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Characteristics of the chloroplast genome and phylogenetic analysis of
flowering Chinese cabbage

LIU Tingting?, XU Li’ai®, HU Ziwei*, XIONG Xingpeng®, AN Xia', CAO Jiashu®

(1. Zhejiang Institute of Landscape Plants and Flowers, Zhejiang Academy of Agricultural Sciences, Hangzhou 311251,
Zhejiang, China; 2. Laboratory of Cell & Molecular Biology, Institute of Vegetable Science, Zhejiang University,
Hangzhou 310058, Zhejiang, China; 3. College of Horticulture Science, Zhejiang A&F University, Hangzhou 311300,
Zhejiang, China)
Abstract: [Objective] This study aims to assemble, annotate, and analyze the chloroplast genome of flowering
Chinese cabbage (Brassica rapa var. parachinensis), and to elucidate its phylogenetic relationships with other
Brassicaceae crops. [Method] The complete chloroplast genome of flowering Chinese cabbage was sequenced
using the Illumina NovaSeq 6000 platform. Bioinformatics approaches were employed to analyze its genome
structure, repetitive sequences, nucleotide diversity, codon usage bias, and phylogenetic relationships by
constructing phylogenetic trees with chloroplast genome sequences of other 25 Brassicaceae species. [Result]
The chloroplast genome of flowering Chinese cabbage is 153 482 bp in length with a GC content of 36.36%,

exhibiting a typical quadripartite structure. In total, 132 functional genes had been identified and annotated,
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comprising 86 protein-coding genes, 37 tRNA genes, 8 TRNA genes, and 1 pseudogene. Codon usage bias
analysis revealed that leucine (Leu) is the most frequently used amino acid, with 31 codons showing a relative
synonymous codon usage (RSCU) value greater than 1, predominantly ending with A or U. Repetitive sequence
analysis detected 37 dispersed repeats and 315 simple sequence repeats (SSRs), with mononucleotide repeats
predominating (72.70% of total SSRs). The nucleotide diversity of small single copy region (SSC) is the
highest, while that of inverted repeat region (IR) is the lowest. Phylogenetic analysis revealed that flowering
Chinese cabbage exhibits the closest genetic relationship with leafy Chinese cabbage varieties. [Conclusion ]
The chloroplast genome of flowering Chinese cabbage exhibits a conserved quadripartite structure and
demonstrates close phylogenetic relationships with B. rapa var. chinensis, B. rapa var. purpuraria, and B. rapa
subsp. pekinensis. [Ch, 5 fig. 3 tab. 39 ref.]

Key words: flowering Chinese cabbage; chloroplast genome; sequence feature; systematic evolution
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Figure 1 Map of B. rapa var. parachinensis chloroplast genome
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Table I Chloroplast genome characteristics of B. rapa var. parachinensis

X3, AFRI% CHH/% G&8/% TH/% GCE&2/% B I i /bp
LSC 32.05 17.54 16.58 33.83 34.12 83281
SSC 35.49 15.16 14.04 35.31 29.20 17775
IRa 28.91 22.03 20.31 28.76 42.34 26213
IRb 28.76 2031 22.03 28.91 42.34 26213

B 31.35 18.51 17.85 32.29 36.36 153 482
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Table 2 Gene annotation of the chloroplast genome of B. rapa var. parachinensis

FEN G2 BEPH 520 B
WeF kG 1 WA psad. psaB. psaC. psal. psaJ
W24 T psbA . psbB. psbC. psbD. psbE. psbF. psbH. psbl. psbJ. psbK. psbL. psbM. psbN.
psbT . psbZ

Sea e NADHJ i 7. 5 ndhA* . ndhB*(2). ndhC. ndhD. ndhE. ndhF. ndhG. ndhH., ndhl. ndhJ. ndhK
OEMPEb/FE SV EE  petd . petB*. petD* . petG. petL. petN
ATPA 5 atpA. apB. atpE. atpF*. atpH. atpl
Rubisco K ¥ 3 rbcL
T AR R 3 rpll4., rpll6*. rpI2*(2). rpi20. rpl22. rpl23(2). rpl32. rpi33. rpl36
TR R EE /NI JE rpsll. rps12¥*%(2). rpsi4. rpsl5. rpsi6*. rpsi8. rpsl9. rps2. rps3. rps4. rps7(2). rps8
RNA R A it 7 3 rpod . rpoB. rpoCI*. rpoC2

S R HEARNAs rrnl6(2), rrm23(2). rrnd.52). rrm5(2)

trnA-UGC*(2). trnC-GCA. trnD-GUC. trnE-UUC. trnF-GAA. trnG-GCC. trnG-UCC¥* |
trnH-GUG . trnl-CAUQ2). trnl-GAU*(2). trnK-UUU* ., trnL-CAA(2). trnL-UAA* . trnL-

FEIZRNAs UAG. trnM-CAU. trnN-GUU(2). trnP-UGG. trnQ-UUG. trnR-ACG(2). trnR-UCU. trnS-
GCU, trnS-GGA. trnS-UGA. trnT-GGU. trnT-UGU., trnV-GAC(2). trnV-UAC*. trnW-
CCA. trnY-GUA. trnfM-CAU

YA matK
EG clpP**
HAh B e cemA

LA B AR AL accD
EZYNMCH R cesA

RATIREILH  PRSF AT S2AE #yefl . yefl . yef15(2). yef22). yef3** . ycf4

B QIRRZIE IR ; SR I NS TRIER; +*3ommi 2 N8 T RISER ;. #om BER

%3 FOMHGEEEMARYSBTERE RSCU) 5547

Table 3 Relative synonymous codon usage (RSCU) analysis of B. rapa var. parachinensis

A whT i RSCU IR whT Ko RSCU HER whT B RSCU
Ter UAA 48 1.82 Ile AUC 350 0.53 Arg AGG 126 0.57
Ter UAG 19 0.72 Tle AUU 1005 1.52 Arg CGA 296 1.35
Ter UGA 12 0.46 Lys AAA 997 1.57 Arg CGC 9 0.44
Ala GCA 348 1.12 Lys AAG 276 0.43 Arg CGG 102 0.47
Ala GCC 177 0.57 Leu CUA 323 0.80 Arg CGU 311 1.42
Ala GCG 131 0.42 Leu cuc 149 0.37 Ser AGC 100 0.35
Ala GCU 586 1.89 Leu CUG 139 0.34 Ser AGU 358 1.26
Cys UGC 62 0.46 Leu CUU 498 1.23 Ser UCA 340 1.20
Cys UGU 207 1.54 Leu UUA 872 2.16 Ser ucc 235 0.83
Asp GAC 170 0.39 Leu UUG 440 1.09 Ser UCG 156 0.55
Asp GAU 698 1.61 Met AUG 512 6.97 Ser UCU 510 1.80
Glu GAA 928 1.55 Met GUG 1 0.01 Thr ACA 367 1.23
Glu GAG 270 0.45 Met UUG 1 0.01 Thr ACC 212 0.71
Phe uuC 401 0.59 Asn AAC 244 0.44 Thr ACG 123 0.41
Phe UuU 967 1.41 Asn AAU 855 1.56 Thr ACU 490 1.64
Gly GGA 624 1.61 Pro CCA 266 1.16 Val GUA 455 1.45
Gly GGC 153 0.39 Pro cce 161 0.70 Val GUC 153 0.49
Gly GGG 254 0.66 Pro CCG 124 0.54 Val GUG 169 0.54
Gly GGU 519 1.34 Pro CcCu 366 1.60 Val GUU 475 1.52
His CAC 125 0.49 Gln CAA 642 1.57 Trp UGG 396 1.00
His CAU 383 1.51 Gln CAG 175 0.43 Tyr UAC 155 0.37
Tle AUA 625 0.95 Arg AGA 384 1.75 Tyr UAU 687 1.63
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Figure 2 Analysis of scattered sequence repeats (A) and simple sequence repeats (B) in the chloroplast genome of B. rapa var. parachinensis
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Figure 3 Line chart of gene nucleotide diversity value
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RGO
Y AT TR AR Z [ R OC R, N NCBL &R T 30T 25 -t eRHa Y i
SRRFER A BAE . FEALEERE [, DIBRARIME RSN R L EW . 45N S3R0REXRR R
Y k%38 1 2% B. rapa subsp. chinensis, IR RWEFEE . KA B. rapa subsp. pekinensis. F&7 B. rapa
subsp. rapa. 3. Hik. WMEREFXZBIEY; ¥ MERONESCREME) S, KU HFARHEY)
th, B NESROEEERBEYH L IEERNANEEY, RZ, [FNZEEERNRIT B nigra FURIEM L
MEST B. carinata 530 MRS R WA EOL . /AN NSNS, 530ORRE LR KT (K 5),
3 it

MR RAE RS R A A, LR SE R | S PR A RN S PR HE B b e A
LR A S L2 B R R ST RT ARIF 5 ) o 38 P o3 B T SO A SRR L R 2, R B0 S A i
DRI 2 5 R ) DU AR5 K, 42Kl 153 482 bp, GC & &N 36.36%, S FZEEBEP RIS E 3. KA
K, BESRER SRS K A GC & B — B0 e i ax AL 41 139 bp, GC & B T
0.02%"; HIEZEIR RIS . BIT . SRIEM LW IT G E Y LA A AR P 0L R T I - A I PR A B A

2.6



543 B4 2 ) Mt as . SO MLR AL AR E X R GER T 347

3£ Brassica rapa var. parachinensis PX244600
3l [ 32 Brassica rapa subsp. chinensis KX681648
YEEE Brassica rapa var. purpuraria OP729397
K F1E Brassica rapa subsp. pekinensis NC_015139
JE 7% Brassica rapa subsp. rapa MT409177
J¥3E Brassica juncea KT581449
& Brassica oleracea MT721156
5% Brassica napus NC_016734
L4 | Raphanus sativus KJ716483
WRIEMK LA ST Crambe hispanica subsp. abyssinica KY883663
F1JF Sinapis alba MN176144
¥ Mutarda arvensis KU050690
100 IF Brassica nigra KT878383
100 VRZEM ST Brassica carinata MW 628493
I &3¢ Orychophragmus violaceus KX364399
FEWE Isatis tinctoria MK637736
ZEMATHE Eutrema yunnanense KT270357
S PRATSE Eutrema heterophyllum KT270358
T EIK Lobularia maritima AP009375
JKHGF Nasturtium officinale MK045962
PURITT Arabidopsis thaliana +KX551970
21T Capsella rubella KR029093
100 | KAEST Capsella grandiflora KR029092

KACATT Aethionema grandiflorum AP009367
100 AT Aethionema cordifolium AP009366

100 B[R AR5 I Aethionema arabicum KX886357
AR Carica papaya EU431223

98
76

71

100

99
100

100

100

100

100

100

100

100

0.005
AS ATeramRAREF7NHENZRGELFH
Figure 5 Phylogenetic tree constructed based on chloroplast genome sequences
GC Fa 2 ANE B> 2520 i rl 0L, FE SR 2222 @ I, 45 AR 1% I S A 5 DR 20 R X AR 5T
XAEE RS ZHAO &P [ se 45 3 —3 .

SN ERIRFE A LS 5 132 A3, Hodp 45 A RE S50 AERMNE, SR RENEEBYF
FHEG, FIERFP AR AR R B 22 5, F ISR R 3k PR 20 4200 D) i 56 PR A Ak i s B AR
SERUS FERYI AL AR D, R RI RS FAf E  s —E Bm E . FESE O M SRR R b,
FHAS % o = R SE R N Leu, [ AR AR A0 2 BE 08 0 2 R &R (Cys), X5 KA Ananas comosus var.
comosus®? | FHE L 22 Magnolia zenii™ ZFFEY HIWFFT &5 R —B0, AR [R] B HS AR (RSCU) f2: 38
b LA R A 8 S B 0 50 5 LB WU R R SR, R AN S A A A T
RSCU K F 1 AR 1Z %05 F 0 i FH B A B B 4r Y. FES.0 SRR SE R 4 b, 46K 241 (93.55%)
RSCU KF 1 %7 LL ASiE UGS RE, 4 RZH(86.84%) RSCU /NF 1 S F L) G 5 C 45
FANBR G AR TAED) ) LR AR SE PR 2 3l A7, T30 I S (AR 56 R A 1 3 ) - (ot PR AR St A o 38 P RS
PP, SSRs # ) vZ FHAE M f bt 4% % Bl Pl ik . AP AL 0 i S5 . ZHAO 5P 7E 255 B. oleracea var.
gongylodes M- 44 BL R 41 rp % 5 HY 290 4> SSRs, WU 2507 fE & F 3P & 30 T 288 4~ SSRs, AHF5Y
FE 0 I SR R L PR 2 rp 38 % 3 315 4> SSRs, 1] S 5% 25 22 & AE W 19 8t % 22 A% 1 S 108 e ik 0
Fric.

K AT R AR 2 R Ml — AR N iR A8 S AR B A EE e, R v DB I3 st % 2 FE 1
HEE, BN MR L A PR AN AE 9 FARICEY . AR R . PR TITAE 8 Bl AERHE AT
Lo, BRI 8 ARl it SR AR R 2 A P IR AT IR 2 R 10 0.007 2, AR X BT A% R 2 AR AR
F|/ME YK A LSC (0.007 4), SSC (0.012 3), IR (0.002 1), $iH IR A H HAth 2 A~ X sy Hoh
MR 22 FF M d5e i B9 AT 4 N7 SR IR R A T LSC X 3k 1) rps16, SSC X I Y ces4, LSC X 38 i) matK .
rpl22, KR BEAR S T DURAE T AL R S B SRR D . AERE SR R A e R, IR XY
Pk s A R SR RS PR A S5 A A S R LUK SN g, nT RS E R G R B AR AL AR AED ., Xt
FFEROTEN T 8 D FAERH R B IR WA AT 00T, A IR S R0 28 5 28R rps19. yefl . ndhF .
trnH WAL B G, (HERALE/N, UEIASE LA T AR Y W i S AR S P A LA PR ST o



348 WroIL R R K A R 2026 4E 4 F 20 H

TR, FHERPREXNROCHITRELRE I, IO FAER T B B 4
BETRE . APREER R O SE AR, $RE. RAXK., BESHEREIORG R RE, H
WHRITE . Hilk . MRS ZEEAEY, WilR 25288 1) B TT AR SEMR T 5 380 1 SR 2006 2R WARHE .
WANG %50 B F 2R AR IE R AN ST B. oleracea var. alboglabra 55 T FACRHEYM T R G K B o0t &
BT RIFERIRG:, ST SR, AR, v, HERI—AZEHE, BITRREM LTI RN 5 — 128

4 i

320 TS R IR DR ) 52 B Y (g DU AR S A, 4Kl 153 482 bp, U 86 NEE RS IEIAN . 37 4
tRNA B[ Fl 8 > rRNA E[H, R IR ELAOCGEM . ARE RS, HENARBM 2L AU 45
B, A 37 MAEEL TS, 3154 SSR; REK B /TR E/R: il RSO MRS R RRIT .
AFFA P TIRABMBR O RELE KRR, AL BT AR A s o R . B RN RS54
HEFLIS A

5 ZFXH

(1] REXR, EEw4E, 5, 55 4 Fh 24 J& H W) i S 14 66 TR A 25 M R AIE ) R G R B 43 e (). 22 2741, 2024, 59(11):
3164-3171. XIONG Yao, TONG Lingfei, CAO Lan, et al. Structural characteristics and phylogenetic analysis of
chloroplast genomes of four species of LoniceralJ]. Acta Pharmaceutica Sinica, 2024, 59(11): 3164-3171. DOI: 10.16438/
j.0513-4870.2024-0306.

[2] YIN Dongmei, WANG Yun, ZHANG Xingguo, et al. Development of chloroplast genome resources for peanut (4rachis
hypogaea L.) and other species of Arachis[J]. Scientific Reports, 2017, 7: 11649. DOI: 10.1038/541598-017-12026-x.

(3] i, S, A, 55, BOAER I T SRR SE R AL R R G & 307 D). [ B 241, 2024, 46(8): 10-18. WEN
Jing, GUO Maowei, ZHU Lin, et al. Analysis of chloroplast genome and phylogeny of yellow flowered type Medicago
ruthenicalJ]. Chinese Journal of Grassland, 2024, 46(8): 10~18. DOI: 10.16742/j.zgcdxb.20230367.

[4] SVEINSSON S, CRONK Q. Evolutionary origin of highly repetitive plastid genomes within the clover genus (Trifolium)[J].
BMC Evolutionary Biology, 2014, 14(1): 228. DOI: 10.1186/s12862-014-0228-6.

[5] CAI Chuner, WANG Lingke, ZHOU Lingjie, et al. Complete chloroplast genome of green tide algae Ulva flexuosa
(Ulvophyceae, Chlorophyta) with comparative analysis[J]. PLoS One, 2017, 12(9): €0184196. DOI: 10.1371/journal.pone.
0184196.

[6] DANIELL H, LIN C S, YU Ming, et al. Chloroplast genomes: diversity, evolution, and applications in genetic
engineering[J]. Genome Biology, 2016, 17(1): 134. DOI: 10.1186/513059-016-1004-2.

[7] LIU Liangmin, DU Xinyu, GUO Cen, et al. Resolving robust phylogenetic relationships of core Brassicaceae using genome
skimming data[J]. Journal of Systematics and Evolution, 2021, 59(3): 442—453. DOIL: 10.1111/jse.12666.

[8] YANG Jinghua, LIU Dongyuan, WANG Xiaowu, et al. The genome sequence of allopolyploid Brassica juncea and analysis
of differential homoeolog gene expression influencing selection[J]. Nature Genetics, 2016, 48(10): 1225-1232. DOTI: 10.
1038/ng.3657.

(91 ZEIEms, M Em, M, 45 FIE 545 . A PUIEEC G S0 A R 3 7r B E s 0], M98 I ST R4,
2024, 30(11): 2150-2160. LI Xiaoqing, YANG Jiayu, CHEN Shaoming, et al. Effects of nitrogen fertilizer combined with
biochar or organic fertilizer on the growth and nutrient accumulation of Chinese flowering cabbage [Brassica campestris L.
ssp. chinensis (L.) var. utilis Tsen et Lee] [J]. Journal of Plant Nutrition and Fertilizers, 2024, 30(11): 2150-2160. DOI: 10.
11674/zwyf.2024221.

(10] J5Uz, EFE, ¥R, 55, ANFSOLZHEM A CE RN EIEN [V, #5740l 2441, 2019, 50(10): 2271-2277. YUAN
Yuan, WANG Chunzheng, ZHOU Xianyu, et al. Amino acid composition and nutritional value evaluation of six kinds of
flowering Chinese cabbages (Brassica campestris L. ssp. chinensis var. utilis Tsen et Lee)[J]. Journal of Southern
Agriculture, 2019, 50(10): 2271-2277. DOI: 10.3969/j.issn.2095-1191.2019.10.17.

(1] R, BRI, AR, A5, KA AL B S A A e 7 B Ll B 5 L] LT BEl 22, 2020(22): 53-59. ZHU Yunna,
YANG Qingqing, KOU Erfeng, et al. Effects of salicylic acid on plant growth development and qualities in flowering


https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.16438/j.0513-4870.2024-0306
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.1038/s41598-017-12026-x
https://doi.org/10.16742/j.zgcdxb.20230367
https://doi.org/10.16742/j.zgcdxb.20230367
https://doi.org/10.16742/j.zgcdxb.20230367
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1186/s12862-014-0228-6
https://doi.org/10.1371/journal.pone.0184196
https://doi.org/10.1371/journal.pone.0184196
https://doi.org/10.1371/journal.pone.0184196
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1186/s13059-016-1004-2
https://doi.org/10.1111/jse.12666
https://doi.org/10.1111/jse.12666
https://doi.org/10.1038/ng.3657
https://doi.org/10.1038/ng.3657
https://doi.org/10.1038/ng.3657
https://doi.org/10.11674/zwyf.2024221
https://doi.org/10.11674/zwyf.2024221
https://doi.org/10.11674/zwyf.2024221
https://doi.org/10.11674/zwyf.2024221
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.3969/j.issn.2095-1191.2019.10.17
https://doi.org/10.11937/bfyy. 20200707

543 B4 2 ) Mt as . SO MLR AL AR E X R GER T 349

Chinese cabbage [J]. Northern Horticulture, 2020(22): 53—59. DOIL: 10.11937/bfyy. 20200707.

[12] SATO S, NAKAMURA Y, KANEKO T, et al. Complete structure of the chloroplast genome of Arabidopsis thalianalJ].
DNA Research, 1999, 6(5): 283—290. DOI: 10.1093/dnares/6.5.283.

[13] Etez, MW &, 248, 5. LR Z MR 5L K A P 5 SO R 58k & 400 (1], v db 4ol 27 41¢, 2024, 33(8):
1483-1494. WANG Chuanzhi, ZHOU Xianyu, LI Yangmei, et al. Chloroplast genome sequence and phylogenetic analysis
of Brassica rapa var. purpurarialJ]. Acta Agriculturae Boreali-occidentalis Sinica, 2024, 33(8): 1483—1494. DOI: 10.7606/
j.1ssn.1004-1389.2024.08.009.

[14] PRABHUDAS S K, RAJU B, KANNAN THODI S, ef al. The complete chloroplast genome sequence of Indian mustard
(Brassica juncea L.)[J]. Mitochondrial DNA Part A, 2016, 27(6): 4622—4623. DOI: 10.3109/19401736.2015.1101586.

[15] JEONG Y M, CHUNG W H, MUN ] H, et al. De novo assembly and characterization of the complete chloroplast genome of
radish (Raphanus sativus L. )[J]. Gene, 2014, 551(1): 39—48. DOI: 10.1016/j.gene.2014.08.038.

[16] CHEN Shifu, ZHOU Yanging, CHEN Yaru, ef al. Fastp: an ultra-fast all-in-one FASTQ preprocessor[J]. Bioinformatics,
2018, 34(17): 1884-i890. DOI: 10.1093/bioinformatics/bty560.

[17] ANTON B, SERGEY N, DMITRY A, et al. SPAdes: a new genome assembly algorithm and its applications to single-cell
sequencing[J]. Journal of Computational Biology, 2012, 19(5): 455-477. DOI: 10.1089/cmb.2012.0021.

[18] HYATT D, CHEN G L, LoCASCIO P F, et al. Prodigal: prokaryotic gene recognition and translation initiation site
identification[J]. BMC Bioinformatics, 2010, 11(1): 119. DOI: 10.1186/1471-2105-11-119.

[19] MISTRY J, FINN R D, EDDY S R, et al. Challenges in homology search: HMMER3 and convergent evolution of coiled-
coil regions[J]. Nucleic Acids Research, 2013, 41(12): e121. DOI: 10.1093/nar/gkt263.

[20] LASLETT D, CANBACK B. ARAGORN a program to detect tRNA genes and tmRNA genes in nucleotide sequences[J].
Nucleic Acids Research, 2004, 32(1): 11-16. DOI: 10.1093/nar/gkh152.

[21] GREINER S, LEHWARK P, BOCK R. OrganellarGenomeDRAW (OGDRAW) version 1.3.1: expanded toolkit for the
graphical visualization of organellar genomes[J]. Nucleic Acids Research, 2019, 47(W1): W59-W64. DOIL: 10.1093/nar/
gkz238.

[22] BEIER S, THIEL T, MUNCH T, et al. MISA-web: a web server for microsatellite prediction[J]. Bioinformatics, 2017,
33(16): 2583—-2585. DOTI: 10.1093/bioinformatics/btx198.

[23] NAKAMURA T, YAMADA K D, TOMII K, et al. Parallelization of MAFFT for large-scale multiple sequence
alignments[J]. Bioinformatics, 2018, 34(14): 2490-2492. DOI: 10.1093/bioinformatics/bty121.

[24] LIBRADO P, ROZAS J. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data[J]. Bioinformatics,
2009, 25(11): 1451-1452. DOI: 10.1093/bioinformatics/btp187.

[25] DARLING A C E, MAU B, BLATTNER F R, et al. Mauve: multiple alignment of conserved genomic sequence with
rearrangements [J]. Genome Research, 2004, 14(7): 1394—1403. DOI: 10.1101/gr.2289704.

[26] SILVESTRO D, MICHALAK I. raxmlGUI: a graphical front-end for RAXML[J]. Organisms Diversity & Evolution, 2012,
12(4): 335-337. DOI: 10.1007/s13127-011-0056.

(271 A, BUCH], [, 25, FEDI AR RGeS HEIRE L] W DA 7274412, 2023, 40(1): 227-236. WANG
Jie, HE Wenchuang, XIANG Kunli, et al. Advances in plant phylogeny in the genome eralJ]. Journal of Zhejiang A&F
University, 2023, 40(1): 227-236. DOI: 10.11833/1.issn.2095-0756.20220313.

[28] SEOL Y J, KIM K, KANG S H, ef al. The complete chloroplast genome of two Brassica species, Brassica nigra and B.
oleraceaJ]. Mitochondrial DNA Part A, DNA Mapping, Sequencing, and Analysis, 2017, 28(2): 167—168. DOI: 10.3109/
19401736.2015.1115493.

[29] ZHU Bin, GAO Zuomin, QIAN Fang, et al. The complete chloroplast genome of a purple Ethiopian rape (Brassica carinata:
Brassicaceae) from Guizhou Province, China and its phylogenetic analysis[J]. Mitochondrial DNA Part B, 2021, 6(7):
1821-1823. DOI: 10.1080/23802359.2021.1926365.

[30] ZHAO Mengliang, WU Yanxun, REN Yanjing. Complete chloroplast genome sequence structure and phylogenetic analysis
of kohlrabi (Brassica oleracea var. gongylodes L. )[J]. Genes, 2024, 15(5): 550. DOIL: 10.3390/genes15050550.

[31] WANG Yilin, LIANG Qiannan, ZHANG Chenlu, et al. Sequencing and analysis of complete chloroplast genomes provide

insight into the evolution and phylogeny of Chinese kale (Brassica oleracea var. alboglabra)[J]. International Journal of


https://doi.org/10.11937/bfyy. 20200707
https://doi.org/10.11937/bfyy. 20200707
https://doi.org/10.1093/dnares/6.5.283
https://doi.org/10.1093/dnares/6.5.283
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.7606/j.issn.1004-1389.2024.08.009
https://doi.org/10.3109/19401736.2015.1101586
https://doi.org/10.3109/19401736.2015.1101586
https://doi.org/10.1016/j.gene.2014.08.038
https://doi.org/10.1016/j.gene.2014.08.038
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/nar/gkt263
https://doi.org/10.1093/nar/gkt263
https://doi.org/10.1093/nar/gkh152
https://doi.org/10.1093/nar/gkh152
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/bty121
https://doi.org/10.1093/bioinformatics/bty121
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.1007/s13127-011-0056
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.11833/j.issn.2095-0756.20220313
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.3109/19401736.2015.1115493
https://doi.org/10.1080/23802359.2021.1926365
https://doi.org/10.1080/23802359.2021.1926365
https://doi.org/10.3390/genes15050550
https://doi.org/10.3390/genes15050550
https://doi.org/10.3390/ijms241210287

350 WroIL R R K A R 2026 4E 4 F 20 H

Molecular Sciences, 2023, 24(12): 10287. DOI: 10.3390/ijms241210287.

[32] REDWAN R M, SAIDIN A, KUMAR S V. Complete chloroplast genome sequence of MD-2 pineapple and its comparative
analysis among nine other plants from the subclass Commelinidae[J]. BMC Plant Biology, 2015, 15: 196. DOI: 10.1186/
s12870-015-0587-1.

[33] LI Yongfu, SYLVESTER S P, LI Meng, et al. The complete plastid genome of Magnolia zenii and genetic comparison to
Magnoliaceae species[J]. Molecules, 2019, 24(2): 261. DOI: 10.3390/molecules24020261.

[34] DURET L. tRNA gene number and Codon usage in the C. elegans genome are co-adapted for optimal translation of highly
expressed genes[J]. Trends in Genetics, 2000, 16(7): 287-289. DOI: 10.1016/S0168-9525(00)02041-2.

[35] RASK, WM, VIS 7. Wil FE A MR 9 S A RE T AL RFAIE S R G T 0L 50T L. W LARAROC 727412, 2025, 42(1):
55-63. ZHU Mengfei, HU Yingfeng, SHI Xueqin. Characterization and phylogenetic location analysis of chloroplast of the
endangered plant Neotrichocolea bissetii[J]. Journal of Zhejiang A&F University, 2025, 42(1): 55-63. DOI: 10.11833/j.
issn.2095-0756.20240356.

[36] A, =%, FCH, 4. B52 1Rk (Carya illinoinensis) W4 AR S D 20 K HAFAE 43 (7], Bel 22441, 2022, 49(8):
1772—-1784. JIANG Sisi, YUAN Jun, ZHOU Wenjun, et al. Complete chloroplast genome sequence and characteristics
analysis of Carya illinoinensis[J]. Acta Horticulturae Sinica, 2022, 49(8): 1772—1784. DOI: 10.16420/j.issn.0513-353x.
2021-0389.

[37] WU Junyan, MA Xuecai, MA Li, et al. Complete chloroplast genome sequence and phylogenetic analysis of winter oil
rapeseed (Brassica rapa L.)[J]. Mitochondrial DNA. Part B, Resources, 2021, 6(3): 723—731. DOI: 10.1080/23802359.
2020.1860697.

(38] T/, B 3C, FBE MY TREARB L A5 3145 (0], 1A%, 2007, 29(10): 1191-1198. WANG Yunsheng, HUANG
Hongwen, WANG Ying. Recent progress in plant molecular population genetics [J]. Hereditas, 2007, 29(10): 1191-1198.
DOI: 10.16288/j.yczz.2007.10.005.

[39] XU Jin, LIU Chen, SONG Yun, et al. Comparative analysis of the chloroplast genome for four Pennisetum species:
molecular structure and phylogenetic relationships[J]. Frontiers in Genetics, 2021, 12: 687844. DOI: 10.3389/fgene.2021.
687844.


https://doi.org/10.3390/ijms241210287
https://doi.org/10.3390/ijms241210287
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.1186/s12870-015-0587-1
https://doi.org/10.3390/molecules24020261
https://doi.org/10.3390/molecules24020261
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.1016/S0168-9525(00)02041-2
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.11833/j.issn.2095-0756.20240356
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.16420/j.issn.0513-353x.2021-0389
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.1080/23802359.2020.1860697
https://doi.org/10.16288/j.yczz.2007.10.005
https://doi.org/10.16288/j.yczz.2007.10.005
https://doi.org/10.16288/j.yczz.2007.10.005
https://doi.org/10.3389/fgene.2021.687844
https://doi.org/10.3389/fgene.2021.687844
https://doi.org/10.3389/fgene.2021.687844

	1 材料与方法
	1.1 材料及测序
	1.2 叶绿体基因组组装及功能注释
	1.3 散在重复序列和简单重复序列分析
	1.4 叶绿体基因组核苷酸多样性和边界分析
	1.5 系统进化分析

	2 结果与分析
	2.1 菜心叶绿体基因组基本特征
	2.2 菜心叶绿体基因的功能注释
	2.3 密码子偏好性分析
	2.4 重复序列分析
	2.5 核苷酸多样性和边界分析
	2.6 系统进化分析

	3 讨论
	4 结论
	参考文献

