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Development of Maize Low Density Breeding Chip and
Its Application in Germplasm Resources Evaluation
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Abstract: Single nucleotide polymorphism ( SNP ) genotyping chip is an important tool for molecular
breeding. High density SNP chip often has some problems such as marker redundancy, high price, and poor
target, limiting its use in the normalization and scale of molecular breeding. Here we developed a low density
breeding chip. The panel of 6056 markers were assembled using three resources, consisting of: (1) 2080 key
SNPs of 18.2 Mb SNPs which were identified from 10 x sequencing of 37 maize inbred lines;( 2 ) 3390 qualified
markers with low missing rate, high polymorphism and Conversion Type being as Poly High Resolution within
55 K SNP array;( 3 ) 586 markers that were selected from HapMap3. Genotyping by target sequencing ( GBTS )
technology was used to detect the markers. Through the verification of natural population, bi-parent population
and multiparent advanced generation inter-cross ( MAGIC ) population, the original design markers were detected
ranged from 4773-5967, and 57.6% and 88.6% markers were found by applying minor allele frequency ( MAF ) >
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0.4 and polymorphic information content ( PIC ) >0.4 in natural population, respectively. The average capture rate
of the breeding chip was 70.6% in MAGIC population. We evaluated 226 inbred lines with this breeding chip.
Within this collection two groups ( temperate vs. tropical ) had been classified by principal component analysis

(PCA ), and six known groups ( Reid, Lancaster, PB, LRC, SPT and tropical ) were proposed using cluster

analysis. Structure analysis has not revealed the best K value. The mean genetic distance within and among groups

were 0.394 and 0.471, respectively. The genetic distance within PB group was the smallest ( 0.316 ) , and the

genetic distance within tropical group was the largest ( 0.424 ) . The largest genetic distance ( 0.493 ) was observed

between group Reid and tropical. The genetic differentiation coefficient ( Fg; ) among the groups indicated that the

Fg; of PB group was larger than that of other groups.

Key words: maize; SNP; breeding chip; germplasm resource
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Table 1 List of 37 re-sequenced inbred lines
73 KT 20 30 GC & (%
flaire Gﬁﬁis Clean_Reads Clean_Base (ci/a ) (Q% ) GC[ ;it(erft )
1538 Fi il 92835438 27807565006 96.79 91.71 46.18
CRIHT 2RI 79968771 23955500672 96.46 91.26 46.31
LH220Ht Fii il 89945383 26948949996 96.73 91.68 46.32
NLO001 Fii il 70279504 21055094098 96.82 91.87 45.88
PHW30 B 95098271 28490853030 97.05 92.28 46.60
PHW43 PB 85754934 25690524148 97.17 92.56 45.90
GRIHT RN 83409266 24987564928 97.28 92.73 46.12
8107 i NAR= 75474550 22608503290 96.88 91.89 46.33
B73 Fifi il 73039343 21882696630 97.17 92.47 45.96
B84 Fii il 78723531 23585538274 96.52 91.32 46.10
K12 UEEDS 83874495 25128388128 96.61 91.45 46.04
PHN47 DUk 81362735 24377004684 97.30 92.80 45.98
PI143 Fiyld 73441386 22003113246 96.85 91.90 46.36
PI36 DU 82246831 24637540616 97.39 93.06 46.44
Q1261 UEEDN 79552113 23826969660 96.89 92.14 45.88
i 321 Du 321 Ffi il 89899708 26929202788 97.11 92.34 46.41
% 29 Duohuang 29 PB 88818134 26608395508 95.68 89.58 46.41
046 Ji 046 Tyl 76795925 23007439138 96.81 91.81 45.95
# A-034 Ji A-034 PB 83735850 25087741192 97.25 92.71 46.26
4% 55 Jinhuang 55 PB 75055688 22486943616 97.07 92.34 46.13
iT 526 Liao 526 AR 79676323 23870076556 96.71 91.55 46.39
il 4 371 Liaobai 371 it 80924668 24242259934 96.70 91.68 46.19
P4 273 Si 273 AR 75788362 22703522746 96.77 91.66 45.95
Py -279 Si-279 DUk 85631695 25654237216 96.94 92.07 46.05
2% 605 Suixi 605 i 78939259 23646359204 96.51 91.14 46.25
.83 Zao 8-3 unknown 83335153 24964472608 96.44 91.04 46.22
18 204 R2040 Zhonghuang 204 R2040 DUk 80546170 24131219900 96.20 90.40 46.28
25 31 Zong31 AR 76465200 22908665376 96.75 91.63 46.01
CXS62 IEESS 75557001 22634887126 96.78 91.76 45.90
CXS109 IIEEDS 72883759 21836184634 97.07 92.29 45.94
CXS161 Fiy 73317868 21964107868 96.87 91.86 45.89
TR0509 Haty 71905300 21531347726 96.45 91.06 46.12
DTMA165 oty 71973704 21557206180 96.82 91.73 45.94
Mol7 2RI 80658999 24162633284 96.74 91.58 45.94
444 unknown 82168214 24615130404 96.20 90.75 46.26
521 Han 21 unknown 81881214 24532176054 97.00 92.15 46.23
# L 0 Huangzaosi RESS 72449175 21698233168 97.06 92.30 45.99
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Table 3 Target ratio and sequencing depth of target section for 10 multiparent advanced generation inter-Cross ( MAGIC )

lines
s 1 e . H A DX B P
e TS IO ko) M e o) (x)
Sample Clean reads Mapped reads Target reads rate Target ratio Sequencing dépth
of target section

MO078 222 2.20 1.66 99.23 75.28 152.81
MO083 2.37 2.35 1.63 99.11 69.35 143.79
MI118 2.93 2.90 2.15 98.92 74.22 191.32
M128 2.78 2.75 2.06 98.99 74.91 180.91
MI169 3.49 3.46 2.49 98.93 71.95 216.22
M185 4.50 4.45 3.23 98.94 72.63 281.86
M219 3.53 3.50 2.44 99.18 69.84 221.22
M226 3.41 3.39 2.30 99.26 67.95 209.23
M231 3.03 3.01 2.18 99.26 72.51 197.54
M287 3.88 3.85 2.53 99.20 65.56 232.76

22 EEXH

F R R R, Y E 54 (PC, Principal
component ) BB A 2 B, FARTEARTT LA B {8 k] 43
R 2 ANZEHE, 43 2 BT B RN A 2R, B
FEASIR] A 22 R BRI 3200 L A iy 28
HEN o8 0 5 (18 3A ), UPGMA B0 Hr ] LUK
226 AL RGN 6 DEBFE MR E T AR, X6
AR BRI B LR ETEE L PB DU SL A
Jilk KL (3B ), #als #1 kLA 80 1y, 145 36
iy CML A28 & L K CML AT 2R B A2 &, — 28
A P ISR H A2 Z 0 CN165 g k) 23l 2k
B MRS T 9 M AXR, I THXKER B3,
B84, ¥ C M It 335 B4R R PHOWC #f # X1l 43
BB AR 0 5 Z R IRATTH 55 Kt
120 K 255 R R B Tems A AT 12 I g
4 PA [ Todent ZEHEGE— M Bnfs, 4k 7922 1L 3053,
1 5114 %4658 )& T PA B, th T PA B S5 EG 1511
K FREGE AR RIBA T LI N BB 2RI
PB. PPk R K215 W o S & T 28,2229 Fi
I8 AR R (£2), 5ZATmkl /g £ —a' ",
SVA E X 226 Oy B BT IR IEN A5 SR S 2
FE KA RL SRR A — B 2,

HH Structure X 14 ¥ K {H &% &} 2~10, 5 Lu
SELOL I BE ST 45O — K, WA OB R K
(1 3C), 4 K=2 B, [ SRFEAR T LI B g b K] 3y
PR FTR AF A28, 24 K=3 B, S Bk 2

XI5 R — AT, A AR R 0] 43 A [ N A BT
FIE SRS 2ERE . LU K=6 I %) 2045 5 7]
FERZEFY 5 25 ] —F0 (& 3D, 7 I http: //doi.
org/10.13430/j.cnki.jpgr.20210712001 , i 2 ).,

2.3 BEEEMEESURERY

AR B B ROt R R R 2R ) a4 R
B AR AR 4 SRR s IR B R T st R B
B HOE A S R 0.471 1 0.394, 2KBE N LR
B 0.316~0.424, o PB S PN A a8 A% B 5
e/, I A N s A I B e K TIE A B s L
A F w1l 2R, B AL B B Ll
0.456~0.493 , 2= - I 5 B P2 FI i K 211 =Z W] ) st
TR B 1 de/ 0N, i 55 P A 22 () A a1 P e
R, Fy S LA LA 2 2 (e HoA K st %
FEES, ILAh, PB SISk Z M A BR st I g,
UL PB 5 U3k 2 [] 0] BE A7 78 558 (1) 24 Fh L 34
FIFH B A (AT 28 B B e i TR st AL B e v
55 KA 20 KOS H g st 2,

FEREIA] Y Fp 15 LA 0.069~0.149 (36 4 ), #ifF
Sk KL Z 81 Fo B/ (0.069 ), DYk
5 PB Z M) Fo e K (10.149 ), 3X 5 &A1 22 18] A9 8%
FERE B R/ N—30, B — A UE B X PSSR 2 [R] AT e
FETERSR I 2R OE Y AR -, PB 28R 5 FLAth 25 1
[ For 8K, EINZERENOT- Sk SR KL Z 0]
[ Fsr 4 0.070, {5 Tk KL 5 5 = R ke
6] 1) Fgp, AR 43 51 K 0.078 F10.076, B i 5 % <
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Fig.3 Principal coordinate analysis ( A ), adjacent phylogenetic tree ( B ), the LnP ( D ) statistic for each given K( C ), and
population structure ( D ) for the natural population

SPT Lancaster
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Table 4 Genetic distances and pairwise F; comparisons among different groups

ESi Fii {2 =R B (LRSS T NANES Pl et

Group Reid Lancaster SPT LRC Tropical
i/ Reid 0.406 0.075 0.129 0.088 0.078 0.094
2RI Lancaster 0.456 0.389 0.145 0.090 0.076 0.099
PB 0.459 0.468 0.316 0.149 0.136 0.137
PUSF-3k SPT 0.471 0.466 0.482 0.405 0.070 0.072
ik KL LRC 0.464 0.456 0.472 0.459 0.422 0.069
PHEIRE Tropical 0.493 0.489 0.483 0.472 0.475 0.424

X FEFIR FE T J7 73 2 m e N AR AL BE g W M2 b7 Fom it L R 8L
The diagonal cell and lower diagonal represent the genetic distance as measured by pairwise differences within and among groups respectively, the

upper diagonal represent pairwise Fs; comparisons

W Z 18] 1) Fgp My 0.075, R REAR T H 5 PO Sk Fn
R K LT H Z (A B Fp, 33 S5 W H ] P A0 o ) st 1%
SRR, AN TS [ PR 2 (R ) 7 A 2
Pt

3 iTie
L FH R P AT e, — IRERE 5 40 S 1A G ]
I, 5 25 TR O VT B I DS A R, v [ R



134 IRTHENE  FORMRR A FOE R TT R AR T3 T b 1 H 299

S EA T 1997-1998 4, RS HL e (H 2 & e
R, 7 oK KRG N KRGS FRERIEY) LI
BT RV W E ML B 8CE RS, Rk
SR K S5 B R MR T
KR % SNP RS E R 2 s B
AT, R HIF & 090 B 463 T Affymetrix - 5 19
600 K A1 55 KOs U210 6H-60K ik A1) 3t
F Ilumina & 14 50 KB 2053 Ko A2 5t
F GoldenGate V-4 1 1536 14 F551 24 Fn 3072 14 /4
5111 5 F GenoBaits 4 20 K 25 AR A 45
DR R I &R ORI DF s S i T B 5
P LG A A B ERE R AT DNA SUZBERY
HANEERT o ERAR AR A S A B VR e
FETE A [ 10 2 A% v L 8 7 ) 40 A2 A e B 7
IFRATIFF A& 114 55 Kot R i, o il KAk >y 384 x 55
K, 5 MEEA A ) 2F 2 — B0ORAE 97.19%~98.9%,
B BEE N 1.83% ), BARIEIL T HATH & 1Y
R EF MR B A R AR
JFitE . SR, FESEPRN R , A7 2 LAV R
PR B B A F1E R 384 NEEAR A RE L, A
RISE R RN 15 d SERKFPEY 2 A EEF K,
KK BRI T HAE S FhRic il Bh ke £ b p i . 3R
T 20 K RFNBAHE e T 55 Kot R -
TRBRAI, 20 K R FNBH S i A TRl R s
FE R AL EE R AN A SR R A e PR, R 20 K &
GRS A I % R 2 AR A st FRAT ]
KI20K 5 10K.5K. 1 K bric Rl 45158 & —
B, VLI T K Rl e AR A 43 P SRR B At
F BT T AR 2% 1 AT DA — B AR A . i, 24
FRIC %% BE R AR 3 5 1 1/2 B, A AT Ay i ok 114
2/3, T Y hn 10 25 FE B AR ok 1) 1/4 B, A 24 2
JESR A 1720 PRI, A 06 BT K o e R A 3
B R o BRATRIADH I & B9 BE B e Foxd
WANE T A 28 R T TR ES A AN 2R O S i Rl
4%, 24 PC=2 B}, & 26 226 1 A 32 BRI Ml 5
P 2 AR (B 3), Hob >k B T CIMMYT 9 H
SRR R FIATARL, 55 A A M2k 1Ak
1 CN165 Fl CWM ( HRRAL S9 ) i) 43 vy 28
BE, X 5 AT B FE 45 B0 b S BRA— 2
HE— 2 F 1 UPGMA B 2840 #1085 226 17y F 58 &2 %
I3 6 AZERE, BRPVHZEBESN, IR B R B 1 |
2 RITRE PB PO SRR K20 5 A, X S5
[ oK BB — B, T A
Ll AR 2 B RO Fr R A% TR AL SR 43, A ] 55

K ith ABF 08602 %1l 434 Todent 25, % 653 . BJ0OS
I CA156 258143 H PA ZKHE 2 kG —R143
H B, L, BT & AR B RO B RE RS 1
R RAS A [ B AR A b TR BRI 4o

Sk

[1] GuoZ,WangH, TaoJ,RenY, XuC, WuK, Zou C, Zhang J,
Xu Y. Development of multiple SNP marker panels affordable
to breeders through genotyping by target sequencing ( GBTS ) in
maize. Molecular Breeding, 2019, 39: 37

[2] Brumfield R T, Beerli P, Nickerson D A, Edwards S V. The
utility of single nucleotide polymorphisms in inferences of
population history. Trends in Ecology and Evolution, 2003, 18:
249-256

[3] Bevan M W, Uauy C. Genomics reveals new landscapes for
crop improvement. Genome Biology, 2013, 14: 1-11

[4] Gore MA,Chial M, Elshire R J, Sun Q, Ersoz E S, Hurwitz B
L, Peiffer J A, McMullen M D, Grills G S, Ross-Ibarra J, Ware
D H, Buckler E S. A first-generation haplotype map of maize.
Science, 2009, 326: 1115-1117

[5] Varshney R K, Nayak S N, May G D, Jackson S A. Next
generation sequencing technologies and their implications for
crop genetics and breeding. Trends in Biotechnology, 2009, 27:
522-530

[6] Chen H,Xie W, He H, Yu H, Chen W, LiJ, Yu R, Yao Y,
Zhang W, He Y, Tang X, Zhou F, Wang X, Zhang Q. A high-
density SNP genotyping array for rice biology and molecular
breeding. Molecular Plant, 2014, 7: 541-553

[7] Winfield M O, Allen A M, Burridge A J, Barker G L A,
Benbow H R, Wilkinson P A, Coghill J, Waterfall C, Davassi A,
Scopes G, Pirani A, Webster T, Brew F, Bloor C, King J, West
C, Griffiths S, King L, Bentley A R, Edwards K J. High-density
SNP genotyping array for hexaploid wheat and its secondary
and tertiary gene pool. Plant Biotechnology Journal, 2016, 14
(5):1195-1206

[8] SunC,Dong Z,Zhao L, Ren Y, Zhang N, Chen F. The wheat
660 K SNP array demonstrates great potential for marker-
assisted selection in polyploid wheat. Plant Biotechnology
Journal, 2020, 18 (6 ): 1354-1360

[9] LeeY G,Jeong N,Kim J] H, Lee K, Kim K H, Pirani A,
Ha B K, Kang S T, Park B S, Moon J K, Kim N, Jeong S C.
Development, validation and genetic analysis of a large soybean
SNP genotyping array. The Plant Journal, 2015, 81: 625-636

[10] TRzm# R4, ARk, VP05, 268, 5 1, 2, ik
P, RSk, E AW, S B G, s . 1) ) e
DA B AG ( GBTS ) AR SR AT . b AR AR}27, 2020, 53
(15):2983-3004
XuY B, Yang Q N, Zheng HJ, Xu Y F, Sang Z Q, Guo Z
F,Peng H, Zhang C,Lan H F, Wang Y B, Wu K S, Tao J J,
Zhang J N. Genotyping by target sequencing ( GBTS ) and its
applications. Scientia Agricultura Sinica, 2020, 53 ( 15) : 2983-
3004

[11] Unterseer S, Bauer E, Haberer G, Seidel M, Knaak C,
Ouzunova M, Meitinger T, Strom T M, Fries R, Pausch H,
Bertani C, Davassi A, Mayer K F, Schon C C. A powerful tool

for genome analysis in maize: development and evaluation of



300 L N7/ I S A S S 4 23 %
the high density 600 k SNP genotyping array. BMC Genomics, S, Charcosset A, Clarke J D, Graner E M, Joets J, Le Paslier
2014, 15: 823 M C, McMullen M D, Montalent P, Rose M, Schén C C,
[12] Xu C,RenY,lJianY, Guo Z, Zhang Y, Xie C, Fu J, Wang Sun Q, Walter H, Martin O C, Falque M. A large maize ( Zea
H, Wang G, Xu Y, Li P, Zou C. Development of a maize mays L.) SNP genotyping array : development and germplasm
55 K SNP array with improved genome coverage for molecular genotyping, and genetic mapping to compare with the B73
breeding. Molecular Breeding, 2017, 37: 20 reference genome. PLoS ONE, 2011, 6 ( 12 ): 28334
[13] TianH, YangY,YiH, XuL,He H,FanY, Wang L, Ge J, Liu [23] Rousselle Y, Jones E, Charcosset A, Moreau P, Robbins K,
Y, Wang F, Zhao J. New resources for genetic studies in maize Stich B, Knaak C, Flament P, Karaman Z, Martinant J P,
( Zea mays L. ): a genome-wide Maize6H-60K single nucleotide Fourneau M, Taillardat A, Romestant M, Tabel C, Bertran J,
polymorphism array and its application. The Plant Journal, Ranc N, Lespinasse D, Blanchard P, Kahler A, Chen J, Kahler
2021, 105: 1113-1122 J, Dobrin S, Warner T, Ferris R, Smith S. Study on essential
[14] Guo Z,Zou C, Liu X, Wang S, Li W X, Jeffers D, Fan X, Xu derivation in maize: III. Selection and evaluation of a panel of
M, Xu Y. Complex genetic system involved in Fusarium ear single nucleotide polymorphism loci for use in European and
rot resistance in maize as revealed by GWAS, bulked sample North American germplasm, Crop Science, 2015, 55: 1170-
analysis, and genomic prediction. Plant Disease, 2020, 104: 1180
1725-1735 [24] YanlJ,Yang X,Shah T,Sanchez H,Li J, Warburton M, Zhou Y,
[15] XuC, Zhang H, Sun J, Guo Z, Zou C, Li W X, Xie C, Huang Crouch J H, Xu Y. High-throughput SNP genotyping with the
C,XuR, Liao H, Wang J, Xu X, Wang S, Xu Y. Genome-wide Golden Gate assay in maize. Molecular Breeding, 2010, 25:
association study dissets yield components associated with low- 441-451
phosphorus stress tolerance in maize. Theoretical and Applied [25] Tian H, Wang F, Zhao J, Yi H, Wang L, Wang R, Yang Y,
Genetics, 2018, 131: 1-16 Song W. Development of maize SNP3072 array, for DNA finger
[16] GuoZ,ZhouS, Wang S, Li W X, Du H, Xu Y. Identification of printing identification of Chinese maize varieties. Molecular
major QTL for waterlogging tolerance in maize using genome- Breeding, 2015, 35: 136
wide association study and bulked sample analysis. Journal of [26] Wu X,LiY,ShiY,Song Y, Wang T, Huang Y, Li Y. Fine
Applied Genetics, 2021, 62: 405-418 genetic characterization of elite maize germplasm using
[17] Botstein D, White R L, Skolnick M, Davis R W. Construction high-throughput SNP genotyping. Theoretical and Applied
of a genetic linkage map in man using restriction fragment Genetics, 2014, 127: 621-631
length polymorphism. American Journal of Human Genetics, [27] XieC, Zhang S, Li M, Li X, Hao Z, Bai L, Zhang D, Liang Y.
1980, 32: 314-331 Inferring genome ancestry and estimating molecular relatedness
[ 18] Evanno G, Regnaut S, Goudet J. Detecting the number of among 187 Chinese maize inbred lines. Journal of Genetics and
clusters of individuals using the software STRUCTURE: a Genomics, 2007, 34 ( 8 ): 738-748
simulation study. Molecular Ecology, 2005, 14:2611-2620 [28] Wang R, Yu Y, Zhao J, Shi Y, Song Y, Wang T, Li Y.
[19] LuY, Yan J, Guimardes C T, Taba S, Hao Z, Gao S, Chen Population structure and linkage disequilibrium of a mini core
S, Li J, Zhang S, Vivek B S, Magorokosho C, Mugo S, set of maize inbred lines in China. Theoretical and Applied
Makumbi D, Parentoni S N, Shah T, Rong T, Crouch J H, Xu Y. Genetics, 2008, 117: 1141-1153
Molecular characterization of global maize breeding germplasm [29] B, £RT . WEFEKRE A IS BT RARIE AL .
based on genome-wide single nucleotide polymorphisms. TR, 2010, 18(5): 1-8
Theoretical and Applied Genetics, 2009, 120: 93-115 Li Y, Wang T Y. Germplasm base of maize breeding in China
[20] BXASR,ZEME, R, ToUdR, sk, TARAR, TR, 4T and formation of foundation parents. Maize Science, 2010, 18
B, R T SNP U R [ R F RN B s A% 24 (5):1-8
PESBHAGRAL 2R . R ER RS, 2018, 51 (4): 626-634 [30] Yang X, Yan J, Shah T, Warburton M L, Li Q,Li L, Gao Y,
ZhaoJR,Li CH, Song W, Wang Y D, Zhang RY, Wang J D, Chai Y,FuZ,Zhou Y, Xu S, Bai G, Meng Y, Zheng Y, Li J.
Wang F G, Tian H L, Wang R. Genetic diversity and population Genetic analysis and characterization of a new maize association
structure of important Chinese maize breeding germplasm mapping panel for quantitative trait loci dissection. Theoretical
revealed by SNP-chips. Scientia Agricultura Sinica, 2018, 51 and Applied Genetics, 2010, 121:417-431
(4),626-634 [31] JeSC, &b Bz 20, X e, 5o, skR %5, 2k .+
[21] Romay M, Millard M J, Glaubitz J C, Peiffer J A, Swarts K ARk ] R ORI B S AR AR A i 4T . R E RO R
L, Casstevens T M, Elshire R J, Acharya C B, Mitchell S E, 2#,2004,37(12): 1804-1811
Flint-Garcia S A, McMullen M D, Holland J B, Buckler E S, Teng W T, CaoJ S, ChenY H, Liu X H, Jing X Q, Zhang F J,
Gardner C A. Comprehensive genotyping of the USA national Li J S. Analysis of maize heterotic groups and patterns during
maize inbred seed bank. Genome Biology, 2013, 14: R55 past decade in China. Scientia Agricultura Sinica, 2004, 37
[22] Ganal M W, Durstewitz G, Polley A, Bérard A, Buckler E (12):1804-1811



