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Fine Mapping of a CMS-C Restorer Gene in Maize
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Abstract: To explore the fertility restorer genes of CMS-C ( C-type cytoplasmic male sterility ) in maize,
and analyze the gene functions, two F, mapping populations were developed with restorer line K932R and two
CMS-C allogeneic heterogeneous sterile lines K169S and K932S, respectively. Combined with SSR molecular
markers and BSA-reseq technology, the fertility restorer gene in K932R was mapped. The target gene was cloned
by PCR technology and gene expression analysis was performed. The results showed that the fertility restorer gene
Rf 932 was mapped on the short arm of chromosome 8 by BSA-SSR molecular markers, between SSR markers 8-21
and 8-30, with the genetic distance of 2.3 ¢cM and 7.7 cM, respectively. Rf 932 was located in a 0.38 Mb region
on chromosome 8 by BSA-reseq technology, which contained 7 candidate genes. After the candidate genes being
cloned in segments and aligned in sequences, Rf 932 was obtained with a full length of 2549 bp, consisting of 4
exons and 3 introns, encoding 385 amino acids. One of the key sites controlling fertility restoration, F187Y , had
the same amino acid variation as Rf4, which was a new Rf4 allele. Rf 932 encoded a bHLH transcription factor
that regulated the tapetum development. qRT-PCR analysis showed that there was no significant difference in the
relative expression levels of Rf' 932 in anthers between the sterile line and the restorer line at 3 developmental
stages. The results enriched the restore gene bank of maize CMS-C, and laid a foundation for further analyzing

the mechanism of fertility restoration.
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8171-1.8171-2 Fi1 8171-3 XF N [H Zm00001d008171,
14y 8172 SR H A Zm00001d008172 .54 8173
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(1), X K932R.K169,K169S Fl K932S DNA 17
P A PKE [l , B A A, 15 Pk
5 B0 B R /IN— S0 B SE BT 1 , ] DNAman
AT P BHERIEEXT .
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Table 1 Sequence and use of primers

AR ERFA(5-3") FLIm P41 (5'-3") SI7ER
Name Forward sequence Reverse sequence Use of primers
8-49 GAGGAGCTGTCCTCGAATTG AGAGCAGAGCAGACCAGAGC SSR J3FhricsE fir
8-33 CCAACGCTTTTTCTCAAACA ACGAATGCACGATCAACAAA SSR 4 FARiCAE L
8-30 ATCGGGAGAGTCCTTCACAC TCGCATTCACGTTTTGGTAA SSR J3FhricE fir
8-21 CCACTGTGCCATCTCTGTGT GAGAATGGCTCCGATACCAA SSR 4 FARICAE L
Actin TCACCCTGTGCTGCTGACCG GAACCGTGTGGCTCACACCA qRT-PCR 4347
ZmbHLH16 CCTCATGCACCTCATACC CAGCTCCTGGATGTACTC qRT-PCR 347
8171-1 AAACTATGGAAAGTGGTGGA ATGCTGCTGTCTTGTAGTCA TR Zm00001d008171
8171-2 TGGCTTGGTCTTCGGAATTG CAGAGTGCCTCTGGCGACAA TR Zm00001d008171
8171-3 CTGCGATGGGATATGGGATG AAACTTTGTTCCCAAACAGG TR Zm00001d008171
8172 GCCTCCACAAAAATCGTCGT CCGGGGTTCGTAGCAATGTC TR Zm00001d008172
8173 GTCTAGGACACACGACAAAG GCATATTGTGACCTGTTTGG TR Zm00001d008173
8174 CTGCATGAGCGTGTACCACT CCTTGTTTATATGTGGTCCGAA Tl Zm00001d008174
8175 GGTATTCAGCGGCTTTGTTA CAGAAGTCAGATTCTCGCCT Tk Zm00001d008175

1.5 qRT-PCR $#f

HHL K932S F1 K932R Bk AE 24, 1.3~1.7 mm
SoF AR AT 2R BT, 1.8~2.2 mm XpR A
2.3~2.7 mm X} [ PO 53 AR B B, ) Trizol ¥ £1& X
RNA ' Jf-£: 88 PrimeScript 1st Strand cDNA synthesis
Kit ( Takara ) i 7] & ULEH 5 E1T cDNA B9 A . MR 4
T FEAS E ) BE R P 115115 14 ZmbHLH16, N 2 1k
PR FIEA Actinl (F2 1), OVAKRZR (10 pL) -
SYBR Premix Taq (2 x ) ( Takara)5 pL, 1E & 5| ¥
(10 pmol/L ) 45 0.4 pL, £ 4% cDNA ( 100 ng/L ) 0.8 pL,
ddH,0 3.4 uL, KW FERE:95 C 58,58 °C 30 S, 40

K2 CMS-CABZESMEZRKINR XEREELSHFER

AMIEER; 65~95 CHERE 0.5 CIAL 1 VK, 2 1l ks e iy
2, HARESRE 3 RE R, 270 A X
ikt

2 FHEREST

21 MERERRFEHECMS-CRABREXER
HEMERM
PIZ R K932R 5 2 R A% AN B RAIC AR
LI R, BIRICATE 20 F  F, FHATT EH S AE
RO B LUl 2R R B4 A 3 ¢ 1, B K932R 11
BRI 3 — X P R ] (20,

X4

Table 2 Fertility segregation of filial generations of crosses between CMS-C sterile lines and restorer line K932R

REMR SREL ] H A AEHE T )
Population Total number of plants Number of fertile plants Number of sterile plants Expected ratio (F: S ) ke
K169S x K932R F, 120 120 0 0 0
K169S x K932R F, 541 412 129 3:1 0.326
K932S x K932R F, 121 121 0 0 0
K932S x K932R F, 571 433 138 3:1 0.169

Xz(u.os, 1H=3.84, X2<o.01< 1)=6.63
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4 T5STECERSENE
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A, S5 RI, 4 X519 50 ke 2] 23 4~ 16 4>
14 A4 A 38 3 B bk, 2ARUGE W . Kl 1
i K169S x K932R F, HEAR A H8 40 A H HBAEAET )
8-21 P G R VK I, o 1 N 12 SRR AR T
PSR, 16 SRR T WSS

11 12 13 14 15 16 17 18 19 20

A:K932R; B: K169S; F,: K169S x K932R; BF: A F il ; BS: AEIRM; 1~20: AF bk, FIA
A:K932R, B: K169S, F1: K169S x K932R, BF: fertile mixed pool, BS: sterile mixed pool, 1-20: sterile individuals, the same as below

B 1

ZAMS4 8-21 £ F, BEE S A H Btk R avy G ik E

Fig.1 Amplification electropherogram of polymorphic primer 8-21 in some of the sterile individuals of F, population
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B2 BHEREEE RFI32 BEEDHE
Fig.2 Genetic linkage map of fertility restorer gene Rf 932
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Zm00001d008172 . Zm00001d008173 . Zm00001d008174
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Table 3 Summary of the sequencing data for K932S, K932R and two bulks

FHRG T

Fbh PR/ 3ERE GC it (%) JrEfE (% ) I R B HXT3 (% )
Sample Clean Reads GC content Q30 Average depth of sequencing Mapping rate
K9328 97408076 46.15 92.72 12 x 98.82
K932R 95441722 45.84 93.16 12 x 98.47
BF1 262357196 45.98 92.61 33x 98.71
BSI 305377452 46.07 92.21 39 % 98.89
a - - - - - - - -
g Y
<
i 2
=
%5
=E
©
=
=2r O -
_________ -__-__-___:___';;'__..__,_______":____,__-____.__ EEr DR TR
oF a..n._...‘ﬁu..l m .n.&s.h &M L.\Lm ..L"d'&n. sﬂ.i Iu:i.u .'L‘..._
1 2 3 5 6 7 8 9 ]0
b 1.0- ot - S -
o5 o5 PEESEEEE Sy
Plulg=
1 00—
Gz 3
a4 -05- = 5 x
-1.0- ' | | | | | 1

a: W 2570875 b BSA 1081 ASNP-index ; #

Yefafk Chromosome

6,58 SNP 37 25 AR G 25 5% ASNP-index

LR AU R FRK CGHE B B ASNP-index ; £1 (5 HE 2% by (i 35 1 SCIR B
a: Euclidean distance analysis, b: The A SNP-index is analyzed by the BSA method, the colored dots are the euclidean distance/ASNP-index of the

SNP site, the black line is the fitted euclidean distance/ASNP-index , the red dashed line is the threshold of significance association
B3 AIERM1ANAERD 1 KBS
Fig.3 Association analysis between BF1 and BS1

R4 BRERBANERRINGEEE

Table 4 Genes and annotations in the hot-region

FEH AR InerERe

Gene ID Annotation
Zm00001d008171 SRR
Zm00001d008172 B R S- SRR R 155 11
Zm00001d008173 FUR=R /1B WIEEN
Zm00001d008174 bHLH %% %[5+
Zm00001d008175 S- W H R =R A 1 1
Zm00001d008176 AR IE BT AR 1
Zm00001d008177 PTI Jifs G20 25 11 184 3

FeAse, 2 29 I A A 178 S IO FR K932R
Rf 932 1655 3 ANB T4 1565~1568 i ik T 4 bp,
S1592 4bE AT 13 bp, S1622 AMEA T 3bp (K 4),
Rf 932 4t S IE T 91 L X255, t T K932R
T 3 A0 A% R A ARG S 3L RS 932 Y
FERIE I 44~ R 548 F & K932S M L, ¥k
i F K932R A 15 Ab & I8 5, Hoh S1614 um
KAT 1A 2 B R 72 5 FI8TY i s
EX TR ) TAC,%@%ELM(Y),WWRE%@&%%J
TTT, it RN & (F) (B 5), it 5 [N s ke 45
RN KR R K932R TH I E MK LA RF 932 4=
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1 2549 bp, H 4 MM EFF 3 AN TR, Hdw
fith 385 PR .
2.6 qRT-PCR &#f

qRT-PCR 73 &5 W, N H £ K932S FfkE

Consensuctgcggetcaccgagaage

Consensuta gtt

F K932R ALLTFEALR TE AR ML | — A3 A 1 K
Mﬂiﬂﬂ;ﬁﬂ%ﬁxﬁ%iﬁii@%ﬁ%iﬁJﬁ%@?ﬁ%
DA Rf 932 178 75 PR IK 2 1 D fik i el AR
SR SRR HR I (6 ),

1596
1586
1586
1582
1586

ac gccctcatgcacctcatacccaacgttac aaggtegtac

1680
1670
1670
1682
1670

ttgttgtttattttittgecgcactgcagactgatagggcgacggtgatctcggacgega

Bl 4 K169,K169S.K932R & K932S H Rf 932 R &5 FF 5 LL 3¢
Fig.4 Some of the sequence alignments of gene Rf 932 among K169, K169S, K932R and K932S

Consensulppaagghhdytndnfrdycdghyptaepyirgtntgalvfgatddddsaaaynpgghfetsppppratgrgrkrgralg

B73 G \ "{ ";, TPLMHLII—I\\/TI\\/ PNEPLMNEVH.

EELTLLVEKKRRRRELCGCVVCARFPAARVVAAARGERE.

EELTLILVERKRRRRELCGCVVCAARPAAVVAARGERESSEG

Consensuggfhavlangvekkekcrrlrltek talmhlipnvtkvv

80
80
80

>CHFETSPPEPRA CRALG 160
ETSPPEPRATG G| 160
160

[R3SI SATCRATVISCAIEYIQELGRTV 236

PNPPI.NFVH ELKIE STCRATVISCAIEY 236
AR - <1 CARTK S5 ViR PR NN 240
r s tcratv15caley1qelgrtv
316
316
320
381
381
385

Consensultkrrrdgclaaasralddlrldlvhlsggkigdcgiynfntkihkgssvfasavagrlmevvde

BE5 Rf932SEHEF

S EE Xt

Fig.5 Alignment of Rf 932 amino acid sequence

Il K9328

35
Il K932R

SIS

GNP
Relative expression level

28 25 =)
= g =g
%8 g £
’?\—E A o
kS
g
=
=
°
&
1E25 % B

Anther development stage

B 6 Rf932WAREREREN qRT-PCR 747
Fig.6 qRT-PCR analysis of Rf 932 in anthers at
different developmental stages
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2 A 3 PR, AR FH 3 R G e R R IR S T Xk
ZmbHLHI16 J& Rf4, 4+ 2544 bp, i 4 4 . 7 F
3N T AR, Hitid 381 DR KR, Hrh F187Y
57 o5 FH % 2 R 2R A8 N R TN R L (1175 Rf4 BoAT VJZE
CMS-CABRAEMEMIIRE. AWML G SSR 4
FHnic il BSA-reseq FL AR E A T 14 CMS-C & 1
PRAZ LR R 932,38 3 PCR 7 A 7 [ A e & B8,
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