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Abstract Marker-assisted backcrossing (MABC) is useful
for selecting an offspring with a highly recovered genetic
background for a recurrent parent at early generation to
various crops. Moreover, marker-assisted backcrossing
(MABC) along with marker-assisted selection (MAS)
contributes immensely to overcome the main limitation of
the conventional breeding and it accelerates recurrent parent
genome (RPG) recovery. In this study, we were employed to
incorporate 7in gene(s) from the donor parent T13-1084, into
the genetic background of HK13-1151, a popular high-
yielding tomato elite inbred line that is a pink color fruit, in
order to develop a rin HK13-1084 improved line. The
recurrent parent genome recovery was analyzed in early
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generations of backcrossing using SNP markers obtained
from genotyping-by-sequencing analysis. From the BC,F,
and BC;F, plants, 3,086 and 4868 polymorphic SNP markers
were obtained via GBS analysis, respectively. These markers
were present in all twelve chromosomes. The background
analysis revealed that the extent of RPG recovery ranged
from 56.7% to 84.5% and from 87.8% to 97.8% in BC,F; and
BC,F; generations, respectively. In this study, No 5-1 with
97.8% RPG recovery rate among BC,F; plants was similar to
HK13-1151 strain in the fruit shape. Therefore, the selected
plants were fixed in BC,F, generation through selfing. MAS
allowed identification of the plants that are more similar to
the recurrent parent for the loci evaluated in the backcross
generations. MABC can greatly reduce breeding time as
compared to the conventional backcross breeding. For
instance, MABC approach greatly shortened breeding time
in tomato.

Keywords Background recovery, Molecular marker, 7in
tomato, Single nucleotide polymorphism (SNP), Tomato
elite line
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W RS )82 4 Sl A S A1 3 Slek(Edwards
and Batley 2010).

23 5o] 7 mA 9l AukA Fo) shikel © 7]
A4 t}g A (Single nucleotide polymorphism: SNP)-2 DNA ¢
71 g A dojih= o d719] Mol 2 fAA A A 2
2 714 wslelA) ke, Qg o2 o 83 4 9l 4
Aol qlet. o] gt A ol Al e 55 theFdt
A7ok S8l Fbsstel e AT olRelAw 9)
(Gupta et al. 2001; Kim and Misra 2007). Q17+ 3+ 1,0007]
Q71412 % 1712] SNP7} 174 EAj el A 0.2 el A 9]
O mj(Wang et al. 1998), EulE o A= 1,6477] 2] G714 4Q T
17§ 2] SNP7} 2R 5}= 21 & 2 B 11 5| ¢ th(Van Deynze et al.
2007). Z| L o] & ZFHEof| 4] NGS (Next generation sequencing)
2 29 =8 484 YRE /WO g genome-wide
SNPs 2= = o 0] At # & 2R 6} AL Gl oh(Chagné et al.
2012; Hyten et al. 2010; Trebbi et al. 2011). T3+ SNP+= 3 4+H
£ &-83tinsilico #-4& F 3l o eHEoke} FHEokoll 8
3 FARE QAT 5 = 783 MAB (Marker assisted
backcrossing) WFA = AHE-%= 5 1 E-8 He7F S AL
Q1 tH(An et al. 2010; Cuesta-Marcos et al. 2010; Xu et al. 2012).

B u} ¥ (Solanum lycopersicum L)'= A A A S 2 A4 ZHE
% 78 wol A4tE AL Bl E= F A A 7FA 7= A
mok ok 73 229 4% BYR ol g5 Ytk
(Foolad 2007). 2003 58] A| 2+l = A *7hA| 2 -2 4] 4
A A B3l BEutE S 44 sl =o] k= laL, #ak of
Y ek oheFet 744 4 E(Consortium 2012)9}F =9 55 F 2
e B, $ A4 A E 5 40H RS AT
Q1A = A th(Fulton et al. 2002; Shirasawa et al. 2010). =1}
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531 QIth(Chagné et al. 2012; Hyten et al. 2010; Lin et al.
2014; Shirasawa et al. 2013; Trebbi et al. 2011; Xu et al. 2013). 2}
At & 7] 4 g EA (Next Generation Sequencing, NGS) 2] %2
ol 9] = kA of] u}E} GBS (genotyping by sequencing) £-4]-&
SNP 45 "ol o] & =il St GBS+ 44+ 84| =
ZLA, G- A| ¢ -2 4 (Genome-wide association study, GWAS)
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T13-1084 #AFZ AH&SFITh Fi4l&-2 HKI3-1151 A&
(recurrent parent)& &7 © 2 T13-1084 7|5 (donor parent)S-
shEzle = wajstqlch 18 il BCF S+ F AE&
HK13-11518} of wuf shglch BCIF) At ol A - 2H2 913t
foreground 412 Kim 5-(2013)©] X 113} ripening inhibitor -3
A SCAR 4t u}A S o881tk BCiF: Altholl A =
F FAAF Ro)Z 7HAH, HHEZ Al o] 7HE A back-
ground WA 7} 3] B 5|31, @ 2] O 2 7P AR AE A
£ AWsto] HK13-1151 0.2 of wu)s}al, BGF, £A1E5 &
Aelolct. Zizke] ol u) Aol A e Ael = AB 3
foreground, background ¥ T3 AT Y3}t ESH
BCoF 0| A AH3E 7 AHl+= BCoF, W BCoF; Al & A A
AL ST R ol gttt e BENLE 1= 50F
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Foreground gt

Rin/rin B F A2 & 5745171 $15H9f Kim 5(2013) 2.2
3 SCAR B} 2 o §-314Ith. DNA +-2-2 913 9l 3 2
ol & 219 S HEZRE 4353t Al DNA= CTAB
(cetyltrimethyl ammonium bromide)¥ & AF&-3}o] FE31%
T}(Saghai-Maroof et al. 1984). DNA -5 = += Nanodrop spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA) 2.
2 2439 0, 2|55 %+ TE buffer (pH 7.0)& ©]-&35}¢]
20ng ' 2 2730} A5 h DNAY] <212 E oF o] A2
£ 18l 1% agarose Ao A A7) 5= &3l elet o 4
Y35}t PCR BH-g- 24 A2 10 x buffer, 0.2 mM dNTP, 0.5
mM forward primer (Rin-F: 5’-AAGTGTACAATATAGACAT
GAACAGCCTTCT-3’), reverse primers (Rin-R1: 5’-CCATACT
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CTTCTTGACAATAAATATATCACAAT-3’, Rin-R2: 5’-AAA
GCAACTTCAGCATCACA-3’), 40ng genomic DNA, and 0.5U
Taq DNA polymerase (Genet Bio Inc., Korea) S &5} 20 ul
2 A8l AMEst% T PCR £E4HE-3-2 GeneAmp PCR
System 9700 (Applied Biosystems, USA)E o|-83} 1 11, WF-3-
Z 712 94°Cof| A 25 denaturation £, 94°Coj| A 30%, 60°Co]|
A 30, 72°Coll Al 1:29] Al ¥4 353] vHE 4=3) 5} ¢ict.
18] a1, 72°Col| A 105 elongation 12| 9} A 2 2] 3 31 %
T} PCR AFE-2 EtBr= A3t 1% agarose gel 4ol 4] 200 V2
405 A7|9 534t thd A& UV transilluminatorof] A £
A3,

GBSE &¢t NGS H[O[E] 4t

%1, F1, Fo, BC, BG At 9] - H 2 HE Hoj Xl 2 3~4nj)
= A A2 A e At E opaek ), GeneAll®Gene
Ex™Plant kit (GeneAll Biotechnology Co., LTD, Seoul, Korea) &
0]83}9], == 100pug/ul, <%= 260/280=1.8 ~ 2.0, 260/230=
1.6 0]/ Q1 genomic DNAE F=%5}of, g3t sl Qi ek =55
DNA sample @] adapter ligationS ] 3l], A 3t& A ApeKI-S- 0]
8-35}0] 75°Cof| A 2A1 7t 5 <QF digestion SF& T ©] & 96-well
plate©]] 1.66 x ligase buffer, ATP} T4 ligase 7} 3£+ solution
< A 2] 5}¢] adapter ligationS =33 31 $1 11, DNA sample 52
pooling¥t & QIAquick PCR Purification kit= clean up 5},
PCR & 95°Cof| A 2871 HF-2- & 98°Cof| A 30%, 65°Cof| A] 30
2, 72°Co) 4] 302 (18 cycles), 72°Col| 4] 532.0] 271 0 & 223}
514tk GBS library?] 7)A€ £4-2 Hiseq2000 (Illumina
Inc, San Diego, CA, USA)& ©]|-8-5}¢] 4= 3} 3t}

SNP & 9l background &4

Barcode sequence A 25 0]-83}¢] demultiplexing 5, adapter
sequence &) 7] X sequence quality trimming2- 5} ¢4 t}. Cutadapt
(v.1.8.3) Z 21 H-E 0]-g5}o] adapter trimmingS =3P 31 %
11, SolexaQA (v.1.13) package®] DynamicTrim3} LengthSort
X2 738 0] 8319 trimming W quality control 2 TF2-2] =
Aof w2t 4=3)35F 5 Tth 1) Probability value =0.05, 2) Phred
score =20, 3) minimum length of reads =25bp. A 4| 2] 4 &
7 21 readE 2] mapping-> BWA (0.6.1-r104) L &2 738 o] &
5to] ICuGIo A 42 &34 A A E(Cirullus lanatus cv.
97103)E v}g o 2 435k & SNP &S ]t SAM format
file A| 25} % ). SEEDERS in-house script-2 ©]-8-3}¢ SNP
validation2- =83+ &, SAMtools (v.0.1.16)S ©]-&35}o] SNP
filtering (min.depth =3, MAF>5%, missing data<30%)< St &
SNP matrixE 2}4 5} 9t} ©]3 SEEDERS in-house scriptE
g-8-5}9], reference gene position (ICuGi)S 7|5FS = SNP
annotationg- 5~3§ 5} 11, SNP filtering T} genotyping 3= 7 (reference

sequence?} 5 Y gt homozygous —A’ T2 homozygous —B’,
heterozygous —B’, missing —-")o]| F-§}5}+= genotype © ©] €]
= A5k

SA=M

Foreground A'&Hofl 4] rin npA = FA5to] dojxl Aife
HK13-1151 8-3 RR&, T13-1084 9 1, o] Z 4 3+ Rrd)
o2 A 7ol A5 HAS B4, Chi-Y(0- EYE,
oj7]o| A O #&A|, Ex 7|t ez A4t a3l
Background AlgolA miARZ RE  dojzl dHolE &
Graphical Genotyper (GGT 2.0) &~ E | ofof| o]} 43}
o RHE21 3} 282 homo tf & -1 4}, donor %] 1 22 homo
AR 1l S H = EF A= 22 A, BE HE
27 B A5 T). o] & g o] El = Microsoft Excel fileo] g o]
GGT 2,0 2 E 9 o]o] |3 A 5}o, k22 5 wulA )
AIE (% RR), donor T &4 212+ |4 E (% ), 318 & w4 =
(%R0)Z AAFsLg] o, WX HK13-1151 A5 3} of auf o]
o} A rin AFE Atol9] £ Y HlolH & 423} oF
pite

E0tE H=E W2 E HK13-1151 AlSe &4

Kol e ik BOLE R4S 9la) Ag APl E
22014938 F)EoEAT 20 K4 AL ol &
o} T3 HK13-11512 pinkA| H-% EnpEo|H Fot
T 260 go] 3L ErtESSII Y Hio] H A(TYLCV) Y
Tyl, Ty3 $ZZ, EBEulEXRA}o|3 H}o| 2 A(ToMV)Q
Tm2a -3 A, Al &5 (Fusarium) @] F -2, 5921
(Fusarium radicis)®] Fr &7}, ¥2] S A Z(Nematode)2] N
AR}, ¥HA1 Q) 2 W (Verticillium) ©) Ve §-A2}, 9 25o]H]
(Cladosporium) 2] Cf G- 2}, Ent & StutE o W(phytophthora
infestans)®| Ph3 A2} W EulE "R &H (spotted wilt
virus) 2| Sw5 AR} 55 A Y AL Q= E U Alsolth
(Table 1).
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rin FEALE 0|83t foreground At

Fi 22H= HKI13-1151 A £3} T13-1084 A% 7} oS =
3l QA 2w, Fy Al EA| = selfinge] 2|3l FE2HE €4
sko] o] &5 ATh Fi @ FoAl o ofl A Rin SCAR mHA & ©]-8-3}
o] foreground A& 913+ A EAS AT Rin
SCAR u}# 9] A§-, o] Zefo|mE PCRo| 483t A=
Rin-F&} Rin-R1-& 800 bp, Rin-F&} Rin-R2:=1500bp HES =
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Table 1 Morphological character and disease resistance of HK13-1151 and T13-1084 inbred line used for the tomato marker assisted
backcrossing program

Line Growth habit Maturity Fruit AY' fruit — Fruit  Shoulder Firmness** Brix® Disease resistance***
days shape weight (g) color  color*
HKI13-1151 Indeterminate 100-110 Cylindrical ~ 300.5  Pink G F 60 I, Ty3, Tm2a, 2, F3,

Fr, Ve, N, Cf, Ph3, Sw5
T13-1084 Indeterminate  90-110  Cylindrical 201.3 rin U FF 5.0 Tm2a, F2, N, Cf, Sw5

*Shoulder color: U (uniform), G (green),**Firmness : MF (medium firm), F (firm), FF (very firm), ***Disease resistance : Tyl and
Ty3 (Tomato yellow leaf curl virus), Tm2a (Tomato mosaic virus), F2 (Fusarium race 2), F3 (Fusarium race 3), Fr (Fusarium
radicis), Ve (Verticilium), N (Nematode), Cf (Cadosporium), Ph3 (Phytophthora infestans), Sw5 (Tomato spotted wilt virus)

Table 2 Genotyping results of the foreground selection in backcross population of HK13-1151 x T13-1084

Number of plant

Population Generation Expected ratio e P-value
Total RR Rr T
HK13-1151 BC/F, 100 58 42 - 1:1 0.75 0.25<P<0.50
X
T13-1084 BGC,F, 192 90 102 - 1:1 2.56 0.10<P<0.25
Z5H A RR, Ry, it Al &S 1= 394 EXF 2R 7} & Table 3 Number of polymorphic SNP per 12 chromosome

obtained from GBS experiments according to the individual
plants of each generation

HE Qo F, xh:}ow 1: 2: 1&%
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o H
ot

LEERE R A e A 9] 4
Ay 129 M& 7}%1 How sl ®uj, 444 BO/F, BC:F)
712 EntESAS 913k of wuf§- foreground A ulA &2 Chromosome No. of No. of
g 7}eshob shokE 9l o) polymorphic SNP polymorphic SNP
chr00 30 64
BC,F, MTH| SRR A chr01 139 396
chr02 193 523
Foreground A%< 913) el 2 HaAE 7M1 F 48 chro3 187 2
HK13-1151 A E3} o wufsle] 1007 2] BCF, A &A1& & chr04 149 216
#3519tk BCIFy Al thof| 4] rin 1}7] & 0] 83} 0] foreground A1 chr03 23 72
2 Aol A5 A H S §8 BOF Aol A L1o2 2 chrd 0 77
52 5] QI rh(Table 2). Z A 1007]©] BC/F, 41874 504 chr07 220 357
Rinrin §-& £27) Atk Akt 427 A ZH S-S 2ol $7 chr08 129 238
EHY L 2R AT B pinkA A& Bk o5 A% chr? n 039
E9] total DNAE 3%5}0] ApeKI O & 4 5}8F 3 GBS library chrl0 126 218
S %513, NGS©]| 2]8] sequencing H] o] 6] @191 t}. BC/F, chrll 168 86
Adjol A GBSE S % 3086712 SNP7} thd< = glc chrl2 245 330
(Table 3, Fig. 1). o] & B & Z}2} 9] Al &of| A dornorzl 3 Total 3,086 4,868

Of Aol 2kl A 2| = heterozygote SNPE H] o] B 9} 51

t}. 71 A7} BC/F, Ao ol 4] 82 3(RPG) 3] 1] 82 56.7%  Randhawa 5(2009)0] AR-§- 2 2L W} ghot BCIF Ao o 41 2]
of ] 84.5%0] #1012 w0 m Wit 70.8% ATHFig 2). o] B RPG FEFO] WA yEpd o w AzbdEnt. Eat
E4A g Yo B2 kA Aol slRgo o)z  MABCZRIH B &S A= EHE ST aclE
2] 75%0] 1= =] k. Randhawa 5(2009)9] W 1iof ojatr = UL k= AR AR, vbA AL, WA B A
o Wl B ] background T}A = G Aol A o] HE53) F= Aer A2 S o]2kar 319 th(Servin and Hospital 2002;
7 8] 2 ¢F20cM7} A 21, BC,F At o) A 91.5%2] RPG3) Collard and Mackill 2008) wetA 2 AL A1E Egjz2
28 /b AAE AEckn shgck e 2 Age)  BOFR AUl ARPG S)5F 0] 75% Rt 2 82.5% WA &

A= 308671 ] GBS -2 SNP] genotyping A7} np# 227 ©18-3HI BGRAIH & 54 3H At
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A BCF, individual plants B BC,F, individual plants

SNP markers
SNP markers

- Recurrent parent genome
- heterozygote

Fig. 1 Genotyping results of the background selection in backcross populations. (A) Genotyping results for the BC,F; population of
a total of 42 individuals and 3,086 SNP markers were used. The highest recovery rate was 84.5% and the lowest recovery rate was
56.7%. (B) Genotyping results of BC,F, population of a total of 88 individuals and 4,868 SNP markers were used. The highest
recovery rate was 97.8%, while the lowest recovery rate was 87.8%
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BCoFy MEHel REXEEA CHFig. 1). 7L 23} 887 BG:F, Al 5571 th % SNP+= 4,8687H

£ ¥oH RPG I EAHEE AR At 87.8%00 A
BCF, At o]| A A1dtsl RPG 3] 28 0] 82.5%9%] A Ex2H 97.8% W 9= M ¢JtHTable 3, Fig. 3). Collard and Mackill
Bl o] X BGF Al ol A= RR:Rr &2 H|7F L1Z & 2] (2008) 5-<] EaLof & 3FH BCF Altholl A 74| 4=E 20071
Holon, F 19270 5 1027) A=4= Ree 2 SQIE ey 7h7ko] 2Akgh A3t 7 9] 99%2 RPG 3] & 7HA| =7t & & gt
(Table 2). Background A19H-2- 913} BC,F; Al t of| A] foreground ot} 3k B A to A= BCF, 9 Rrg A 4=7F 42701 2
S Fol Aojxl 102710l A 887]l BGF) Al =41 & tH4  background A2 9l 8l v 4 42 425 0]-8-51%17] &
O &2 RPG 3] &5 F =& g21s}7] 91el GBS 2412 =343t BGF At ol A= Redg 7§ A 425 19271 2 5}o] background-&
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Table 4 Agro-morphological trait performance of improved lines in comparison with recurrent parent HK13-1151

Fruit Fruit Fruit Fruit Fruit Fruit Fruit Fruit
Plants weight  height  width hardness Brix Plants weight  height  width hardness Brix
(& (mm)  (mm) (kg) (3] (mm)  (mm) (kg)

Hﬁ;?_ 260.7 122.2 134.8 13 6.0 31-1 254.2 122.0 140.9 1.3 6.0
2-2 239.4 124.1 139.1 1.5 4.8 32-3 220.9 127.8 145.4 0.9 5.8
3-2 239.3 131.2 147.6 1.2 52 33-2 309.4 148.4 132.0 1.0 6.0
4-4 209.5 124.7 130.9 1.0 53 36-4 234.8 130.5 147.3 1.9 5.0
5-1 260.9 132.2 137.8 1.2 6.1 38-1 228.9 146.0 137.7 1.4 5.5
6-3 238.9 129.1 120.5 1.0 5.4 39-1 232.4 133.1 138.8 1.0 5.5
7-4 268.0 134.1 130.7 0.95 6.0 40-1 263.1 133.6 149.0 0.8 5.9
8-4 264.0 125.5 131.1 1.7 5.0 41-2 257.0 144.3 131.6 1.2 5.5
9-1 211.1 120.3 125.1 1.0 5.0 42-2 196.5 147.2 138.1 1.0 5.5
12-1 216.5 134.8 139.9 1.0 4.9 43-2 258.5 145.8 138.5 1.65 5.9
13-2 243.9 140.9 149.8 1.3 4.8 44-1 222.5 140.5 130.7 0.835 5.4

BGF s 2403 127.7  130.6 1.0 so BOFusy o83 1495 1253 1.3 5.4
17-2 217.8 137.0 137.7 1.1 5.0 46-1 197.2 146.7 139.8 0.92 53
19-4 232.9 124.0 133.0 0.8 5.5 47-2 216.4 148.5 121.9 1.01 5.1
20-7 237.5 123.8 146.3 1.0 4.9 49-3 200.9 145.1 130.4 1.045 5.0
21-2 211.2 130.3 132.0 1.5 6.0 50-1 221.7 1304 129.7 0.98 5.5
22-2 188.9 136.7 130.3 1.3 5.0 51-1 227.6 132.2 124.0 1.3 5.9
23-3 213.8 123.4 122.7 0.9 5.1 53-1 197.0 146.2 137.5 1.45 5.8
25-4 188.4 127.8 136.6 0.9 5.1 56-3 180.5 133 132.8 0.87 5.3
27-6 197.7 139.2 120.3 1.6 5.9 58-1 184.4 141.5 121.5 1.7 5.5
28-5 164.2 125.1 132.7 0.4 5.0 61-1 195.1 148.6 136.7 0.9 5.9
29-3 164.5 121.3 130.8 1.1 6.0 62-1 218.0 135.4 134.4 1.8 5.3
30-3 176.0 127.2 134.4 14 6.0 63-1 215.5 122.3 130.6 1.45 6.0

85} 2 3}, Collard and Mackill (2008) 7} 1. 1.5} 2 7}o} ] %]
FT. 2 AR ol A BGF Alth & ZHAIZ 0l A rin wlA o &
| A2t donor %] -2l THH-& FAA| SHof &3 9l lem,
4%, 651, 8¥ 128 G A A 9] segment 5 A| 2] 5} A A=
AEoll A A thFito] 3] & =l ch(Fig. 1). mheba] HhE3]
HKI13-1151 7§ 2 RPG 3] & A =7 2 37MA & e =2
FAY LS AR AT No. 5-1 A EA 7F 2@ G o] 7 A
310 A} 7k4pA& 58l BGF, A5 /9319 ch(Table 4). &
Aol A 7 GBS&A& 0] 83 MABC 4] &2 W3l
A A58 5d 5 s U o2 AZE 5L NGS 24 9
SNP g HE &stA| o] & ghep vjw A &4 A AH7Hs
scha Az ch ey o e GBS library 2 59 7] 44
ol ZAI o] oF71E 4= Qith. webA GBS &4 S8l A
%l SNP u}# £-9] fluidigm chip (EP1 system)©| 4} array 2} 7+-2
SNP A}-5-3} 24 Z 20 -EZ(Thomson 2014; Wang et al. 2009)]|
23t e = o wpA M gk o] 5 o] §-5ho] Hrk & H-2 o
7F 528 background chip 7l 2o] A A3 Abef o] T},

ol _l).

{0

o

XM O

= i

Marker-assisted backcrossing (MABC)<2 marker-assisted selection
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