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Chloroplast genome in Malus floribunda Siebold.
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Abstract: Malus floribunda Siebold. (Malus) is widely cultivated all over the world, which is of high
ornamental value and breeding significance. Comparative analysis of the chloroplast genome can help
enrich the phylogenetic relationship and facilitate germplasm utilization of Malus. Based on the whole
genome sequencing data, a complete chloroplast genome (M. floribunda) with tetrad structure was
assembled. The chloroplast genome (160 037 bp) was composed of a large single-copy (LSC) region
(88 142 bp), inverted repeat (IR) B (26 353 bp), a small single-copy (SSC) region (19 189 bp), and IRA
(26 353 bp). A total of 111 genes were annotated: 78 protein-coding genes, 29 tRNA genes and 4 rRNA
genes. In addition, a large number of repeat sequences were identified in the genome, which was slightly
different from that of M. sieboldii and M. toringoides. As for the relative synonymous codon usage,
30 high-frequency codons were found, and the codons tended to end with A/T. The results of interspecific
sequence alignment and boundary analysis suggested the sequence variation of the LSC region was large,
and the expansion and contraction of the SC region and IR region of the eight Malus species were
generally similar. According to the phylogenetic analysis of chloroplast genome sequences, M. floribunda,
M. hupehensis, and M. toringoides were grouped into one clade. The findings in this study can provide
data support for the development of genetic markers and utilization of germplasm resources in the future.

Keywords: Malus floribunda; chloroplast genome; phylogenetic; bioinformatics; comparative genomics
analysis
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Table 1 Chloroplast genomes used for comparative genomics analysis in this study

Sample name Family Genus Accession No. Size (bp)
Malus baccata Rosaceae Malus MK896774.1 160 024
Malus hupehensis Rosaceae Malus MKO020147.1 160 065
Malus sieboldii Rosaceae Malus MT593044.1 160 040
Malus toringoides Rosaceae Malus MT483999.1 160 093
Malus yunnanensis Rosaceae Malus MH394387.1 160 067
Malus prattii Rosaceae Malus MH929090.1 160 239
Malus prunifolia Rosaceae Malus KU851961.1 160 041
Malus floribunda Rosaceae Malus OM115955 160 037
Crataegus hupehensis Rosaceae Crataegus MW201730.1 159 766
Arabidopsis thaliana Brassicaceae Arabidopsis NC 000932.1 154 478
Oryza sativa Poaceae Oryza NC 031333.1 134 502
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Figure 1 Genome map of Malus floribunda chloroplast. Arrows indicate the direction of transcription, and
the shaded areas show GC/AT content.
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R2 ZHBEMFEERARBERE
Table 2 Coding genes of chloroplast genome in Malus floribunda

Gene category Gene group Gene name

Photosynthesis Subunits of ATP synthase atpA, atpB, atpE, atpF, atpH, atpl

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ, ycf3

Subunits of NADH-dehydrogenase ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK
Subunits of cytochrome b/f complex petA, petB, petD, petG, petL, petN

Subunits of photosystem I

Subunits of photosystem [ psad, psaB, psaC, psal, psaJ
Subunit of rubisco rbcL

Self replication ~ Large subunit of ribosome rpll4, rpll6, rpl2, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36
DNA dependent RNA polymerase rpoA, rpoB, rpoC1, rpoC2

. . rpsll, rpsi2, rpsl4, rpslS, rpsl6, rpsl8, rpsl9, rps2, rps3, rps4, rps7,
Small subunit of ribosome

rps8
Others Subunit of acetyl-CoA-carboxylase accD
c-type cytochrome synthesis gene cesA
Envelop membrane protein cemA
Protease clpP
Maturase matK
Unknown Conserved open reading frames yefl, yef2, yef4

*3 ZUABEMZEFREERESTIH

Table 3 Intron distribution of chloroplast genes in Malus floribunda

Gene Strand Start End Exon I (bp) IntronI (bp) Exonll (bp) Intron Il (bp)  Exonlll (bp)
trnK-UUU Reverse 1 695 4263 37 2 496 35

rpsl6 Reverse 5242 6 365 40 862 221

trnG-UCC  Forward 9073 9 841 23 697 48

atpF Reverse 12 509 13796 144 732 411

rpoCl Reverse 21933 24719 435 740 1611

yef3 Reverse 45 561 47519 126 710 228 746 153
trnL-UAA  Forward 50 782 51382 37 513 50

trnV-UAC Reverse 54 932 55599 39 591 37

clpP Reverse 73772 75 813 71 829 289 629 228
petB Forward 78 751 80 195 6 796 642

petD Forward 80 386 81592 8 723 475

rpll6 Reverse 85132 86 528 9 988 399

rpl2 Reverse 88 333 89 843 390 685 435

ndhB Reverse 98945 101 146 777 668 756

rpsi2 Reverse 101988 102789 114 231 540 30
trnl-GAU  Forward 106 586 107 605 42 942 35

trnA-UGC Forward 107 670 108 549 39 806 34

ndhA Reverse 124919 127 143 552 1132 540

trnA-UGC Reverse 139631 140 510 39 806 34

trnl-GAU  Reverse 140575 141594 42 942 35

rpsi2 Forward 145391 146192 114 231 540 30
ndhB Forward 147 034 149235 777 668 756

rpl2 Forward 158337 159847 390 685 435

http://journals.im.ac.cn/cjben
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Table 4 Comparison of chloroplast genome characteristics of Malus floribunda and other Malus species

. Gene CDS tRNA rRNA
Malus species LSC length (bp) SSC length (bp) IR length (bp)
number number number number
Malus floribunda 88 142 19 189 26 353 111 78 29 4
Malus baccata 88 134 19 182 26 354 111 76 31 4
Malus hupehensis 88 166 19 193 26353 112 78 30 4
Malus sieboldii 88 149 19 183 26 354 110 76 30 4
Malus toringoides 88 183 19 186 26 362 110 76 30 4
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g 25
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0
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Figure 2 SSRs of chloroplast genome in Malus floribunda. (A) The comparison of SSRs between M.
floribunda and two Malus species. (B) The distribution of SSRs in chloroplast genome of M. floribunda.
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Figure 3

INEs of chloroplast genome in Malus floribunda. (A) The comparison of INE types between M.

floribunda and two Malus species. (B) The numbers of different length of INEs in chloroplast genome of M.

floribunda.
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Figure 4 Codon usage mode of chloroplast genes in Malus floribunda. The horizontal axis represents amino
acids and their corresponding codons, and the vertical axis represents relative synonymous codon usage.
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Figure 5 Similarity comparison of Malus floribunda
chloroplast genome. The ribbons of four colors
represent the comparison regions of different
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Figure 6 Sequence alignment of chloroplast genome in Malus floribunda. The horizontal axis represents the
sequence length of chloroplast genome, and the vertical axis shows the percentage of similarity.
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Figure 7 Boundary analysis of chloroplast genome in Malus floribunda. JLB, JSB, JSA and JLA represent
four junction sites in the boundary region of chloroplast genome.
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Figure 8 Systematic evolution and cluster analysis of Malus floribunda based on chloroplast genome. The
scale represents the evolutionary distance, and the position of M. floribunda is circled in black.

http://journals.im.ac.cn/cjben



I3 SEHEEHBERRAS

Wik DNA U3k T 58 80 2 A0 5 A ik
FERA, SR, SEAEMEBFEREAR, X
AR AR ALt . AR, A
P AR B e Eidl . AR 2H A 31— MR
160 037 bp HA MRS H 1Y 2248 1 S 444
DNA, 758 K5 FRIEILFHIT (160 024 bp)P,
WIALTRESE (160 065 bp)*"!, #kF (160 041 bp)=*,
AR S (160 093 bp) V4R e 2 % ok $230
o T S AE & R A B SRR AR (Rhus
chinensis Mill., 158 809 bp)*” | kB J& KAk
Bk (Amygdalus pedunculata Pall., 157 851 bp)>",
WA [ RK] B KIN [KRAK] (Docynia
longiunguis Q. Luo & J. L. Liu, 158 914 bp)"*"145:
I 2 A e PR A K B 25 0 0K

GBI Z ARG Fe SRR S 2 A 4 MR
SPRIZR LI, 433 K EPE DX (88 142 bp),
R EEIX B (26 353 bp), /MAFEIIX. (19 189 bp)
HRmEEX A (26 353 bp), R4 LI,
H5Y R W HAMAAYTE IR XK 2 51A
K, 2 UL B R 1) B 52 XA 2 R S Ak I ]
1 25 40 B2 E 5 D) RE PR ST 45 T A #5E FRAR AR
FH o X Z AR e SRR L R 2 i R, LR
78 MEAMMER , 5ZhKEAKR (79 )P,
BT (78 )P H R . &XTH,
SR B AL A R N A BB A 78 A
Gt FE TR o HE— 2 X 2 A0 1 S I St R G A A
B 5 Tl A AT, AT A
R A/T Z5RBINRHIE, JFHMRH UAA fERE
1EB TR (RSCU=1.71), 5L
RAEBRAE AT KRR 12209 FhRUCh
CLRE

FLF R DNA  HCBHE Py F ] Z2 0 1 A
AR, — H LR R R, BT,
FESERE AT T R R o IR E B -
psbA . trnS-trnG spacer+intron ., trnT-5'trnL Fl

&B: 010-64807509

S'trnL-trnF 3X 4 /ISR 3 PR [a] XX 5 i Y S
SROT AT SR T VAR 2 A A ST s
A1 5 RN I35 A [5] S B Aol Jo 1) 2R 8 15 A JR TR
T3 ZEWARGE AL X 91 SIS A R ZH A 1 R 456
RERIFEEGRTNIIZE, EUCRS R IE R 0l
2 WE, 8 4, 25 MM, FEARSCRIBI T, E
R B HexE, R 8 R EAEY)
HAEFE trnV (UAC)-ndhC . trnT (GGU)-psbD Fl
trnR (UCU)-atpA 555 B2 57 X 88, 6Ah, REGE
REXR RV ZAEMGH | W0 AL i e
TEEAL 8 B HbsT .

Hi O ACHE R A 7 o A 0, ARAS T B 1t
AP KR A T B AR o, 24
T 5 5 S0 0 N H AR AR B [
TERE, AN[F) b it e (A ik PR e HE S IR 1Az
B EARME, BanRARKEE S SSC 5 IR
XA yefl 3P & AR E R, (75 SSC
X4/, AL o X — 15005 e I AR
JER A A I AN, D T e S MR A G
R, 4RI, 2 o e B b a) /Y
79 2 57 U R A S pe bk

AT L T v R P AR AT T 2 AR st
SR IR S, X H P IVERAE . 3R I
RE. 42 Jm) LU S5 TF AT, IR AR B AEYIME B
A AH 27 T B, 78 M SR BE PR 20 22 T L
BT AR B B sl 2860, il 4 s
WAIZIThRL . i it =%

REFERENCES

(1] Jaldss, TR, FEE, 55 WS R T T k.
el 2244, 2018, 45(2): 380-396.
Zhou T, Shen XC, Zhou DJ, et al. Advances in the
classification of crabapple cultivars. Acta Hortic Sin,
2018, 45(2): 380-396 (in Chinese).

2] ZHER. FRIBEYF IR, JEat hER
th pitit:, 2001.

Li YN. Researches of Germplasm Resources of Malus

B<: cjb@im.ac.cn



3726 ISSN 1000-3061 CN 11-1998/Q =4 T #2*43 Chin J Biotech

(1]

Mill. Beijing: Chinese Agriculture Press, 2001 (in
Chinese).

e, WRRE, K, S5 WEHE AR AL
R AR JORe S R BUAZ AR B 224, 2017, 44(6):
1135-1144.

Jiang WL, Fan JJ, Zhang DD, et al. Research on the
characteristics of different leaf positions of crabapple’s
leaf color and elite germplasm excavation. Acta Hortic
Sin, 2017, 44(6): 1135-1144 (in Chinese).

Hhy, Mhbexs, S04, 5. W RIS R 00 &
BAETEHE SR . AR RO K 2 (A AR D,
2008, 39(1): 152-160.

Zheng Y, Qu XL, Guo L, et al. Advances on
ornamental crabapple resources. J Shandong Agric
Univ (Nat Sci Ed), 2008, 39(1): 152-160 (in Chinese).
b, BTEME, 4, 55, 22 FOESRAN BT JRAR L
KB M. ELARE, 2010, 43(21): 4455-4462.
Nie JY, Li DG, Li J, et al. A preliminary study on the
flavonoids in fruits of 22 apple germplasm resources.
Sci Agric Sin, 2010, 43(21): 4455-4462 (in Chinese).
NG E, AR, BEOLSR. EENERBUEF AL
T E A, 2002(4): 57-58.

Sun XS, Cong PH, Xue GR. General situation of
resistance breeding of apple in Germany. China Fruits,
2002(4): 57-58 (in Chinese).

Papp D, Singh J, Gadoury D, et al. New North
American isolates of Venturia inaequalis can overcome
apple scab resistance of Malus floribunda 821. Plant
Dis, 2020, 104(3): 649-655.

FLE, D07, HRUE. SERBUR R E R
AR, 2005(6): 48-49, 58.

Yan ZY, Lou HP, Tian YH. The survey overview of
apple breeding for resistance to disecase and insect.
China Fruits, 2005(6): 48-49, 58 (in Chinese).

R, BRI, ER, 5. ERIE 15 DRk
DNA 252 5t e 74k, SRRk, 2021, 38(1): 1-12.
Gao Y, Wang DJ, Wang K, et al. Genetic divergence
and population structure of chloroplast DNA in fifteen
species of Malus Mill. J Fruit Sci, 2021, 38(1): 1-12 (in
Chinese).

2 YT I X R R AR Y R GE A E 5T (D). TR
TR A R, 2012.

Li HF. Studies on the taxonomy of the genus Malus
Mill.(Rosaceae)of  Taiyi-mountains[D].  Shenyang:
Shenyang Agricultural University, 2012 (in Chinese).
ZEGAR. SRR (Malus MilL)FHE DGR 153 F RG0%
WFSE[D]. MR AdEARlk K%, 2021,

Li YN. Molecular systematics study on interspecific

http://journals.im.ac.cn/cjben

[13]

[14]

[15]

[16]

(21]

[24]

relationship of Malus Mill[D]. Harbin: Northeast
Forestry University, 2021 (in Chinese).

Wang S, Cai XR, Zhang B, et al. Characterization of
the complete chloroplast genome sequence of Malus
toringoides (Rosaceae). Mitochondrial DNA B Resour,
2020, 5(3): 2603-2604.

Li YN, Liu YL, Wu P, et al. The complete chloroplast
genome sequence of Malus toringoides (Rosaceae).
Mitochondrial DNA B Resour, 2020, 5(3): 2787-2789.
Jin JJ, Yu WB, Yang JB, et al. GetOrganelle: a fast and
versatile toolkit for accurate de novo assembly of
organelle genomes. Genome Biol, 2020, 21(1): 241.
Wick RR, Schultz MB, Zobel J, et al. Bandage:
interactive visualization of de novo genome assemblies.
Bioinformatics, 2015, 31(20): 3350-3352.

Qu XJ, Moore MJ, Li DZ, et al. PGA: a software
package for rapid, and flexible batch
annotation of plastomes. Plant Methods, 2019, 15: 50.
Liu C, Shi LC, Zhu Y]J, et al. CpGAVAS, an integrated
web server for the annotation, visualization, analysis,

accurate,

and GenBank submission of completely sequenced
chloroplast genome sequences. BMC Genomics, 2012,
13: 715.

Greiner S, Lehwark P, Bock R. OrganellarGenomeDRAW
(OGDRAW) version 1.3.1: expanded toolkit for the
graphical visualization of organellar genomes. Nucleic
Acids Res, 2019, 47(W1): W59-W64.

Beier S, Thiel T, Miinch T, et al. MISA-web: a web
server for microsatellite prediction. Bioinformatics,
2017, 33(16): 2583-2585.

Kurtz S, Choudhuri JV, Ohlebusch E, et al. REPuter:
the manifold applications of repeat analysis on a
genomic scale. Nucleic Acids Res, 2001, 29(22):
4633-4642.

Sharp PM, Li WH. The codon adaptation index—a
measure of directional synonymous codon usage bias,
and its potential applications. Nucleic Acids Res, 1987,
15(3): 1281-1295.

Frazer KA, Pachter L, Poliakov A, et al. VISTA:
computational tools for comparative genomics. Nucleic
Acids Res, 2004, 32(Web Server issue): W273-W279.
Amiryousefi A, Hyvonen J, Poczai P. IRscope: an
online program to visualize the junction sites of
chloroplast genomes. Bioinformatics, 2018, 34(17):
3030-3031.

Bi GQ, Mao YX, Xing QK, et al. HomBlocks: a
multiple-alignment construction pipeline for organelle
based on

phylogenomics locally collinear block



I3 SEHEEHBERRAS

(28]

[30]

[31]

searching. Genomics, 2018, 110(1): 18-22.

Kumar S, Stecher G, Li M, et al. MEGA X: molecular
evolutionary genetics analysis across computing
platforms. Mol Biol Evol, 2018, 35(6): 1547-1549.

Liu BB, Hong DY, Zhou SL, et al. Phylogenomic
the Photinia the
recognition of a new genus Phippsiomeles and the

analyses of complex support
resurrection of a redefined Stranvaesia in Maleae
(Rosaceae). J Syst Evol, 2019, 57(6): 678-694.

Zhang X, Rong CX, Qin L, et al. Complete chloroplast
genome sequence of Malus hupehensis: genome
structure, comparative analysis, and phylogenetic
relationships. Molecules, 2018, 23(11): 2917.

Bao L, Li K, Liu Z, et al. Characterization of the
complete chloroplast genome of the Chinese crabapple
Malus prunifolia (Rosales: Rosaceae: Maloideae).
Conserv Genet Resour, 2016, 8(3): 227-229.

ZEsAE, B, IMEMN, G BT 2R A K
AR ER R AR - e R BE DR A 0 Y A A AR TR A
i, 2020, 36(4): 772-781.

Zuo RH, Jiang P, Sun CB, et al. Analysis of the
chloroplast genome characteristics of Rhus chinensis
by de novo sequencing. Chin J Biotech, 2020, 36(4):
772-781 (in Chinese).
B, koL, B
AR TRE2RHR, 2020, 36(12): 2850-2859.

Duan CY, Zhang K, Duan YZ. Comparison of
complete chloroplast genome sequences of Amygdalus
pedunculata Pall.. Chin J Biotech, 2020, 36(12):
2850-2859 (in Chinese).

R, ZHm, TR, RIS IR 2K
RHNHFIER G KT MW Tt #r. 9L
224k, 2022, 38(1): 328-342.

Li LX, Peng JY, Wang DW, et al. Chloroplast genome
phylogeny and codon preference of Docynia
longiunguis. Chin J Biotech, 2022, 38(1): 328-342 (in
Chinese).

W, A4, EZEE . 2R S E ALY
FIRFIERIAR G A . MOl B, 2020, 56(5): 60-68.
Jiang M, Ke SS, Wang JF. Characterization and
phylogenetic analysis of Ostrya multinervis chloroplast
genome. Sci Silvae Sin, 2020, 56(5): 60-68 (in Chinese).
JAEH, KHl, IR, . EHPHS5ATA R HAb
5 ATl it AR R 2 AR 1 BU . Mol B2, 2020,
56(4): 82-88.

Zhou XIJ, Zhang K, Peng ZF, et al. Comparative
analysis of chloroplast genome characteristics between

: 010-64807509

AP i Al P 1A DX 41 LA

[36]

[38]

[39]

[40]

Paeonia jishanensis and other five species of Paeonia.
Sci Silvae Sin, 2020, 56(4): 82-88 (in Chinese).

ek, HRE, UL, BERAE A B (Dendrobium
thyrsiflorum) W SR AR JE R A R AE SRS G R g b, B
Wi AR R, 2021, 37(5): 38-47.

Zhu B, Gan CC, Wang HC. Characteristics of the
complete chloroplast genome of Dendrobium
thyrsiflorum and its phylogenetic relationship analysis.
Biotechnol Bull, 2021, 37(5): 38-47 (in Chinese).
HAE, kI, TAKEE, % KR TR A
K HARAE . BE 25244, 2020, 47(12): 2439-2450.
Zheng Y, Zhang H, Wang QM, et al. Complete
chloroplast genome sequence of Clivia miniata and its
characteristics. Acta 2020, 47(12):
2439-2450 (in Chinese).

UK, KA, B, 5. FRRL SR IARE R 2H 2 #r.
Bl 25274, 2020, 47(6): 1021-1032.

Li YT, Zhang J, Huang YL, et al. Analysis of
chloroplast genome of Pyrus betulaefolia. Acta Hortic
Sin, 2020, 47(6): 1021-1032 (in Chinese).

ER, BRI, ER, %, Wfirp R4k DNA
A S 5 st Al HEAL A3 . AW 3 A% B IR A2 A, 2020,
21(3): 579-587.

Gao Y, Wang DJ, Wang K, et al. Chloroplast DNA
variation and genetic evolution of Malus sieversii
(Ledeb.) M. Roem. J Plant Genet Resour, 2020, 21(3):
579-587 (in Chinese).

iR, BRI, ER, 45 EFrsik DNA ZFM
LR 7B S it A5 Z AR PRI R GE AL, P EARL R,
2020, 53(3): 600-611.

Gao Y, Wang DJ, Wang K, et al. Genetic diversity and
phylogenetics of Malus baccata (L.) borkh revealed by
chloroplast DNA variation. Sci Agric Sin, 2020, 53(3):
600-611 (in Chinese).

mR, ERIL, FR, % Tk DNA 5HHr1
T s AL ZREMEF SR . 2R3, 2020, 47(5):
853-863.

Gao Y, Wang DJ, Wang K, et al. Genetic diversity of
Malus prunifolia germplasms based on chloroplast
DNA analysis. Acta Hortic Sin, 2020, 47(5): 853-863
(in Chinese).

A, KR, B4R, GF RAR R ERIEY T
SRS AR IR, YRR, 2020, 36(11):
112-121.

Li YH, Ren YK, Zhao XH, et al. Research progress on
chloroplast genome of major gramineous crops.
Biotechnol Bull, 2020, 36(11): 112-121 (in Chinese).

(AL T4

Hortic  Sin,

W 5%)

B<: cjb@im.ac.cn



