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Abstract: The InDel markers have been extensively used in molecular marker-assisted breeding for fruit
trees. However, limited studies have been conducted on their application in Chinese bayberry (Morella rubra) ,
a traditional Chinese fruit tree. This study identified 25831 InDels, ranging from 1 to 50 bp in size, through
whole-genome resequencing and bioinformatics analysis of 103 Chinese bayberry core germplasm accessions.
The frequency of InDel variation across different chromosomes ranged from 1/11297 to 1/8903, with
chromosome CM025856.1 exhibiting the highese frequency of InDel mutation. Annotation analysis showed that
1312 InDels were located in gene exon regions, while 21055 and 6659 InDels were distributed in the intergenic
and intron regions, respectively. Gene Ontology (GO) analysis indicated that these InDels were primarily

associated with for cellular processes and metabolic processes in biological processes, and with binding and
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catalytic activity in molecular functions. KEGG pathway analysis demonstrated that the InDel-containing genes

were predominantly involved in secondary metabolism, carbon metabolism and nucleocytoplasmic transport.

Genome-wide association analysis identified 20 InDels significantly associated with fruit maturity traits.

Functional annotations of these InDels revealed associations with mitochondrial and plastid structural genes,

riboside triphosphate hydrolase, and cytokinin signaling proteins. Further validation and analysis identified the

InDel EP-18 marker as having the highest accuracy (89.25%) for identifying fruit maturity traits. Gene

prediction analysis indicated that this locus encodes an early nodulin family gene. In conclusion, the InDel EP-18

marker identified in this study provides an important theoretical basis for molecular assisted breeding of Chinese

bayberry.

Key words: Chinese bayberry ; InDel ; resequencing ; correlation analysis ; mature stage
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Table 1 The passport information and fruit maturity traits of 103 Chinese bayberry germplasm accessions
4% P - 4% S T
Name Mature Source Name Mature Source
stage stage

A N HF 2 5 Taizhoumei No.2 . hEWT A M FLH§-16 Zaomei-16 B of E W0
NKY030 H e E L TR Ak Morella cerifera i) E
#1144 Niuyemei i ob R TR W &1 Xiazhihong o P E WL T
5415 1 5 Bigibian No.1 L rp WL T B4 Heijing o P E W R
YYI12 i CRENWIwiRl A N H 15 Taizhoumei No.1 %) ERER RSP
4 JIH Dongguamei h ob E RS TR #5775 3% Biqibian No.3 i o LT
P L4 2 5 Yongzao No.2 s P EWL TR 22347 45 Bigibian No.4 G P WL T
NKY083 H TP E WL T £1J34% Hongjianhua r rh LT
HFFLE 15 Meizaobian No. 1 eR HP LT Y2012-52 rh H LT
NKY010 oR e RN T HC4 w o [ AR M
FKHLI% Daheitan h AR E TR M fifi 242 5 Yingsi No.2 B o ] A A M
K42 Ruansi R rh A T Wit Wandaoyangmei /3 LS
I 4 K# Guangdongdamei th AR NKYO011 i of E W T
=75 5 H§ Sanjiaaowumei i of T T YY37 173} rp T
LA CX05 Zaomei CX05 B LRER I3 Y2012-83 LR G ES R TR AR
375 2 5 Meizaobian No.2 . P EHL TR HRIGAHE Wenlingbenmei i P E WL
NKY004 H F L T Y2012-82 LR rhE WL T
k1% Wusuhe CR AR M HF#1 - Meihuzao i FP LT
I % 54§ Guangdongzaomei B R AR P14 (K L) Baiyangmei (Big) i rp T 4%
2547132 5 Bigibian No.2 h AP T T 5.2 5 Tezao No.2 i LR SN EART)
FLKFf Zadazhong . rp WL T NKY009 o P W T
KL Daguowan i HP LT K14 Dahongpao rh FP LM
HZE% M Zaogimimei B op T T FITHHF 15 Chunjiangyangmei No.1 h o = B L
FittE (/MR ) Baiyangmei (small) H rh W48 F1#1} 6 5 Baiyangmei No.6 LY T W48 2%
[ 5.7 1 %5 Chenzaobian No.1 . rp WL T 1 55 Bigibian No.5 i o L T
NKY094 eR F L T W75 2 %5 Chenzaobian No.2 H S ESPN S EART)
F 1l Geshan h o 14§ 75 Baiyangmei No.7 th o L 2%
J” %K% Guangdongdahei 3 AR AR ¥\ 5L Chengongzaomei B P L TR
AKX Fenghuan 1 Hh WL T HCI LR o A T
1 ## 2 5 Baiyangmei No.2 i P W T FITHH§ 25 Chunjiangyangmei No.2 o rf R TR L
I}y FLE Anhaipianzaosheng 7 o [ AR A M HL/\\Flt Zaoxiaozhong H r LTI
Y2012-47 h T LT HHi#E Yuelipan h R AT T
YY03 A R L T PG Wuximei LY AR M
A4 Zaojia . rp TSR T7 Dingao L rp TR
FrJEAf Songjiangmei oR e LT JK ¢ Shuijing wh Hp LA 2
YY20 H rh L i 1 15 Tezao No.1 H e [ AR M
i Mudong LR o LR AL 11438 Baidongkui h o A TR




578 GEUE /B S N G S S 26 £
F1(4)
2 i ) ok A % Fi e ok 15
Name Mature Source Name Mature Source
stage stage

AWES Yuyaozao B PP TR HC2 e o ] A M
W5 % 1§ Wangimimei H Hh T T AWK Yuyaozaoda 0 T E WL T
KR4I Daguohong oA F R L T K HF Taibomei eE ol i R PR
175 (144 Huaaobaimei H FRE S S JELI A Wenlingzaomei 7 P ] TSR
LK f Zaoshuijing B FR R T 212 FRZIH§ Yinhongmei LR w1 e PR
7k Dongkui 7} TP EWLA M K Heida H P EWL TR
L FL.2 5 Puzao No.2 i H AR M R4 Chise H EREsk AR TRl
HC3 oh o E AR M KYZI L op T T
K417 Dayexidi ER TR /NN Xiaoyexidi i PRI
K4 Dayemei EE rh R TR A28 15 Dongkuibian No. 1 i A EWTT A M
YY42 h Fp WL T 2R I8 25 Dongkuibian No.2 i HHEWTAE M
K5 Dayeguang ) rp VLIRS A M AAHE Taizhoubenmei Gal rp LA M
F 41§ Wangzianhai . ] R 141 Baiyangmei i o E T2 2
Tt Ruixu s Hh LT YYZ ) T WL T
- 145 Puzao No.1 . S M SPNTEEART)

1.3 InDel i 3218 5501t

5T M 2 2% B K4 T 51 Mru_ZJU_2 (Bio
Project: PRINA398601, https://www. ncbi. nlm. nih.
gov/bioproject/PRINA398601/) , fi Ff BWA"'7 %} i &
J&i B Clean reads F4s 2E1 7 F Xt . 83 SAMTOOLS
B Xk od# o5 ok GATK3.8 #K fF 1)
UnifiedGenotyper #% Ht 3 17 Indel A9 5 M , £ H
VariantFiltration #F4 71 W42 | Jay i b X oA L o o
B M OE 5 2 B, 345 AT HE /Y InDel £ 50 o FH
SnpEff 4.3 BAFGE 153 B I 40 H InDel 10753 B
AR ST Sy AL E A
1.4 InDel SERERINEED

Z: UL R O A DR 4 4 B 45 EL (TAIR 10, http: /
www. arabidopsis. org) , I F] H CLC Genomics
Workbench 12.0 £ {4 1 (1) BLAST 41 {4 £ 37 4% #ff 4>
LR GO FER S (EMH R 1e-5) . g E
I InDel {57 4 1 56 [R] 41 62 0 4o 17 232 BUAH I 1Y)
LA 4% 5, 3F F| ] OmicShare 75 £ /3t = % &
(https://www.omicshare.com/tools/)if1 7 GO f1IKEGG
G307
1.5 PEHEAMER XA R WRE5IFIE

B J& /8 A CLC Genomics Workbench 12.0 % {4
1 AT 3 InDel 57 s, B AFAAFE A 1 InDel ) B4
REEE NS % (BRI P REA RN T 5 %

[ InDel £i2 5, ) o HUC, #KHE NY/T 2761-2015CHEH)
B R S — S RS E I AR F — )
PEAT RPN il 5%, N BEALIEFEAN ] A
B AT 2 S P 22 S B GRT rh g
P OV IR B2 3 AP A B R A 2R BT
| IRERAY: Variants Comparison B4 35 2 75 ZR0KG
B 6 5 (P<0.05 ) i 25 19 20 A 4 v {35 OCHK Y InDel
friie WETREFRBEMM &, #—2
1165 e 17 5 5 P A4S LI InDel 437 45, 9K I 7 1B
th 6~50 bp i3 Bl P i 2465 7 InDel £7.45, 35
FIEIL R A bR B K B 2V A9 InDel
NS RF RS T,
1.6 5|#i%it RIIE InDel #RiC AT ZR

5T EA InDel 137 5, 2 R 14 BHAE 92 R &8
PCR (ARMS-PCR, amplification refractory mutation
system PCR) (5| 135 11 i 12 AL S 1) 51 40 1 37
Ui 7 | A— D ECIAE 5 EA TR e e | iR, 224
A T A TR B I AT BR A W) B AR 51 )
K H ABI Q6 Flex SEHF 228 1t PCR RGEF- 5 H11)
Genotyping I BE AR e 43 B 56 41F InDel A5 10 HEAf 2K .
PCR JZ W AR Z UK : 20 ng/uL B AL & 5L A 41 DNA
2.0 uL,2xSG Fast qPCR Master Mix 5 uL., 10 umol/L
(9 1E S 10 5 #9148 0.5 pL, ddH,O #h £ % 10 uL, PCR
PG WA, RIS FIE R4, BAR .



34 e R AR IR Indel ARic T & B 58I A B4 Br 579

95 °C 3 min; 95 °C 35,60 °C 30 s,30 MG . &G
B 3A PCR S A 43 UGN 245 5 5 e MU E A A% 4
DU SE 4 FhRic BRI MERG 2

2 HRESH

2.1 HEEERAENFS InDel 5%

MG IR AL T 103 M A% O Fh S, 48
o A LA P AL = A T 29 751 G IR R IR
g o Aad P I Q30 b v i 8 J5 ¥ Clean reads 5
93.07%. GC & FHME N 40.22% . L% 5E JGHis

1359

KB (bp) Length

A 55 R 4 InDel 7 55475 B, HE 1 30244 4, L 45
17006 >4 A 7% 5 1 13238 4> ke 2k 748 53 5 Bk |-
InDel HHEIR K 10234 b/ ik KB A 1~50 bp )
InDelfv 53t F2583 14, LIV B (6 ~ 10 bp) 434 ok =
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B R b ks HR, R L R 1 [ InDel 43
A7 F A 5, B AE 3078~3723 22 A, A R] L 2
A& 1 InDel H BLIT % A F 1/11297~1/8903 ; Ho v,
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Fig. 1 The distribution of different size InDel in Chinese bayberry genome
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Fig.2 The number of InDel and distributed frequency on each chromosome in Chinese bayberry
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FEF Wty FE AP I E RS S 38 A 4K
144545 Bt A InDel B9 B AF B . Hrp, A 7ESh
X InDel 47 13124, I+ 4 & 7 X S o0 A
Btk (6659 1>) . 513" Sl B XN A7 3 AT
72411436 1> InDel, FE[A 7RI T i 1 kb G A
X 38 43 51 45 2507 A4~ F1 2173 4~ InDel. H K, A
1521 InDel £F7E T BT HAL R X (£2)

AN, X} InDel fiF 78 DNA X 38 7 41 i B k17
GO D REF e 43t , 45 1 3¢ Bl A= 9 1 72 (Biological
process) H [ Fb ] B 22 14 J& 41 i 3 #2 (Cellular
process) , £ 7 45 3186 1~+% InDel )35 [A X 35§, ; £ 4]
i 72 (Metabolic process) W X Z , 41 7% A 2604 4>
InDel (K1 3A) . 7£43 T I HE (Molecular function) 2
H, 2454 (Binding) 56 , £27% 2906 4~ InDels,
i Ak 35 1 (Catalytic activity) X Z , £ % 2100 4
InDels, 7£4Hfit1ZH 43 (Cellular component) H1 4V £, 7%
WG 25 T RE , B 4 Bf 25 #4 21 /4 (Cellular anatomical
entity) & 5 25 1 it 19 &2 & W) (Protein-containing
complex) , 43 %l %5 45 3812 4~ il 756 /> InDels, X
InDels J7 51 47 KEGG {840 Hr , 25 0 ik 2% 4L 5|
24N FERE 45 B (P<0.05) . i, TOP20 i

K435 25 AR B AR OC (K 3B) , i Z R IR A
R 19 A= W & 8 (Biosynthesis of secondary
metabolites ) , H K 211 (Carbon metabolism) Fl1
¥ iz i (Nucleocytoplasmic transport )

%2 151EEFEA InDel XA TN AE S HKAELR

Table 2 The functional classification of InDel in Chinese

bayberry
50 wy
Type Totality (%)
Percent

P F X4 Intron region 6659  18.96
A F X35 Exon region 1312 3.74
JL A [A] [X. Intergenic region 21055  59.95
T {37 15,5244 Splice_site_acceptor 27 0.08
BYREN A4 Splice_site_donor 27 0.08
B X 35 Splice_site_region 152 0.43
FEIA 7 1 kb X35 Gene upstream 1 kb region 2507 7.14
LA T F 1 kb X8, Gene downstream 1 kb region 2173 6.19
3"y E R IX 35 37 untranslated regions 436 1.24
5" v AR R X 3, 5 untranslated regions 724 2.06

InDel %L

Number of InDel-genes

e

Biological process

sl ANzt 5

Molecular function Cellular component

(K3)
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Non-homologous end-joining
Arginine and proline metabolism
Inositol phosphate metabolism
Biosynthesis of secondary metabolites
Fatty acid degradation

Purine metabolism

Proteasome

Nucleocytoplasmic transport
Arginine biosynthesis

Glycosaminoglycan degradation

iH B Pathway

Other glycan degradation
Ether lipid metabolism
Fatty acid metabolism
Pyruvate metabolism
Carbon metabolism
Nicotinate and nicotinamide metabolism
Thiamine metabolism
Selenocompound metabolism
Carotenoid biosynthesis

Autophagy-other

Gene number
6.0

e 8438

e ® 1635

O ® 2423

® 3210

-log,, (Q value)

02 03

04 05 06 07
‘& S F Rich factor

A:InDel ) GO FEB45 5 ;B : InDel (1) KEGG 4147
A: GO annotation of InDel; B: KEGG pathway analysis of InDel

3 HGEES nDel L R EEINEEER ST

Fig. 3 Functional annotation analysis of InDel locus gene in Chinese bayberry genome

2.3 InDel 5 ZAHAMEIR B KBRS 17
A0 Ao ok A S A iy 2 S A AR 14 4 R IR 4 S B
AHT, ATt R 118 4 B2 (P<0. 05)InDe1 =

Pk FL A R T 5 Y A 45 A AR L s R T 5 | Wik
i, #5415 InDel EP-1~InDel EP-20 33+ ZO/I\InDel bR

WA, HPCRY KL 84~120 bp (£ 3) ,
FESRIE T CM025849.1.CM025855.1 FICM025856.1
yea ik, HK, *E?E InDel A ic Py HEAL &, T 1 AH
KEEH M INREMR B, SR | 5T AR 4540 JE PR G
#J InDel EP-1. InDel EP-19. InDel EP-20 #1 InDel

EP-13 4§ ; InDel EP-2 JCHK 1907 1502 — B MR A% AT /K i
fiff (Nucleoside triphosphate hydrolase ) 4% #4 JE [A ; 5
InDel EP-18 51 (4 2 i 2 - 01 45 0 3% S ik
Early nodulin-93-like; 5 InDel EP-14 ?éﬂ?éﬁ’]ﬁ.ﬁ
M JE AT5G61680.1, SR T B A 3 e N
InDel EP-15 JCIK i) JE PR 47 5 2 Qlﬂﬂ@.ﬁﬂ%% R
H %ﬁa% l ARR]4 like- Y InDel EP-17 3¢ Bk # 3t
DRI 67 asi 2 IR W 4 75 $T 76 5 0 K % 5L K] Disease

resistance protein RPV1
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Table 3 The InDel and annotation information of the significant association of ripening traits in Chinese bayberry fruits

HFR 4 (57-3") K (bp) InDel {3 & TIREERS

Name Sequence (5'-3") Lengh Position Functional annotation

InDel EP-1 F:CGTACACGCAGTGCAGTTGTCAGTTATC 104 CM025855.1: LRI R LER FEIR
R:GACTACCACGTATACGGGAGGAGTACCTGGTTT 31401090

InDel EP-2 F:GAGCTTTTAGTCCACTGGCAGCGGCAAAC 108 CMO025855.1: AL K S A A R
R:GAATTAGAACACCTTGCTCGCAAGGTGAGG 19247811

InDel EP-3 F:GAGCTTTTAGTCCACTGGCAGCGGCAAAC 86 CM025855.1: AT TR W S Ry TR TR
R:GTCTGGACTTGCAAGGCTCGTCAAGTCTCTG 30530049

InDel EP-4 F:GTAGCTTGGACTCCTAAAGTGACACGGT 116 CM025855.1: RING Z5H 38 1 i 170
R: GCGGATGATAGAGTGTCTAAGATATGTACTC 34429328

InDel EP-5 F: TGGGACACATACTCATCTTTAACTCG 81 CM025855.1 AT IR R
R:CTATGGGGCAAGGGAGTTTTCAAAACT 18454904

InDel EP-6 F: GACCGGAGGAGTTATAATTCACTACCCT 120 CM025855.1; TS PR R AR
R:GACATTGTGTGTTTGATTTAGATGGAGCTTAAAC 33525190 A

InDel EP-7 F: AAGATGTACTCGACATCTTACTGTGAAAT 100 CM025856.1; J7 BRI A 2
R:CGGCAGCCAGGTATACTCTCCAACAGGGA 13735052

InDel EP-8 F:GTGGTTCAGTGCCATGAACTTGATATAAAATG 101 CM025856.1; A= HT1
R:CCACGTCATTGACACTGTCTGCGCTTGTTTG 27376500

InDel EP-9 F:CGTGGTACAGGTATGGTGTTGGGATCTCTCG 96 CM025856.1; INZ FRHEE S I 1B
R:GCCTCATTTCCTCATTGCCGACGCACTTTTGAC 8373043

InDel EP-10 F:AAAAAATTTACTACTTAACTTATGTC 107 CMO025856.1; Degradation periplasmic
R:CGAATAGATTCATCTAGTTTTAAATCTCTG 2670173 proteins_15

InDel EP-11 F: TCCACCAGTCGACTTCATCCCCTGCATG 86 CMO025856.1 Low PSII accumulation 2
R:CGTGAAGTGGTGTTAATGGCGACCGATTC 20600810

InDel EP-12 F:TCTCATGATAAGTAGATCTCATTTTTG 92 CM025856.1: WEILE RS A L A
R:CGAGCTCTTAGAGAACAGTGTTGTAACCAACA 8045075

InDel EP-13 F:GGTTCCCATTACTATCTCCGAGGTGTCTC 95 CM025856.1: JRARZER IR
R:CACACTGTCTCCAGAGAGAACCGATTTCAT 17276262

InDel EP-14 F:GTATTTGTTTCCAATGATCGAATGGTATGTATTG 108 CMO025856.1:  RHINAEMEIN AT5G61680.1
R:GCGTTACTGAAACAATCGATCGTCTA 14509789

InDel EP-15 F:CGGTTTTAAGGTTTTGCAGATAGTAGGC 108 CM025856.1: A4 2 FZAE TR AR
R: ATATTTATATAGGTGCCAAGCAAATAGATGTGA 26896700 JL K ARRI4-like

InDel EP-16 F:AGAATTATCAAGTCAATAATTGCGCGACT 106 CM025852.1: WD # 5 I 61
R:CGAAATCTTTAATCCAAACTTACTCGTAGA 3230972

InDel EP-17 F:CCAAAAACCATTTAGCTGGAATATACACTG 113 CM025849.1: WU A A TR e R E A
R:CTTTAGGTGCACAAAGGACTAAGGGTAGC 30724568 RPVI
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