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Identification of tangelo varieties with InDel markers
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Abstract: [Objective] Tangelo is a type of citrus hybrid that has mandarin (Citrus reticulata Blanco)
and pummelo [C. maxima (Burm.) Merr.] pedigrees. Owing to the characteristic blended flavors of man-
darin and pummelo, tangelo is increasingly favoured by consumers, and receiving attentions from citrus
breeders. Besides the conventional tangeloes such as Sweet Spring and Haruka, previously we have de-
veloped two elite tangelo varieties called Yangguang No. 1 and Yangguang No. 2 derived from a cross-
ing of Ehime Kashi No. 28 and Haruka. At present, the cultivated area of Yangguang No. 1 is expand-
ing. Precise and efficient variety identification is crucial for protecting plant variety rights. Molecular
markers, such as SNP, SSR and InDel, have been broadly applied for genotyping, variety identification,
genetic diversity analysis and pre-selection in various crops. This study aimed to discover whole- ge-
nome InDels by comparison of whole-genome sequencing data of Yangguang No. 1, Yangguang No. 2
and their parents, and developed agarose gel-resolved InDel markers for genotyping and discriminating
different tangelo varieties. Furthermore, the application of the selected InDel markers for genetic analy-
sis of a wider range of citrus germplasm resources was also investigated. [Methods] The plant materi-
als for whole genome re-sequencing were the healthy leaves of Yangguang No. 1 and Yangguang No. 2,

and their female parent Ehime Kashi No. 28 and male parent Haruka. Ten tangelo varieties were tested
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for the genotyping, discrimination and identification with the selected InDel markers. Altogether, 20
mandarins, 10 tangeloes, 2 pummeloes, 5 sweet oranges [C. sinensis (L.) Osbeck], 2 citrons (C. medica
L.), 3 lemons [C. limon (L.) Burm. f.], 2 yuzues (C. junos Siebold. ex Tanaka), 2 grapefruits (C. paradi-
si Mact.), 2 kumquats (Fortunella spp.), 3 trifoliate oranges (Poncirus trifoliata Raf.) were used for ge-
netic diversity analysis. The whole-genome re-sequencing was carried out with NovaSeq 6000 Sequenc-
er (Illumina Inc., San Diego, USA) in Biomarker Technologies (Beijing, China). The clean reads were
mapped against the genome of clementine mandarin (https://phytozome.jgi.doe.gov/pz/portal.html) us-
ing BWA. The GATK was used to call and filter InDels; and the SnpEff was applied for variant annota-
tion. The primers for detecting the InDels were designed with BatchPrimer3 according to the flanking
sequences. Population genetic parameters including major allele frequency (MAF), number of alleles
(Na), number of genotypes (Ng), effective number of alleles (Ne), expected heterozygosity (He), ob-
served heterozygosity (Ho) and polymorphic information contents (PIC) were calculated using Power-
Marker V3.25. The PCoA was conducted using “ade4” package of R program, and then the scatter plot
was performed using “ggplot2” package. [Results] The four varieties generated > 10 million clean
paired-end reads with > 3 billion base, Q20 and Q30 of >96% and 92%, properly mapped ratio of >
85%, 1x and 5% coverage ratio of > 89.9% and 67.95% and average depth of > 7x. A total of 285757,
338510, 320991 and 296648 InDels in 281458, 330079, 314081 and 289508 loci were called in the ge-
nomes of Ehime Kashi No.28, Haruka, Yangguang No. 1 and Yangguang No. 2, respectively. Clearly, In-
Dels and InDel loci in the genome of Haruka was more than those of Ehime Kashi No. 28. Indeed, it is
reasonable to deduce that Ehime Kashi No. 28 (Nanko x Amakusa), whose female parent Nanko has
half clementine mandarin pedigree, should show more identity to clementine mandarin than the other
three. Moreover, it was not surprising that their hybrid offspring, Yangguang No. 1 and Yangguang No.
2 had the intermediate amounts of InDels and InDel loci compared with their parents. After removing
the common InDels among the different varieties, we identified 607376 InDel loci (657414 variants)
with an average density of 1.08 InDel/locus. Most (92.5%, 561914) of the loci had one InDel, and
41112, 4127, 220 and 3 loci had two, three, four and five InDels, respectively. The majority (488 369,
80.4%) of InDel loci were intergenic, whereas only 19.6% (119 007) were intragenic. Most of the InDel
were mononucleotide, followed by dinucleotide. Notably, we observed that 5315 (2.1%), 6402 (2.2%),
6226 (2.2%) and 5766 (2.3%) InDels were > 30 or << -30 bp in length. They could be potentially used
as InDel markers that could be detected through simple agarose gel electrophoresis. With the genomic
DNA of the 10 tangeloes and Ehime Kashi No. 28 as templates, the PCR products corresponding to the
48 InDels were successfully amplified, and the bands could be separated by 2.5% agarose gel electro-
phoresis. The genotypes of the tested tangeloes and Ehime Kashi No. 28 could be unambiguously and
easily discriminative with these InDel markers. Moreover, a total of 51 citrus germplasm resources were
further genotyped with these InDel markers. The PICs of these 48 markers in the total 51 citrus germ-
plasms ranged from 0.055 to 0.450 with an average of 0.281; the MAFs ranged from 0.510 to 0.971
with an average of 0.739; the Ho and He were in the range of 0.039 to 0.647 and 0.059 to 0.546 with av-
erages of 0.306 and 0.350, respectively. Some markers with higher He, PIC and lower MAFs, for exam-
ple I3 744,17 170,18 516,18 533 and 19 669, showing high genetic diversity, were potentially impor-
tant for the genetic diversity analysis for citrus crops. In addition, we built a PCoA plot to illustrate the
genetic distances among all the 51 varieties. The different varieties within same types generally tended
to cluster close, fitting the conventional citrus taxonomic system, although the mandarin and kumquat

groups were relatively scattering, which could be explained by interspecific or intergenetic hybrids.
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However, the precise genetic relations among these citrus germplasms could not be inferred from the

PCoA. [Conclusions] The genome-wide InDels from two novel tangeloes and their parents were char-
acterised. Forty-eight InDels (>30 or <-30 bp) would be useful for the effective discrimination and

identification of various tangeloes through low-cost agarose gel electrophoresis. They also would be ap-

plicable for genetic diversity and classification of true citrus fruit tree group.

Key words: Citrus; Tangelo; InDel; Molecular marker; Genetic diversity
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Table 1 Primers for detecting 48 InDel markers

ZFR FBES  fE EEZIs N PCRHKE(SH)" PCR K (2 5 )°

Name Scaffold Position Sequence PCR product size (reference)/bp PCR product size (variant)/bp

767 1 74767 AACTAAACAGCCCCGCATTT 187 220
AGCCATTTCAAGAGGAAGTAGAA

191 1 19397191  AAGCCACGAGAGTTACAGCAA 183 153
TTTCAACGACAAACACCTCCT

I1 846 1 21522846  TTTCCAGGCTCAAGTTACAGC 223 183
GCACAATAGCGTTTACAATAATCAC

11 400 1 27287400 GCAACAGCGAATACCTCAGA 174 232
CTTATGGTGGCGAGTTTCCT

I1_184 1 28202184 TACATTGCGTCCTGTCTTGG 213 178
GCATCAACATCTCCATAAACGA

11639 1 28494639  GCAAGTTCAGGTCATCTCCAG 208 176
TCAAGCAGCAGACATTCAGTT

2. 691 2 3793691 CGTCACCCTGGCAAATCTA 192 231
GCAAATCCAAGTATCACGAAAA

12248 2 17711248  TCCACGAGTAAGGCTAAGGAA 186 140
GGGGAATGGGTAATGTTCAC

12 815 2 28696815  TGGGGGTTAGGTTCATTTTG 221 190
TCCTGTTTTCCGATTATGTCAA

12 137 2 35384137 TAAGAGCAAAGGCAACAAGC 234 270
TTCACCAGAAAGATGATTGGA

13 744 3 173744 CTGTTTTGTCACTGCCCGTA 180 256
TACACCCCGAACCCCACT

13 068 3 879068 AATTTCCTCCTGCAGCAACC 257 217
TTCAACTGAAGCATTGCCGG

13 321 3 17751321  TCTGAACAGGCAATGATGAGC 208 157
AGGAGATTTCTGGTGCAAAGC

13311 3 20566311 ACTTTGCTTGTTGTGCTCACT 175 208
CGTTCGAAGCCTAGACCTCT

13326 3 20885326  GCGGGAATATTTGAACTCACCA 273 231
GGTCATTGCTGCCATTTCCA

13890 3 31542890 CCGAGCAGCACAGAACAT 210 169
CACGACGGGGAGAGAATAAA

13175 3 42136175  CAGGGTGATTGCTTGCCTC 185 155
GAGAAATTGGCTCCATGAATTGC

14 604 4 764604 TGTCAAATTCGCTATGCTCGT 259 206
CCGAGATGCACAAAATTGAACC

14 690 4 1095690 TGGGCAGTTTTGGTTGTGTG 192 239
TCCCGCGATAACAGATACCT

14 085 4 7106085 GATTGGCTCAACAGGTCCAC 241 289
TGACAAGCAAACTCGAATCTGA

14 513 4 9625513 CGGAGATTGACACAGGAGTG 237 175
AGATTGGTGGGTTGAGAAGC

14 457 4 23930457  ACTGGTCCCTGTGATGCTAA 237 201
ACCCAAAGTCTATCGAGCCC

15453 5 1369453 AAACCGCCCTGGATTTGT 207 175
GCAACCCTGATTTCTTCCTG

15 676 5 2274676 GGCAGCAAAGGCAATAAAAC 250 287
TGGTCTACAGGAGGTGTCCA

15322 5 29398322  CTCATTTGCGTCCCTTCAAC 235 193
GCTTCTGTTTCCAGCCCTAA

e B AT AN AT B 9 B SR AR R SRR A s b i v B2 TGS S R KA THE PCR IR HEIL K 5. B InDel 48 54
KA SRR 1Y) PCR P2 LK .
Note: a. The first and second row indicated the upstream and downstream prime sequence; b. The theoretical PCR size from Clementine reference

genome; ¢. The theoretical PCR size from the genome of InDel variant.
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%1 (4) Tablel (Continued)

LB TRMER fE 5151 PCR I KJE(5 % ) PCR K CE 7

Name Scaffold Position Sequence PCR product size (reference)/bp PCR product size (variant)/bp

15 445 5 43058445  TCCACTTACCACTTCTTCCAAC 229 189
AACTTCACCACCCCAGACAG

16 283 6 2190283 GAGAGAGAGAGAGGGAGAGAATGA 238 275
ACCTTGGGATTGTTGTGTCA

16 552 6 7580552 GAACTTTGACCATTTTCCCGTA 276 235
CTTCCCCATTTTGCCTGAG

16 309 6 9762309 AAGAGGCGAGGAGCAGTTG 233 288
TGTTGTTTTGTTGGCTATTTCC

16 502 6 10107502  GTGGTTGTGAATAAGGGCATT 221 182
CGGACCCAAACGAATCTAAA

16 890 6 17090890  GAGCAAGGAGCCATTTTGAG 226 260
GCCATCTTCTACACCAAGCA

16 401 6 20009401  CGTGTATGCTCTCAAAGTCTCAA 204 170
GATGGAAACCCGATTACGAA

16 280 6 20088280  TCATGCTCTCCAAACTCTCCA 244 208
GGATTGGCATTCATATTCCACCA

16 681 6 25481681  CCGCAAAACACGCAAAAA 262 210
AGAAGTAACAATGACAGGACACG

17_101 7 468101 AAACCTCTCCAACTTTCATCG 235 203
GTCGGCTTTTGCTTTCTCAT

17_449 7 963449 TGTGTTACGGCAGGTATGGT 269 331
TGCGTCTCCAGTTCTATGAGG

17.272 7 2253272 TCCCCAGTCCCCATAAGTAA 231 201
AATCCGCAACAAATGAGAGG

17 826 7 2259826 TTTGCGGTGTAAGGAACAGT 264 224
CCATCATTGGCTCCCACA

17845 7 2627845 GAGAGCATTGTTTGGGGGTA 244 193
GGGAGTCGCAGAACCTTGTA

17_170 7 19369170  TCAGTGTTTGGGCTTGAGAA 256 287
GATAGATTAGTTGATGTGTGGCGTA

18 554 8 949554 GCCAACGAGAGAAGAAGGAT 219 189
CATTGCTGCCTGGTGAGTT

18 516 8 18035516 ~ AACCAATCTAAAAACCCAGCA 217 273
AGGAGCAAACTGCCTTGTGT

18 533 8 20194533  TCTCTGAACCAATAATCACTACCG 177 146
ATGCTTTCTTCTGCCAAGTCT

19 200 9 955200 TCACCGAAACATCATAACCTTCA 161 192
TTTCACCGCCTTGATGTTCA

19272 9 3463272 TTCTACCAACCTTATCCCAACTG 231 201
TCTGCTACACTTATCCCCTACGA

19 459 9 6543459 GAAAAAGGGGCACGGATT 185 231
GCAAGGGGCTGAAAGACTAC

19 669 9 14389669  GGCTGAGAGATGAGGGAGTTC 255 211
CGAAATAACAAAAGGCACCAA

19 386 9 24807386  ACTTGGAGTTGCTGGATGCT 223 187
TTAGCGGTGCTCATTTCCTC

TARICHIF R o A T AR5 X DL K AR S K T 40 1)
InDel % & LU B , [ B IX 22 TnDel % J5E K 2 8 1) 52
WV /AN 72BN R IR R T
2.2 EATIRRETERAR B kAN AY InDel 43 FFRiT
%

FR A b 38 K T 30 bp 87N T30 bp [ InDel fiz

R 548 A1, 28 3 JL T 60 X InDel 514, 43
7E JE K21 9 AN Fr BEHE 22 (scaffold) A, H A 48
XF 51 PRI 10 A A R RN 2 1 28 5 ) SRR 2H
Py 97 ZKIEM & . Horh 2 HbR D R AR &
i, L R —Fp AR 0y 50, AR A B 5 e
DU HA A0 51 0 B B ) B — 3 T 19_459
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Fig.1 Whole-genome InDel of the two tangelos (Yanggaung No. 1 and Yangguang No. 2) and their parents (Ehime Kashi No.
28 and Haruka)
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NEFE 7 AT AT 48 MFRiC AT = AL R R B, B AT At R AR R (HJRZE X InDel A7 AU kB IR AR 52 4
XFIZ 10 A AE A AT DL R 2 1% 28 S AT X p A& BEHL, W Ak R AE RO 1 5 JBHOG 2 5V Z 1R 28 5

19 669 eSS R R R e

18 459

& g ¢
$ AN { S
NN N
PNy

PCR # 3P WIH 1.5%M I Ik 73 B 5% DNA 2 F B briftr Ay 250 bp, b R AR 2471 435l 400 bp A1 300 bp.
PCR products of the 48 InDel markers were separated by 2.5% agarose electrophoresis. The brightest band of the DNA marker (M) was 250 bp,
whose neighboring bands were 300 and 400 bp above and 200 and 150 bp below.

2 XE4E 28 S0 10 MEHEME) PCR 15
Fig.2 PCR amplification for 10 tangelo varieties and Ehime Kashi No. 28
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The presence or absence of the PCR product bands were recorded with 1 or 0, and the combination from long to short bands indicated the InDel
genotype.

El3 F 48 InDel 53 FARICXTE 4 28 S0 10 Mt RMOERE 7
Fig. 3 Genotyping 10 tangelo varieties and Ehime Kashi No. 28 based on the 48 InDel markers
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Table 2 Genetic diversity of the 48 InDel markers in the 51

Citrus germplasm resources

InDel f7ic BORAEAIE BRI AR WZe Z2EER
InDel marker [A#IHE MAF #(&ENg A% He A% Ho FEPIC

11_767 0.971 2 0.057 0.059  0.055

I1_191 0.863 2 0237 0275  0.209
11 846 0.676 2 0.438  0.647  0.342
11_400 0.627 3 0.468 0314 0358
11_184 0.961 3 0.075  0.039  0.073
11 639 0.971 2 0.057  0.059  0.055
12691 0.667 3 0.444 0353  0.346
12 248 0.618 3 0472 0412 0361
12 815 0.647 3 0457 0392 0352
12 137 0.804 3 0315 0353  0.266
13 744 0.598 5 0.496  0.549  0.391
13_068 0.647 3 0.457 0510  0.352
13 321 0.716 3 0.407 0451 0324
13 311 0.657 3 0.451 0333 0.349
13 326 0.657 3 0451 0529  0.349
13 890 0.824 2 0291 0353  0.248
13175 0.931 3 0.128  0.098  0.120
14_604 0.784 3 0338 0275 0.281
14690 0.745 3 0380  0.196  0.308
14 085 0.853 2 0251 0294 0219
14 513 0.951 3 0.093  0.059  0.089
14_457 0.745 3 0380  0.157 0308
15 453 0.775 3 0349 0255  0.288
15 676 0.618 3 0472 0412 036l
15 322 0.608 3 0.477 0588  0.363
15_445 0.961 3 0.075  0.039  0.073
16 283 0.804 3 0315 0275  0.266
16 552 0.755 3 0370 0216  0.302
16309 0.657 3 0.451 0451  0.349
16_502 0.961 3 0.075  0.039  0.073
16_890 0.667 3 0.444 0275  0.346
16 401 0.510 6 0.535 0373  0.428
16_280 0.627 3 0.468  0.078  0.358
16_681 0.745 3 0380  0.039  0.308
17_101 0.755 3 0370 0451 0302
17 449 0.971 2 0.057  0.059  0.055
17 272 0.931 3 0.128  0.098  0.120
17_826 0.578 3 0.488 0373 0.369
17_845 0.676 3 0438 0451 0342
17_170 0.549 3 0.495  0.549 0373
18 554 0.784 3 0338 0353 0.281
18 516 0.539 4 0.546 0471  0.450
18 533 0.520 3 0.499 0569 0375
19 200 0.667 3 0.444 0353  0.346
19 272 0.912 3 0.161  0.137  0.148
19 459 0.647 5 0.481 0333  0.397
19 669 0.569 3 0491 0392 0370
19 386 0.794 3 0327 0373 0274
A 0.739 3.021 0350 0306  0.281
Average
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Fig. 4 PCoA of 51 citrus germplasm resources based on the genotypes with the 48 InDel markers
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