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Abstract: Mangifera plants are tropical fruits that have high economic value and scientific utility.
However, the chloroplast genome characteristics and phylogenetic relationships among Mangifera
species remain unclear. In this work, we reconstructed maximum likelihood (ML) and Bayesian
inference (BI) phylogenetic trees using 11 newly sequenced chloroplast genomes as well as six existing
genomes obtained from the National Center for Biotechnology Information (NCBI) database. The
chloroplast genomes all had a typical quadripartite structure, with lengths ranging from 157,368 to
158,942 bp. The GC-content in the genomes ranged from 37.8% to 37.9%. We found conserved
boundaries comprised of two inverted repeats (IRs), large single-copy (LSC) regions, and small
single-copy (SSC) regions. Nucleotide polymorphism analysis revealed three hypervariable regions
(ycf4-cemA, rps18-rpl20, and rpl32-ndhF) in the LSC and SSC regions, which could potentially be used
as DNA barcodes for Mangifera species. According to our phylogenetic analysis, Mangifera plants
were clustered into three clades. Among them, all five samples of M. indica formed a monophyletic
group in Clade I. Clade IT included seven Mangifera species and could be further divided into five
subclades with 100% branch support values. Clade III included two M. persiciforma samples that
formed a monophyletic group. Taken together, these results provide a theoretical basis for species
determination, in addition to shedding light on the evolution of Mangifera.

Keywords: Mangifera; chloroplast genome; chloroplast structure; phylogenetic; interspecies relationship

1. Introduction

Mangifera (Anacardiaceae) is a group of evergreen trees containing 69 species that are
mainly distributed in India, Bangladesh, the Indochina Peninsula, and Malaysia. India
is the origin of Mangifera cultivars, which were first recorded as early as 2000 BCE [1].
Mangifera fruits are rich in vitamins, protein, carotene, and other beneficial phytochemicals.
Their fruit is valued for its sweet taste and attractive colour [2]. Due to their long history
of cultivation, diverse varieties, rapid growth, early fruit bearing, long lifespan, and high
nutritional value, Mangifera species have become some of the most widely grown fruit trees
in the world [3-5]. At present, there are at least 26 species of Mangifera that produce edible
fruits, including M. indica, which is mainly grown in Southeast Asia [6]. There are only
five species native to China, including M. indica (Linn.), M. longipes (Griff.), M. persiciformis
(C. Y. Wu et T. L. Ming), M. siamensis (Warbg. ex Craib), and M. sylvatica (Roxb.), most of
which are located in the subtropical regions of Guangxi, Hainan, and Yunnan. Among them,
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M. siamensis is not only sweet in fruit, but also hard in wood, resistant to seawater, and can
be made into boats and furniture; the fruit of M. sylvatica is acidic, but the medicine made
from leaves has an obvious inhibitory effect on influenza virus; M. longipes has a thin flesh
and large core, and has not yet been cultivated by artificial introduction; M. persiciformis
is mostly used as a garden shade tree, street tree, and other landscaping. Compared to
M. indica, other edible Mangifera species have lower fruit quality, size and sugar content.
However, better classification and conservation of diverse Mangifera germplasm is still
needed for potential breeding improvement [7,8]. At present, morphological characteristics
are generally used to identify species, which are usually reliable for distantly related species
but often fail to distinguish closely related species or cultivars with atypical phenotypes [9].
In addition, morphological traits are sensitive to environmental changes, and convergent
or parallel evolution can result in incorrect classification. Such challenges make it difficult
to develop a classification scheme for Mangifera in China, and additional research is needed
in this area [6]. Molecular techniques are therefore required to better understand the
phylogenetic relationships between similar species within this genus [10,11].

To date, there have been few reports on the phylogenetic relationships of Mangifera
species. Suparman [12] constructed a phylogenetic tree of 16 taxa of Mangifera based on
rbcL sequences, including 13 from Indonesia and three from Thailand. This analysis further
supported the idea that M. odorata is a hybrid of M. indica and M. foetida. Fitmawati et al. [13]
analysed the relationship between Mangifera species and their related genera based on
the internal transcribed spacer (ITS) sequences trnL-F and rbcL, and found that Mangifera
species are monophyletic. Dinesh et al. [14] determined the phylogenetic relationships
among five Mangifera species using the rps16 gene, petB-petD, trnL-trnF intergenic spacer
region, and the nuclear ribosomal DNA external transcribed spacer (ETS), and found that
M. indica, M. griffithii, and M. camptosperma were closely related. However, phylogenetic
analyses based on some segments, such as petB-petD, could not resolve the relationships
between species. Additionally, trnL-trnF and rbcL gave only weak support for species
relationships. To date, the relationships between different Mangifera species have not
been satisfactorily resolved using fragment analyses. However, the phylogenetic tree
constructed by Niu et al. [15] using whole chloroplast genomes of five Mangifera species
was able to resolve the relationships between species. This approach does require full
chloroplast genome sequences, which thus far are only available for nine species. The
current lack of chloroplast genome sequences for most Mangifera species makes elucidating
their relationships difficult.

The chloroplast genomes of most plants are circular, with double-stranded structures
(115-116 kb) that include large single-copy (LSC) regions, small single-copy (SSC) regions,
and two inverted repeat (IR) regions [16-18]. In recent years, the chloroplast genome of
plants has become a powerful tool for developing molecular markers and phylogenetic anal-
ysis [19-22]. Since the chloroplast genomes of tobacco (Nicotiana tabacum) [19] and liverwort
(Marchantia polymorpha) [23] were first reported in 1986, there has been a dramatic increase
in the availability of genomic data from diverse plant species, creating new opportunities
to classify and understand species [24,25].

In this study, the chloroplast genome sequences of 11 Mangifera species were obtained
in order to understand their structural characteristics, identify highly variable regions,
and construct phylogenetic trees. The results of this analysis have implications for species
discrimination, phylogenies, and other molecular biology studies in Mangifera.

2. Materials and Methods
2.1. Plant Materials

Twelve leaf samples from ten Mangifera species were collected from Thailand, in-
cluding Thailand’s variety M. indica Bao and Australia’s variety M. indica R2E2 (Table 1).
After collection, the leaves were dried using silica gel. In addition, six chloroplast genome
sequences from four Mangifera species (M. sylvatica, M. indica, M. persiciforma, and M. per-
siciforma) were downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/,
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accessed on 25 March 2022). Combined, these data represented a total of 18 sequences
from 11 species. Based on existing phylogenetic studies of Anacardiaceae [26], we chose
Anacardium occidentalie (GenBank accession: KY635877), Pistacia weinmaniifolia (GenBank
accession: NC037471), and Toxicodendron vernicifluum (GenBank accession: MK550621) as
outgroups for phylogenetic tree construction.

Table 1. The chloroplast genome characteristics of Mangifera spp.

Whole Genome LSC SSC IR
Speci Voucher
pecies Sources Information  Length G+C Length G+C Length G+C Length G+C
(bp) (%) (bp) (%) (bp) (%) (bp) (%)
Mangifera PakThong Chai, — o\eosgsn 158931 378 87727 358 18430 323 26387 43.0
caloneura Nakhon Ratchasima
M. cochinchinensis Soi Dao, Chantaburi ONB805859 158,932 37.8 87,735 35.8 18,417 323 26,390 43.0
M. foetida Khao Chong, ONS805858 158887 378 87,707 358 18426 323 26377 430
Nayong, Trang
M. indica Bao Bangkok OK000994 157,779 37.9 86,673 36.0 18,349 324 26,379 43.0
M. indica R2E2 Bangkok ONB805861 157,780 379 86,672 36.0 18,349 324 26,379 43.0
M. macrocarpa Khao Chong,
MMC1 Nayong, Trang OK000993 158,942 37.8 87,732 35.8 18,436 32.3 26,387 43.0
M. macrocarpa Khao Chong,
MMC2 Nayong, Trang ONB805857 158,942 37.8 87,732 35.8 18,436 323 26,387 43.0
M. odorata Bangyai,Nonthaburi ONB805856 158,889 37.8 87,708 35.8 18,427 323 26,377 43.0

M. pentandra

M. quadrifida

M. siamensis
M. sylvatica
* M. indica
* M. indica
* M. indica
* M. sylvatica
* M. perseciforma
* M. perseciforma

Khao Chong, ONB05855 158918 378 87710 358 18432 323 26388 430
Nayong, Trang
Khao Chong, ON805854 158940 378 87731 358 18425 323 26392 430
Nayong, Trang
Lansak, Uthaithani ~ ONB05853 158,025  37.9 8685 359 18387 323 26391 430
Umphang, Tak ON755224 157,368 379 86228 360 18348 324 26396 430
NCBI MN711724 157,775 379 86664 359 20557 328 25277 430
NCBI MT727081 157,779 379 86672 360 18349 327 26379 430
NCBI KX871231 157,780 379 86673 360 18349 327 26379 430
NCBI MN917211 157,824 379 86719 359 18347 327 26379 430
NCBI MN917208 157,799 379 86724 360 20571 327 25252 433
NCBI MN917209 157,796 379 86718 360 20572 327 25253 433

Notes: * Data downloaded from the NCBI database.

2.2. DNA Extraction and Genome Sequencing

The cetyltrimethylammonium bromide (CTAB) method was utilized to extract DNA
from leaves dried with silica gel [27]. DNA purity and concentration were then ex-
amined via gel electrophoresis. Next, 150 bp paired-end Illumina libraries were con-
structed and sequenced on a NovaSeq sequencing platform at the Beijing Nuohe Zhiyuan
Technology Company.

2.3. Genome Assembly and Annotation

The complete chloroplast genome was assembled from the GetOrganelle v1.7.5 pipeline [28].
The resulting graphical fragment assembly (GFA) file was visualized in Bandage v0.8.1 [29].
Assemblies which formed the typical quadripartite structure were considered successful.
Those which failed to form this structure were reimported into GetOrganelle and reassem-
bled manually using BioEdit v7.2.5 software (http://www.mbio.ncsu.edu/bioedit/bioedit.
html, accessed on 28 March 2022) with the M. indica (GenBank accession: MN711724)
reference sequence. The assembled chloroplast genomes were annotated with software
Geneious R8.1 [30], using M. indica (GenBank accession: MN711724) as the reference
sequence with 75% similarity.

2.4. Chloroplast Genome Structural Analysis

Geneious software [30] was used to determine the number of LSC, SSC, and IR
regions of the 18 chloroplast genomes of Mangifera species. We also employed Geneious to
determine gene content, including protein coding genes, ribosomal RNA (rRNA) genes,
and transfer RNA (tRNA) genes. IRscope software (https:/ /irscope.shinyapps.io/irapp/,
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accessed on 30 March 2022) was used to visualize the four regional junction sites of the
LSC, SSC, IRa, and IRb regions and to investigate the boundary contraction and expansion
of IR regions of Mangifera chloroplast genomes.

2.5. Codon Usage Bias Analysis

We first filtered out all coding sequences (CDSs) with lengths below 300 bp. Then,
CodonW v1.4.2 was employed to determine the number of codons (CN), number of effective
codons (ENC), and relative synonymous codon usage (RSCU) of each sequence (http:
/ /codonw.sourceforge.net, accessed on 3 April 2022).

2.6. Structural Analysis of Repeats

We used the MicroSatellite Identification Tool (MISA) website (https://webblast.ipk-
gatersleben.de/misa/, accessed on 8 April 2022) to detect simple sequence repeats (SSRs) in
the chloroplast genomes of the 11 Mangifera species [31] and compared their types, quanti-
ties, and distribution. The parameters were set as follows: repetition unit/minimum repeti-
tion times: 1/10,2/5,3/4,4/3,5/3, and 6/3. In addition, if the distance between two SSRs
was less than 100 bp, the two SSRs were considered composite microsatellite SSRs.

2.7. Genome Comparison

To determine the differences among M. indica and other species, we used Ubuntu
18.04 LTS software to convert the annotation file of Mangifera sequences, which output the
gene location information in TXT format, and then used the mVISTA tool for comparative
genomics (https://genome.lbl.gov/vista/mvista/submit.shtml, accessed on 15 April 2022).
We then analyzed the sequence differences among the other 10 species based on the Shuffle-
LAGAN global comparison model [32] with M. indica (GenBank accession: MN711724)
as a reference.

DnaSP 6 software was used for sliding window analysis, and the highly variable re-
gions were extracted [33] by counting the nucleotide polymorphism (Pi) of the 18 Mangifera
chloroplast genome sequences. We utilized a window length of 600 bp and a step size
of 200 bp [34]. The results were imported into R software to draw a peak map of the nu-
cleotide polymorphisms. DNA segments with a Pi value greater than 0.01 were considered
highly variable regions and denoted as such in Geneious.

2.8. Phylogenetic Analyses

A phylogenetic analysis of 18 sequences of 11 Mangifera species was carried out
to determine the genetic relationships among them. All chloroplast genomes used to
construct phylogenetic trees retained an IR region. We used the MAFFT online tool (https:
/ /matftt.cbrcjp/alignment/server/, accessed on 25 April 2022) [35] to compare the 21
sequences, using the cashew species A. occidentale, P. weinmaniifolia, and T. vernicifluum as
outgroups. The phylogenetic tree was constructed using the CIPRES online computing
platform (https://www.phylo.org/, accessed on 27 April 2022) [36], with both maximum
likelihood (ML) and Bayesian inference (BI) approaches. The RAXML pipeline was used for
maximum likelihood analysis, and GTRCAT (GTR, General time-reversible) was used for
the nucleotide substitution model [37]. Simultaneous rapid bootstrapping (1000 replicates)
was utilized to compute bootstrap support values for each node of the phylogenetic tree.
Bayesian inference analysis was carried out in the Mrbayes 3.2.7a module of the CIPRES
platform [38]. Firstly, jModeltest 22.1.6 [39] in the CIPRES platform was used to estimate the
best nucleotide substitution model. This analysis identified the best model as TPM1uf+],
which is a 3-parameter model with invariable sites included [40]. The relevant parameters
were then calculated and MCMC (Markov Chain Monte Carlo) was used to simulate
1,000,000 generations. Samples were taken every 100 generations, and the first 25% of
the trees were discarded. Finally, we utilized the chloroplast genome nex file to construct
a phylogenetic tree in Mrbayes 3.2.7a. The final results were visualized with the Figtree
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(http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 30 April 2022) and TreeGraph
(http:/ /treegraph.bioinfweb.info, accessed on 31 April 2022) software.

3. Results
3.1. Molecular Features of Various Chloroplast Genomes

The chloroplast genomes of the 11 Mangifera species all had quadripartite structures
(Figure 1), with lengths ranging from 157,368 to 158,942 bp. The largest was M. macrocarpa,
and the smallest was M. sylvatica. The different regions of the genome ring included an
LSC region of 86,228 to 87,735 bp, with the largest being M. cochinchinensis and the smallest
being M. sylvatica. There was also an SSC region that was 18,347 to 20,572 bp, with the
largest being M. perseciforma and the smallest being M. sylvatica. Additionally, an IR region
of 25,252 to 26,396 bp was found, with the largest being M. sylvatica and the smallest
being M. perseciforma. The GC-content in the genomes ranged from 37.8% to 37.9%. The
GC-content in the LSC regions was approximately 35.8% to 36.0%, whereas the GC-content
in the SSC regions was approximately 32.3% to 32.8%, and the GC-content of the IR regions
was approximately 43.0% to 43.3% (Table 1).

won-sut
vo-hes

Mangifera spp.

chloroplast genome

157,368 bp-158,942 bp

o
M photosystem | &
B photosystem I ;;
[ cytochrome bif complex £
@ ATP synthase

[0 NADH dehydrogenase

Bl RubisCO large subunit

[ RNA polymerase

W transfer RNAs

[l ribcsomal RNAs

B cpP, matk

B other genes

@ hypothetical chioroplast reading frames (ycf)

Figure 1. Gene map of the chloroplast genome of 11 species of Mangifera. Genes inside and outside
the circle are transcribed in a clockwise and counterclockwise direction, respectively. Genes are

colour-coded based on their function. The grey area in the inner circle indicates the GC content of the
chloroplast genome.

A total of 129 genes were found in the Mangifera chloroplast genome, including
84 protein-coding genes, eight rRNA genes, and 37 tRNA genes. Seventeen genes were
duplicated in the IR regions, including six protein-coding genes, seven tRNA genes, and
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four rRNA genes. According to functional classification, there were 44 photosynthesis-
related genes, 74 self-replicating genes, and 11 other genes. Moreover, because rps12
undergoes trans-splicing events, the 5" end was located in the LSC region, while the 3’ end
was located in the IR region. In addition, 15 genes (rpl16, rpl2, rpoC1, rps16, atpF, ndhB,
ndhA, petb, petd, trnK-UUU, trnG-UCC, trnL-UAA, trnV-UAC, trnl-GAU, and trnA-UGC)
contained one intron, and three genes (ycf3, clpP, and rps12) contained two introns (Table 2).

Table 2. Genes of Mangifera, separated by categories.

Category for Gene Group of Genes Name of Genes
1 Photosystem I psaA, psaB, psaC, psal, psa]
2 Photosystem II psbA, psbB, psbC, psriasgl,\fszsl?l; I;\J{sl;l-;,bp;bg ,b F;bL psb], psbK, psbL,
Photosynthesis, Cytochrome b/f complex petA, petB,? petD,? petG, petL, petN
related genes ATP synthase atpA, atpB, atpE, atpF ? atpH, atpl
Rubisco large subunit rbcL
a ab
NADH, NADH dehydrogenase ndhA,* ndhB,*® ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl,
ndh], ndhK
rRNA 15 P rrnd.5P rrmi16,P rrm23P

trnA-UGC,a'b trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU, trnG-GCC, trnG-UCC,? trnH-GUG, trnl-CAU P
trnl-GAURP trnK-UUUR trnL-CAAP trnL-UAAR trnL-UAG,

RNA trnM-CAU, traN-GUUP trnP-UGG, trnQ-UUG, trnR-ACG,P
Self-replication truR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU,
trnT-UGU, trnV-GAC,P trnV-UAC,2 truW-CCA, trnY-GUA
. . rps2, rps3, rps4, rps7,b rps8, rpsll, rpsIZ,b'C'd rps14, rpsl5,
Ribosomal protein (SSU) rps16,2 1ps18, 1ps19
Ribosomal protein (LSU) pl2, 2P rpli14, 1pl20, rpl22, rpl23° rpl32, rpl33, rpl36, rpl16
RNA polymerase rpoA, rpoB, rpoC1,2 rpoC2
Maturase matK
Envelop membrane protein cemA
Other genes Subunit of acetyl-CoA-carboxylase accD
c-type cytochrome synthesis CcsA gene ccsA
ATP-dependent protease subunit p clppd
Unknown function Hypothetical chloroplast reading frames yef1,e yef2,P yef3, 4 ycfd

2 Intron in protein-coding genes. b Gene has two separate transcription units. ¢ Gene spans the LSC, IRb, SSC,
and IRa regions. ¢ Two introns in protein-coding genes. ¢ Gene spans the small-single copy and IR regions.

3.2. Contraction and Expansion of the IR Regions

A comprehensive comparison of the boundaries of the four regions of the chloroplast
genome of the 11 Mangifera species showed that the IR, LSC, and SSC regions were con-
served. With the exception of the rps19 gene of M. caloneura, M. pentandra, and M. foetida,
which did not cross the boundary of the LSC/IRb, the other rps19 genes crossed the
LSC/IRb boundary at 104 bp to 106 bp. The ycfl gene crossed the SSC/IRb boundary at
104 to 106 bp, whereas the ndhF gene was located in the SSC region and extended into the
IRa region. The extension length was 33-39 bp (Figure 2).

3.3. Codon Bias Analysis

There were 21,276 codons in the CDSs of the chloroplast genome of Mangifera, and
the highest frequency was leucine (Leu), which appeared 2234 times, among which UUA
occurred most frequently (696 times). The lowest frequency was the terminator (Ter), which
occurred 53 times. In addition, the GC content of codons in Mangifera was 38.3%, and the
range of ENC (effective number of codons) was between 35.38 and 56.29, with an average
value of 50.09. The RSCU analysis indicated that the number of codons with relatively
high frequency was 30 (codons with RSCU values greater than 1.00), of which 16 were U-
terminated codons, and 13 were A-terminated codons (Figure 3). There was only one codon
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ending in G (UUG), indicating that the chloroplast genome of Mangifera prefers codons
ending in U or A. No preference was seen when comparing UGG and AUG (RSCU 1.00).
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Figure 2. Comparison of large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR)
borders among the 11 chloroplast genomes of Mangifera.
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RSCU

0
Ala Arg Asn Asp Cys Gin Glu Gly His lle Leu Lys Met Phe Pro Ser TER Thr Trp Tyr val

Figure 3. Relative synonymous codon usage (RSCU) of chloroplast genes in Mangifera species.

3.4. SSR Analyses

There were 778 SSR sites detected in the 11 Mangifera species (Figure 4), including
six types of SSRs such as single-nucleotide repeats, dinucleotide repeats, and complex SSRs.
According to base complementarity, these six types can be classified into 28 categories.
Among them, the number of single-nucleotide repeats comprised of A/T was the largest at
517. There were also 47 dinucleotide AT /AT SSRs, 102 AAG/CCT trinucleotide SSRs, and
100 AAT/ATT tetranucleotide SSRs. The numbers of pentanucleotides and hexanucleotides
were small, at two and 10, respectively (Figure 4).
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Figure 4. (A) and (B) indicate the numbers of simple sequence repeats (SSRs) and SSR types detected
in the 11 Mangifera chloroplast genomes. (C) indicate distribution of the 11 types of SSR repeat units
among Mangifera sequence.

3.5. Comparative Analysis of Chloroplast Genomes

Using M. indica as a reference, the chloroplast genome sequence alignment of Mangifera
species (Figure 5) showed that: (1) variation in noncoding regions (intergenic regions and
some introns) was significantly higher than that in coding regions; (2) in the IR region
where rRNA genes are located, the degree of variation was significantly lower than that in
the LSC and SSC regions; and (3) the genes in the untranslated region (UTR) were highly
conserved. Analysis of hypervariable regions in the chloroplast genomes of Mangifera
species by DnaSP6 (Figure 6) showed Pi values ranging from 0 to 0.1399, with an average
of 0.00243. The ycf4-cemA (63,712-65,340 bp), rps18-rpl20 (71,789-73,220 bp), and rpl32-ndhF
(131,885-133,418 bp) genomic segments had high variation, which occurred in the LSC
region and SSC region. However, nucleic acid variations in the IR region were rare.
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Figure 5. Complete chloroplast genome comparison of the 11 species of Mangifera using the mVISTA
alignment program. Coding and noncoding regions are coloured blue and red, respectively. The
Y-scale represents the percentage of identity, ranging from 50% to 100%.

3.6. Phylogenetic Analysis

The phylogenetic relationships of the 18 complete chloroplast genome sequences from
the 11 Mangifera species were determined using both ML and BI. Trees constructed via
the two pipelines were highly consistent. In both cases, Mangifera contained three groups,
termed Clade I, Clade II, and Clade III. Clade I was composed of three Mangifera species,
including M. indica, M. sylvatica, and M. siamensia. In this clade, M. siamensia was the first
to diverge, while M. sylvatica was the second (bootstrap support, BS = 100%, posterior
probability, PP = 1.00). The samples from our study did not form a monophyletic group
with the NCBI database samples. Five samples of M. indica formed a monophyletic group,
which was sister to one sample of M. sylvatica, although the grouping had poor support
(BS = 82%, PP = 1.00). Clade II was composed of seven Mangifera species, including M.
macrocarpa, M. caloneura, M. pentandra, M. quadrifida, M. cochinchinensis, M. foetida, and M.
odorata, and was divided into five sub-branches that were highly supported. Among them,
M. foetida and M. odorata were the first to diverge, while the second sub-branch was M.
cochinchinensis. The subclade formed by M. quadrifida was supported as the sister group to
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M. macrocarpa, M. pentandra, and M. caloneura (BS = 100%, PP = 1.00). Clade III included
two M. persiciforma samples and formed a monophyletic group (Figure 7).
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Figure 7. Phylogenetic relationship of Mangifera species inferred by maximum likelihood (ML) and
Bayesian inference (BI) methods using whole chloroplast genomes. Note: (A): Phylogram of Mangifera
species; (B): BI tree with branch lengths.

4. Discussion
4.1. Chloroplast Genome of Mangifera
The chloroplast genome of Mangifera had the typical angiosperm circular tetrad struc-

ture, with genome lengths ranging from 157,368 to 158,942 bp. Chloroplasts of Mangifera
species had 129 genes, including 84 protein-coding genes, eight rRNA genes, and 37 tRNA
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genes. There was no obvious difference in the average GC content across any of the species.
In addition, the genotype, quantity, and GC content of the chloroplast genome of Mangifera
species were highly consistent with those of other reported chloroplast genomes, such as
Pyrus betulifolia and Pinus armandii [41,42].

The IR regions of the chloroplast genomes have been shown to be important during
evolution, and their boundaries can expand or contract in angiosperms [43,44]. In this
study, the rps19 gene was found to span the boundary of LSC and IRa, while ndhF spanned
the boundary of SSC and IRb. The rps19 gene overhung the boundary by 104 to 106 bp,
the ycfl gene overhung the boundary by 1099 to 1105 bp, and the ndhF gene overhung
the boundary by 33 to 39 bp. There was no obvious contraction or expansion of the IR
regions found between species or within species, which is consistent with the research
results of Niu et al. [15], who examined the IR boundaries of M. hiemalis, M. longipes, M.
occidentale, and other Mangifera species. In addition, the yycfl pseudogene exists in the
IRa/SSC border region, but was not annotated in this study. The emergence of the yycf1
pseudogene may be due to its location at the border of the chloroplast gene region, resulting
in a border effect [45].

4.2. Codon Usage and SSR Analysis

Codon bias is ubiquitous and can be affected by mutation or selection [46,47]. Several
studies have pointed out that codons cannot be used in a perfectly balanced manner. This
phenomenon results from the long-term evolution of the species” own genes and long-term
adaptation to external environmental pressures [48]. We analyzed the codon usage of
the 53 CDSs found in the Mangifera chloroplast genomes and found that the ENC value
was high, indicating that the preference of codons in the plastid genome of Mangifera
was weak. Additionally, GC content was relatively conserved, indicating that codon
preference is greatly affected by selection pressure. These findings are consistent with the
codon preference found in plants such as Keteleeria evelyniana, Capsicum annuum, and Urtica
fissa [49-51]. Xin et al. [2] obtained similar results in a study investigating the codon bias
of Mangifera indica, indicating that many Mangifera species may share codon biases, likely
due to their relatively conserved chloroplast genome structure. In addition, examination
of codons with high usage frequency revealed that in Mangifera, codons preferentially
end in U or A, which is consistent with findings in Saussurea involucrate, Cinnamomum
glanduliferum, and Michelia species [52,53].

SSRs in chloroplast genomes have been widely used to develop molecular markers
that can be deployed in studies focused on population genetics and variety identification.
Such markers are particularly useful due to their high rate of polymorphism and unique
maternal inheritance pattern [54-56]. A total of 778 SSRs were detected from the chloroplast
genome sequences of Mangifera, most of which were single-nucleotide A /T repeats. Yan
et al. [57] also obtained similar results when they analyzed Mangifera EST-SSR loci to
develop markers. These findings further demonstrate that chloroplast genome SSRs are
dominated by polyA and polyT repeats [58]. Mangifera GC content typically ranged from
37.8% to 37.9%, which may be the underlying reason for the bias towards A /T repeats.
Nevertheless, different Mangifera species did have variations in the number and location of
SSRs, which could be utilized for linkage mapping and genetic diversity research.

4.3. Structural Variation

The variation in chloroplast IR sequences in the 11 Mangifera species was signifi-
cantly smaller than that in LSC and SSC regions, and variation in noncoding regions
(intergenic and intronic) was significantly higher than that in coding regions, which was
consistent with the pattern of genomic sequence variation in Schisandra chinensis and
other angiosperms [59,60]. These findings indicate that noncoding regions have much
higher rates of change than coding regions. Furthermore, nucleotide polymorphism anal-
ysis showed that the Mangifera species had three regions of high variation at ycf4-cemA
(63,712-65,340 bp), rps18-rpl20 (71,789-73,220 bp), and rpl32-ndhF (131,885-133,418 bp).
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Niu et al. [15] have previously noted that the ycf4-cemA region has a high rate of poly-
morphism. However, the three hypervariable regions identified by Niu et al. [15] were
located in the LSC region, while the mutation hotspots in this study were located in the
LSC region and the SSC region. This inconsistency may be due to the selection of different
Mangifera species in the two studies. In addition, IR region sequences are highly conserved,
which is consistent with the results of our mVISTA analysis. This may be because the struc-
tural characteristics of the inverted repeats in the IR regions make the IR region sequence
less likely than the LSC region to accrue mutations [61]. Regardless, the three mutation
hotspots identified in this study can be considered candidates for the development of DNA
barcoding for Mangifera plants.

4.4. Phylogenetic Relationships

In this study, we used 18 chloroplast genomes from 11 Mangifera species for phyloge-
netic analysis, with A. occidentale, P. weinmaniifolia, and T. vernicifluum as outgroups. Our
results differed from the phylogenetic trees constructed by Fitmawati et al. [3] based on
ITS sequences, but both analyses indicated that M. odorata and M. foetida are more closely
related than most other Mangifera species. In Fitmawati’s study, the three samples of M.
foetida were not clustered into a clade, which may be due to different sampling sites and
different species used in constructing the phylogenetic tree. Overall, ITS-based phylo-
genetic trees had weak support values and could only resolve species relationships to
a limited extent, which was further confirmed by ITS samples of Mangifera from Sumatra,
Indonesia [13]. In this analysis, 23 species were divided into two subgenera, Limus and
Mangifera. Additionally, multiple samples of M. odorata and M. foetida were not separated
by species, but rather formed a mixed monophyly. This is likely because ITS is a segment
of the ribosomal RNA precursor gene, which is located in the nucleus, and therefore jointly
determined by both parents. The level of homology of these two genes may therefore
prevent accurate assessment of the phylogenetic relationship between M. odorata and M.
foetida. This may be because M. odorata is a natural hybrid of M. foetida and M. indica [62,63].
Teo et al. [64] demonstrated this relationship earlier using AFLP (amplified fragment length
polymorphism). Their analysis not only verified the hybrid status of M. odorata, but also
found that M. odorata was closer to M. foetida than to M. indica, indicating that backcrossing
with M. foetida might have taken place. More recently, studies using ITS [65] and rbcL [12]
sequences have also indicated that M. odorata could be a hybrid. ITS markers also indicated
that M. casturi was generated from cross-hybridization of multiple species [65]. Compared
to the ITS sequence, the chloroplast genome is maternally inherited, its genome is relatively
stable and therefore generates more reliable phylogenetic trees for Mangifera species. This
trend was confirmed by Fitmawati et al. [66] when they utilized the chloroplast fragment
trnL-F. Although some of their branches had weak support values, they were able to
separate M. odorata and M. foetida.

Complete chloroplast genomes can provide sufficient informative loci to help deter-
mine elusive relationships at low taxonomic levels [67,68]. In this study, Clade I, Clade II,
and Clade III were further divided into 10 sub-branches, with good resolution between
nearly all species. However, subclades formed by M. indica had five samples with weak
support. After examining the sequence matrix, it was found that the weak support of the
internal subclades of M. indica may be due to high sequence similarity. It is worth noting
that the two samples of M. sylvatica in Clade I were not monophyletic. The sample collected
from Thailand and the sample from the NCBI database formed separate subbranches,
possibly due to evolutionary differences caused by regional separation. In future analyses,
increasing the number of M. sylvatica samples could enable more accurate clarification of
the phylogenetic position of M. sylvatica species in the genus Mangifera. In addition, our
results indicate that M. indica and M. sylvatica are closely related. Niu et al. [15] also had
similar findings when they carried out a comparative analysis of the ML phylogenetic trees
of five species of Pistacia spp. and 21 related species based on their chloroplast genomes.
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It is worth noting that this study only included 11 different species, and integrating the
cpDNA sequences of other Mangifera species would be required to more accurately classify
all Mangifera species. Despite these limitations, our analysis of Mangifera chloroplast se-
quences lays a foundation for molecular breeding and genetic engineering of these species.

5. Conclusions

The chloroplast genome structures of Mangifera species were similar to those of most
angiosperms, with relatively conserved gene structures and gene contents. Sequence
variations were primarily concentrated in the LSC and SSC regions. Among them, three
highly variable regions, ycf4-cemA, rps18-rpl20, and rpl32-ndhF, could be used as potential
DNA barcoding regions for Mangifera plants. In addition, the topological structures of
the phylogenetic trees constructed using ML and BI were consistent, and the species of
Mangifera were divided into two branches. These results can serve as a guide for subsequent
analyses focused on species classification, phylogenetic evolution, and population genetics
of Mangifera species.
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