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Identification of various 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 mandarin and pummelo, tangelo is increasingly favoured by consumers, and receiving
attentions from citrus breeders. Besides the conventional tangelos such as Sweet Spring and
Haruka, previously we have developed two elite tangelo varieties called Yanggaung No. 1 and
Yanggaung No. 2 derived from a crossing of Ehime Kashi No. 28 and Haruka. At present, the
cultivated area of Yanggaung No. 1 is expanding. Precise and efficient variety identification is
crucial for enforcing plant variety rights. Molecular markers, for example SNP, SSR and InDel,

have been broadly applied for genotyping, variety identification, genetic diversity analysis and
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breeding in various crops. This study aims to discover whole-genome 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 analysis of a
wider range of citrus germplasm resources is investigated. [ Methods] The plant materials for
whole genome re-sequencing were the healthy leaves of Yangguang No. 1 and Yangguang No. 2
tangelos, and their seed parent Ehime Kashi No. 28 and pollen parent Haruka. Ten tangelo
varieties were tested for the genotyping, discrimination and identification with the select InDel
markers. Altogether, 20 mandarins, 10 tangelos, 2 pummelos, 5 sweet oranges (C. sinensis (L.)
Osbeck), 2 citrons (C. medica L.), 3 lemons (C. limon (L.) Burm. f.), 2 yuzu (C. junos Siebold. ex
Tanaka), 2 grapefruits (C. paradisi Macf.), 2 kumquats (Fortunella spp.), 3 trifoliate oranges
(Poncirus trifoliata Raf.) were used for genetic diversity analysis. The whole-genome
re-sequencing was carried out with NovaSeq 6000 Sequencer (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) by using BWA; GATK was
used to call and filter InDels; and SnpEff was applied for variant annotation. 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), observed
heterozygosity (Ho) and polymorphic information contents (PIC) were calculated by using
PowerMarker V3.25. PCoA was conducted by using “ade4” package of R program, and then the
scatter plot was performed by using “ggplot2” package. [ Results 1 The four varieties each
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 genomes of Ehime Kashi No.28, Haruka,
Yangguang No. 1 and Yangguang No. 2, respectively. Clearly, InDels and InDel loci in the
genome of Haruka was more than that of Ehime Kashi No. 28. Indeed, it is reasonable to deduce
that Ehime Kashi No. 28 (Nanko x Amakusa), whose seed 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 to 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 (488369, 80.4%) of InDel loci were intergenic, whereas only 19.6% (119007) 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 can be detected through
simple agarose gel electrophoresis. With the genomic DNA of the 10 tangelos and Ehime Kashi
No. 28 as templates, PCR products corresponding to the 48 InDels were successfully amplified,
and the bands could be separated by 2.5% agarose gel electrophoresis. The genotypes of the tested
tangelos 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 germplasms were 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
averages of 0.306 and 0.350, respectively. Some markers with higher He, PIC and lower MAFs,
for example 13 744, 17 170, 18 516, 18 533 and 19 669, showing high genetic diversity, were
potentially important 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 in
same types generally tend 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. However, the precise genetic relations among these citrus
germplasms could not be inferred from the PCoA. [ Conclusions] The genome-wide InDels from
two novel tangelos and their parents are characterised. Forty-eight InDels (> 30 or << -30 bp)
are useful for the effective discrimination and identification of various tangelos through low-cost
agarose gel electrophoresis. They are also applicable for genetic diversity and classification of true
citrus fruit tree group.
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1.3 2EFEEMFK InDel 124

H Bioruptor Pico &4t (Diagenode, HLFIET) Xf Frig LK 2] DNA #AT8IY), TERZ 350
bp HI A Bt f# 4 TrueLib DNA Library Rapid Prep Kit KBIHFEAY, IR 2%, H NovaSeq
6000 Sequencer (Illumina, &) HEAT IR 10X T« JEZARFE (N HFIK
T 10%8% Phred < 10 JELBEI/N T 50%) K (read) J&, A BWABSIE 5 B & T i i) ik
[RIZH 7% (https://phytozome.jgi.doe.gov/pz/portal.html) L}, F GATKPOSREUFNIL € InDel.,
AR (1) 3EZ5 10 bp WIKAIAR InDel; (2) A SFAL S MR B (QUAL) KT 305 (3)
T R S E SR EAEINHE (QD) KT 2.0, (4 HXHFREMMHR (MQ) KT
40; (5) P /RIEHRIE (Fisher” s exact test) 1IEMEEHZE (FS) /N 60; (6) HAth GATK
BOERIBRAE . PT1338 5 H] SnpEfSHEATIERE .
1.4 5|49 1+#1 PCR 415

{8 ] BatchPrimer3P81, %48 5K 5 KT 30 bp 3/ T-30 bp ] InDel (#5311 5142,
PCR =K LN 200 bp, 514945 8 % 1. F MonAmp™ 2x Taq Mix (FEZ4EY), i)
#E47 PCR, JRMFZEFH 94 °C 3 min, #RJ5 94 °C 30s,58 °C 30's, 72°C 30's, k35 MG,
5 72 °CI N 2 min. PCR P4 FH & 1/10 000 AidRed (133€, dbED) 1 2.5%E bl ke

HLVK M8, FEEAMT TR
= 1 BTN 48 A InDel #RI2HI5(4
Table 1 Primers for detecting 48 InDel markers

RS FBAE  fE S1¥r 3 PCR ¥k PCR =K
Name P2 Position Sequence B (ZH P CBER)
Scaffold PCR product PCR product
size size
(reference) (variant)
AACTAAACAGCCCCGCATTT
1767 1 74767 AGCCATTTCAAGAGGAAGTAGAA 187 220
AAGCCACGAGAGTTACAGCAA
1o 1 19397191 TTTCAACGACAAACACCTCCT 183 153
TTTCCAGGCTCAAGTTACAGC
1846 1 21522846 8CACAATAGCGTTTACAATAATCA 223 183
1400 1 2787400 SCANCAGCOAATACCTCAGA 174 232
TACATTGCGTCCTGTCTTGG
1184 1 28202184 GCATCAACATCTCCATAAACGA 213 178
GCAAGTTCAGGTCATCTCCAG
1639 1 28494639 TCAAGCAGCAGACATTCAGTT 208 176
pen 2 s CUIGACCCTGOCAMNICTA g 31
TGGGGGTTAGGTTCATTTTG
2 815 2 28696815 TCCTGTTTTCCGATTATGTCAA 221 190
TAAGAGCAAAGGCAACAAGC
2,137 2 35384137 TTCACCAGAAAGATGATTGGA 234 270
3 744 3 173744 GRS LLTGTCACTGCCCSTA 180 256
AATTTCCTCCTGCAGCAACC
13068 3 879068 TTCAACTGAAGCATTGCCGG 257 217
B30 3 17751321 J SEOAACAGUCANTCATGAGE 208 157
B3 3 20566311 A O TG O TS GAST 175 208



GCGGGAATATTTGAACTCACCA

3326 3 20885326 OCOOOANTAT LTOARCTCAS 273 231
3890 3 31542800  CSOAGCAGCACAGAACAT o 210 169
B175 3 a136175s  SAOGG A O e e 185 155
4604 4 764604 (CGAGATGCACAAAATTGAACC 259 206
4690 4 1095690  roaGEASTITTOGIIGIGIG 192 239
14085 4 7106085 FGACAAGCAAACTCGAATCTGA 241 289
413 4 9625513 ROATTGOTGOGTTGAGARGE 237 175
14457 4 23030457 AGLIGTGCCTGTOATACTAL, 237 201
15 453 5 1369453 e e GG I 207 175
15676 5 274676 SOCASEAAAGOCANTALIAC 250 287
532 5 29398322 SehemiacGLECCTTCant 235 193
15 445 5 43058445 QAL TR AC 229 189
GAGAGAGAGAGAGGGAGAGAAT
16283 6 A0 T TGGGATTGTTGTGTCA 2% 27
16552 6 7580552 ORRSIITOACCATITICCCGTA 576 235
T O~
16502 6 10107502 OLOGLIATCARTAAGOECATT 21 182
16 890 6 17090890 SASCANGEACCCATITIGNG 226 260
16401 6 20009401 SGTOIATCCICICAMAGTICICAA 204 170
o0 0w SICOCRING w
T WV
7101 7 a68101  APASCICICCANCTITCATCG 235 203
rao 1 ow  TIOTMCEGEENGT
7212 7 2253272 AG e CCCCATANGIAL 231 201
7826 7 2259826 G aATSTARCAAACAGT 264 224
17 845 7 2627845 SAGAGCATTCTITECOGGIA 244 193
TCAGTGTTTGGGCTTGAGAA
7170 7 19369170 GATAGATTAGTTGATGTGTGGCGT 256 287
I8 554 8 049554 QCCALCHAGAGAAGAACGOAT 219 189
18516 8 18035516 AACGAATCTAAAANCCCAGCA 217 273
i s een OGMCOMMIOMGS 5
om s sem  INOGMCTNCONTE
1945 9 6543459  SARMAAGUOGCCACGUALT 185 231
o o owe SUGGOIAGRIT
938 9 24807386 A LOCAGT TGCTGOATGCT 223 187

Heoa BATHIE AT R LIRS SR NS A b, il e 2 T S AL K405 PCR 77
PIRIELR K . LA InDel A8 738 K AN ) PCR P 0BG K EZ .

Note: a. the first and second row indicated the upstream and downstream prime sequence; b. the theoretical PCR
size from Clementine reference genome; c. the theoretical PCR size from the genome of InDel variant.

1.5 BESHMESTMELIRS T (PCoA)
8 H PowerMarker (V3.25) THERHREEZSH, BAEERFEHE (Vo). FAHEEE
B (NVa). ARG AR (Ne)y S KRR (MAF). He GBI G ). Ho (M
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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)



%2 v [E] [ X LK Chttps://db.cngb.org, I H 5 CNP0001863 ) f — ™ il Fff F= 28 7 #1000
JiAFEREEEK (read) 30 ZAMH3E, Q20 A1 Q30 ¥4I KT 96%F 92%, IEH# &7 F
5o B TGS S AL K L B34 K T 85%, 1 xR 41 7 76 FE 4R 3k 89.9%, Sx 3 [H 417
W 67.95%, FRIREEE 7x. DL EARRE, MR R E R, WA TESLNE
SR I B A 2K 53 A
T 5 T B S T IR R A B B . GATK 84 o A8 S (R S BURN 3 i, 285 7E 4 A b

IFER AL 2 I 3R13 T 285 757 (4% 28 %), 338 510 (A ). 320991 (FHYE 15 1296
648 1~ (BHOE 2 5) InDel iz (B 1-A). 1ENZRAZJEAL, B 1 5 AIFHDE 2 5 1) InDel 47
BB AN TWAEAZIE. Z% 28 51 InDel ¥t H W BALT HE, REKNEK 28 SEH
# (Nanko) FIRE (Amakusa) HIZRACEM, MEERAREL RS T, HS5HEEM
b, ik 28 SRS THA LSRG LR, EH 4 MFIEA 1M InDel J5, %
€ F] 607 376 A~ InDel fi7 55, A5 657 414 FiA )7 . 4RZHL (92.5%, 561914 4> fif
MR —MAERTR, HAe 41 112, 4127, 220 F1 3 ML IAEAE 2, 3. 4. SRR, H
H119.6% (119007 A~ 1) InDel £ iz THE KA, HA (80.4%, 488369 1~ -3k Al [H] .
B A7 192 203 A1 133 980 /Mb 73 7 B K] B3l A0 5% 5 kb LA J5# 47 83 983 /> (70.6%)
MFNET, HA 350244 (29.4%, /A4 InDel £/ 55/ 5.77%) SHRFERmGMHIS, B
f5X (1.64%, 9986 ). BITIAHIEX (0.36%, 2169 4~). 5°-UTR (1.49%, 9021 /). 3>-UTR

(2.25%, 13640 ™) (E 1-B). 2K N 1 3% 2 1 InDel HAF &, i KA B InDel 4%
A (B 1-C), HFA 2.1%~2.3% (5312-6402 4~ ] InDel F Bt AT 30 bp /N F-30 bp.
XK B InDel 4778 7738 F T B IR I FL VIR DU 1) 73 A IO R o A7 T R i X A
Jo A7 K B4 ) InDel $ HFIK, SBIX L InDel %o 5 K D A8 I FE A BN, KB/ %
AP
2.2 ER TR BIKEME InDel HFIRIZMFA L

18_533

PCR #37=WIH 1.5% 3 lGHE sk 73 5 . %05 DNA 7r T EARdETT 4 250 bp, - FARIE [ 4% 4373 400 bp 1 300 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.

Bl 2 Xt E 4R 28 AN 10 FiiE i PCR 3738
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.

B 3 F 48 /> InDel 73 THRie Xt Z 1% 28 571 10 At A% 2 2
Fig.3 Genotyping 10 tangelo varieties and Ehime Kashi No. 28 based on the 48 InDel markers

A FiR KT 30 bp /N T--30 bp 1) InDel A7 52 (15548751, 2835 Ik 1T 60 %I InDel 5l
W, SECESERALN 9 N F BAES (scaffold) 1, JLhfg 48 X514 RIXEIX 10 Fhid i Al 2 4%
28 SHYFEK Y G 97 SKIEMT AT . b ZHbRIC R AR A, R — R A R 0T =,
Fka A B 5 I8 I I P HE A0 5 A7 B SR AR AE — 3 1T 19_459 7E B J8 BLA R W[5
W, (Kiyomi) 5 #6 x B J& BURL o H L T 58 = 2%y, AR AT g™ AR BR B (H 2 4M 136 2 Fh InDel
AR i, B2 ER T 13 744, 17 170, 18 516+ 18 533. 19 669 F119 459 (] PCR 41 Hi ¥k
BRI, § 3 mminl W, AT, B 3 T HATE 48 Mrid =4 EEm A, fE
RONIE 10 /M A itk DA S 57 0% 28 S AT IX 0 FI S iE o« b 22 2 R0 JE B by Je vzl 7
12 M7 B 15 6 ZE s BROYG 1 S RIBAOG 2 S22 s, 1 42 Myl B 47 A
FESt o HLE N 8 SR X8 A R PG AL (M A PR H IR R, R O RIT, BRI AL
NFEIT . BEARBHYE 1 SHIBEYG 2 SHURIAK R, H2ZE#E X InDel {7 mi(IEFEIFAE 58 A HEAL,
T EBETEPH 15, PG 2 5. 0% 28 SIS AR L2 I B Z R AR, B2 FE K
(15 DR 2R AN R S BB O 15 AP 2 45 2 ) B8 1 AR R 25
2.3 %t 48 A InDel ¥RIZTE 51 MR HIEFNR BRIR R AYIEE ZHMES T
YT IX L InDel bric Pl A7 800 ik 10 Pl #1192 15 28 = AT 3k [K] 73 BUFN (X 73 458 1 2
S5, EFHOT G EY R 51 IR BT BIR, EFE 10 MhAEA . 20 FRAE. S PRETRE. 3
PPl 3 FRRL 2 Fihl 2 PRI AT A 2 FhMO. 2 Fh AR 2 P M. InDel ARICAEIX 51 1
FHA SR 2 R P s A% 2 FE I T 45 R ] 2 LK 2.3 PIC /T 0.055(11_639.11_767 117 _449)
F10.450 (I8 516) . [a], “F3J0.281; MAF /T 0.510 (16_401) F10.971 (11_639) ZJal,



15 0.739; Ho /F 0.039 (11 184, 15 445. 16 502 fil 16 681) £ 0.647 (11 _846) 2 [H],
P14 0.306; He /T 0.059 (11_767. 11_639 A1 17 _449) 1 0.546 (18 516) 2 [f], “*F¥J 0.350.
—EEFRic (B0 13744, 17_170. 18 516+ 18 533 F119 669) FEA %= i He/PIC FIik MAF,

RYMAER A T A B R RB AL 2 BV, X HPGEVIRIE AL 2 BV E o BT BN B 2
32 48 /™ InDel FRIZFE 51 IAHHIBHM R IR FHIE L i

Table 2 Genetic diversity of the 48 InDel markers in the 51 C. germplasm resources

=] S e
InDel iz fﬁiﬁmg AR WAL MNEAE ZEEESE
InDel Marker PR Ng He Ho PIC
MAF
11 767 0.971 2 0.057 0.059 0.055
I1_191 0.863 2 0.237 0.275 0.209
I1_846 0.676 2 0.438 0.647 0.342
I1_400 0.627 3 0.468 0.314 0.358
11 184 0.961 3 0.075 0.039 0.073
I1_639 0.971 2 0.057 0.059 0.055
12 691 0.667 3 0.444 0.353 0.346
12 248 0.618 3 0.472 0.412 0.361
12 815 0.647 3 0.457 0.392 0.352
12 137 0.804 3 0.315 0.353 0.266
13 744 0.598 5 0.496 0.549 0.391
13068 0.647 3 0.457 0.510 0.352
I3 321 0.716 3 0.407 0.451 0.324
I3 311 0.657 3 0.451 0.333 0.349
13 326 0.657 3 0.451 0.529 0.349
13_890 0.824 2 0.291 0.353 0.248
13175 0.931 3 0.128 0.098 0.120
14 604 0.784 3 0.338 0.275 0.281
14 690 0.745 3 0.380 0.196 0.308
14 085 0.853 2 0.251 0.294 0.219
14 513 0.951 3 0.093 0.059 0.089
14 457 0.745 3 0.380 0.157 0.308
I5 453 0.775 3 0.349 0.255 0.288
15 676 0.618 3 0.472 0.412 0.361
15 322 0.608 3 0.477 0.588 0.363
I5_445 0.961 3 0.075 0.039 0.073
16 283 0.804 3 0.315 0.275 0.266
16 552 0.755 3 0.370 0.216 0.302
16 309 0.657 3 0.451 0.451 0.349
16 502 0.961 3 0.075 0.039 0.073
16 890 0.667 3 0.444 0.275 0.346
16 401 0.510 6 0.535 0.373 0.428
16 280 0.627 3 0.468 0.078 0.358
16 681 0.745 3 0.380 0.039 0.308
17 101 0.755 3 0.370 0.451 0.302
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 0.373 0.369
17_845 0.676 3 0.438 0.451 0.342
17_170 0.549 3 0.495 0.549 0.373
18 554 0.784 3 0.338 0.353 0.281
18 516 0.539 4 0.546 0.471 0.450
18 533 0.520 3 0.499 0.569 0.375
19 200 0.667 3 0.444 0.353 0.346
19 272 0.912 3 0.161 0.137 0.148
19 459 0.647 5 0.481 0.333 0.397
19 669 0.569 3 0.491 0.392 0.370
19 386 0.794 3 0.327 0.373 0.274
“FEME 0.739 3.021 0.350 0.306 0.281
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Fig. 4 PCoA of 51 C. germplasm resources based on the genotypes with the 48 InDel markers
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