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Abstract
Malus baccata var. gracilis has high ornamental value and breeding significance, and comparative
chloroplast genome analysis was applied to facilitate genetic breeding for desired traits and resistance
and provide insight into the phylogeny of this genus. Using data from whole-genome sequencing, a
tetrameric chloroplast genome with a length of 159,992 bp and a total GC content of 36.56% was
constructed. The M. baccata var. gracilis chloroplast genome consists of a large single-copy area (88,100
bp), a short single-copy region (19,186 bp), and two inverted repeat regions, IRa (26,353 bp) and IRb
(26,353 bp). This chloroplast genome contains 112 annotated genes, including 79 protein-coding genes
(nine multicopy), 29 tRNA genes (eight multicopy), and four rRNA genes (all multicopy). Calculating the
relative synonymous codon usage revealed a total of 32 high-frequency codons, and the codons
exhibited a biased usage pattern towards A/U as the ending nucleotide. Interspecific sequence
comparison and boundary analysis revealed significant sequence variation in the vast single-copy region
as well as generally similar expansion and contraction of the SSC and IR sections for ten analyzed Malus
species. M. baccata var. gracilis and Malus hupehensis were grouped together into one branch based on
the phylogenetic analysis of chloroplast genome sequences. The chloroplast genome of Malus species
provides an important foundation for species identification, genetic diversity analysis, and Malus
chloroplast genetic engineering. Additionally, the results can facilitate the use of pendant traits to improve
apple tree shape.

Introduction
According to Dobránszki et al. (2014), China is the center of origin for the Malus genus. Malus species are
dispersed throughout the north temperate zone in an erratic pattern of Central Asia-Europe and East Asia-
North America. Malus species can be classified as cultivated or wild (Wang et al., 2018; Chen et al., 2021).
Malus species that are grown for human use are more heavily impacted by human activity and are
mostly used for raw and processed food, with some utilized as ornamentals (Zhou et al., 2019). Due to
their favorable introgression and grafting affinity, wild species are exploited as pollinators, rootstock
resources, and breeding material (He et al., 2020; Rong et al., 2022). As an important group of Malus, M.
baccata spp. have high ornamental value with beautiful flowers and fruits, and these plants are also
widely used in germplasm evaluation and resistance breeding (Ren et al., 2019). M. baccata spp. can be
used as a parent to breed cold and black star disease resistant apples (Papp et al., 2020). Pendulousness
is an important ornamental trait in woody plants and is used for apple tree shape improvement (Sestras
et al., 2023). However, limited work has been done to determine the phylogeny and classify the pendulous
bush resources, so genetic and genomic studies are needed to effectively conserve, develop, and exploit
its germplasm diversity.

The chloroplast genome (cpDNA) contains rich genetic information; is moderate in size, sequence
variation rate, and copy number; has a highly conserved genetic structure; is maternally inherited; has
good stability in offspring, is not affected by genetic recombination; and evolved independently (Choi et
al., 2017), making it suitable for studies of complex evolutionary systems and developmental status
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among different species (Liao et al., 2021). Chloroplast genomes are increasingly used in phylogenetic
research due to the recent advances of second-generation sequencing technology (Alkan et al., 2011).
The few published chloroplast genomes of apple plants include Malus toringoides, Malus hupehensis,
Malus floribunda, and Malus yunnanensis (Li et al., 2020; Liu et al., 2012; Wick et al., 2015), and these
data have greatly facilitated the detection of variation in the genus Malus and promote the utilization and
conservation of genetic resources.

The goal of this study was to generate the cpDNA sequence of M. baccata var. gracilis cpDNA using
whole genome sequencing and bioinformatics analysis. The fundamental characteristics, sequence
similarity, and evolutionary relationships were further analyzed. The findings of this work can serve as a
valuable resource to elucidate the genetic variation characteristics of M. baccata var. gracilis cpDNA and
Malus cpDNA. Additionally, the outcomes of this study will have a positive impact on the preservation
and advancement of wild species, such as M. baccata var. gracilis, and will facilitate the genetic breeding
of drooping traits and the enhancement of apple tree morphology.

Results
Chloroplast genome characterization of M. baccata var. gracilis

The chloroplast entire genome of M. baccata var. gracilis was successfully acquired by assembly and
splicing techniques, resulting in a total sequence length of 159,992 bp (Fig. 1). The genome sequence has
a total GC content of 36.56%. The genome is comprised of three distinct regions: a large single-copy
region (LSC), a short single-copy region (SSC), and a pair of inverted repeats (IRs, namely IRa and IRb)
(Table 1). The lengths of the tetrad sequences were as follows: LSC, 88100 base pairs, spanning from
position 1 to 88100; IRb, 26353 bp, spanning from position 88101 to 114453; SSC, 19186 bp, spanning
from position 114454 to 133639; and IRA, 26353 bp, spanning from position 133640 to 159992. The GC
content of the IRs in M. baccata var. gracilis is 42.70%, higher than the overall GC content of the whole
chloroplast genome (36.56%).

 
Table 1

Regions of the M. baccata var. gracilis chloroplast genome
Region name Start End Length(bp) GC(%)

LSC 1 88,100 88,100 34.23

IRa 88,101 114,453 26,353 42.70

SSC 114,454 133,639 19,186 30.40

IRb 133,640 159,992 26,353 42.70

Whole-genome sequence annotation of the chloroplast of M. baccata var. gracilis yielded 112 genes
(Table 2), including 79 unique protein-coding genes (nine genes were multiple copies), 29 tRNA genes
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(eight were multiple copies), and four rRNA genes (four were multiple copies). The set of protein-encoding
genes are from 15 distinct gene families. The genome contains 11 genes encoding NADH dehydrogenase
subunits, five genes encoding photosystem I subunits, 15 genes encoding photosystem II subunits, six
genes encoding cytochrome b/f complex subunits, six genes encoding ATP synthase subunits, one gene
encoding the large subunit of ribulose 1,5-diphosphate carboxylase/oxygenase (rbcL), four genes
encoding DNA-dependent RNA polymerase subunits, nine genes encoding ribosomal large subunit
proteins, 12 genes encoding ribosomal small subunit proteins, one gene encoding a maturation enzyme
(matK), one gene encoding a c-type cytochrome synthase (ccsA), one gene encoding a membrane protein
(cemA), one gene encoding a protease (clpP), one gene encoding a subunit of acetyl-CoA-carboxylase
(accD), and five genes encoding conserved open reading frames (ycf1, ycf2, ycf3, ycf4, ycf15).
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Table 2
Coding genes of chloroplast genome in M. baccata var. gracilis

Groups of genes Names of genes

Subunits of NADH-dehydrogenase ndhA, ndhB(×2), ndhC, ndhD, ndhE,

ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Subunits of photosystemⅠ psaA, psaB, psaC, psaI, psaJ,

psbA, psbB, psbC, psbD, psbE, psbF,

Subunits of photosystemⅡ psbH, psbI, psbJ, psbK, psbL, psbM

psbN, psbT, psbZ

Subunits of cytochrome b/f complex petA, petB, petD, petG, petL, petN

Subunits of ATP synthase atpA, atpB, atpE, atpF, atpH, atpI

Large subunit of rubisco rbcL

Small subunit of ribosome rps2, rps3, rps4, rps7(×2), rps8, rps11

rps12(×2), rps14, rps15, rps16, rps18,

rps19(×2)

Large subunit of ribosome rpl2(×2), rpl14, rpl16, rpl20, rpl22, rpl23(×2), rpl32, rpl33,
rpl36

DNA dependent RNA polymerase rpoA, rpoB, rpoC1, rpoC2

rRNA genes rrn4.5S(×2), rrn5S(×2), rrn16S(×2) ,

rrn23S(×2)

tRNA genes rnA-UGC(×2), trnC-GCA, trnD-GUC,

trnE-UUC, trnF-GAA, trnfM-CAU, trnG-

GCC, trnG-UCC, trnH-GUG, trnI-

CAU(×2), trnI-GAU(×2), trnK-UUU, trnL-

CAA(×2), trnL-UAA, trnL-UAG, trnM-

CAU, trnN-GUU(×2), trnP-UGG, trnQ-

UUG, trnR-ACG(×2), trnR-UCU, trnS-

GCU(×2), trnS-UGA, trnT-GGU, trnT-

UGU, trnV-GAC(×2), trnV-UAC, trnW-

CCA, trnY-GUA

Maturase matK
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Groups of genes Names of genes

c-type cytochrome synthesis gene ccsA

Envelope membrane protein cemA

Protease clpP

Subunit of Acetyl-CoA-carboxylase accD

Genes of unknown functions Open
Reading

ycf1(×2), ycf2(×2), ycf3, ycf4, ycf15(×2)

Simple repeat sequences

Simple sequence repeats (SSRs) or microsatellites are DNA sequences consisting of short, tandemly
repeated di-, tri-, tetra-, penta-, or hexa-nucleotide motifs. As shown in Fig. 2, a total of 93 SSR loci were
detected in the chloroplast genome of M. baccata var. gracilis, of which 68 were single nucleotide repeats,
18 were dinucleotide repeats, and seven were polynucleotide repeats. The monomeric and dimeric forms
of SSRs constituted 92.47% of the overall SSRs. Thymidine (T) monomeric repeats constituted 57.35% of
the total 68 monomeric SSRs and AT repeats were the predominant kind of dimeric SSRs, accounting for
94.44% of the total. The dispersed repetitive regions within the chloroplast genome were also analyzed. A
total of 55 pairs of repeating sequences, each at least 30 in length, were identified. Among these pairings,
22 were found to be palindromic repeats, 27 were identified as forward repeats, one pair exhibited reverse
repetitions, and none were complementary repeats. The largest observed palindromic repeat sequence
spanned a length of 63 base pairs (bp), the biggest forward repeat sequence was found to be 40 bp in
length, and the longest reverse repeat sequence was determined to be 45 bp long.

Codon preference analysis of M. baccata var. gracilis

Amino acids preferentially employ codons with a relative synonymous codon usage (RSCU) value greater
than 1. According to Fig. 3, the chloroplast coding sequence of M. baccata var. gracilis contained 32
codons with RSCU values greater than 1, including UUA (Leu), GCU (Ala), AGA (Arg), ACU (Thr), and UAU
(Tyr).

Leucine (Leu) appeared most frequently, followed by arginine (Arg) and serine (Ser). In leucine, the UUA
codon was used preferentially, with an RSCU value of 2.04. The preferred codons for arginine and serine
were AGA and UCU, and these exhibited a bias towards A/U in the third position. There was a preference
for UAA for the termination codon.

Chloroplast genome alignment of M. baccata var. gracilis and other Malus species

To assess the similarities and differences of the chloroplast genome sequences for different Malus
species, we performed a global comparison of the newly assembled sequence to the sequences of
chloroplast genomes from five Malus species (Fig. 4). The chloroplast sequence of M. baccata var.
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gracilis showed good co-linearity with the chloroplast genome sequences of the five Malus species. The
chloroplast sequence of M. baccata var. gracilis was more similar to those of M. toringoides, M.
hupehensis, and M. floribunda, and less similar to those of M. ioensis and M. yunnanensis.

Analysis of variation hotspots in the cpDNA of M. baccata var. gracilis and other Malus species

To find the variation hotspot regions of the M. baccata var.gracilis chloroplast genome, the cpDNA
genome sequences of ten Malus species (including M. baccata var.gracilis) were compared (Fig. 5). The
results showed that the sequences of these species were relatively consistent overall, but there were some
regions with large differences. Most regions with large variation were located in the LSC region, including
psbA-trnH(GUG), rps16-trnk(UUU), trnR(UCU)-atpA, trnT(GGU)-psbD, psbZ-trnG(GCC), trnT(UGU)-rps4,
rps14-trnM(CAU), trnV(UAC)-ndhC, accD-psaI, psaJ-rpl33, rpl14-rps8, and rps3-rpl16. The identified
hotspots are predominantly located in non-coding areas, whereas the coding regions exhibit a higher
degree of stability and conservation. Therefore, it is possible that these zones could serve as the
foundation for variations among species.

To further assess DNA polymorphism and identify sequence similarities and differences, the chloroplast
genome of M. baccata var. gracilis were analyzed using DnaSPv6.0 (Fig. 6). Four regions with substantial
variability (Pi ≥ 0.008) were identified: trnR(UCU)-atpA (Pi = 0.02017), trnT(GGU)-psbD (Pi = 0.0105),
trnT(UGU)-trnL(UAA) (Pi = 0.008), and ndhF-rpl32 (Pi = 0.00817). The Pi values observed in the LSC and
SSC regions were significantly higher than those observed in the IRs. The comparison of these regions,
which exhibit substantial variability, can facilitate species identification, molecular marker studies, and
investigations into species evolution.

Boundaries of the IR/SC region of the cpDNA of M. baccata var. gracilis and other Malus species

The structure of the chloroplast genome is characterized by its circular shape, with four regions: LSC-IRb,
IRb-SSC, SSC-IRa, and IRa-LSC, also known as JLB, JSB, JSA, and JLA, respectively (Fig. 7). The
variability in the length of chloroplast genomes is facilitated by the dynamic processes of expansion and
contraction inside the IR regions.

As the IR regions expand and contract, genes close to the boundary are likely to enter the LSC, SSC, or IR
regions. The cpDNA boundaries across ten species of the Malus genus were analyzed using IRscope. We
successfully identified multiple genes that either traversed or were in close proximity to the boundaries
separating the IR and SC portions of the cpDNA, including rpl22, rps19, rpl2, ycf1, ndhF, and trnH.

As presented in Fig. 8, Malus coronaria exhibited the largest cpDNA genome, 160,295 base pairs (bp),
whereas M. baccata var. gracilis had a slightly smaller cpDNA size of 159,992 bp. Among the ten cpDNA
samples analyzed, the lengths of the LSC region were in the range of 88,100 to 248,274 bp. However, no
variation was observed in the lengths of the SSC, IRa, and IRb sections. The distribution pattern of the
rps19 gene at the JLB boundary exhibited consistency across the eight Malus species. The length of the
rps19 gene was found to be 159 bp in the LSC region and 120 bp in the IRb region. However, in the M.
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coronaria sequence, the rps19 gene is longer on the LSC side (171 bp) and shorter on the IRb side (108
bp). Conversely, in M. yunnanensis, the rps19 gene is longer on the LSC side (210 bp) and shortest on the
IRb side (69 bp). The ycf1 gene in the JSB locus of the M. ioensis cpDNA experienced expansion towards
the SSC region, leading to an elongation of the ycf1 gene. The ycf1 gene located at the IRb/SSC locus did
not undergo crossing over at the JSB border in either M. toringoides or M. hupehensis. All ten selected
Malus species exhibited displacement bias in the trnH gene at the JLA locus. The aforementioned
findings collectively indicate that the expansion and contraction of the border region have a significant
impact on the dimensions and structure of cpDNA.

Construction of a phylogenetic tree of the chloroplast genome of M. baccata var. gracilis

A phylogenetic tree was created using the chloroplast genomes of 24 plants from the Malus genus and
two exo-taxa plants to explore the evolution of M. baccata var. gracilis (Fig. 8). As shown in Figs. <link
rid="fig8">8</link>-A and 8-B, the 24 Malus species can be well classified in the NJ and ML trees, with the
outgroup divided into a large branch. M. baccata var. gracilis is clustered in a large group with its closest
relatives, M. hupehensis and M. sikkimensis.

The gene matk, found in the chloroplast genome, is a solitary gene that undergoes evolution at a modest
pace. This gene has been identified as a potential DNA barcode for taxonomic applications (Uchoi et al.,
2016). Using Vitis as an outgroup, we next constructed a phylogenetic tree based on this gene in Vitis
vinifera and nine apple species. Phylogenetic trees (ML and NJ trees) were constructed based on the
chloroplast matk gene for M. baccata var. gracilis and nine other apple species, as shown in Figs. <link
rid="fig8">8</link>-C and 8-D. The results showed that M. baccata var. gracilis clustered with other apple
plants on one large branch, and V. vinifera occupied a separate branch. M. baccata var. gracilis and M.
hupehensis are closer in evolution, and M. ioensis is less similar to other Malus plants in the genus.

Discussion
The advancement of high-throughput sequencing technology has led to an increasing number of
chloroplast genomes (Green et al., 2011). These chloroplast genomes can be utilized to investigate
genetic variation and phylogenetic analysis. (Liu et al., 2011). In this study, we used whole-genome
sequencing, gene annotation, sequence alignment and boundary analysis to obtain a 159,992 bp cpDNA
with a loop-like structure from a de novo assembly. The total sequence length was comparable to that of
the reported chloroplast genomes from M. toringoides, M. hupehensis, and M. coronaria (Li et al., 2020;
Zhang et al., 2018; Liu et al., 2018). This suggests that chloroplast sequence lengths are relatively
conserved between species within Malus, with a low degree of variation.

Analysis of the cpDNA of M. baccata var. gracilis yielded four conserved classical regions, consisting of
the large LSC (88100 bp), IRB (26353 bp), SSC (19186 bp), and IRA (26353 bp). The whole genome
sequence annotation of the chloroplast of M. baccata var. gracilis yielded 112 genes, including 79 unique
protein-coding genes. Similarly, the cpDNA genome sequences of M. floribunda and M. hupehensis both
have 78 coding genes (Li et al., 2020; Liu L et al., 2018). The variation in gene count among species can
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perhaps be attributed to the expansion and contraction of borders within the chloroplast genome.
Previous work showed that boundary shifts in the IR region and variation in the gene spacer region
mainly affect the length of cpDNA (Maréchal et al., 2010) to stabilize the structure of the genome, with
differing extents of variation in the location of the IR/SC boundary of cpDNA in different species (Gu et
al., 2022). We found no substantial variation in IR length among different apple genera. This suggests
that the IR region is actively involved in preserving the structural stability and functional consistency of
cpDNA. Four highly variable regions (Pi ≥ 0.008) were detected in the nucleic acid diversity analysis:
trnR(UCU)-atpA (Pi = 0.02017), trnT(GGU)-psbD (Pi = 0.0105), ndhF-rpl32 (Pi = 0.00817), and trnT(UGU)-
trnL(UAA) (Pi = 0.008). These are all within the LSC and SSC regions, exhibiting less variability in nucleic
acid content within the two IR zones. Boundary analysis revealed that the ycf1 region is more variable
across plants, possibly because the gene spans the junction between the IR and SSC regions, but also
possibly because of the presence of a duplicated sequence (Li et al., 2020). This differs from the high
nucleic acid variation in the IR region found in analyses of Larix kaempferi and Dracaena draco plants
(Celiński et al., 2020; Chen SF et al., 2020). This suggests that chloroplast genomes may evolve at
different rates in different regions and among different species, so these regions of high variation can be
used as a basis for evolutionary analysis studies of M. baccata var. gracilis.

Codon preference is widespread in natural genomes and has evolved over a long period of time, with
influencing factors including mutation, selection, gene length, and gene function (Li et al., 2022). Further
calculations of the codon preferences of chloroplast-encoding genes in M. baccata var. gracilis revealed a
bias towards A/U in the terminal position and a high probability of using UAA as a termination codon,
with similar results in Malus zhaojiaoensis (Wang et al., 2022) and with M. floribunda, Elaeagnus
angustifolia, and Actinidia latifolia (Li et al., 2020; Li et al., 2023; Yang et al., 2021). This suggests that
codon preference also varies slightly among species, and this variation may be related to variation and
natural selection.

This work compared the M. baccata var. gracilis chloroplast genome sequence and single-copy gene
matk sequence with those of other Malus species and outgroups. Previous clustering analysis (Reim et
al., 2020) show that M. baccata var. gracilis is more similar in evolution to M. hupehensis, and M. ioensis
is less similar to the other Malus species. The results of this study provide the basis for further
determination of the origin and affinities for Malus species or other genera of Rosaceae.

Materials and methods
Materials and DNA sequencing

From plants at the National Botanical Garden in Xiangshan, Beijing, China, leaves were collected and a
stratified extraction technique was applied. Samples were dried on silica gel and shipped to the State Key
Laboratory of Crop Biology at Shandong Agricultural University in Tai'an, Shandong, China, where total
DNA was extracted using a modified CTAB technique. (Matthes et al., 2020) DNA quality was assessed
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using 1.2% agarose gel electrophoresis (Matthes et al., 2020), and then a 350 bp library was created and
double-end sequencing was carried out using the second-generation Illumina Hiseq4000 platform.

Annotation and assembly of the chloroplast genome

To create a full circular chloroplast genome from the second generation DNA sequencing data, the filtered
data were assembled using GetOrganelle v1.7.5 software's default settings (Jin et al., 2020). CPGAVAS2
software (Shi et al., 2019) was used to annotate the chloroplast genome, and CPGView (Liu et al., 2023)
and OGDRAW (Stephan et al., 2019) were used to visualize the chloroplast genome map. Using the Apollo
program, identified annotation mistakes in the chloroplast genome were manually fixed (Lewis et al.,
2002). The manually updated chloroplast genome sequences and annotation files were uploaded to the
NCBI website (https://www.ncbi.nlm.nih.gov/) using login OQ737737. Using the OGDRAW program
(Stephan et al., 2019), the chloroplast genomes of Pendula spp. were visualized, with different gene
segments delineated by different colors.

Characterization of the chloroplast genome

Following the splicing and annotation of the chloroplast genome, the long repeat sequences were
analyzed using the online software REPuter with parameters of a maximum computed repeats value of
1000, a minimal repeat size of 30, and a Hamming distance of 3, as described by Kurtz et al. (2001).
Additionally, the identification of simple sequence repeat (SSR) loci was performed using the MISA
software, with default parameters as outlined by Beier et al. (2017).

Analysis of chloroplast genome codon preferences

CodonW software was used to analyze the number of codons, frequency of use, and relative use of
synonymous codons in the chloroplast genome CDS of M. baccata var. gracilis.

Comparative genomic analysis of chloroplast genomes

Comparisons of chloroplast genome similarity were conducted using the Circoletto tool (Darzentas et al.,
2010). Multiple sequence comparisons were performed using mVISTA (Frazer et al., 2004). Visualization
of chloroplast intergenomic linkage sites was accomplished through IRscope comparisons (Amiryousefi
et al., 2018). Phylogenetic analysis of various species was conducted using MEGA_11 (Kumar et al.,
2018), resulting in the construction of two types of evolutionary trees: a Neighbor-joining tree and a
Maximum Likelihood tree. Pi values of homologous sequences were calculated using DnaSP v.6. Highly
variable fragments were selected as molecular markers based on the size of Pi values and sequence
length (Jung et al., 2021). The chloroplast genomes used for the comparative genomics analysis in this
study were acquired from the NCBI database, and the details are listed in Table 3.
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Table 3
Chloroplast genomes used for comparative genomics

Sample name Genus Accession No. Size(bp)

Malus coronaria Malus MN068247.1 160295 bp

Malus floribunda Malus OM115955.1 160037 bp

Malus hupehensis Malus MK020147.1 160065 bp

Malus ioensis Malus MN062004.1 159841 bp

Malus kansuensis Malus MW018863.1 160133 bp

Malus micromalus Malus MF062434.1 159834 bp

Malus rockii Malus MZ984214.1 160117 bp

Malus toringoides Malus MT483999.1 160093 bp

Malus yunnanensis Malus MH394387.1 160067 bp

Vitis vinifera Vitis NC_007957.1 160928 bp

Conclusion
This is the first sequencing and assembly of the chloroplast genome sequence of M. baccata var. gracilis.
The cpDNA of M. baccata var. gracilis is 159,992 bp in length, with a typical tetrameric structure and 112
genes after removal of repeats. The chloroplast genome of M. baccata var. gracilis is biased towards the
use of A/U containing codons. Assembly annotation, sequence alignment, variation hotspots, boundary
features, and evolutionary relationships of cpDNA were performed. The M. baccata var. gracilis cpDNA
genome can be used to assess genetic diversity and identify different species. Additionally, this analysis
can serve as a beneficial reference for the development of cultivars with pendant features in apple
breeding. The results obtained in this study can serve as a benchmark for the preservation and
advancement of wild apple resources, while also establishing a theoretical framework for future
investigations.
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Figure 1

Chloroplast genome mapping in M. baccata var. gracilis

Arrows indicate the direction of transcription, and the shaded areas show GC/AT content
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Figure 2

Repeat sequence analysis of the chloroplast genome of M. baccata var. gracilis

(A) The horizontal coordinate represents the type of SSRs, the vertical coordinate represents the number
of repeats, and the purple bar represents single SSRs. The orange bar represents dimer SSRs and the
green bar represents tetramer SSRs. (B) The abscissa represents the type of the repeating sequence, and
the ordinate represents the number of repeats. The green bar represents tandem repeats, and the yellow
bar represents palindromic repeats, the blue bar indicates forward repeats, and the red bar indicates
reverse repeats
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Figure 3

Codon preference heat map of the chloroplast genome of M. baccata var. gracilis
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Figure 4

Similarity of the M. baccata var. gracilischloroplast genome to other chloroplast genome sequences.

Various colors are used to signify distinct areas of comparison, each with corresponding scoring rates.
The score-to-maximum ratios were assigned color codes, with blue representing ratios less than or equal
to 0.25, green representing ratios less than or equal to 0.50, orange representing ratios less than or equal
to 0.75, and red representing ratios greater than 0.75.
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Figure 5

Sequence alignment of chloroplast genomes

The horizontal axis represents the sequence length of the chloroplast genome, and the vertical axis
shows the percentage of similarity
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Figure 6

Nucleic acid diversity in the chloroplast genome of M. baccata var. gracilis
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Figure 7

Boundary analysis of chloroplast genome in M. baccata var. gracilis

JLB, JSB, JSA, and JLA are the four junction sites in the boundary region of chloroplast genome
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Figure 8

A: NJ tree based on chloroplast genome construction; B: ML tree based on chloroplast genome
construction; C: NJ tree based on single copy chloroplast gene matK; D: ML tree based on single copy
chloroplast gene matK
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Note: OG is an outgroup, C is a subgroup of the genus Malus. Malus baccata var.gracilis is highlighted in
red


