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Identification and functional analysis of low temperature responsive genes
ZmNTLI and ZmNTL)5 in maize

GAO Yuan' ', WANG Yu-Qi"", JIANG Jia-Ning, ZHAO Jian-Xiong, WANG Xue-He-Yuan, WANG Hao-Yu,
ZHANG Rui-Jia, XU Jing-Yu, and HE Lin®

Heilongjiang Bayi Agricultural University, Daqing 163319, Heilongjiang, China

Abstract: Low temperature is one of the major abiotic stresses limiting maize yield in Northeast China. Membrane-bound NAC
transcription factors play important roles in plant stress responses. Investigating their function provides a theoretical basis for
breeding maize with enhanced cold tolerance. In this study, the molecular characteristics of nine maize N7L genes were analyzed
using bioinformatics approaches. Analysis of publicly available RNA-seq data revealed that six of these genes were significantly
upregulated by low temperature stress in both roots and leaves. Among them, ZmNTLI and ZmNTLS5, which share 80.04% se-
quence homology, were selected for further study. A double knockout mutant (zmnt/izmntl5) was generated using gene-editing
techniques. Under low temperature stress, the ion leakage rate in the leaves of zmntllzmntl5 was significantly higher than in the
wild-type B104. The fresh and dry weights of both aboveground and belowground tissues, as well as chlorophyll content, were
significantly lower in zmntl/1zmntl5 compared to B104. In contrast, zmntl1zmntl5 exhibited significantly higher levels of O,  and
H,0,, while the activities of antioxidant enzymes GST, SOD, POD, and CAT were significantly reduced. Furthermore, the expres-
sion levels of ZmGST24, ZmNCED3, ZmDREB1.6, and ZmDREB2A were markedly decreased in zmntl1zmntl5 compared to B104
under cold stress. In summary, the absence of ZmNTLI and ZmNTL5 compromises cold tolerance in maize, suggesting that both
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genes function as positive regulators in the cold stress response. This study provides a valuable theoretical foundation and genetic

resources for the improvement of cold-tolerant maize varieties and the development of new cultivars.
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Table 1 Primers used in this study
IR/ B2 5l YEH
Primer name Sequence (5'-3") Function
pCPB-Cas9-F GACGGCCAGTGCCAAGCTTGCTGTTTTTGTTAGCCCCATCG K H Vector construction
pCPB-Cas9-R CTAGCTCTAAAACAATCCTGGTGGCAGGTGCATAATTCGGTGCTTGC E A Vector construction
ZmNTLI-F CTTCTGCATTTCTAGGCATGATTG ¥ Sequencing
ZmNTLI-R CCGTCTATCTGCCTATGATTCTCAA M Sequencing
ZmNTLS5-F CTCGGGTGCTGTGTTTCTGTTTG ¥ Sequencing
ZmNTL5-R GAGGATACAGATTGACAGGCATCACTT ¥ Sequencing
ZmUbi-F TGGTTGTGGCTTCGTTGGTT SEHT 25 | PCR gRT-PCR
ZmUbi-R GCTGCAGAAGAGTTTTGGGTACA SE 286 E 2 PCR qRT-PCR
ZmGST24-F CCGGAGTGCACCTGATAGC SE %86 2 2 PCR qRT-PCR
ZmGST24-R TGACCCACGACTTGTACCTC SEMF 9% 2 & PCR qRT-PCR
ZmNCED3-F CCGAGGAAAGCGGACGG ST J6 2 H PCR qRT-PCR
ZmNCED3-R CGTAGACCCCGTCGATGAAG ST J6 2 # PCR qRT-PCR
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Primer name Sequence (5'-3") Function

ZmDREBI.6-F TTGAGGTGGATGTGTTCGGC SE %86 E 2 PCR qRT-PCR
ZmDREBI.6-R CCACAGCTCCATCTCACCAG SLRF 96 2 7 PCR qRT-PCR
ZmDREB2A-F ATCACTCGGACATCGCATCC SERF 96 RE i PCR qRT-PCR
ZmDREB2A-R AGATACCAGGGCTGTCCCAT SERF 96 7E 7t PCR qRT-PCR

ZmGST24 3£ ID: GRMZM2G032856, ZmNCED3 3£ ID: GRMZM2G014392, ZmDREBI.6 35 1ID: GRMZM2G175856, ZmDREB2A
A ID: GRMZM2G006745,
ZmGST24 gene ID: GRMZM2G032856. ZmNCED3 gene ID: GRMZM2G014392. ZmDREB1.6 gene ID: GRMZM2G175856. ZmDREB2A
gene ID: GRMZM2G006745.

2 HR5HH

2.1 ZmNTLs 95 FHERERRTRIEEX S

EKREFLFHILA 9 & ZmNTLs, 534 T 35,
4575, 85, 95H 10 S MAkEk 2), XLk
NTLs B & HFHKEN 313~709 aa; o F &N

HM 2 D5 7 DAZEE 1-A). MEME J3 47 %5 5|

34.83~77.98 kD; & HL i (pI) H 4.53~9.62 . (U
ZmNTLS A Afi 35 K 8 1 (3 2).

FEREEH A 7R, FoK NTLs B[ 9 S0 540

&2 ZmNTLs ZERBUMERESFKIT
Table 2 Physicochemical properties of ZmNTLs genes

10 MRSFIEF (motif). FTA I EA motif 1 5
motif 2, HH 7 & &F motif 1~motif 4 (& 1-B)., &
FES 25 K T 52 7, ZmNTLS 75 4 BRI, HAY A b
BB BRI (A 1-C)

Rk ot Wos, KR A 6 4% ZmNTLs

FER(ZmNTL1/3/4/5/7/9FEM th ZARIRE S B % L

FiE(log,FC>2), H 5 45 ZmNTLs TEAR T 2 ARIE 5

L 2R S 1D P GRE S AT HEHRKEZ oy hE PG AE A
Gene Gene ID Chromosomal Protein length Molecular weight Theoretical isoelectric
name location (aa) (kD) point

ZmNTL1 GRMZM2G064541 3 517 57.50 5.49

ZmNTL2 GRMZM2G125777 4 665 71.82 4.53

ZmNTL3 GRMZM2G113950 4 657 71.98 4.62

ZmNTL4 GRMZM2G004531 7 709 77.98 4.67

ZmNTLS GRMZM2G167492 8 518 57.33 5.52

ZmNTL6 GRMZM2G163914 9 612 66.81 5.58

ZmNTL7 GRMZM2G003715 10 664 73.61 4.81

ZmNTL8 GRMZM2G158204 8 313 34.83 9.62

ZmNTL9 AC196475.3_FG005 4 633 70.66 4.90

3t R 4 2 | - 5H 1] -y

j;(:engeﬁr x%i% H E%Pﬁ?% H Ginzj;ﬁv&i:z:iof logzﬁjﬁ]](l)f Ilelaovgest fnder lc;z(gz{l[I&({ZJ%01:1'"E r(l)iiljl(rjlder
name Instability index Fatty acid index hydropathicity low temperature low temperature

ZmNTL1 49.37 70.60 —0.641 5.19 4.83

ZmNTL2 36.98 74.56 —0.365 -1.00 0.79

ZmNTL3 43.32 67.32 —-0.530 2.19 1.47

ZmNTL4 46.98 68.27 —0.508 2.25 2.06

ZmNTLS 49.92 68.40 —0.607 3.32 2.56

ZmNTL6 49.88 79.07 —0.408 -1.21 0.62

ZmNTL7 47.62 67.12 —0.602 4.05 3.50

ZmNTL8 27.62 99.36 0.257 - -

ZmNTL9 56.17 65.94 -0.772 2.93 3.35
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Fig. 1 Molecular characterization and expression patterns of ZmNTLs gene under low temperature stress

A: ZmNTLs [R5 . B: ZmNTLs E@%%’L%r‘ C: ZmNTLs & (¥ BB . D: ZmNTLs 7EARIR MM E TR XREX . E: NTLs (1
PR FR M. SIBNER 7 AR IT NTLs, WA 5 KR8 NTLs, TREIAER 9 DT K NTLs, LLRBIFUR 1 /& NTL,

A: gene structures of ZmNTLs. B: conservative motifs of ZmNTLs. C: prediction of ZmNTLs protein transmembrane domain. D: expression
patterns of ZmNTLs under low temperature stress. E: phylogenetic relationship of N7Ls. Green circles represent 7 NTLs from Arabidopsis
thaliana, blue circles represent 5 NTLs from rice, yellow circles represent 9 N7Ls from maize, red circle represents 1 N7L from wheat.
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2.2 EK zmntllzmndl5 B EHE)

YT ZmNTLI 5 ZmNTLS5 H. K56 Z FERLH, —
FEMMIPER S 80.04%, H —F LR T Risfi=
FRL(E 1-D~E, &l 2-A), 3T CRISPR-Cas9 A%
1% 2 256 R AT H0 45 (target), #4722 %] pCPB-Cas9

LR G AR . B EZH LR R A A B104 oK
AL Z, $LBUDNA, P8 ZmNTL1 5 ZmNTLS5 B804

X35, Sanger WP AN, BEHC 3 A~ EA M 37 i 44
B4l zmntl1zmntls RAZRRZR, 509444 SQ1.SQ2

1 SQ3, T IRLL NI gERT5E (Bl 2-B~E).
2.3 EX ZmNTLI # ZmNTLS5 E{XE T HIIhRE
xR

VL B104 XIIR, FIH zmntllzmntls 582 RWF5T
ZmNTLI M ZmNTL5 FEfRIR N ADIGE. IERAK &
R, zmntllzmntl5 2875 R0 B104 H A R 1ER
B ERILESE SR, 4CIRIRALEE 72 h, KE EIR
Ki9% 48 h5, ML B104 ¥R R, zmntllzmntl5 58751k

ZmNTL1 NEVLRDVHLPPGFGFHPSDI ELVSHYLKRKI LGOKI EYDLI PEVEI YKHEPWDLP AKCNLPI KENKVWHFF ASRCRKYPTGSRSNRATLAGYWKS TGKDRAT KLNKLTLGTKKTLVFHEGR 120
ZmNTLS5 MEVLRDVHLPPGFGFHPSDTELVSHYLKRKI LGQKI EYDPI PEVEI YKHEPWDLP AKCNLPI ECNKVHFF ASRCRKYP TGSRSNRATLAGYWKS TGKDRAI KLKKRTLGTKKTLVFHEGR 120

ZmNTL1 PPSGRRTEW NHEYYI DENGCKVS PLCVKECAF VI.CRVTKRNCVWS LENENEVGNRS SHLECPTAATS. VVSTVKPELVAAS VI CPEESNHATTPI GS AELSNDVAGAAI TPAAI TPDSTTPN 239

ZmNTLS5 PPSGRRTEVI NHEYYI DENECKVSPCNVKCAF VLCRVTKRSCVELEN. . EVGNRYPHLECLLCAAAAS VASTVKPECAVATVI CPEESNRAATP VGSCELSNDVGQEPI T. . . .

ZmNTL1 GGNELETWLCELLEDPSPPENLVADTGS ACVCPTEOYAESSNLCNPGSNVAPNI RPGHASPT CDGTDATDYLF TDELPECLYSMLYPGTDOFNDST FLEOTGOEG

PDSSPPN 233

NNNCTRYMVGE GSY - 356

ZmNTL5 GGKELEVVMLEELLLCPSPSFNLVADTRSACVSLTDQYAESSNLCNPGS VSRNI GPGHASPI GCGTDATDYLLTDELPECLYSMLYPGTDQF YCSMFLEQAGQEGI AFPTNCAYYMVGMESY 353

ZmNTL1 VLPNNFENETPNAELOLDHENNKVENSNENNDTGI TI RRRRATAPPANI SLAAGKT KNMCVGI KRVVTSNSEST NCTNVKFTDNSGRRLDLRT. CVEHCKKNANNVI S AKCSCAANHEAHSN - 475
ZmNTL5 ALPTNLN. GTLNAELQSDQENNTTNLANGNTDTGVTI QSRRATTSPANI SLAAGKI KMCVGI NRVVTSSS VST NCTVRF TONS GRRLDLKTCCVEHCKKTTNS AT SAKGSRAANPEGHSS 472

ZmNTL1 OGYLEGFK. . . RCSSAGFRAYI FVALFVVG. VAALVLHYHRSNAN 516
ZmNTL5 QGYLKGFKNTFRCSSAGFKAYI SFAFF VVGVAAAAVLHHHRS CAN 517
B
Target NOS LB
+ TN B TR -
gRNA
C 5" ATGCACCTGCCACCAGGATT 1GG-3'
' PAM
Target
T
ZmNTLI 5 —
0kb 1 kb 3 kb 4kb 2kb 3 kb 7 kb 8 kb 9 kb
5’-.ATGCACCTGCCACCAGGAT:F'I‘(i(}-3'
T PAM
Target
]
ZmNTLS5 3
0kb 0.5 kb 1.0 kb 1.5kb 2.0 kb 2.5kb
Legend:
CDS wsa Upstream/downstream - Intron
D ZmnrLI Target AN E ZmNTLs Target oAM
1 1
gRNA 5-ATGCACCTGCCACCAGGATTTGG-3 gRNA 5-ATGCACCTGCCACCAGGATTTGG-3'
WT 5'-GCGTGATATGCACCTGCCACCAGGATTTGGATTCCA-3' WT 5'-GCGTGATATGCACCTGCCACCAGGATTTGGATTCCA-3'

SQI(-1) 5.GCGTGATATGCACCTGCCACCAG . ATTTGGATTCCA-3'
SQ2 (+1) 5-GCGTGATATGCACCTGCCACCAGGAATTTGGATTCCA-3'
SQ3 (1) 5-GCGTGATATGCACCTGCCACCAGG . TTTGGATTCCA-3'

2 zmntllzmntl5 BT R RE9E)H)

Fig. 2 Generation of zmntlIzmntl5 mutant materials

SQI (+1) 5.GCGTGATATGCACCTGCCACCAGGTATTTGGATTCCA-3'
SQ2 (+1) 5-GCGTGATATGCACCTGCCACCAGGAATTTGGATTCCA-3'
SQ3 (-1) 5-GCGTGATATGCACCTGCCACCAG . ATTTGGATTCCA-3'

A: ZmNTL1 Y5 ZmNTL5 & /75 L%, B: pCPB-Cas9 HAHFH AR EIE . C: ZmNTLI 55 ZmNTLS (3G % 1T, D, B JER AR

A} v 9 AR A (5 PR R A B L X

A: protein sequence alignment of ZmNTL1 and ZmNTLS5. B: schematic diagram of the pCPB-Cas9 recombinant vector. C: common target
design of ZmNTL1 and ZmNTLS5. D, E: alignment of mutant allele sequences in gene knockout materials.
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Fig.3 Effect of ZmNTLI and ZmNTLS5 knockouts on maize tolerance to low temperature

A: MRIEMNAT zmntllzmntls RASARPFA, B~E: (KIEWHA T zmntllzmntls 878K Fip@b /5 . i it &/ +E2 k., F,G:
MRIRIE T zmntllzmntls AR B FBBRAN RG22, FRRA 10 cm, **, P<0.01; ***, P<0.001.

A: phenotype of zmntllzmntl5 mutant under low temperature stress. B-E: changes of aboveground fresh weight/dry weight and underground
fresh weight/dry weight of zmnt/lzmntl5 mutant under low temperature stress. F, G: changes of ion leakage rate and chlorophyll content of
zmntl1zmntl5 mutant under low temperature stress. Scale bar: 10 cm. **, P <0.01; *** P <0.001.
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Fig. 4 Effects of ZmNTLI and ZmNTLS5 knockouts on the antioxidant defense system of maize under low temperature stress

A~D: KIRIPNE T zmntllzmntl5 57E K1 GST ., CAT, POD FI SOD M 284K . E, F: zmntllzmntl5 <78 K11 DAB Hl NBT ¢4, G, H: it
W zmntllzmnals S5 02 1 H0, S RAE(L ., *, P <0.05; **, P<0.01,

A-D: changes of GST, CAT, POD, and SOD activity of zmntll1zmntl5 mutant under low temperature stress. E, F: DAB and NBT staining of
zmntllzmntl5 mutants. G, H: changes of O," and H,O, contents in zmntl//zmntl5 mutant under low temperature stress. *, P < 0.05; **, P <0.01.
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Fig.5 Effects of ZmNTL1 and ZmNTLS5 knockouts on stress-related gene expression under low temperature stress

A~D: REWNA T zmntllzmntls 7R ZmGST24, ZmNCED3 . ZmDREBI.6 I ZmDREB2A WX Fih K FAE(L . **, P < 0.01; ***,
P <0.001,

A-D: relative expression levels of ZmGST24, ZmNCED3, ZmDREBI.6, and ZmDREB2A in the zmntllzmntl5 mutant under low temperature
stress. **, P <0.01; *** P <0.001.
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