGACA
GAGGCGATACTCATGCATGA
CGACTAACAAATCAGCGGAC
TTAACCCCCTTAGGCGCCTT
CAACTCTCTTCCAAGTTTCGA
ACCATGTCCGACGCGGCGTG
GGACCTCAGCTACGATGACA
GAGACGGGGCGAGGCGAAGA
CGACCTCTACCGCTTCGAC
TGAAGAAGTACCACTCGCGG
CTGCCGGCTCTACAACAAGA

TaNAC2 3:H ) CDS ¥ 34
CDS amplification of the
TaNAC2 gene

TaNAC2 % W i R 15 5 AU 18
Screening of TaNACZ2-OE offspring

TaNAC2-5A 3R %4 ) A 28
Screening of gene-edited progeny

of TaNAC2-5A
TaNAC2-5B 3 [H 4 58 )5 4% 07 &

Screening of gene-edited progeny

of TaNAC2-5B
TaNAC2-5D 3 [X 4 48 )i A% 0 1k

Screening of gene-edited progeny

of TaNAC2-5D

TaNAC2 33 35 J5 R B R 3k
Expression of TaNACZ in
TaNACZ2-OE offspring

TaNAC2 % 5 X 5 K R 15
Expression of TaNACZ in
TaNAC2-GE offspring

TaNAC2-RT91-R1

GGCTCCATCATCGTCTCCTC

(2) AH G HL S 3R 00 2 . I I B 38 45 RS A 4
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i FERRVRIE) . A1 R AR ERRECTE T .

Rps=(Nps/N1)X100%
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Rps Nps Nt o Fy 43 548 47 15 5 A7 15 bR
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GE By T, CH Bl Fh bl 76 AL AP, B > M8} 15
BB MR ORISR E R A WEARKEM
JERIE L LED TV ZE 16 h, SR 8 hs i
JESR 15~25 °C. WA ic 2k 32 25 1 S B T bk
AT BER R RERL B PEAR .
1.3 HEHH

FIH Excel 2019 #F47 %4 45 43 #7, JH SPSS-
AU ST ¢ KR53

2 HREAMN

2.1 {KiEBME T/NELHEINACZ EEMFRIE
FIH qRT-PCR # U — 5 °C % 7 W 38 4b PR f5
w3 8444 SNE I TaNAC2 KeH ik K F, 453
(L 3) B, B 25 KR ol 38 B[R] 79 S <, /N2 40
HTaNAC2 FER ik & B W m . FEMa 1.6 A
12 h i, TaNAC2 ZE P F IR E 8 0 h e i 3%
A=
2.2 TaNAC2? HERMERFEFHIEF R IFE
Pl TaNAC2-F/TaNAC2-R K5 ¥y i+ PCR
PR I TaNAC2-OE #9 T, ~ T, 1%, 458 W
Ty ACBA kR 2~7.9~12.14~16 SR Y
B 5 PR BN — By S5 B U R B —
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IKIKAF 45 Fielder W 3 FEAIK (P <<0. 05) , 7 1% 44
Fielder B I, AR X H 52 58 R 3 46 %00t (HL AR
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PR AH X 22 38 7K 7 A X L S 38 A7 00 30 R o s A
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3
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Fig.3 Expression of TaNAC2 gene in wheat

seedlings uder low-temperature stress
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M: 2 000 bp marker; 1. Bk (BHPEXTRE) 52~16. TaNAC2-OE 9 T, ARk,
M: 2 000 bp marker; 1: Plasmid (positive control); 2—16: T, plants of TaNACZ2-OE.

B 4 TaNAC2 EEIRIZERE PCR &
Fig.4 PCR detection of TaNAC2 overexpression plants

ATG TAA
TaNAC2 — ‘ |
AAAA Target site
A: 5 .. TTCGGCACCCGCGAGTGEHTACTTCTTCACCCCCCGCGAC.. 3
Fielder  B: 5' _TTCGGCACCCGCGAGTGGTACTTCTTCACCCCGCGCGAC..3
D: 5 ..TTCGGCACCCGCGAGTGHTACTTCTTCACCC CGCGCGAC...3
A: S TTCGGCACCCGCGATGTGGTACTTCTTCACCCCCCGOGAC.3 +1bp
TuNAC2-GE4 <0G HOTRCIACTICTTCACLULLLAIGD :
”Naa%bd?l > B s TTCGGCACCCGCGAAGTGGTACTTCTTCACCCCGCGCGAC..3 . +1bp
D: 5 ..TTCGGCACCCGCGAAGTGGTACTTCTTCACCCCGCGCGAC..3 ' +1bp
A: 5" ..TTCGGCACCCGCGAG - - STACTTCTTCACCCCCCGCGAC...3 ~2bp
T“NAgé"%E” B: 5 ..TTCGGCACCCGCGAGTGGTACTTCTTCACCCCGCGCGAC...3
2 D: 5 .. TTCGGCACCCGCGAGTGHTACTTCTTCACCCCGCGCGAC...3 !
Fielder, TaNAC2-GFA5  TANAC2-GE91 Mk 2 Y40 p7 588 A AT (A F AR AR sgRNA JF 51, B IDHLAR SR BRIEAR A, 28 0 R 2R AR SRR B

Target mutation types of Fielder, TaNAC2-GE45, and TaNAC2-GE91 lines. Red fonts indicate the sgRNA sequence, black bold in-

dicates base insertions, and black dashed line indicates base deletions.

Bl 5 TaNAC2 ERHREERREERRERARHBRRTXE
Fig. 5 TaNAC2 gene editing targets and types of mutations in gene-edited lines
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Table 2 Low-temperature tolerance index of 7aNAC2 transgenic and gene-edited lines

of TaNAC2 )
Fielder 1.00+0.07 80.29+3.99 21.00+12. 37 94, 69+3.09
OES8 10.61+1.58** 68.59+7.07" 34.38+4.42 91.41+1.10
OE11 7.70+0.65* " 59.15+8.35" 51.20+7.14 87.20+1.78
OE14 5.704+0.43** 70.79+3.26" 41.67+23.57 89.58+5. 89
GE45 0.66+0.20" 84.50+3.12 7.254+3.18 98.44+2.21
GE91 1.03+0.13 80.59+1.92 25.00+8. 84 93.75+2.21

#* ;P <<0.05; * x ;P <C0.01, F[.,
* . P<C0.05; % % ; P <C0.01. The same in table 3.

A

WA |

|

\
\\

/
;\" } \ /’4/
“ |

\!\ A

Fielder OES8 OE11

Fielder \_ QES8 OE11

AR AL BT s B AR IR AL S R IRKE 5 d.

OE14 (€)27: &3

OE14

GE9L

A': Before low-temperature treatment; B: Recovery at normal temperature for 5 days after low-temperature treatment.
Bo6 REMEBRTAINAC BZERMERRERRDH

Fig. 6 TaNAC2 transgenic and gene-edited lines after low-temperature stress

2.4 TaNAC2? H#ERMERFEERBARE N
KR =E

i3 3 L 7 M, TaNAC2 # 3 bk &
OE11 8y Ty AR b, #5 b 2 3l 78 K 204 Fielder
AR (P <<0.05) , BR o BEEL /DR R K
TER B Fielder WL B EMWEZ R ; TaNAC2 # 3t
HHk R OE8 . OE14 iy T, AR A, 36 Fh 2 i #E (9) K
MR A BER NV RS BRSO Fielder
WHREFEEZS; T, RTaNAC2 3 9% itk &
GE45.GE91 Y #& Fh 2 fil B K& bk & Lo BE S /1
TR BB R AR AL Fielder Y0 W Mk 25 5,

XYL TaNAC2 FEH o /k MIEHF G B & A
Xt Fielder B4R 25 MR 7= A B W 52 )
3 itig

NAC PR A N RET . 25 5HY
R o N = Al | B2 [ARREIE (Y B = 1 N &
R NE SR P A ZANAC 3 H 9 A .
I, BB NAC F 5% D 8 455/ 22 A% it A2 14 Fn
R ET BRI, X5 F w5 JE A /N 2
MEAEZENSHME.
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Table 3 Agronomic traits of TaNAC2 transgenic and gene-edited wheat lines under greenhouse growth conditions
o EETTER Vel [T 2 TR TV N R P
Material The interval fro_m _Plant Tiller number Spikelet ) Spike Kernels per spike
emergence to heading/d height/cm per plant number per spike length/cm
Fielder 60.4741. 31 71.0142.81 5.40+1. 54 14.67+1.19 8.92+0.73 38.2043.37
OE8 59.53=+1.50 72.3343.75 5.60+1.85 14.80+1.28 8.94+0.61 39.3345.52
OE11 59.25+1.68* 71.6444.57 6.25+2.33 15.38+0.93 9.06+0.63 40,0044, 83
OE14 60.00+2.42 70.54=+3. 66 5.69+1.96 13.75+2.11 8.80+1.00 36.5344.70
GE45 59.80+2.93 73.5845.16 6.40+1.70 15.47+1.09 9.35+0.53 40.5344.13
GE91 60.43+2.17 66.57+£7.57 4.7941.48 14.29+1.59 8.91+0.78 36.3847.11

Fielder

OE14 GE45 GE91

B 7 TaNACZ EEEREMEEAREHRRARE
Fig. 7 Phenotype of TaNAC2 gene-overexpressing and gene-edited lines

3.1 TRZETaNAC2 BEEAX/MNEZHHPRIET Z
4 B 5 i

NAC B EHIE Sz 2 5 48 ) 09 A% 5 i
ZYERYE . B KB, KFEONAC095 F [ IE W)
E KRG 0 TS S L 32 B PR R R A B Sk ¥ )
BEDR R R R E LR O b, o RN E W
TaNAC2-5A M3k (miscanthus lutariori parius) [
MINACS 5 AT $2 = FH AR i 2€ P00 A 5%
LFE—5 CRIEMNA T . TaNAC2 W it R ik bk
% OE8.OE11.0OE14 M77iG R T+ . Uk & 45 5%
15 5 52 X 4 4B bk R TaNAC2-GE91 B A7 1% 2 Ak
EIREHY Fielder L2211 AB.D = A FEH 4
RAZH TaNAC2-GE45 tk & A7 1% S AL, 7R F 15
Botm. X—HRE5/NERK 5T TaNACAT 1)
WFaT g R —3s , #I BT CBF (c-repeat binding
factor) % sk [+ KM i BF o8 25 S R W 2 DAk J5
fRcbfs = 73 28 (R X ¥4 Jih 30 b 3 B . AR
FKWTaNAC2 18 A B.D FE KA 4 3 A [H U5 %
DLy B v B DR ST o e (] O ) 38 4 /N 22 AR i A2 1

He 1=y

BAPE UL B R S WA AR IR T 32 . AR ST I R Ab
RIS TaNAC2 i 3 35 T3 P 4 48 bR R 109 1 0 A7
T 5 A 5 R 2 R G, X5 A /N A A
REER-F ., AW P, TaNAC2-OES8 1%
SEAKAF-(10. 61 F5) W T OE11(7. 70 £i%) . {H HAK
TAEIE 2 (34, 38 0) IR T OE11(51. 20%) , I
5 Yu UV K Mstehd RAF R H CBFs ¥ 5% A 1
() 5t S A KO- T i (BB KT 20 R B 09 4508 41
oL, B T S AR 2 BE 5 8 ) R AE ¥ I I R
ANPMEE 5 ST 45 A A R IR — P R T TaN-
AC2 553 J5 1 A L] o

AW 5 e, S R Ok 3%k R DR g R bR R Y
TaNAC2 Fik K VAEAE B 35 25 5, (A A7 15 5 R
Dide 3 o W 22 5 . X ULEH/INE vhoa] R A7 A
fls NAC 515 % b a5 40 i il 3% XF TaNAC2 (1 Bk
&K/ FR A AMERON . B Y P AE CBF 4K
S0 A AR P R T A (IR TR A S T sl . — 2t
NAC # 5 4+, I GmNAC20°% | MaNAC12+ |
PbeNAC1™" 4, 7] LUl 14 CBF-COR 15 5 2 BX ¥
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B E AR SN, OES  ,OE14 ,GE45 ,GE91 ¥k &1 L o0
BER R B R MR B 2R, U
TaNAC2 MY ERK AT RBFEEEA
IRBEHPE 5 5 AR 0 S0 R OR R 2R A R A
KIHEE &M F TaNAC2 3 R 16 FBRAR . BF 52
LKW, TaNAC2 He K X /N 22 7 2 A 256 P AR 1Y 5%
2 B LR B 0 AT A2 M G . PRI %
4 F . TaNAC2-5B 5 TaMPKKK18-3B, TaMP-
KK1.2-6B #l TaMPK2-1D JE i — 4~ MAPK
PERIH, RRUS BLTE W 5% i8 AR BE IR TaP T2 (TR PE W 1R
fiti Je K Ta A P1 FIAR 3 & AH G KL K TaPIN3 1) 3
KVRE/NETEMBERE T2 ERAR
BN, TaNAC2-5A 38 3 V8 45 6 TR 5k % 18 1 3k A
TaNRT2. 5-3B 1335 5K 52 W /N 22 41 R0 A B2 5 1Y
FUERFP 7% 10 2 T 2t &40 T, TaN-
AC2 REW 45 B TaFARS R H W5 sh PR R H 3%
ik, 25 0 2R B A R B2 w2 B R RE
H . EANTARMEZESEN T, TaNAC2 2 5 11
P /INAE Gy BEBORAR v 40 i 3 4 R AL il TaCKX
A5 P 5 T T T 265 1, S kR R o 4 ) g
WA FEAS ] 0 DR o R 3 5 7E 22 A H ] 2R
B SR $E4T TaNAC2 B K Th B 1Y 50 31F

4 i

A5 R FH Bt 35k TR 3k 3 38 R TR 2 B R
BEWFSE T TaNAC2 3 B /N 22 1% IR it 32 1 ok
ZHEARBI W, FE—5 CHAALTE 12 h iR,
rh A 8444 4 TaNAC2 e [H 23K 2 Fifi % i A
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(aabbdd) i) TaNAC2 3 P AH X} 2% 1k /K F b 2 B
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BB TE B 3% 2% 5 GE91 (aaBBDD) 1Y TaNAC2
FH RAH X 2 38 7K 7 AR H T 38 4 8 A T SRR
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