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Abstract
In recent years, the evolution and phylogeny of plastid genomes have attracted much attention from scholars all over the world.
Annonaceae is the largest family in Magnoliales with the greatest diversity among and within genera. Thus comparative analyses of its
plastomes will be informative. In this study, the complete chloroplast genome of Miliusa glochidioides was sequenced by next-
generation sequencing technology. Using two Magnoliaceae species as out-group, a comparative analysis of the existing 13
Annonaceae plastomes was conducted, and a phylogenetic relationship was constructed based on four methods. Our results show that
the Annonaceae plastomes have great variation in the evolution process. The genome size is between 159kb and 202kb while the gene
content ranges from 127 to 165. The number of genes in the IR region is between 5 and 39. Plastomes underwent signi�cant structural
rearrangements, including one inversion and multiple large-scale expansion (6-20kb) in the lR region, and shrinkage and inversions in
the SSC region. Compared with Magnoliaceae, two fragments (pafII-atpE and 5'-rps12-psbJ) were inversed in Annonaceae. The
phylogenetic relationship based on 78 common protein genes showed that Cananga odorata was located at the base of Annonaceae.
Annonoideae was a monophyletic group, and Chieniodendron hainanense was located inside the Malmeoideae. A total of 737 simple
sequence repeats (SSRs) were detected in the study, and the distribution of SSRs varied from species. It is mainly dominated by A/T
bases (mononucleotide) and is located in the intergenic region. In conclusion, the plastomes of Annonaceae have undergone great
variation during evolution, especially the large-scale expansion of the IR region. Our study provides more information for studying the
plastome evolution of Annonaceae.

Introduction
Annonaceae is the largest pantropical family of trees and lianas in the early-divergent order of Magnoliales, with 108 genera and about
2,300 species (Chatrou et al., 2012; Guo et al., 2017). It is the most diverse family and contributes signi�cantly to tree diversity in rain
forests around the world (Punyasena et al., 2008; Couvreur et al., 2011; Gan et al., 2015; Gan & Xu, 2018; Lei et al., 2022). However, its
remarkable diversity has also brought great di�culty and controversy to its phylogenetic research (Chaowasku, et al., 2018; Chaowasku,
et al., 2015; Guo et al., 2017; Maas et al., 2015; Ortiz-Rodriguez et al., 2018; Saunders et al., 2020; Xue & Tan, 2016; Xue et al., 2021; Xue
et al., 2020). 

In recent years, Plastid genomes (plastomes) are used more frequently in phylogenetic evolution studies. Compared with the nuclear
genome, it has small genome size, large copy number and ease to obtain, and compared with plastid DNA markers it is more informative
(Li, Hu et al., 2021; Raubeson & Jansen, 2005; Tonti-Filippini et al., 2017). Moreover, it has been found that the evolution of plastome
was often accompanied by gene loss or pseudogenization (Chaw et al., 2018; Li, Zhao et al., 2021; Ruhlman & Jansen, 2014), inversion
of sequence fragments (Chaw et al., 2018; Ping, Feng, Li, et al., 2021; Raubeson and Jansen, 1992), or expansion and contraction of IR
regions (Cauz-Santos et al., 2020; Mower & Vickrey, 2018; Ping Li et al., 2021; Zhu et al., 2016). Thus, by comparing features such as
genome size, gene capacity, boundary displacement, and structural rearrangement, it is possible to shed new light on phylogenetic
studies and provide rich information for the evolution process of plastomes. Up till now, however, only 13 complete plastid genomes of
Annonaceae have been published, one of which has not yet been con�rmed, leading to very limited knowledge of the chloroplast
genome of Annonaceae. 

Miliusa glochidioides Handel-Mazzetti Sinensia is an Annonaceae evergreen shrub distributed in the forested slopes below 900 meters
in Guangxi and is endemic to Guangxi, China. In this study, we sequenced the complete chloroplast genomes of Miliusa glochidioides
and conducted a comparative analysis of the existing 13 plastomes of Annonaceae, expecting to �nd some evidence for the
reconstruction of phylogenetic relationship of Annonaceae and reveal the evolutionary laws of chloroplast genome. 

Materials And Methods
Sampling and sequencing

Fresh leaves of Miliusa glochidioides were collected in South China Botanical Garden, Chinese Academy of Sciences (E113°36',
N23°18'). Total DNA was extracted using E.Z.N. A.® Soil DNA Kit (OMEGA). Illumina NovaSeq6000 platform was used to carry out pair-
end sequencing with a 150 bp reading length. The sequences were spliced using the stitching software NOVOPlasty V4.2 (Dierckxsens
et al., 2017) and GetOrganelle V1.7.0 + (Jin, Yu et al., 2020) for the optimal assembly results. Combined with software PGA (Qu et al.,
2019) and Geseq (Tillich et al., 2017), the assembled plastome was annotated. The M. glochidioides complete plastome was uploaded
to the NCBI database through the Banklt platform with accession number OM047203.
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Sequence data 

The complete plastomes sequences were downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/nuccore/?term=),
including 12 Annonaceae and 2 Magnoliaceae (as out-group), using the online website GeSeq-Annotation of Organellar Genomes
(https://chlorobox.mpimp-golm.mpg.de/geseq.html) to re-annotate the genome and the online site OGDRAW-Draw Organelle Genome
Maps (https://chlorobox.mpimp-golm.mpg.de/ OGDraw.html) to map the plastomes (Greiner et al., 2019). The sequences were imported
into Genious Prime 2022.0.1 (Kearse et al., 2012) for statistical genome structure information and screening of common genes. 

Construction of phylogenetic relationships 

Based on the tandem dataset of common genes, a Neighbor-Joining (NJ) tree was constructed with MEGA7.0 software (Kumar et al.,
2018); the PAUP 4.0 software was to construct Maximum-Parsimony (MP) trees (Swofford, 2002); Maximum-Likelihood (ML) trees were
constructed using RaxmlGUI2 (Stamatakis, 2014) software with 1000 bootstrap and GTRGAMMAI; Mrbayes v3.2.0 (Huelsenbeck &
Ronquist, 2001) software was used to construct Bayesian-Inference (BI) trees. 

Detection of SSRs

MISA (Microsatellite Identi�cation Tool) online website (https://webblast.ipk-gatersleben.de/misa/index.php?action=1) predicts SSRs,
the parameters are set to default settings, SSR motif length corresponds to the minimum number of repetitions are 1-10, 2-6, 3-5, 4-3, 5-3,
6-3. When the distance between two SSRs is less than 100 bp, it can be used as a compound SSR (Beier et al., 2017).

Results
Structural character of the plastomes 

The Miliusa glochidioides plastome is 159,789bp in size, with a typical quadripartite structure that consists of four parts: a large single
copy (LSC) region (88,782bp), a small single copy (SSC) region (18,949bp), and two inverted repeats (IRs) regions (both are 26,029bp),
encoding a total of 129 genes including 84 protein-coding genes, 37 tRNA genes, and 8 rRNA genes. The GC content is 36.7% (Figure 1).

The nucleotide sequences of the 13 plastid genomes range from 159kb to 202kb. The overall GC content is 38.7- 39.6%. The number of
coding genes is 127-165, and the number of protein-coding genes is 84-116. The eight species of Annonoideae have the largest
plastomes (178.1-201.7kb), IR region (42.1- 64.6kb), SSC region (2.9-3.7kb) and the largest number of genes (140-165), protein-coding
genes (94-116) and tRNAs (36-41). The GC content of the IR region is higher than that of the single-copy region in all other species. The
Annona has the largest plastomes and IR region, corresponding to the smallest LSC region and largest gene content (Table 2). 

All species encode a total of 81 protein-coding genes, of which 78 are shared (Table S1). The accD is lost in A. reticulata and A.
muricata; ycf15 exists only in F. polyanthum, U. macrophylla, A. pilosus, M. alba, and L. chinense; ycf68 exists only in F. polyanthum and
A. pilosus. The protein-coding gene content of the IR region varies in different species (Figure 2). There are 37 protein-coding genes in
the IR region of A. cherimola and A. reticulata, including part of psbA that entered the IR region, 32 in A. muricata, 25 in Fissistigma and
Uvaria, 15 in Artabotrys, 14 in Cananga, and �ve in the other four species. In the out-group (the red branch), there are seven genes in the
IR region, including part of ycf1 that entered the IR region. The IR region of all species contains �ve protein-coding genes (rpl2, rpl23,
ycf2, ndhB, and rps7) and 3'-rps12.

Structural rearrangement of the plastomes 

The structures of the plastomes of the two Magnoliaceae species are completely identical, and the IR region contained rpl2-trnN and a
partial sequence fragment of ycf1 (Figures 2 and 3). In Annonaceae, ycf1 is completely located in the SSC region in the basal taxa, and
in the IR region in Annonoideae. There are three species (P. verrucipes, M. glochidioides, G. suaveolens) contain rpl2-trnN fragment only
in the IR region, while in C. hainanense the fragment is inversed and in the remaining species the IR regions are signi�cantly expanded.

Compared with Magnoliaceae, there are two inversions (pafII-atpE and 5'-rps12-psbJ) in Annonaceae and large-scale expansion of the IR
region in several species. The IR region of the Annonoideae expands to SSC by 16kb. The extent of IR region expansion to LSC region is
different in different species. Among them, A. cherimola and A. reticulata expand by 20kb. A. muricata expand by 14kb, F. oldhamii, F.
polyanthum, U. macrophylla and C. odorata expand by 6kb. Annona expanded by about 36kb. Compared with other species in
Annonaceae, the ndhF-rpl32 fragment is an inversion in A. pilosus, F. oldhamii, A. reticulata, and A. muricata (Figure 3). For the �rst time,
we observed that the 5'-rps12 was completely located in the IR region. Since the IR region could not be identi�ed in the plastome of G.
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suaveolens, there might be some errors in the sequence. Therefore, in this study, the sequence of G. suaveolens was only used as a
reference.

Phylogenetic relationships of sampled species

With M. alba and L. chinense as the out-group, the phylogenetic relationship constructed by the maximum likelihood method and
Bayesian method was highly supported, and the support of all branches was 100 (Bootstrap Support) or 1 (Posterior Probability). The
results support that C. odorata as the base of the Annonaceae, and the Annonoideae as a monophyletic branch. Artabotrys at the base
of Annonoideae, and Annona as a sister group of Fissistigma+Uvaria. C. hainanense was located inside the Malmeoideae (Figure 4a). 

Distribution pattern of SSRs

We detected a total of 737 SSRs comprising 6 nucleotide types and 13 motif types in the sampled species, which means each species
has an average of SSRs ranging from 36 to 77 (Figure 4b, Appendices S2 and S3). The nucleotide types were dominated by
mononucleotide SSRs (83%-98%), followed by dinucleotide (0-10%). And the minimum number of tetranucleotide SSRs (only 3) was
found in A. cherimola, C. hainanense, and C. odorata (Table S2). The motif types were dominated by A/T base (83%-98%), which existed
in all species. AT/AT followed and was present in all species except M. glochidioides. C. odorata had the largest number of SSRs,
including 5 nucleotide types and 6 motif types. A. Hexapetalus contains only A or T bases SSRs (Table S3).

SSRs were mainly located in IGS (64%-86%), but some of them were located in coding sequences (3%-25%) such as atpB, ndhF,
rps15, rps18, rps19, rpoA, rpoB, rpoC2, infA, ycf1, and ycf2, or introns (7%-22%) such as atpF, ndhA, rpl16, rps16, pafI, clpP, trnI-GAU, trnL-
UAA, trnV-UAC, and trnG-UCC (Figure 4c, Appendices S3). AT/AT was found in the intron of atpF in A. cherimola, A. reticulata, and P.
verrucipes.

We also counted the number of SSRs in four partitions on the genome (Figure 5). The number of the SSRs located in the LSC region was
the highest (471, 63.9%), followed by the IR region (208, 28.2%) and the SSC region (58, 7.9%). In genus Annona, the number of the SSRs
located in the IR region were higher than or equal to the that in the LSC region. In other species, the number of the SSRs located in the
LSC region is the highest. In Annonoideae, the number of SSRs located in the SSC region is the minimum because of the sharp reduction
of this region (0-4). It is obvious that the SSRs in the IR region of the species with IR expansion are much higher than those of other
species (16-28). In addition, we found that the inversion fragments (pafII-atpE and 5'-rps12-psbJ) have 16 SSRs in C. odorata, which is
much higher than in other species (4-11). Four species (A. reticulate, A. muricata, F. oldhamii, A. pilosus) have inversion fragment (ndhF-
rpl32) but the number of SSRs located in the fragment was not increased.

Discussion
Enlarged plastomes and IR regions 

We observe the gradually enlarged plastomes of Annonaceae, from 159kb to 201.9kb. The plastomes size of Annonoideae exceeds
160kb, and the size of the IR region is also between 42kb and 64kb. This is well beyond the size of the IR region of most land plants
(15kb to 30kb) (Zhu et al., 2016). The enlargement of Annonoideae plastomes is mainly related to the expansion of the IR region, a
single IR region expanded by about 20kb-30kb. Although the SSC region was reduced and contained only two protein-coding genes
(ndhF and rpl32), it was reduced by only about 15kb. In addition, we note that the expansion of the IR region in the Annonaceae is
dynamic. In the basal group (Cananga), only 6kb was extended to LSC. In Annonoideae, they expanded 20kb, 14kb or 6kb to the LSC
region, and 16kb to the SSC region. These suggest that the expansion of the IR region occurred in the early evolution of Annonaceae, but
the mechanism of expansion might be different. Large expansions of IR regions have been observed in multiple lineages (Chumley et al.,
2006; Dugas et al., 2015; Zhu et al., 2016). Some studies suggested that IR region expansion was related to the Poly A region (Goulding
et al., 1996; Dugas et al., 2015). Unlike the massive expansion of IR regions, IR regions are lost in the plastomes of some plant lineages
and algae (Cai et al., 2017; Cauz-Santos et al., 2020; Jin, Wicke et al., 2020; Karnkowska et al., 2018; Ruhlman et al., 2017).

Changes in gene content
Due to the large expansion of the IR region, there was a large variation in the gene content of Annonaceae (127-165). In Annonoideae, 10
to 32 protein-coding genes enter the IR region in Annonoideae, which directly increases the total number of genes by 20 to 64. Notably, in
Annona, 5'-rps12 enters the IR region, which is rarely reported before. In previous studies, it has been found that 3'-rps12 enters or leaves
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the IR region as the IR region expands or contracts, and it has been shown that 3'-rps12 in the IR region has reduced substitution rates
and a more conserved sequence signature (Ping, Li et al., 2021; Ping, Feng, Hao et al., 2021). Here in Annona, 5'-rps12 also enters the IR
region, and whether its substitution rates also changes needs to be further explored.

Although the gene content is variable, the types of protein-coding genes are very conserved. Among the 15 sample species, only A.
reticulata and A. muricata lost the accD, and the loss may have occurred independently. In previous studies, the loss or
pseudogenization of the accD has been reported in angiosperms (Pelargonium × hortorum and Corydalis) and gymnosperms
(Sciadopitys verticillata) (Chumley et al., 2006; Chaw et al., 2018). Li et al (2016) found the lost accD in Sciadopitys verticillata may be
complemented by corresponding functions in the nucleus. Li et al (2018) found the presence of some repetitive elements in the accD of
Cupressophytes could result in an increase in gene length, acceleration of substitution rates, as well as transposition to a rearrangement
hotspot region. Similarly, insertion of speci�c tandem repeats in accD was detected in Tsuga chinensis and resulted in an increase in
gene length (Sudianto et al., 2016). 

Inversion event in Annonaceae
Compared with Magnoliaceae, there are two more inversion fragments (pafII-atpE and 5'-rps12-psbJ) in the plastome of Annonaceae,
and more SSRs in the basal group (Cananga). From our results, the repetitive sequences seem to play an important role in the structural
rearrangement in the early evolutionary period of plastomes. During the evolution of the plastomes in the 13 species of Annonaceae,
two regions (the IR region and the ndhF-rpl 32 region) have undergone inversions. And the inversion of IR region was only found in C.
hainanense, which indicate that the event occurs independently. In addition, four species of Annonoideae have inversions in the SSC
region, which is different from the other four species, even they were from the same genus. It is suggested that in the early evolutionary
period of Annonoideae (or in the ancestors), the SSC region has been inverted, and along with the evolution process, it is randomly
distributed in some groups (Figure 3). Inversion seems to occur frequently during the evolution process. Raubeson & Jansen (1992)
found the presence of an inversion of approximately 35kb in the large single-copy region of lycophytes was a strong evidence for its
differentiation from the true-leaf plants. Chaw et al. (2018) found during the evolution of gymnosperms, structural rearrangements
among different taxa were dominated by inversions. 

Phylogenetic relationship of Annonaceae
Due to the great diversity of Annonaceae, their phylogenetic studies have always been controversial (Chatrou et al., 2018; Maas et al.,
2015; Mols 2004; Ortiz-Rodriguez et al., 2018; Sauquet et al., 2003). In recent years, molecular evidence has been successfully used to
solve some fuzzy classi�cation problems (Guo et al., 2017; Xue et al., 2020; Thomas et al., 2012). In this study, we constructed the
phylogenetic relationship of 13 species from Annonaceae based on chloroplast common protein-coding genes. Our results support
Annonoideae form a monophyletic branch, C. odorata as the base of the Annonaceae, and C. hainanense locate inside the
Malmeoideae. Among them, C. hainanense was classi�ed as a separate category in the NCBI database. This is in consistence with the
results of Thomas et al., (2012), who incorporated Chieniodendron into Meiogyne (Malmeoideae). However, till now, the reported
chlorpoplast whole genes of Annonaceae is too limited. More data needs to be added and combined with morphological features to
clarify the relationship and evolution process of Annonaceae. 

Diversity of SSRs distribution patterns

SSRs are often used to study polymorphisms or as molecular markers (Chmielewski et al. 2015; Fasanella et al. 2020; Huang et al.
2019). Their distribution in the genome of one or several species are often simply described or statistical analyzed, but are seldom used
in phylogenetic analysis (Raman et al., 2020; Li, Hu et al., 2021; She et al., 2022). In present study, we analyzed the distribution of SSRs
in 13 plastomes of Annonaceae systematically. Our results show that the distribution of SSRs has a signi�cant interspeci�c difference.
In consistence with previous studies, the SSRs are dominated by A/T motifs, and most are located in the IGS region (Gui et al. 2020; Li,
Zhao et al. 2021; Ping, Feng, Hao, et al. 2021). However, in some other plants such as Polypodiaceae, the SSRs are dominated by C/G
mononucleotides, which were presumed to be an adaptation to rhe environment (Gao et al. 2018; Liu et al. 2021; Schneider et al. 2004).
Due to the expansion of the IR region, the distribution of SSRs in the three regions was different in each species. In previous study,
however, the distribution of SSRs was reported to be lineage-speci�c. Ping, Feng, Hao et al. (2021) found the distributions of SSRs in
Cupressus and Hesperocyparis were highly uniform, and suggested that Callitropsis funebris was closer to Cupressus than other



Page 6/15

Callitropsis species. Recently, Zhu et al. (2021) found that the number, type, and localization of SSRs in the plastomes of Cyatheaceae
were inter-genus speci�c, which provide valid evidence for the phylogenetic analysis of Cyatheaceae.

Conclusion
Based on the comparative analysis of the complete chloroplast genomes of 13 species from Annonaceae, we found that during the
evolution of Annonaceae, the plastomes had great variation, including genome size, gene content, and the massive expansion of the IR
region, etc. However, till now, the reported chlorpoplast whole genes of Annonaceae is still limited, and it is necessary to obtain more
plastomes to better understand the evolutionary process of the plastomes of the Annonaceae. At the same time, in the species with the
expansion of the IR region, a large number of genes enter the IR region. The evolution mechanism of these genes also need to be
revealed.
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Table1 The information of sample species
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Family name   Species name Genbank accession number

Annonaceae      

  Annonoideae Annona cherimola Mill. KU563738

    Annona reticulata L. MT742547

    Annona muricata L. MT742546

    Fissistigma oldhamii (Hemsl.) Merr. MW136266

    Fissistigma polyanthum (Hook. f. et Thoms.) Merr. MW829282

    Uvaria macrophylla Roxb. MH992130

    Artabotrys hexapetalus (Linn. f.) Bhandari MZ936420

    Artabotrys pilosus Merr. et Chun OK216144

  Malmeoideae Polyalthiopsis verrucipes (C. Y. Wu ex P. T. Li) B. Xue & Y. H. Tan MW018366

    Miliusa glochidioides Handel-Mazzetti Sinensia OM047203

    Greenwayodendron suaveolens (Engl. & Diels) Verdc. MH924590

    Chieniodendron hainanense (Merr.) Tsiang et P. T. Li MK035708

  Ambavioideae   Cananga odorata (Lamk.) Hook. f. & Thomson MN016933

Magnoliaceae      

    Magnolia alba DC. NC_037005

    Liriodendron chinense (Hemsl.) Sargent. NC_030504

 Table 2 Plastomes characteristics 
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species
name

Genome LSC SSC IR Numeber

size GC
content
/%

size GC

content
/%

size GC
content
/%

size GC
content
/%

Gene CDS tRNA rRNA

A. cherimola 201,723 39.6 69,771 38.6 2,966 33.6 64,493 40.2 165 116 41 8

A. reticulata 196,038 39.9 69,650 38.6 3,014 33.5 64,621 40.2 163 115 40 8

A. muricata 201,906 39.6 75,339 38.8 3,105 35.1 58,797 40.7 158 110 40 8

F. oldhamii 187,782 38.9 82,584 38 3,074 31.9 51,062 39.8 150 104 38 8

F.
polyanthum

189,920 38.7 83,000 38 3,273 31.6 51,936 39.5 152 106 38 8

U.
macrophylla

192,782 38.7 83,581 37.9 3,741 31.5 52,730 39.6 151 105 38 8

A.
hexapetalus

178,457 38.8 90,803 37.6 3,066 32.2 42,294 40.3 140 94 38 8

A. pilosus 178,195 38.8 90,797 37.6 3,098 32 42,150 40.4 142 96 38 8

P. verrucipes 159,965 39.0 89,030 37.5 18,987 34.2 25,974 43.4 130 84 38 8

M.
glochidioides

159,789 39.2 88,782 37.7 18,949 34.4 26,029 43.4 129 84 37 8

G.
suaveolens

159,031 39.1 * * * * * * 129 84 37 8

C.
hainanense

160,497 39.1 89,424 37.6 18,949 34.3 26,062 43.4 127 84 35 8

C. odorata 167,946 39.0 83,620 37.6 20,310 34.4 32,008 42.4 137 93 36 8

M. alba 160,106 39.2 88,137 37.9 18,777 34.2 26,596 43.2 130 85 37 8

L. chinense 159429 39.2 87,766 37.8 18,997 34.3 26,333 43.2 130 85 37 8

Figures
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Figure 1

Gene map of Miliusa glochidioides plastome
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Figure 2

Protein-coding genes in the IR region of each species. There are 37 genes in the IR region of A. cherimolaand A. reticulata, including part
of psbA that entered the IR region, 32 in A. muricata, 25 in Fissistigma, and Uvaria, 15 in Artabotrys, 14 in Cananga, and �ve in the other
four genera. In the outgroup (the red branch), there were six genes in the IR region, including part of ycf1 that entered the IR region

Figure 3

Structural comparison of plastid genomes. Compared with out-groups, the IR region of Annonaceae has been expanded, and the ndhF-
rpl32 fragment undergoes multiple inversions. The inversions of the two fragments happen in C. odorata (pafII-atpE and 5'-rps12-psbJ).
In comparison with other species, the IR region of C. hainanense was inverted
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Figure 4

Phylogenetic tree and SSRs analysis. (a) phylogenetic tree constructed with 78 common genes. The red branch was the outgroup, the
values on the branch were the branch support of the four methods (NJ/MP/ML/BI), and the support values of the remaining branches
were 100/100/100/ 1. (b) the motif types of SSRs in each species are dominated by A/T bases. (c) the location of SSRs in each species
on the genome, with the most SSRs located in the IGS
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Figure 5

The number of SSRs in the three partitions of each species. Overall, most SSRs were located in the LSC region. Among the species with
IR expansion, the SSRs located in this region was much higher than other species
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