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Localization and Candidate Gene Analysis of a Maize Dwarf
Mutant K718d
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('College of Agronomy, Sichuan Agricultural University, Chengdu 611130;>Sichuan Zhenghong Bio Co., Ltd., Chengdu 610213)

Abstract: In order to explore the dwarf gene and analyze the dwarfing mechanism in maize, the maize
dwarf mutant K718d, wild-type K718 and their F, segregation population were used for gene mapping by BSA
whole genome resequencing (BSA-reseq) and transcriptome sequencing (RNA-seq). Three candidate regions
with a total length of 21.03 Mb hosting 438 annotated genes were detected on chromosome 1. A total of 2374
differentially expressed genes (DEGs) were identified, including 1452 up-regulated genes and 922 down-regulated
genes. KEGG analysis showed that DEGs were mainly involved in metabolic pathways including phenylpropane
metabolism, fatty acid chain elongation and galactose metabolism. Gene function annotations showed that DEGs
were involved in cell growth, cell wall composition, and plant hormone anabolism. BSA-reseq and RNA-seq
suggested 26 candidate genes, of which 19 were found with non-synonymous mutations. Two candidate genes
Zm00001d032035 and Zm00001d032422, which are annotated with plant hormone metabolism, were obtained
based on the homologous gene function annotation, gene expression level and bioinformatics analysis. PCR
amplification and qRT-PCR analysis showed that, both genes contained the amino acid substitutions in the
coding region in K718d if compared to K718, and both showed decreased transcripts. These results provide
reference for further dwarfing gene cloning and application in maize breeding.
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1£ Maize GDB (https://www. maizegdb. org/) 2\ #i i
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il T KR B QTL A 300 24~ BRI FE R EA T
s e b B B N AR 22—, BRI EORIE AL & Rl L
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RERAZ B N 2] B 7= B FF R IRA R, e £
FEHEAR , ANFIF EOR = rT s & . I, &
P FORBEATIL N, 6 F FORF D B = B

Bt o e 3 0 Y 1 AN B & e L ik BSA-reseq
REA o AR T E AR SE R A T8 7, SRS 22
A TC W AR RE A AN (L SR 7, AR AR IR T
S56 o FhRie s SR ARV (AL B S Ik ks
SRR BESL B H 9. RNA-seq REE IR A4
INELBUR B W5 FHLEE, I 2 L DR 11 i ek 4 1L
AR . HTT, ¥ BSA-reseq Fll RNA-seq 45 &
ARSI HGERZ . Gao %5 A iz U2
FE T IEEKFE ARk Plrd, o A AE S £ &
B A& AR 1 4 F L 255 T JE Al 5 Sunggil 45204
BSA-reseq Fll RNA-seq Jk &5 20 H , #fi 8 T2 8 1
PRIE B [ AcPMST

#0005 ] SSR AR 1D K718d (1R A 2 A
B F 1 S Yk umc1278 55 ume1128 2 Ji] , 8t {4
B0 1.0cM F12.5eM S 1TASHTI brl G0 3 A
AT VA FORIBFF AR R K718d P AE Y K718 S I
F, 3 B REACH RERE, SR FH BSA 42 3L DX 21 8 0 4 R
FENLIEFFIE A A RNA-seq £ K, B Hf K718d 5
K718 25 5 iR SL I Je S I iR 4%, 454 BSA
7 BE SR T A BT, DA ARAS At L IR, 9 %o I
Hih DX HEA T oE RN FRIB AT, it — 2P A SR AL
BILTI I, FHER HE AR

1 #R5EGE
BT

TOKEFF AR KTIS AR ), 22 AR R AR IR
1S HBRAT AR KT718d, S ALY F A1 F, A, 35

1.1

DU AEZLA D ARAT BRA Rl it

2020 £E4¢, TR Y MIE AT 988 /K K718d FItEf
AAIKT718, e 168 Bk FIEEF o 202143 H  ZERFR
VMR FREA, S a2 8k A F,. [RI4E8 T TR
TRVE A, L5710k H R — A

B K718d Bz K718 15 R/ h—EL iy A5, K ih

PEATHRLRT BOTH B FHJCHR KGR, SRS TEA 1 &k
FER R IR 28 °C OB 16 h, 2AIE 8 hi53%, H
T S F 537 o
12 REFHE
1.2.1 BSAEMFENM H11K718dxK718 F, ) F,
FEAH AR ORR = 0 B LU ), AT ROTAR S . oK
e 22 0], 78 K718dxK 718 F, Ff 1A Bifi ALk B =
PRFNERR S 30 bk, $2HUDNA 230 51 5 iR & i &
3t A A, [R]ERE BBOSUCE 45 1 BR4REUDNA . #)
A Illumina Hiseq X Ten V-5 X 2 ANt A1 X% 435
JEFF 30N 10x 2 FE AT T o ik BWA Bf
b X6} 2] ok 2 2% 3L R 41 B73 RefGen v4 (fip: //fip.
ensemblgenomes. org/pub/release-32/plants/fasta/zea_mays/
dna). KM GATK3.3 Hff T HAURHE T SNPs
DN Ao Y I Y S A5 B 1 B R SNPs i i, R
F A SNP-index A7 LB HT 1),
122 BFRASH B3 HIK718d 5 K718 42k
L, FH] TRIzol Kit JEHURNA , % 20 L% A4
Py B AR By A BR S W), #  cDNA SCPE |, 31
Illumina HiSeq™2000 il )3 °F- & # 17 /¥ . Raw
reads Fidis & B4k p S RIS 2 7 41, 3145 Clean
reads, Fi| F§ HISAT2 ¥ Clean reads 5 £ K27 KL R 4H
B73 RefGen_v4 JE17 X, $BUCRE R 4 v B 05 B
AR FPKM & 4551 0 Rk i g A b AL b ™
L1 “FDR<0.01 Fl|log2 Ratio (FC, Fold Change)|>2"
YAy 1B (RO 3 22 S IR TR . o 2 S 3R BRI
11 GO hfETERE KEGG i I & #50#r .

PEHL 6 122 57 R A LA, 2 B PrimeScript 1st
Strand cDNA synthesis Kit(Takara )iz 5 &5 150 B 3 i7F
T cDNA )5 i o NS e £ K KL Actinl
(£ 1), WA Z (10 pL) : 2xTaq Pro UniversaL SYBR
qPCR Master Mix 5.0 uL, 1EJZ 514145 0.2 uL,cDNA
Rz 2.2 uL, ddH,0 2.4 uL, #E4T qQRT-PCR, 2722 )F
DT RBLD AD A e, i — 20 OB B 2 R
X} &5 B H MY Log2 (FC) 5 RNA-seq il 7 154 H 1)
Log2(FC){H.

1.2.3 (REEFEREIESHT  BSA-reseq 5 RNA-seqlk
BRI S N, 2 e BE A e 41 18158
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219, Hrhs 4 2035-1.2035-2 XY Zm00001d032035,
2422 %F W Zm00001d032422 (£ 1) . XF K718d F
K718 DNA JEA 74 18 , 3k Je Bl alifl, , 4 s iR s%

®1 51UFIIRER

b, 43wl Pkase -5 T Be R /IN— 30 B B b
J¥ , 1 DNAman A4 77 S DHEFI LU . ik i
qRT-PCR43#r[] 1.2.2,

Table 1 Sequence and use of primers

ElL/E2 S EmG %) S 1514 FIER
Primer name Forward primer Reverse primer Use of primers
Actinl TCACCCTGTGCTGCTGACCG GAACCGTGTGGCTCACACCA qRT-PCR
Zm00001d029913 TCCTTGTTGTCCTACAGCAG TTGCCGTCCTTGAAGATG qRT-PCR
Zm00001d045563 CTCGTCAACATCTCCTTCG GAAGACGGAAATCTCCAGC qRT-PCR
Zm00001d043019 ATCCGCCAGATAAGGACTG TGGGTAGGTCTTGTTCTCCC qRT-PCR
Zm00001d042953 TGTTGACGGCAAAGGTGT CACTCATCAGCAGAGGCTT qRT-PCR
Zm00001d037118 GCCAAGGAAGACGATACCT AATCAGCGACCACCTGTT qRT-PCR
Zm00001d014614 TCATCCTCTCTGGTCCAATC CAGTTCGTCTCTCAGCAAGA qRT-PCR
2035-1 TCCGCGTTCCACTCCCACAGT AGCAGAGCAGGTGCTACATCG SEkE Zm00001d032035
2035-2 GTCCTTCACCATGACAAACGTC TGTAACGTATTCACGAGGGAGG SEkE Zm00001d032035
2422 CGGTGCTACTGACGGTTGCTCTAG CACTCACTCC ATAACATAGGTC a R Zm00001d032422
Zm00001d032035 TTCAACCAGATGTTCGCC GTCCATTAGCAGTGCCTTG qRT-PCR
Zm00001d032422 ATGCTGGACAAGCTGTGGGA TCGCTGTAGAGCCAGTCGTAGA qRT-PCR

2 ZHERESWH
2.1 BSAENFEREN
211 ZXERHEESIE

®2 HRESELA
Table 2 Separation ratios of plant height

K718dxK718 [ F, B4

4o Wk RPN AT, F AL 571 0k, Hirp s AT
4338k JBFT 1380k, & R R , AT AR S 0BT AR
FRO B EL WA 3 1(362) , A K718d BB FF IR S
F g BB TR 4 ) ) TS e PR

LI SREL AR (ZARIELTS pEilal| 2
Population Total plants High plants Dwarf plants Expected rotio(H: D) Ko
K718dxK718 F, 42 42 0 — —
K718dxK718 F, 571 433 138 3:1 0.169

22(0.05,1)=3.84, x2(0.01,1)=6.63

212 MEHESRITSEX XFHAEAKTIS,
K718 LI F,BER S ATl R AP k1 5 B, GC &
HAE45.16% L |, Q303155 93% LA |, -4 bbb &

R3  FER K718d.K718 F0H N1 i ith B9 B B A Fr 3B 5 it

9 99.15% , -2 1 & 23,50, 15 B AL 5 0 TF
W(FE3),

Table 3 Summary of the sequencing data for K718d.K718 and two bulks

R b TS R GC (%) Q30(%) PR (%) TENLE 53 (%)
Sample Clean reads GC content Average depth of sequencing Mapped percent
K718 98,867,181 45.40 94.01 12 99.32
K718d 99,584,067 4521 93.70 12 99.13
BHI 276,066,479 4521 93.37 34 99.06
BDI 290,029,483 45.16 93.52 36 99.10

BHI: @ FFiR i s BD 1 AEFFIR b

BH1: High plant mixed pool; BD1: Dwarf plant mixed pool

213 REXBEREE AP RS B SNP
(BT SNP-index {H , #37F — 4% MR 15 21 /Y

SNP-index {8 #H I B J& A (SNP-index) , ¥ A (SNP-
index ) 731 10 1) SNP FIrE gL (AN B i TEIR,
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2.2.1 RNA-seq #IBEFITSEEXT X3P RIA
Y2 E R (W1, W2 W3) , 3NERFF AR R A W24 T
2 (d1.d2.d3) #4785 S5 B, Q30 Al 1 43 kb
F4 BRABURLEIISIT

Table 4 Comparative statistics of transcriptome data

1E£91.88% M VA I, GC ¥ 5 7F 52.89% M VL I, HE X
BEE M 82.05% F) 86.93% NS, F2 I 7 Joit & FAH
A TGS (F4) .,

i AT Q30 (%) GC it (%) HEX R (%)
Samples Obtained reads GC content Mapped reads
W1 20,617,779 92.41 53.82 82.33
w2 23,222,472 92.54 52.89 86.93
W3 25,358,241 91.88 53.29 82.06
d1 22,427,634 92.30 53.76 82.33
d2 22,160,781 92.34 53.99 82.05
d3 22,991,081 93.56 53.95 82.81

W1, W2, W3 BRI A e d 4 d1,d2, d3 BT R AR AR e T AT

WI1,W2,W3: Wild-type biological replicates ; d1,d2,d3: Dwarf mutant biological replicates

222 ERRIZEFEWGOEEREESH 1
K718d 5 K718 ZhZL4 4 K5 4 23741~ DEGs,

Hop FIRIER 14524, FIZER 9224, GO 43t
FW, AW E AR, E R RN T R g
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Fig.2 Statistics of GO annotation classification of differentially expressed genes
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Table 5 Pathway enrichment analysis of differentially expressed genes

Bl Sl ETiRYN qft FE A B
1D Description g-value Gene number
k000360 R BEmR L 1.78E-01 10
k000062 R R i 2.21E-01 9
k000052 L FUBHA 2.21E-01 17
k000940 HKNREY A 2.24E-01 32
k000603 HVERR B A6 K 2.40E-01 5
k000591 STV JHH R B A A 2.94E-01 5
ko00945 TORGIRS O BB ME B R N AE A K 2.94E-01 9
k000073 FUT B FRER RS 194 05 1 3.08E-01 8
k000942 WHREWE 3.08E-01 2
k000500 TERD FHREREAC 3.08E-01 32
k000950 STWERRAE WA )5 T 4.02E-01 6
k000943 B 4.02E-01 4
k000941 FEHMALE YA 4.02E-01 13
k000430 AT ER MR A TR Rl 4.02E-01 2
k004626 -5 i LA 5.28E-01 56
k000195 JeATER 5.67E-01 9
k000920 T A 5.67E-01 7
k000650 TR 5.67E-01 6
k002010 ABCH#iz 5.67E-01 12
ko04145 g 5.67E-01 13

223 ERREEENGEST N TXZEFEE
S T IR R B AZ R B 0 22 R IR B L 7R
NCBIEE E AT I REFE B, 45 SR R, 2 73R
IRENS 5 RS AW EA R, T K718d BT
BERAY A AR th 40 B T B 5 R AT SR BUAH DG 1Y 22
SRR, HEF AR K718 A1 Eb , B FF R AR A
K718d i 5 41 g A K &k B AH K1 Zm00001d037118

(MYB23) % & [H & ik & i, Zm00001d037911
(Rop3/NGTP A5G #5171 S5 3L A T 9 5 5 4 i RE 4 At
I Zm00001d029913 (41K 25 B4) S5 3L R
ki EIH, Zm00001d008266 (G %A AL Wit 24 ) S5 5L
R AR A A AR DG Zm00001d045563
(D3) &R FRIEE LH(FR6) . WM ATEES
K718d & Ak F AR G A L A, Ay 5 0 i 1 A 26 5 K]
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LRI EE Zm00001d037118 Zm00001d029913

Zm00001d014614 . Zm00001d043019 .Zm00001d045563
I Zm00001d042953 %5 6 Pl S K 2T 4

®o ERFTEERIREER

JLREZE B AR S0 IR R U ABC R ia 5805
FHIEA LR 7E K718d 5 K718 425 Hh ##f T qQRT-RCR
FERIIE, SK718HH,6 1 EH7E K718d H ik it
R AT SR T SR A et RS A —F, T
RNA-seq 45 R ATHE(K13)

Table 6 Functional annotation of differentially expressed genes

Y R s SL[7 ID
Biological process Up or down Gene ID
MK AT iR Zm00001d037118 . Zm00001d017268 .Zm00001d038338 . Zm00001d046518 . Zm00001d051269 ,
Cell growth Zm00001d052397
T Zm00001d037911 .Zm00001d047483 .Zm00001d020408
ANAfREZH AL i Zm00001d029913 . Zm00001d014614 .Zm00001d047293 .Zm00001d009152 .Zm00001d024386 .
Cell wall composition Zm00001d045048 .Zm00001d051526
T Zm00001d008266 .Zm00001d032465 . Zm00001d045138 .Zm00001d031479 .Zm00001d049432
YRR A R i Zm00001d041972 ,Zm00001d044744
Cellulose biosynthetic and
catabolic process T Zm00001d017949
VNG Yy SuK: ()5 Zm00001d012477 ,Zm00001d042905 . Zm00001d043019
Lignin catabolic process
IRF A AL i Zm00001d045563 .Zm00001d037724
Gibberellin biosynthetic
AR Z AR i Zm00001d033463 .Zm00001d030661 .Zm00001d013302 ,Zm00001d023904 .Zm00001d008201
Auxin catabolic process Zm00001d041462 ,.Zm00001d037724
T Zm00001d050972 . Zm00001d036415
%2 Abscisic acid T Zm00001d005867 .Zm00001d047968
.} Ethylene T Zm00001d038852
K ¥ Salicylic acid iR Zm00001d039963
ZEFM% Jasmonic acid ! Zm00001d006638 .Zm00001d027901 . Zm00001d033050

== qRT-PCR —— RNA-seq

& 25 20 5
D . 2
(=9 - T
R 20 e e ) 15 4
- S el 10 &
Q 1.0 o
% ™ x 9 ™ n
e > et W s}
A LN U, S S
& & S NS Na Na
RS RS 3 3 3 RS
Q . N
Q@ @ ) 0\.“? Q@
N N & N N N

B3 SEHRHXEEPCREFHREANFERILER
Fig.3 Comparison of the relative expression abundance
measured by qRT-PCR and RNA-seq

23 EEEFERESHT

231 RIEEFEMFIE BSA-reseq 5% 4
SR T 3T W X AT P I BE R 5 25 Sk
FEPREA 7 e, Mk H 3R 26 4, Horp ] S e7E

FEH 194 P45 G RIIE L R Th g iR R R
RS AEYE BT  0RIR 2 A SR
P& A S B Zm00001d032035F1 Zm00001d032422.,
Zm00001d032035 4t 75 -1t 8- AL I, J Tt (2 3%
P450 5<% 706 W50 , SHIRGIT AT4G 12320 HE A A1,
AL ta 2R P4S0. i — P EEUE Zm00001d032422,
FEEARSER A b i AR R, SR IT AT2G33830 3%
(], dmA AR S e I C4 (3R 7).

232 REEFEMPCRIIE  HHE Zm00001d032035
1 Zm00001d032422 FER AL ¥ 51, e 58 3 5 5
K4 B 51 P iE4 T PCRY S 7 (PR FI L XS . 2
RER, 5K718 M, K718d H Zm00001d032035 K&
,TESE 90 BB ELAbE A 12 bp, [ AELE 16 20 555
FERAS 2 AR RN 1 AR A, S X 421K 1568 bp
(Kl 4a). T K718d 1) Zm00001d032035 4tid X A



2 4 FEFEAE R KT18d BT HE (458 (o M o e FE R 23-#r 565

55 792 BRI AL R A 1A ARIZERS I R (A) ,
FOH LR T Y TE A 264 v 4 3L R Ak kA= e il 58
AR YA 517 R FERR (K] 4b) .

®7 BERBEAEENTRE

Table 7 Annotation of genes in candidate regions

FEH AR TIRer R (W81 S ]
Gene name Functional annotation Up or down
Zm00001d032035 T 8- ALl T
Zm00001d032422 — T
Zm00001d032047 JEZEREEE 5% 3 T
451
Zm00001d032069 B 2 P Sl R R R
EI
Zm00001d032090 it (0, 2 PASO A 5l F-iH
Zm00001d032245 DNA {44 % |1 RAD4 T
Zm00001d032261 I BE- g Wi eI g i
Gl
Zm00001d032376 PR [ Pik-2 A
Zm00001d032424 ARV ER A 1 |
Zm00001d032465 ks B 4SS EA T
Zm00001d032532 255 Ik t(RNA A J5 i 1 A
IEAIVN
Zm00001d032210 — ¥/
Zm00001d032402 — T
Zm00001d032404 — T
Zm00001d032410 — T
Zm00001d032423 — T
Zm00001d032543 — T
Zm00001d032265 — s
Zm00001d032375 — T
— TR
— Uncommented

5 K718 Mtk , K718d H ) Zm00001d032422 T£
55 140 R IEANAFAE 1 AL BABRIE AR | 27 181 o il ik
Ab 12 9 bp, i IX 42K 348 bp (&1 5a) . Hiad Bz
JPHNLESS 47 (LA SR A f F B 2R (Met) 28728 1 5
IR (Thr) , 7E55 59 v & IERR A B2k 3 NS IE R L 2
5 115 2 360 (8] 5b) .
2.3.3 REEER qRT-PCR 5317

X RAF PR K718d 55 7 A= R K718 i 2l 25 20 21 gk
17 qRT-PCR 43 #fr o Z5 R KB, Zm00001d032035 F11
Zm00001d032422 3£ N1 5828 1A K718d H ) ik it
IR KT K718(P<0.001) . #EM K718d &4k n]
e 1K P JE R SRk i PRI AT O (81 6) o

3 itig
BF5E % B0, 5705 2 M6 1 A 58 25 S 3 il

it GA WA B 51555 3 AR AR R R =5
PEATPRRE . FERER AT, WAR- D PSR 4
AR L GA 12T , 3% — 3o 5 28 240 i (2, 2% P450
Jitf , N R - D1 52 42 0 S AL i (KO, inner root-kaurine
oxidase) FI N 4R - D1 5% #2 4 2 %A L 1§ (KAO, inner
root - kauri acid oxidase) . KO 5 KAO T —J& [R5
A5 Eh a5 AR R, B WL T ga3™ (B
1h?" JKFE OsKO™' ¥ 2 thF KO SER 2878, 80
WIkR R REAR s K2 grd ' E oK dwarf3™ BiH na ™',
BURH T KAO BEH A, R BUE R B . A5
H Zm00001d032035 J& T2 il (.25 P450 ZE 1% 706 WIF.
FIE, B 20 (5, % P450, T & 30 S A [X Bl 5L
A LR P 41 35 e A 58 A%, HAE K718d H Y R 3K
R EANT K718, M ULHED , Zm00001d032035
(R 57AF ol ek A, T RE S S U RE AN BE IE % 1 7
i, i — FEORE R AW A R KD, 5
K718d %4k, X 5 ¥ 1 554 Wl 38 L K718d J& Ak 1)
JER R 2 — AT e S — R i R B R A b —
o bri R WIR I — A FREFF LA, T
1 54k bin 1.07 4b, EA R . B%N
PEYETE , KT718d & br] 561 5 AR K FHRIE S brl
AT, BT Zm00001d032035 7] e 4 i BA KO
5% KAO HE K Dy E 19 40 i (0 3% P450 KL, 78
K718d %Ak o 72 H i 2 SCHEAE FH L I 0 brl SE PSR
5%,

Zm00001d032422 51U IT AT2G33830 3K [A]
VA, G R A A S A W C4 . WS Tl 2 — 2K i
fifg, fERE YA K 2 Y aE K AR A P aE i
L R AR . AR S B IS C (NPC,
nonspecific phospholipase C) J& i fiff g i C 7K it /=
B ATHEIFIEFR B, NPC 76 e i 17 Jy 1 HA B2
YERT, 32 57512 (ABA) HISEZ TR (BL) 259
IG5 FEAN MATEP AT RN
SINPC4 FEH % NS RE I+, R BRIZ 5L R ) I 7% 1R
(ABA) FlIiHZEZE TR (BL) i 2= ARSI 6T
NPCs 4] 2 5 8 ¥ MY 2 M D RE KR A RS
o AR KSR IT AT2G33830 [ [F]
U8, b A S BN T C4 1I3EIR Zm00001d032422,
S5 RUAHE , K718d HP Zm00001d032422 4 X 5
R LRI A, Fok Bl B LT K718, #fE
WM Zm00001d032422 5% 7% 6 3% ik 1 A 7T AE
K718d BBt A — & Ik . A 5T i BSA-reseq 5
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