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1.2 MHHABREMNEZSHEEHW

FRAE +/ emp35 226 HAbR , F2 00 )5 43 0l 36 BRUAZ A9y
J510.12.14 .18 d [ 3¢ S B 1 1% 4l BOKF KL, D\ 1) 43
E AR B R R PR 2~3 mm AHZUH T, A
g et DL R R B % Ren 25 0 W ik . VIR
FE R AR S B UL I

BB G 9. 14 d A 4l IOkF R, DOFFAL H 3 5 i
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IR . A A A S BE SR 15 ]/ vk
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BB 5 10 d 35 A= RN 5 AR R KFRL , DOFFRE
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BHBIHIRES % Cai VY ik . HIRR)E e R
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A/ emp35 FEAR A 28 A L B ALBk ok BT A 7D
G AR A L BAKE R, 8 FH U A9 I 3R] & (K-TSTA-
100A/K, Megazyme, Ireland) $&HIFI0 5 K FFRE
MIER SR, 3 AEYEER B Y G AT 3
WHAREL . BB IEEFH .

SR FH O T 0 BB 2 BBUR s S B 11 T, P E
K T LS B TV VR G S T A 1 R B
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PR S B SR AR EA R A S, 3K
Y EE BN EYFER UG IREARESE ., A
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W+ /emp35 Bkk 5 Mol7 22 &2 3k 453 F\, F, BAkk
A3 E A, e BURRL 6 0 5 A B B B IR 14 d Y
A E SRR Pk 30 R E HORFRE AN 30 R K T R
AT, 4 SR A A8 2 T A A3t (bulk-W'T, Bwt) I
A8 3 (bulk-Mut, Bmt) o % CTAB 12542 B it
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2] DNA 4% 200 ng, #% B Tllumina Nextera DNA Li-
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na HiSeq4000 il 4% (Tllumina, USA) 73 ) #E47 X i
150 bp (PE150) il /5 . B73 Fl Mol7 | J3* ¥ J& N
100X, FgANTE (9 00 P R B2 ol 30X o

Xt T R AR B0 , 1 S Cutadapt 7 (ver-
sion 1.13) Al Trimmomatic **' (version 0.36) %k {1} #
AT , 1 DB A 2] 5 B 1Y clean data, J& F FastQC
(https: //www. bioinformatics. babraham. ac. uk/proj-
ects/fastqe/ ) XM P B GC &= U I S 505
Bl 4740 . I BWA™®Y (version 0.7.15-r1140)
A ) MEM 5535 5% 57 & 5 4% 11 PE reads (paired-
end reads, W ¥ B ) Hoxd 2 B73 2 2% 5 K 4
AGPv4 (http://plants. ensembl. org/Zea_mays/ Info/
Index) I, SR J5 1 1 %k 4 Samtools ' (version1.3.1)
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R, 645 FRLAZ A R 2 A5 7% (single nucleotide poly-
morphisms, SNPs) #l/]v i Bt (<C10 bp) 4 A Flik 2k
(insertion/deletion, InDel),

56 WCAR SR I 43 0 T 5A Bwt Al Bmt 2 N 20
578 S 6 R € 7R reads 5 R reads BY U AE, B
SNP-index. Ffi15 SNP-index (WT) 5 SNP-index
(Mut) By 2218, B A(SNP-index) . A(SNP-index){H
5 T B (18 P<<0.01 KF T #E47 10 000 5 1Y
FE D X (] B AT DA R AT RE R H 8 A BT AR IX B
1.5 EIZREEK S FIRIZEN

FRAE bRt 4 A, e 4% H AR P IX A 7E B73
1 Mol7 . Bwt il Bmt 2Z [i] (¥ InDel 28 5, # — 256
B73 %415 Mol7 2 7% 3 [N 4 (http: //maize. plantbi-
ology.msu.edu/) # 17 L X, #f & InDel 48 5 1) F. 55
P, IFBE InDel RiC 5149 (R 1) o FIFT B9 InDel
PRICHI 4/ emp35 X Mol7 HEEi) F, BEUR iy 2825
PACORF AL 0 56 DR A ¥ PR A 84l 5 A QTL IeiMap-
ping3.0 BAF 4 BEHLE % 20K Mo 17 K5 A7 RLC AR
“27 BT3FEA A ALEAECO”, A ALIEEC L. W
AR RS, T E AR AR AR K
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Table 1 Primers used in Emp35 gene mapping

5% LU A Em51#(5—>3) By 5 1 4(5—>3)

Primer name Position Forward primer Reverse primer
1D128 128194 772 TGGTCTGTCTTCTCACGCCTC CACCTCCGACATGCACGCGA
1D134 134 506 973 CCAAACGTGAATCCAGACAG GACGTTGCGCTTCACTATGG
1D140 139 571 147 ATACAGTCCACTTGTGAGAG TCTGGATACAGACAGACTTG
1D146 146 176 858 CGCTAGAATCTACACGATGG CCTGCTTTCAGGAGAGAAGG

2 FRE5HMH

2.1 REEIFRFRE

Iy SRR BT3 1 5 AR 1A P R A 3] 1A H AL
KB B SRR S AR RNERL T, HAT 2 Bl 1%
Ak HADm WA, a5 % N empty pericarp 35
(emp35) , THEZMH GBI A IRIE N RAF. iE
WA/ emp35 226 A IR FALFZ B S5 AN [ B[] g 21
AR KPR R B I BhAAR k. MR 12 d, FPRi B
R 3L A, B A AR 2 AR R R KNV X
), SRS RRD Kz 4 (1A ) . BB 18 d B 4R UFF
2 B SR AR AR 2R A @ LA AL
KRR /NI /N T EF A A (B 1B) o SRR
S A TR (69 Y0 A0 S B 4 R i 2 AR AR R
I A 45 S IR R R TS IR FL B A A D R EL
(F1C.D).
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A: WG 12d 0B RERE . B: 805 18 d /B Rk

W, C. A 582 (R f R, D HAT B Az BN 28 28 (AR 2 B

AR B . #T R IRR RAEHHFRL. AR R = 1 em. A: Develop-

ing ear 12 days after pollination with wild-type and mutant kernel seg-

regation. B: Developing ear 18 days after pollination with wild-type
and mutant kernel segregation. C: Wild-type and mutant kernels.
D: Mature ear with wild-type and mutant kernel segregation. Arrows
indicates mutant kernels. Scale bar = 1 cm.
1 EFAERRIRE AR AP R E
Fig.1 Phenotypes of wild-type and mutant kernels

MWARTE K & BB+ /emp35 H 22 T T, B H
B A B RN GEAR PR FRLHEA T A1 S U0 v AL SOW S . 42
KI5 10 F1 12 d BF A= BUATARL IR 434k 7= A IR 24, IR 7L
Mok B E 2 H i (K 2A B) ; [R5
AR AORF L4 R Ry A 0 08 RS IV 2L 4 i i i /0 L
Sy ARASEL, R FL S Fh Bz 2 8] A7 7E B K s B (B 2E
F). 80 E 14 d, B4 BUFFRLIR 234k i 22 7 i gt ik
(P 2C) , T 5 22 R IR 14 53 A AT 457 B A B R B B (14
2G) . BERG 18 d, B AR RO IR & 1 30T 52 A, IR
FL7E 52 (& 2D) 5 i AR kPR IR oAb R, iR
FLH B FL IR FL A% 3 )2 (basal endosperm transfer lay-
er, BETL) 4l i ROk J2 4 i 35 A 1E 7 234k, kR AT
o Bz 44 (81 2H) o 1T UL, emp35 FPRLRI IR & 58 2%,
JRFLARE R & B o R E  IRFL T B SR

BETL /28 39 T B ] F7 4732 i ) 4121
B AMOULEE e B, M 12 A1 15 d B AR RORERLE I R
BN BETL 4 A1 2 2 1) %38 2 40 i, BETL 41 g
T T B T A Uk A A0 R e i P 3 A R K (R
21.0) 5 1M S AR KA AUA 12501k 78 1 BETL 21
(B 2K L) o XS5 SRR Emp35 FEH 5848 25 5
HBETL 41 & & Mo 55, 500 E 329 5
BRI R RS B

FIH L BB & B, )5 9 d YR A R
FEAE R L AN H B 40 20 AT Bk, B B kL 43 A
e (FI3A) 42835 15 d A HF A IR0 40 A9 3
Wk e se MERE% (K 3B) . 205 9 d 1 emp35 K
RLVERFL AR LT JETE M RLAEAE (K 3C) 28 )5 15
d R ZL A0 b A7 AE 2D B R R HL A3 A (K 3D) o
XUELE R emp35 KRR FLARME T4 R A B0
T 5 T IEHRRL

i 3 3 G L R R SR R B, R R 10 d B
A AR LA 8 2R AT 25 8 B, s IR P I M
FEUCHE 5] JL A 8 5 | PN U 39 b ] DAL L I B s 3 (T
3E). M58 AR RIRZLAN M b (1) SRR 2540 S5 AR
AN SRR N U ZE A R T ELA B e s v fb IR (1A
3F) o GOk gl ke BB T e T B0 45 41 i A= 1 1Y RE



88 LRI I NI <3 4 843 %
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104 124 144 18.d <8 W % o
A-D: AN RS 10,1214 18 d (9 EF AR AU E-H: 205 8 5285 10121418 d A AL T, K245 12 d 1A 8 (1) F e
A (K FPRL SR HRFLAL 36 )2 5 T, Lo 82K G 15 d BFAE R (1) FISZB A (L) KPR SR IRFLAL )2 o en: I3, sem: B BETL : SR M FLAE
B2 kR =1 mm, A-D: Wild-type kernels of 10,12, 14, 18 days after pollination. E-H: Mutant kernels of 10,12, 14, 18 days after pollina-
tion. I, K: The basal endosperm transfer layers of 12 days after pollination wily-type (1) and mutant (K) kernels. J, 1.: The basal endosperm
transfer layers of 15 days after pollination wily-type (J) and mutant (L) kernels. en: Endosperm; em:Embryo; BETL: Basal endosperm trans-

fer layer. Scale bar=1 mm.
B2 FERMRETEIFNELTHRBENABRENR

Fig.2 Cytological observation of the development processes of wild-type and mutant kernels

A, C: #2859 d EFAE I (A) RSB (COIEZL TP I TERRL; B, D 82835 15 d iHF A2 B (B) FZE AR (A (D) L TP i SE B KL ; 57 Sk A8 7 TE
WYRL B BB 10 d 57 A U IR ZL A0 6L i i ZRRLAAR s F - 520015 10 d i S8 AR PRI ZL A0 B T AU SRRE AR o ot s ZROKEIA s ow - R JfLBE s b R F1IAR
A, C: Starch grains in endosperms of 9 days after pollination wily-type (A) and mutant (C) kernels; B, D: Starch grains in endosperms of 15
days after pollination wily-type (B) and mutant (D) kernels; Arrows point out starch grains; E: Mitochondria in wild-type endosperm cells

from developing kernel 10 days after pollination; F: Mitochondria in mutant endosperm cells from developing kernel 10 days after pollination.

mt: Mitochondria; cw: Cell wall; pb: Protein body.
3 HAERMRTEFHAIAMNPERBRERBHBENR
Fig.3 Scanning electron microscopic and transmission electron microscopic observation
of wild-type and mutant endosperms
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EEAH W 1 00 B S 4 L S L emp 35 KPR B 1 5
22 REBIFHTHRRAR WP 1 2,294 , 8 2515 TF 5 A BP9 13.30 %4

W LA B AR R RASTUES RS o 001 (g am) . I enmp3s ¥E L 26 11 A0
TR A AR PRI S R IR TR e o
9 72,07 % | T R emp35 PR IR FLVE ) A Bt AR 8 B B L2 O 1.6300 F10.96 04, i %
WA BRFL T4 L0 6.72% (B 4A) , gy IRTEPEREPRIAG 10,2696 A12.21% (P<0.001), %
A (P<<0.001) . 35X 53 B g e By kR W emp 35 DR 9708 1 TS DR B 1T VY 2 T

REZHALRYIE . FEEEAEANBR,
_ Kok 15~ ok
80 (—
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g 2 frr
= ol :
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£ B e
iz & 2
A ¢ 2 40 B \'E\’“:_
2 o g
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g 20k g ok sk
© ©
) ) ma =
BPAEAY GeAs A B WL 4 1 Il 1
wT Mut Total protein Zein Non zein
FFRIZEM Kernel type HIFIZS Protein lype

A B A A5 SR ORI T VE A 3% 1 o5 R FL T W BT L 5 B« T A5 AR R 5 A8 PAORF L T SRR 1T L T 2 11 R T A 1 Y 5
sk, P <0.001. A: The proportion of starch content to dry matter in endosperm of wild-type and mutant kernels. B: The contents of total

protein, zein, and non zein of wild-type and mutant kernels. ***: P <Z0.001.
B4 emp35StFRHRIEMMELARESE
Fig. 4 Starch and protein content in wily-type and mutant kernels

2.3 emp35EEBE N A(SNP-index) fHHF T BEFE R E A7, ACSNP-index){H

PL+/emp35 24 A MR 5 Mol7 2828, F AUk 2 158 B A 1Y reads B2 WP AE £ K58 8 S L (A fk |-
H 32, 304y F Al pk b SR E PR 5 T 127.90~163.26 Mb FI4BIX 8] P, 122 X [8] ) 4 B 5
KR Ar 8 o 78 21 A4 B R A e B AR AU J935.36 Mb(EISA) , Emp35 HEPR T BEAL THZIX RN .
Hi 4 675K A AKERL 1 545 K7, B A= 8 5 9 AR 1 3 BSA-seq 43 Mr &5 B w45 8 Y a1k 146~163
B=3.02:1, YU, 40 B A F IR RRL S Mb X R B AR AR AR D LT R £
RAMBKERIAT A 3: TR ES He (°=0.085, P<<0.05),  &MFRIC(EI5B) . B, FA AR 8 Y ik 128~
FEHPRERL Bl A 2B 2t A MAZ S P o8 s, 146 M IX ] P BEBE 6 Mb £ B 14> InDel 78 5% , JF &

IAZE IS B i LA 3 Sk S0 RLEFAE I 30 T 44 InDel #7ic (ID128,1D134 , ID140 A1 ID146) .
W 2R AR PRAFRL , F E B AR R (Bwt) AT AR IR (Bmt) iR R il & 81X 4 4R 10 78 B73 Fl Mol7 . Bwt J Bmt Z
X R AB73 I Mol7 MR AT E e, 45 1 . [RIAATE 2380, R4 InDel #Ric #8 5 emp35 1%
78, B73 5 Mol7 70 4545 422 989 871 #1377 327 339 #i. HEHURZKG 14 d (9 F, A, Jupk ik 421 k58 A8 &
A reads, 43 I A 36 B % B N A 95.03% A1 B SREURFL DNA, R4 3 R AL AT A IR e
79.90% , 78 IR 1K 36.87 X F130.76 X . BwtHIBmt R IX B2 Fhric A& E B K Emp35 JER 2
TR ) 43 53545 330 257 568 Fil 270 665 3724~ reads,  #F 139 571 147~146 176 858 Mb(1D140 [ ¥y # {3 &
A B73 S H SLH 4119 90.90 % F190.03% , 35 V& W chr8: 139 571 147~139 571 148, 1D146 1y 4 F 3L
JEN 25.82X 1 21.67X o B A KL F reads FEFI L 24 chr8: 146 176 858~146 176 859) , 55 ID140 Fil
XFE|B73 S % HH A b 7E 2 R A R e B ID146 BB BE B 40 )k 4.17 F10.24 M, X 7 Hy 34
5114 3374~ SNP i si f1681 377 4~ InDel fii s A BEE§Z9°4 6.25 Mb F1359 kb([&16) .
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YL @R E/Mb Chromosome position
A: A(SNP index) fEAEAS Y R LAY AR AR BT AR TR TR A P LR 405, 77 3 7R A(SNP-index) # ) FI{EAY X 3k, B: SNP Fl
InDel ZEJe 1R L5040 PAARBRECTF S G2 KM e A g5 e BEESC: | Z0AE SR RA) 5 67 X o) P 00 P 50 i /> A R A S /b

WX B, A: Distribution of A(SNP index) on maize chromosomes. The numbers on the x-axis represents the chromosome number of maize,

arrow represents for the region where the value of A(SNP-index) exceeds the threshold. B: Distribution of SNPs and indels on chromosome.
The numbers on the y-axis represent the chromosome number and of maize and the number of reads. Red frame represents for the interval with
small numbers of reads and small numbers of nucleotide variation within the initial localization interval.
5 A(SNP index){& % SNP/InDel FTE &k LM 7
Fig.5 Distribution of the A(SNP index) and SNP/InDel’s on maize chromosomes

0.00 D128 3 -I;J- .L/[,:
FORAFRLE B R M EZER R, M E K
4.00 ID134 KPR K T i 53 728 AR 58 R R & B AL 17 22 %

U 25 B AR — IR FL K 7 5 0 kPR
R IR X AR A R TR )RR K R

8.89 0410 AR AER . C SERER) Emp HE I K ZH0CH 4t 35 Bk

2 H K R (pentatricopepetide repeat protein,
13.06 Emp35 PPR). PPRE KM ZE K 2Pl EE 7
13.30 ID146

AL 1, T B0 230, 451 EF H 3511
el A e S 4 R il 357
! Dl PRI SATR RASIBIRIA DI gy e g SRR . PPR 2100 BLA AL

ID134,1D140 #1ID146) . Genetic linkage map is constructed by 4 NN ” N N
molecular markers (ID128, ID134, ID140 and ID146). IRG G SRR 5 SR PR IR (9 5 A, 2 SR IR

6 128~146 Mb X [El B4y FARIT B 5 E S E FI ZRARFE DR S A1 RNA 57482 \RNA 4 . RNA
Fig.6 Molecular marker genetic linkage map BHF \RNA 2 LA RNA B S5 5% 5% 5 m T

in 128 to 146 Mb interval P20, PPR G5 DR 5708 2 B 12 5 M ZRoRL A Rl



o5 2 1A

XUHE S5 FRNPRR T RAZIK emp35 HFRAL 34 5 FEFE AL 91
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PRAFRL SR A 4R 7 . ASBIFTE P kPR 2 T R 28 A8
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TH B R AN L R TR A PR CAE S )
SEFAN BT BE SR K BH emp 35 IR FL AT A Y LA
TR U HE S AN B, SRR I A AR AL 22 25 3 . i AR
SER 0 58 R AR S B0 B AR KO BRAR, dE A AR K
R R R P9 A A SO I Y i A R, Sl
IR R B S o emp35 RASK R IR B B
F A FA AR AR O IS5 5 PPR 3 R 1 %
AR, B, FRATTHEIN Emp35 vl fE4mtith 142k
PREEFY s T REAR DGR 11, I AT B JE PPR AL

AT T REIAR 4 35 45 53 A W], emp35 158
AR R I PR A L R B S8 AR i 8. @ 2k BSA-
seq ¥ Emp35 K& K % A7 7E 8 5 YL A 4k I 127.90~
163.26 Mb AYIX [ N . F 44~ InDel #1ic 4347 F, BEA
H 1) 5 A28 A e TRRF L 17 5 R 7R O A st A% % A
¥ Emp35 K54 E A T 139 571 147~146 176 858 [X. ]
W BRTIZOE X R A B SRR B R R &
S, W] Emp35 J&— 4> H1 & BLIFFRLE 5 AH G JE
B, TEJEERFIE b K TT R Emp35 WRS 40 (v 5 3
R vi B, PR 9E Emp35 SR I 385000, W IR e b A Sk
0076 57 B 1R R LA BRAIE Emp35 98785 H R X 4R b A4
B L SE W, AT Emp35 SEPRAEAFRL K B 1L R
A BRIy e KA FHBLSED, R EOR KPR S e R 552
7 R AR AR
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Phenotype identification and gene mapping of maize kernel
development mutant emp35
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Abstract The phenotype identification, microscopic observation of endosperm cells, determining the
content of storage substance in endosperm, and map-based cloning of a defective maize kernel mutant
named as empty pericarp35 (emp35) were conducted to study its physiological function in the development
of maize kernel and map the Emp35 gene. The results showed that the development of emp35 kernels was
slow and significantly smaller than that of the wild-type kernels during the same period of development, re-
sulted in the shrunken and empty pericarp kernels. The development of embryo and endosperm in the
emp35 was severely delayed, and the mitochondrial structure in endosperm cells was abnormal. The accu-
mulation of starch and protein in the emp35 was reduced. The seeds in the F, population segregated in a ra-
tio of 3 wild type to 1 empty pericarp, indicating that the defective kernel phenotype is controlled by a sin-
gle recessive nuclear gene. The Emp35 gene was mapped at the interval between 127.90 Mb and 163.36
Mb on the chromosome 8 of maize with a bulked segregant analysis (BSA). Four InDel markers were de-

veloped within this interval, and Emp35 gene was finely mapped at the interval between 139 571 117-146
176 858.

Keywords maize (Zea mays 1.. ) ; kemnel development; bulked segregant analysis (BSA) ; gene
mapping ; phenotype identification
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