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Gene Mapping and Genetic Analysis of the Dwarf Mutant d309 in Maize
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Abstract: Plant height is one of the key factors determining yield and stability in maize. This research aims
to increase the individual yield of maize by optimizing the plant architecture. We have discovered a dwarf
mutant, d309, in the mutagenized material of the maize variety B73, which was stably inherited through
continuous selfing. Genetic analysis revealed that the phenotype of the d309 mutant is controlled by a single
recessive gene. Compared to the B73 inbred line, the 4309 mutant exhibited a significantly reduced plant height
and shortened internodes. Cytological studies indicated that the cell length between the 5th and 6th internodes of
the d309 mutant was significantly reduced. By constructing an F, population from the cross of d309 and
PH6WC and employing BSR-seq technology , the mutation site was mapped to an interval of 3.47-17.47 Mb
on chromosome 3. Further gene mapping localized the mutation site between two molecular markers, 5-4
and 5-7, within which there is only one open reading frame (Zm00001d039634) encoding gibberellin 3-oxidases
(GA30x) , which has been reported as Dwarfl. Sequencing results showed that the d309 mutant has a single
nucleotide mutation in the CDS region of the Zm00001d039634 gene, leading to an amino acid sequence change.
Protein structure prediction suggested that the mutation site is located within the Fe (1I) 20GD (iron
2-oxoglutarate dioxygenase) domain. The dwarf phenotype of the d309 mutant was observed to be rescued upon

exogenous application of gibberellins, thereby confirming d309 as a gibberellin biosynthesis-deficient mutant.
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Additionally, the d309 mutant differs from the reported DwarfI allelic mutants in its mutation mechanism,

indicating that d309 is a new allelic variant of the DwarfI gene.

Key words: maize plant height; dwarf mutant; map cloning; gibberellin synthesis
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Table 1 Primers used in this study

() PR AR bR 22 i L T R ]
1.4 d309 B fE K X E HIEEE E 54
PH6WCxd309 F, 53 2§ FE A b S 78 3] 1347 R
BREALFRAL, H CTAB L3R ELE K 4121 DNA,
PCR K% VL. 75 B & 2xEs Taq MasterMix (Dye ) Fllif;
ME#E 2 x3G Taq Master Mix for PAGE, #2751k &
Z: BN 38 B0 45 . SSR #r i 2 B Maize (GDB)
(https: //maizegdb.org/) F1 5L 40 &= BLA il , 519 &
BRI DNA Y i A T A A BRA Wl b 433
S0 8o 38 A R P B M R VKR AR S A TR IR
i 16 DX 1A) N B 2H S A, JE i i 3 InDel Fr id
(primer3: https : /bioinfo.ut.ee/primer3-0.4.0/) ik —
4i/NX ] (F21) . I F Maize (GDB) 5 4% fig % X [i1]
PWIEIR, BT SE R D RE , UEAT I R P 91 1 S 4k

ARRLR o

519 IEM P4 (5°-37) S g (57-37)

Primer Forward sequence (5°-3") Reverse sequence (5-3")
umc1425 ATAGTCAAGCAGCCAACAAAATCC CTGTAATCGCTAACGGGGTAACAT
3-14.9 GGACCTCAAACTTGTCGATAAAT CATCACCACTCAGAATGTCAGTG
1-17 CTCAAACAGCCAAGCAAGC ATCTTCTCTCCGTGCTGTGT
2-3 CACGGGCAAGTTGGAATATGA TCCGGTACTTCTCATTTCTGTT
2-35 AGATAGTGGCGTCATGAACCA CGTAAAATGGATGTTTGGGTTCA
2-44 TGTACGTGCGAGAGAGTGAG CCGTCCTCCTCAACCATCTA
4-4 ATGACCCATGGCTCGCGT CGGCGATCACATCAACGG
4-18 AAGAGCTACACAACCCGGAA CGAGTGTTACAAAGTGGAGTGT
634-1 TGGAGAGAACAGGTCGATGG CCAGTTTCGAGGGTGTTGTC
637-1 CTGCTTTACCTGCTTTGCCA CCAGCTCCCAACTTGCATTA
5-4 CGACGACTACACCAGCTTCT GACCTGCTGCTGTACCTGTA
5-7 CCGAGATAGAGCAACGCAAC CTGCCTACCTACCCAGAGTG
411 CACGCCATGTACTTCTCTGC GACCTGCTGCTGTACCTGTA
412 CGACGACTACACCAGCTTCT TGAGGATGTGGAAGAGGTCG
413 CATGCATCTCAACTGGTGGG CGGCCCGTCATCTATATCGA
414 AACTAATTCCGTTCCGCAGC TCTCCACTGCTACTCACTGC

1.5 SMNEFREZELIE

Ay SAE R ARG 6 17 FoK B A2 & B73 fll 6 175&
U IEARNK 309, HEAT IR B R WIS, AR 25 2R Wk
h50 mg/L, F 1% E 3 YR E R . B73 f1d309
43 B30 8%, A 6 T HATF U, AEIATRG 7 d EA T — IR R
TR NOHL B AR, 78 K I R A i e,
FH B RO 2 Py e T 380 e e T00 o 1 B S, 3 SR
4iit.

1.6 ®}XE=PCR(qRT-PCR)

FH primer3 &34 3 X [1] 4 3 R /1) QRT-PCR 4%
SV, IE M FS1(57-3") : TCCCTCCTTCCTTG
GTCTCTAG, % I J¥ 41 (5'-3" ) : ATAGATTACG
CACGCTGGGATT, PCR 7= #J £ &£ 150~300 bp; N
% %L 2 GAPDH, IE [1] J¥ 41 (5'-3" ) : CCCTTC
ATCACCACGGACTAC, ) [1]J741(5'-3" ) : AACCTT
CTTGGCACCACCCT. 43 #|#2 U A= 7 B73 Fl%
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M NCBI (https : //www.ncbi. nlm. nih. gov/) ¥ $i&
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1% 7741 , F| FH InterPro %54 %2 (https : //www.ebi.ac.uk/
interpro/) XJ T 45  [A] 57 41 144 T 28 1 285 4 S )
KHIMAGET T HM R G L TR, LLHLEL d309 %%
ARG TR 91 5 HAWAE Yy 51 2 18] 1 (] P54
18 1o Phyre2 *F- 5 (http : //www.sbg.bio.ic.ac.uk/phyre2 )
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T H AR LAY = 4ERER FE 8 D309 58748 X
F 25 A4 PRV E R o

2 HER55H

2.1 RELEFEMREDH

5 B73 ML, BB AL AR d309 B B 2 AE
PRRALFRAE , G145 4 46 0 22717 R vk ek i it A
At Jay LA R 3 22 1 43 BERC (T 1A\ B) o H [A) ¥k 48 35
B, B73 B9 F- 0k i 290 224 em, 1 d309 [A)F- 214k
AR 145 cm, d309 [ RE =5 AH H BT A 7 B73 8 R
T 2135% (B 1C) . HT TR PR 32202 i 1o 1)
BCE RN T BT E , RS SRR d309 PR BEAIR
YA, X B73 1 d309 828 25T 18 25775 B0 4519

C 250
200
&5 150
S5
~ g
=g
E2 100
50
0
B73 d309
E
200 r N1
N2
N3
= N4
@ 150 F N5
—~ O N6
5 N7
- g N8
@ g 100 F N9
=& N10
ip 8 N11
pli
=
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B73 d309

A B: B73 Fld309#ESI IR, F7=10 cm; C: B73 F1d309 bk tLAE, n=30, **F/RAE P<0.01 K P22 57 8%, F[F; D: B73(A)Fd309
CHOAR R T 2 Fe A, NG i 7B 58— 91, LA, B R=10 cm; E: B73 Flld309 L1515
A, B: Plants of B73 and d309 at filling stage, Bar=10 cm; C: Comparison of plant height between B73 and d309, n=30 , **: Significant
difference at P< 0.01, the same as below; D: The comparison of different internode lengths between B73 (left) and d309(right), N1 represents

the first section from the ground up,and so on ,Bar=10 cm; E:Maturity node of B73 and d309
E1 B73MRIEMR 309 HIRBSHT
Fig.1 Phenotype comparison of wild type B73 and mutant d309
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Table 2  Statistical table of partial spike segregation ratio of F, population

AT IEH KRR RALFAY ELL FUrE
Ear rows code Wild type Mutant type Segregation ratio Chi-square value
19SG-1 217 58 3:1 0.134
19SG-2 241 74 3:1 0.573
19SG-3 161 46 3:1 0.356
19SG-4 223 71 3:1 0.736
19SG-5 194 51 3:1 0.130
19SG-6 182 52 3:1 0.326
19SG-7 161 46 3:1 0.356
19SG-8 182 52 3:1 0.326
19SG-9 168 52 3:1 0.640
19SG-10 174 53 3:1 0.565

TATHIET d309xPHOWC 721 ) F | BTl

The ear rows were derived from the F, single ear produced by d309 x PH6WC

2.2 ETEMREFSILER

R T RAIRGE R W 5 AR d309 B 55 FEAR A 1k
WLPH 2, e HUA: K 6 J8 R 1 B73 A&k 2848 4 d309
(A1 ) E A 7RG i P L 2R DD RNV 43 7 o 45 R
2 s, 5 B73 ML, d309 5 5 5 [l ks ) i |, v
BEZH LA L HES S U], K /NS 25 R 5% AR
PR 2 AL RS AN H s dEAE RO
Z (K12A B) ; ZEFF A DI TR SR 45 3 /R, B73 1)
S L S5 30 1 R0 R T AR, SR T A T b 1 HE
FI(FE 2C) , TR AL AR A d309 (1) 240 i D) 522 [
T A HES B R gk (E12D) .

i — 23T R B A R AR AR d309 55 5.6 15 [
B - 25 41 it TR AR 249 R 0.0013 mm?, 0.0011 mm?, 14
W S 3 KT B73 (4R 10 Y9 [R) 44 M TR R TE R 2
B73 i /2 d309, 55 5715 (8] 9 4 B 1 AR Y R 55 6 1
] (B 2E) o WSt s 4 58 9 0 i it g B 31
A EE , BB d309 28R RINES 5.6 1 (A1 (1 F- 3
4 M BE 24920 30.17 pm  33.35 pm, B4 K F
B73, Vi /0 R EE 43 ) A 31.99% F137.78% (1K 2F)
X— &I, A B 0 4 v] RS S 3 309 Hk
A ) — B
2.3 BSR-Seq #17E{L K D309 E F B (I 52 &

FEFRPETH X F o B AR S BURE 67 7o 5

WP, MPa R G, 51 SNPESH
FER A i PR PR HILE SRR . Z55R R
JNTEB73 SN AL 3 S YLk | 3.47~17.47 Mb
(P> 0.2) A BEA — S HR U 35 1) B 06 490 28 v FR AL
ZRA AR H LR BT £ X (8] 14 Mb(J&13) .,

FETFRI OSSR AR — T R0 T
FRic N H LR . OB F AR A 552 1 1347 BRE
A TEAR RN A A 7 AR, £ Maize (GDB) I i
TR 3 B YL fA 3.47~17.47 Mb N 1Y SNP 75, A
i 51 29 X SSRARIC o L84k 2R TR s Tl e 5 Mt v ¥k 73
Br, #f € T P XF a] % SSR AR ic : umc1425 il 3-
14.9, T 35 1 16 21 () A8 3 B S A — 250, BT B i
FEH R —MARIC , b 3-14.9FR10 85 HARRLR ik
BE—H7E 3.47 Mb & 3-14.9 bR X 7] N 3 InDel i
WOA 8, T 79 X5 519, N ik £ 1-17 F12-35,
B HFRIX A1 45 /N2 3.14 Mb, £E X A N 3Lkt 53
XF5 149, -l i InDel bric 4-4 F14-18 % X [] 45 /N &
1.37 Mb., 2, FIH 634-1 F1 637-1 G X 4> FAicd
B DX (8] 45 /N 2 78.8 kb, 1% X (B A 4 5 ik SE A
Zm00001d039634.. Zm00001d039635. Zm00001d039636
FZm00001d039637, it —:id 1k 5-4 F1 5-7 Ffo sk 5L
IR 5 S0 Zm00001d039634 (1K1 4) ,iZFE K 2 4 i 44
H Dwarfl , %t Tk GA3ox & R , £ %57 Fe(11)
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20GD H1 DIOXN M MESEbfdl,, Wit g Tt Pro 25 8 Leu (K1 5A . B), i S 7E Fe(I1)20GD 454
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A —ACET i Hm L 58 A7, 2 05 2 JE R/ Dwarfl %3 A,
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A: B73ERK 6 JREEE S RIZEFARGY) AR R=250 um; B: d309/E 1K 6 IG5 S W RIZEFFRAD), AR R=250 um; C: B73 41K 6 JH 557 5 AT M1 Z5FF
I AR R=250 pm; D: d309 41K 6 JJG 5 5 WIRIZEATYT, FRR=250 pm; E: B73 Fll d309 ZEFT R VI I AR LA 5
F: B73 Flld309 ZEFPH TN BE e
A': Cross cut the 5th internode stem after 6 weeks of growth of B73, Bar=250 um; B: Cross cut the 5th internode stem after 6 weeks of growth of
d309, Bar=250 pm; C: longitudinal cutting of the 5th internode stem after 6 weeks of growth of B73, Bar=250 um; D: longitudinal cutting of the
Sth internode stem after 6 weeks of growth of d309, Bar=250 um; E: Comparison of cell area of B73 and d309 of crosscut stem;
F: Comparison of cell length between B73 and d309 of longitudinal section
2 B73FRIEK d309 HIZETT B AR AL B
Fig.2 Morphological comparison of internode cells between B73 and mutant d309

0.8t

- s oe s m

0.6F

0.4F .

KA Probability of linkage

T2 3 4 5 6 7 8 9 10

Jufti & Chromosome
B~ SNP (¥ B AR 8 225 SE R 41 (¥ 4y A bR 22 i (P>0.2)
The linkage probability of each SNP is plotted based on the physical coordinates in the reference genome (P>0.2)
3 BSR-seq M %R
Fig.3 BSR-seq analysis results
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Fig. 4 Fine mapping of the d309 on maize chromosome 3

A
1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
Zm0001d039634 EGGIIETGIIEI]GEGCI:THGTI:GTCHHEGTEEECGHCETETTEEHEHTECT[',HI:I:HHEEGIIGGTTEI:HIZHEI:GTGTFl[‘.I:HEI:EIZECEGTCGTEHHECEGGHCCTCGHEHGEHTCTCGETCEECTHCTT
B73 CGGLCGTGLCGGGECGCCTTCGTCGTCARCGTGGGCGACCTCTTCCACATCCTCACCARCGGCCGGTTCCACAGCGTETACCACCGEGCCGTCGTRAACCAGGACCTCGACAGGATCTCGCTCGGCTACTT

d309 CGECCETGCCEGGCGCCTTCGTCGTCARCGTGEGCGACCTCTTCCACATCCTCACCARCGGCCEGTTCCACAGCGTETACCACCGLGCCGTCGTGAACCEGGACCTCGACAGEATCTCGCTCGGCTACTT
Consensus CGGCCETGCCGGECGCCTTCGTCGTCAACGTGEGECRACCTCTTCCACATCC TCACCARCGGCCEGT TCCACABCGTETACCACCGLGCCRTCGTGAACCEGGACC TCRACAGEATCTCGCTCGGCTACTT

1561 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690
I

Zm0001d039634 IITEEEEI CRCCBLCGCACGCCAAGGTGOCGCCGCTECLCGAGLLCGTRCLGCCLALLLGGLCCCCCECGTACCOLGLCGTCACGTRGLLCGAGTACATEGGLGT CCGCARGAAGGCCTTCACCACCGGE
B73 CLTCRGCHCKCCRCCGCACGCCARGGTRRCGCCGETRCGCGAGGCLATRELGCCCAGLLGGGECLCCRLGTACCGLRCCGTCACGTRGCCCGAGTACATRGGCRTCCGCARGAAGGCL TTCACCACCGGE

d309 CCTCRGCATRCCGCCGCACGCCARGGTRRCGCCGCTRCGCGAGGCLRTRCLGCCCGGCCRGGCLCCCGLGTACCGCRLCGTCACGTRGCCCGAGTACATRGGCATCCGCAAGAAGGCCTTCACCACCGGE
Consensus CCTCEEC! [c§CCGCCGCACGCCARGGTEECGCCGCTECGCEAGGCLETGCLGCCCGGLLEGGLCLCCECGTACCGCECCGTCACGTEGCCCGAGTACATEGGCET CCGCARGARGGCCTTCACCACCGGL

1691 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 1810 1820
Zm0001d039634 E[Z[:TIZ[:GIIEIZTEHHEFITEETIIEIZ[:[ZT[ZG[ZIIEIZ[2G[Z[ZG[:IZEH[Z[:T[ZEH[ZEH[:GH[ZEE[ZEH[:G[Z[ZG[Z[ZET[ZGT[ZIIHTCHGEHEEHEEHEETHGTCETEICETEETHEEEEHGH[ZIIGFIT[ZI][Z[ZEEHGFI[ZTGFIT
B73 GCCTCCGCRCTCARGATGETCECLCTCRLCGCCGCCECCGACCTCEACEAL GACERCGACGCCECCETCGTCCATCRGCAGCAGCAGC TAGTCETCTCGTCGTAGCCGAGACCGATCGCCEEAGACT GAT

d309 GCCTCCGCGCTCARGATRETCGECCTCGLCGCLGCCGLCGACCTCRACGACGACGGCGRCGCCELCGTEGTCCATCAGCAGCAGCAGCTAGTCGTCTCGTCGTAGCCGAGACCGATCGCCGEAGACTGAT
Consensus GCCTCCGCGCTCARGATGGTCGCCCTCECCGCCGCCECCRACCTCGACGACGACGECGACGCCECCETCGTCCATCAGCAGCAGCAGCTAGTCGTCTCGTCGTAGCCGAGACCGATCGCCGGAGACTGAT
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A: Comparison of wild-type B73 and mutant d309 gene sequencing results; B: Structure of the DwarfI gene and mutation site d309. The dark grey
area denotes the coding sequence of the DwarfI gene, and the light grey areas represent the 5' untranslated region (5' UTR) and the 3' untranslated
region (3' UTR), respectively.The ¢ represents changes in the base sequence, while p represents changes in the amino acid sequence; C: Protein

domains where the d309 mutation site is located. The full length of this domain is composed of 308 amino acids
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Fig. 5 Prediction of gene mutation sites and protein structural domains of d309
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Fig. 6 Preliminary verification of gene function
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Fig. 7 Exogenous gibberellin treatment in B73 and d309 mutant in the field
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