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HIJECRISPR/Cas93E R g £ R, HARAAS . (il
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WS S 7EF FHCRISPR/Cas9 5L H ik £ A, 1%t
KA AL AN B [ Zm Tms S3E R E A 7 1]
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ML oK A28 RKNSSSSCR K AWRHE T3 RHE A
BRONTD). FRAKFRL: CPBI KL P i 4R A (A S 2
FEEIORATE).

1.2 ZmTms5HFgaiaim s il

VEAE 2 H7: FH phytozome%i & /% (https://phyto-
zome-next.jgi.doe.gov) A K /K FF TMS5(GenBank:
0s02g0214300)7F F K ARG g R IE A, -]
MEGAH ' X B HBEE N Clustal W, FIEEBEALA 7 ik
EPENeighbor-Joining, HH S Bootstrap Method
500, HAhZ Kk IRINE. CRISPR-PHE S HIM: fii ]
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(Target)-R(5'-CTAAAACTTGGCGGTCAAGAGACT-
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¥, [FEAI 5% sgRNA (target)-F(5'-CGCAAGTCT-
CTTGACCGCCAAGTTTTAGAGCTAGAAATAG-
CAAG-3")HlsgRNA-R(5-CGTAGACTACACATCGA-
GATCAAGCTGCACCGACTCGGTGCCAC-3")¥ 14
sgRNA. K Overlapping PCR /5 {244 8 Zm Trms SH¥E ] 1
sgRNAFKIA & #lkisdz, FIHIHind TR A UG
(R0104V, New England Biolabs)EJCPBEIIA, 1 HiLk
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EMINE-SISE e it e SN

2.2 FEPIGEERZm Tms S5 RATENR BRI K 5 %€
EKZmTms 5K H 64~ FFIS5A & FHI AR,

3181


https://www.cma.gov.cn/

M4 F LB O200557TH F70% £19H

b
® R AER®HE B 90| EAZ09530 Oryza sativa
\\“ 9 | XP 015612382.1 Ory=a sativa
\/, ® Q N\,{ 100 | L EEE69928 Ory=a sativa
a\" e /4
- B3 \'a ACG47847 Zea mays
¥ " 100 ONMS5787 Zea mays
BEAER BEABAR

97' PWZ14349 Zea mays

=8 Z
= e XP 015625738.1 Ory=a sativa f\

’ | ’ ’\y f oo | [ AQKS9305 Zea mays @
\ ":f/ ) ’\"/ = PWZ29729 Zea mays
\.f// ‘\’ ) )

,\\, —~ R 99
\/
’: X \/ I AV
-«xv’, \\/f j} \}//" 92— PWZ17793 Zea mays
\ ~\L N\ ONM40452 Zea mays
BEABR MEAR R, .20 100 |:XPO]5651426.1 Oryza sativa
(c)
LB NLS NLS SgRNAGcanaTCTCTTEACCECCAATCE RB
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Bl 1 SRR T 2 R R 5 ¥ D Zim Tms SO AR AR . (2) FRIBHOAN T R BRI S AAF I — R M R B, B (R
BT, BEATREATEWRE, HTATREG, T mlrE T, BEATREEAT, HTAscHFh. (b) TR S5KREEEUR T HEH Tmss
E AT RE RN, A a =M, KFGOsTmss; LLABRIE, EKZmTmss. (¢) MM EFPRIDE GRS 58 CRISPR/Cask A8 Zm Tms 53
KA. Bar, HUBRFEFIIER; Cas9, SpCas9; DsRed, ZLE 56 LB, T-DNAZM YL NLS(7), SV40 NLS; NLS(/A), #5E {55 ; Pro35S, 1y
BICAMV35S)5 8F; ProLTP2, K2 R 2 R4S S 5 31 ProU6, ZmU6-2 Pol 1A 3F; ProUbi, ZmUbils 31F; RB, T-DNAZT 1% sgRNA,
[ FRNA, $[0] ZmTms55EH; T, T-NOS IEF

Figure 1 Application of thermo-sensitive male sterile hybrid seed production in maize and construction of the editing vector for the target gene
ZmTms5. (a) Schematic diagram of the principle of dual-purpose use of one line for the propagation of thermo-sensitive male sterile lines and hybrid
seed production in maize. Upper part: In a low-temperature environment, the male fertility of the thermo-sensitive male sterile line is restored, which is
used for the propagation of the sterile line; Lower part: In a high-temperature environment, the thermo-sensitive male sterile line is male sterile, which is
used for hybrid seed production. (b) Analysis of the genetic relationship of the protein sequences of the thermo-sensitive male sterile genes 7ms5 in
maize and rice. Red triangle, rice OsTms5; Red circle, maize ZmTms5. (c) The constructed CRISPR/Cas precise editing expression vector of ZmTms5
containing the grain fluorescence reporting system. Bar, Herbicide resistance gene; Cas9, SpCas9; DsRed, red fluorescent protein; LB, left border of T-
DNA; NLS (Right), SV40 NLS; NLS (Left), nuclear localization signal; Pro35S, enhanced CAMV35S promoter; ProLTP2, specific promoter of hordein
in barley endosperm; ProU6, ZmU6-2 Pol 11l promoter; ProUbi, ZmUbi promoter; RB, right border of T-DNA; sgRNA, guide RNA, targeting the
ZmTmsS5 gene; T, T-NOS terminator

P "OLTP2>| DsRed |TH Pr0355} Bar |TH]

G — K N 302aa I ERLIREE. S T HIEEZm Tms 5

SFOLRAZT0RR, B e ASIKAL, 3514 (~1 bp,

FeH g AR, ASBFSEH H CRISPR-P T H -7 1 I
LGRS — AN LTSS -GCAAGTCTCT-
TGACCGCCAATGG-3'{F A CRISPR/Cas93 K 45 T
1, P CRISPR-Cas93E [ 4 2R (51 1(c)). il FT
AL FIBR R T 0k, 345 1 2240 JL N g kA Bt X T,
AR JEE DR 44 48 A R A A 7 R DR ARG ) R e B DR i 43 3
ZERFRW, 22K T CEE R G b ek v i R34 Ry e
FER PHE (E12(a)). FE IR % B, CRISPR/Cas913
ZmTms SR G () RASIH R 91%, Hrhaais o
AR3RE, IR RAZEAL, Rl fE+1 bpAI-20 bpPiFl;
HA GBI, AL IR RARSARL, Bi(wt, +1 bp); XL
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+1bp). (+1bp, —14bp). (-2bp, +1bp). (+1 bp,
C-T). (+1bp, —11 bp)FI(+1 bp, —6 bp); KA 4k, {1
PRI, I H(WT, +1bp, +23 bp)I(WT,
~1bp, +1 bp); RAEERAL2ER(EI2(b)).

2.3 L BIYEZmems s A bR 58S IR %

BEE 22 MR Tof UHE A S B A ORHEE AR i (K] Zm Tims 558
AR N FE IRV, FRATTEFETSS5(-C, +AZRBRE),
T93(+G, +G4li{3%E7E), T103(-20 bp, —20 bpZli £ 2E4F)
VES T ASOPPRE, IRk 10 5 PR el AR 1 53 R4 753
Br. SCEGZEESEH, T85, T93 M T103 =R &4
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(b)

To RTHA HERT Bar ZmTms5 ERE

T8s 1 bp, +1 bp (TS + s — R
T93 +1bp, +1bp AR + /\

T95 -2 bp, +1 bp ENITRE + SgRNAZLSXE  paM

To9 +1 bp, -11 bp TEELZeTS + WT ACGCAAGTCTCTTGACCGCCAATGGAGACGCCA
T103 -20 bp, -20 bp ST + T85 ACGCAAGTCTCTTGACCG-CAATGGAGACGCCA
T107 -1 bp, +1 bp WERIZZT + ACGCAAGTCTCTTGACCGACAATGGAGACGCC
T112  WT, +1bp, +23bp e + T93 ACGCAAGTCTCTTGACCGCGCAATGGAGACGCC
T116  WT, -1 bp, +1 bp WA - ACGCAAGTCTCTTGACCGCGCAATGGAGACGCC
T123 WT, +1 bp e By7RTs + T95 ACGCAAGTCTCTTGACCGCACAATGGAGACGCC
T124 WT, WT Fge2s + ACGCAAGTCTCTTGACCGC--ATGGAGACGCCA
T129 WT, +1 bp pETIT + T99 ACGCAAGTCTCTTGACCGCTCAATGGAGACGCC
T131 WT, WT TFoI=3E + ACGCAAGTCTCTT--=—======= GAGACGCCA
T138 -1 bp, +1 bp WENRT + T103 ACGCA---=-——————————m—mm o AGACGCC
T142 WT, +1 bp RERE + ACGCA-—-—=======—=————— AGACGCC
T145 -1 bp, +1 bp WEAIRT + T154 ACGCAAGTCTCTTGACCGCGCAATGGAGACGCC
T146 -1 bp, +1 bp WENRE # ACGCAAGTCTCTTGACC-—-——- GGAGACGCCA
T148 +1bp, +1 bp HERT + T156 ACGCAAGTCTCTTGACCGCACAATGGAGACGCC
T154 +1 bp, -6 bp WENRE + AECORAGT sremmmisaiin TAATGAC
T156 +1bp, -14 bp WEAIRZE + T157 ACGCAAGTCTCTTGACCGCGCAATGGAGACGCC
T157 +1 bp, C-T TRENIREE + ACGCAAGTCTCTTGACCGTCAATGGAGACGCCA
T159 WT, -1 bp, +1 bp wa +
T160 WT, -1 bp, +1 bp REE +

Bl 2 CRISPR/CastiifEZi Zmms 558 B IR BINEE . (a) 22T oL R i B8 Zmoms 59 I AR I G A ST R e BE PRI B e . G738 e
P FRORTE B DR G B A A A B Y A BB, WTHRIRIE R R AR AL, BarkG I oINS+ 3R hy Barid 4R SRR I S BHE. (b) FRRMERE R 4
HTORRR Zmims S5 AMAR X FIDNAJF IS5, WTHEF LRI Zm Tms SIEF TR, 5 ML A B N B 2L R Zm T SO 401 sgRNA S DNAZE &
X3, T RIZ M FEEHPAM (Protospacer-adjacent-motif) /781, £L LR TFERE Rz (i B & AL Bl SR A i e, 210 3Rz B = A T ks
Figure 2 Genotyping identification of CRISPR/Cas precisely edited Zm#ms5 mutants. (a) Identification of the mutation types and transgenic positivity
of 22 T, generation gene-edited Zm#ms5 mutants. In the mutation types, “+” or “~” indicates the insertion or deletion of bases at the gene editing target
site, WT indicates that there is no change at the target site. In the Bar detection, the plus sign “+” indicates a positive result detected by the Bar test strip.
(b) Identification of the DNA sequences of the target region of the representative gene-edited T line Zm#ms5 mutant. WT represents the wild-type
ZmTms5 gene sequence. The bold blue letters are the binding region between the sgRNA of the wild-type ZmTms5 editing target and the DNA. The
underlined letters are the PAM (Protospacer-adjacent-motif) sequence. The bold red letters indicate the insertion or substitution of bases at this position,

and the red “—” indicates the deletion of bases at this position

CRISPR/Cas9%E [N 4B 84K (513(a)), HEARHAYBREL
F e R iC Bar 8 H BES = A0 1 I8 (EI3(b)), *T85.
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5 3 DR i 2R B B B MR, R AT L PR g e 2
PRI T 5 35 PR G e AT B B AR T
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FEREAR R S F 7. MRYEZ AR R FRA 1/ B
T —FR ISR T FATE RS R g T AR PR (K13 ().
i X R AN 55 S M A T AR AR R R T Barid 48
G, SEIREH, T85-2. T93-4F1T103-7 =" 41k
KK P Bardk FAEIA (K3 (d)). #F—5 i Sangeril] %}
T85-2. T93-4. T103-7x: K % dE ARl 8 45 36 A
ZmTms 557N OLHEAT b, S5, T85-258 A8
SHPAM 73 bphh—MHsFECHELIC, F [RI Ry 44 2545

T93-457F R NPAM |73 bplh— P HFEGHR A, FE
R A G 24F; T103-7RZ5 KA 7EsgRNAZE A X
WALFT 20 bpAYBRBEER IS, FER T R4l A 5848 (K13 (e)).

2.4 JEPIGRERZmims S5 RARHRBUEEAS 550

Ly

R T VA BE R G Zmtms S5 AE ARA BIAEAS ] 8
AN RMEE AT R, AU RIS T8S-2, T93-4
K T103-7 =LK g B AR HZm Tms 5 R A 466
FRAFHIGEALRALRL, 43 BRI AR B e R A5 T 3
TTFPAE, JEEATRHRERE B 1R, 451K, 7E(RiR
T, XTHRZHKNSS85, T85-2, T93-4 X T103-75848
TR BHEREAE 25518, L2 K/NSIERIEH, HALZ N
BB IEH TR, BRI K/ NS, FF AT gL g
WA, RUIEH A F IEH (K4(). ML R 7 4L
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T85
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(c) e — —_— -
B} BURH 8% RN =he RN

6TCcTCCAlr T6 6C GG TCAAGAGACTTGCGTCATCTTCCC

THAR wWT PAM SORNAZE ST,
= ) R Aap \
Ll : A A
G\CTCC,TTG‘CGGT(? AGAGACTTGCGTCATCTTCCC
T93-4 T85-2
e il
o AN WA W IWAAANY
GTCTCC YG(\,GG\'(‘, GAGACTTGCGTC CTTCCC
T93-4
WT (+1bp) Y /\/ i ok i 4
AN WA WA
GTC f'[ GCGTCATCTTCCC
T103-7

2000 | s A

Bl 3 SRR A SRS (A e S LR I Zmems 5 BARRASIRBITR L. (a) ToRPRHESER M3 PCRAGIN. M:2K DNA Marker; BUfz: A5
50 BE DK SR A TR, WT: B A TR IKZH. (b) Tolk REEFHED 53 Baril AR AR, XTHR: BarfG R PRV bR, WT: BPA AR, C: Bidss; T:
L. (c) TR FLLATOEHRE REIPET FORPRL L0 OO CRIAPR R B FUVERPAIAR I 4 Cas9+; TCTGIIRFRLA e 22 IR B AR AR 10
K Cas9— POLPAKSHIA T N 510~540 nmif k06, BB TAFXFOLIT(LUYOR-3415RG, Bk AR A BRA ], diE). (d) SRR BT
T ¥k R Baril AWK BIE. X B2y Barke LD BHIEAR bR, CHBUEL: TR, (¢) FeIERBINET MR 22 Zm Tms 52 4 1 Sanger Il P %€ . 21
EREFRIC I CCANPAMIT S, £160 TF RIZ B G sgRNARE 5 45 & X3 206 = MIE WIEZALE B A ISR, A EMERRICNCHIZNLE K
HIACHIFEA

Figure 3 Identification of positive transformants of the gene editing vector and screening of transgenic negative Zmtms5 target mutants. (a) PCR
detection of transgenic components in T, materials. M: 2K DNA Marker; Plasmid: the gene editing vector plasmid used in this experiment; WT: wild-
type genome. (b) Detection of transgenic components in T, lines using Bar test strips. Control: Bar transgenic positive plants; WT: wild-type materials;
C: quality control line; T: detection line. (c) Sorting of T, generation seeds based on the seed red fluorescence reporting system. Seeds with red
fluorescence are transgenic positive seeds, marked as Cas9+; Seeds without fluorescence are transgenic negative seeds, marked as Cas9—. The
fluorescence wavelength parameters are adjusted to an excitation light of 510-540 nm, and the detection device is a handheld fluorescent lamp
(LUYOR-3415RG, Shanghai Luyor Instrument Co., Ltd., China). (d) Verification of Bar test strip detection of transgenic negative T, lines. The control
group is Bar transgenic positive plants; C is the quality control line; T is the detection line. (¢) Identification of the ZmTms35 editing target site of transgenic
negative T lines by Sanger sequencing. CCA marked in the red box is the PAM sequence; red underline is the binding region of the gene editing sgRNA
target site; red triangle indicates the deletion of bases at this position; C marked in the red box indicates the insertion of one C at this position
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Figure 4 Identification of the thermo-sensitive male sterile phenotype of gene-edited Zm#ms5 mutant materials. (a) Identification of the fertility of
male flowers and pollen under low-temperature and high-temperature conditions. Left figure: Microscopic observation of the morphology of tassels,
anthers, and pollen stained with iodine under low-temperature conditions; right figure: microscopic observation of the morphology of tassels, anthers,
and pollen stained with iodine under high-temperature conditions; stereo microscope (MSHOT MZX100, Guangzhou Mshot Optoelectronic Technology
Co., Ltd., China). The observation parameter for anthers is 10x1 magnification, and the observation parameter for pollen is 10x3 magnification. DAT:
Day average temperature, recording the daily average temperature from the tetrad stage to the mature pollen development stage. (b) Statistics of pollen
viability under low-temperature and high-temperature conditions. The data in the blue histogram represents the percentage of fertile pollen in the
materials at a low temperature of 23°C to the total pollen; the data in the light red histogram represents the percentage of fertile pollen in the materials at
a high temperature of 29°C to the total pollen. * P<0.05, ** P<0.01. (c) Statistics of plant height data at the R stage under low-temperature and high-
temperature conditions. At the R, stage, it is the tasselling and silking stage of maize. (d) Statistics of ear height data at the R, stage under low-
temperature and high-temperature conditions
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Figure 5 Identification of the thermo-sensitive fertility phenotypes of Zmtms5 mutants in ecological regions with different latitudes and altitudes in the
main maize-producing areas across China. (a) Data of the test sites, altitudes, longitudes and latitudes, temperature recording time, and daily average
temperature. The unit of altitude is meter; temperature recording time: the daily average temperature from the tetrad stage to the mature pollen
development stage; DAT: day average temperature represents the daily average temperature. (b) Thermo-sensitive fertility phenotypes in representative
ecological regions such as high latitude (Heihe), high altitude (Qujing), and mid-latitude (Luoyang)
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Figure 6 Suitable regions for parental line propagation and hybrid seed production in the application of gene-edited Zmtms5 mutants for hybrid seed
production. Statistics of the pollen fertility of Zm#ms5 mutant materials in regions with different longitudes, latitudes, and altitudes across China.
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Hybrid maize production currently faces challenges from labor-intensive emasculation methods and genetic limitations of
cytoplasmic male sterility (CMS). Thermosensitive genic male sterile (TGMS) systems offer a promising alternative but
remain underexplored in maize. Building on rice 7ms5 mechanisms where RNase 75" regulates temperature-dependent
fertility via UB 49 mRNA processing, we employed CRISPR/Cas9 to engineer a maize TGMS line by targeting ZmTms5
(GRMZM2G126050), its functional homolog.

A CRISPR/Cas9 vector targeting exon 1 of ZmTms5 was constructed in inbred line KN5585. T, transformants were
screened via PCR, Bar protein detection, and seed fluorescence markers. Transgene-free T mutants were isolated through
fluorescence sorting and validated by sequencing. Phenotypic evaluations included anther morphology, pollen viability (I,-
KI staining), and field trials across 14 Chinese maize zones.

The main research results are as follows: (1) Efficient gene editing. Among 22 Ty lines, 91% carried indels at ZmTmsS5.
Three transgene-free mutants (T85-2: —1G, T93-4: +1G, T103-7: —20 bp) with frameshift mutations were obtained. (2)
Temperature-dependent fertility. At 23°C, mutants (T85-2, T93-4, and T103-7) exhibited normal anther extrusion. At 29°C,
complete male sterility with shriveled anthers and aborted pollen, while maintaining WT plant architecture. (3) Ecological
adaptability. Northern regions (Heihe: 23°C) and high-altitude areas (Qujing: 22°C) supported fertility. Central-southern
zones (Luoyang: 28°C) induced sterility, ideal for hybrid seed production. Extreme heat regions (Turpan Basin: 34°C)
caused partial sterility even in WT, suggesting genotype-environment interactions.

This study establishes the first CRISPR-derived maize TGMS system, overcoming CMS limitations while demonstrating
superior ecological adaptability. Our Zmtms5 mutants mirror rice 7ms5 molecular mechanisms but exhibit field-based
fertility transitions at 25-28°C, contrasting with Li et al.’s controlled-environment thresholds (24°C/32°C). Regional
suitability maps provide actionable insights: cooler northern/western areas (e.g., Heihe) enable sterile-line propagation,
while warmer southern regions (e.g., Luoyang) facilitate efficient hybrid production. Notably, genetic background
influenced sterility patterns in Nanjing and Turpan, underscoring the need for local germplasm optimization. The
transgene-free strategy aligns with biosafety regulations, offering a scalable solution for two-line hybrid systems.

By bridging rice TGMS knowledge with CRISPR precision, this work delivers an environmentally resilient male sterility
system for maize. The technology reduces hybrid seed production costs compared to manual emasculation while
eliminating CMS-associated disease risks. Future efforts will refine temperature thresholds across diverse genetic
backgrounds and integrate this system into commercial breeding pipelines.

maize, hybrid seed production, gene editing, ZmTms5, temperature-sensitive male sterility
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