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Article 

The Complete Plastid Genome Sequences of the 
Belian (Eusideroxylon zwageri): Comparative 
Analysis and Phylogenetic Relationships with  
Other Magnoliids 

Wen Zhu 1, Yun-Hong Tan 2,3, Xin-Xin Zhou 4, Yu Song 5,* and Peiyao Xin 1,* 

1 Southwest Research Center for Landscape Architecture Engineering, National Forestry and Grassland 

Administration, Southwest Forestry University, Kunming 650224, China 
2 Center for Integrative Conservation, Xishuangbanna Tropical Botanical Garden, Chinese Academy of 

Sciences, Mengla, Yunnan 666303, China 
3 Southeast Asia Biodiversity Research Institute, Chinese Academy of Sciences, Yezin, Nay Pyi Taw 05282, 

Myanmar  
4 South China Botanical Garden Herbarium, Chinese Academy of Sciences, Guangzhou, Guangdong 510650, 

China 
5 Key Laboratory of Ecology of Rare and Endangered Species and Environmental Protection (Ministry of 

Education) & Guangxi Key Laboratory of Landscape Resources Conservation and Sustainable Utilization 

in Lijiang River Basin, Guangxi Normal University, Guilin 541001, Guangxi, China 

* Correspondence: xpytgyx@163.com(P.X.); songyu@gxnu.edu.cn(Y.S.). 

Abstract: The Belian (Eusideroxylon zwageri Teijsm. & Binn.) is a commercially important timber species in 

Southeast Asia that was listed on the IUCN Red List of threatened species in 1998. In our article in Genome 

Biology Ecology six years ago, one complete plastid genome of Belian was assembled for comparative analyses 

of the plastomes in Lauraceae. However, Ariati et al. (2023) concluded that our sequenced Belian individual 

could be located in the clade of Myristicaceae instead of that of Lauraceae. Here, we performed re-analyses of 

an additional two Belian plastomes, along with 42 plastomes from plants spanning ten families of the 

Magnoliids. The three Belian plastomes that are 39% CG and vary in length from 157,535 to 157,577 bp. Thirty-

seven tRNA genes, eight rRNA genes, and 85 protein-coding genes were among the 130 annotated genes. There 

were 95~101 repeat sequences and 56~61 simple repeat sequences (SSR). Comparative genomic analysis 

revealed 170 mutation sites in their plastomes, which include 111 substitutions, 53 indels, and six 

microinversions. Phylogeny was reconstructed using maximum likelihood and Bayesian approaches for 44 

magnoliids species, indicating that the three Belian individuals were nested among the species in the Lauraceae 

family rather than Myristicaceae. 

Keywords: chloroplast genome; comparative genomics; Eusideroxylon; Lauraceae; phylogenetic relationships 

 

1. Introduction 

As one of the monotypic genera in the family Lauraceae, Eusideroxylon Teijsm. & Binn. includes 

the only tree species Eusideroxylon zwageri Teijsm. & Binn. (https://www.worldfloraonline.org/, 

accessed on: 10 Oct 2023), which is mainly distributed in the tropical rainforests of Brunei, Indonesia, 

Malaysia, and the Philippines. Eusideroxylon zwageri, known as "Belian" in Malaysia, "Ulin" in 

Indonesia, and "Tambulan" in the Philippines by local people, is recognized for its globally durable 

wood [1]. Belian is included in the list of threatened tree species [2]. Currently, Belian, under national 

protection in Indonesia, exhibits decreasing populations due to past over-exploitation [3]. Therefore, 

acquiring the genetic resources and population data of the tropical tree Belian is urgent. 

Chloroplasts are vital organelles in the cells of green plants and certain algae, where 

photosynthesis occurs [4]. Higher plant chloroplast genomes are generally quadripartite, with one 

large single copy region (LSC), one small single copy region (SSC), and two reverse repeat regions 

(IRs) [5]. Terrestrial plant chloroplast genomes are typically 120 kb to 160 kb in size and comprise 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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110~130 genes [6-8]. Chloroplast genome size changes are frequently related to reverse repeat region 

expansion and contraction, gene deletion, intron deletion, gene spacer region differences, and short-

segment repeat sequences [9,10]. Compared with the nuclear genome and mitochondrial genome, the 

chloroplast genome has moderate evolutionary speed, small molecular weight, relatively 

conservative structure, and primarily single-parent inheritance, rarely recombination. The success 

rate of obtaining complete genome by modern sequencing technology is high, and it is an ideal 

material for studying plant genetics and evolution [11,12]. 

The first molecular approach of Chanderbali et al. (2001) reported the chloroplast sequences 

including trnL-trnF, psbA-trnH, trnT-trnL, and rpl16 and nuclear ribosomal sequences 26S and ITS for 

Belian which grouped with the Aspidostemon, Beilschmiedia, Cryptocarya, Endiandra, Eusideroxylon, 

Hypodaphnis, Potameia, and Potoxylon species [13]. The second phylogenetic research, which used the 

chloroplast marker trnK intron to build a Bayesian tree of 49 species, revealed a well-supported 

Cryptocaryeae group that included Aspidostemon, Beilschmiedia, Cryptocarya, Endiandra, Eusideroxylon, 

and Potameia species [14]. Ten years later, Hiroyuki et al. (2015) identified 16 chloroplast polymorphic 

marker sequences, total 10,618 bp in length [15]. Then, Nurtjahjaningsih et al. (2017) developed 16 

polymorphic markers using six chloroplast DNA regions (atpE, ccsA-ndhD, matK, trnL-trnF, rpl2, and 

ycf3) to investigate the genetic structure from 72 Belian trees from 9 populations [1]. Finally, Md-Isa 

et al. (2021) analysed Belian genetic variation using four microsatellite markers in 52 samples from 

three populations of Nirwana Rehabilitation Forest (NRF), and Tatau, Sarawak [16]. These genome 

fragments were significant for the genetic conservation and population management of Belian, yet 

they are not a substitute for the complete chloroplast genome. 

Six years ago, we reported a complete chloroplast genome sequence of Belian (GenBank 

accession No. MF939351) and a monophyletic phylogenetic group of Belian and 45 other Lauraceae 

species [17]. Since then, the phylogenetic relationships of Lauraceae, or magnoliids, have been 

studied using this genome. Liu et al. (2021) constructed the largest plastid genome dataset of 

Lauraceae, combining Belian and 190 plastome genomes from 131 species of 25 genera, and generated 

a phylogenetic tree using ML and NJ methods [18]. Similarly, Yang et al. (2023) constructed two 

phylogenetic trees using the complete chloroplast sequence of Belian, along with other Lauraceae 

species by ML and BI methods [19]. In both studies, Belian was consistently placed within the 

Cryptocaryeae tribe, which comprises species from the genera Beilschmiedia, Cryptocarya, Endiandra, 

Eusideroxylon, Potameia, Sinopora, and Syndiclis. However, a recent study by Ariati et al. (2023) 

concluded that our sequenced Belian indivadual might be classified within the Myristicaceae clade 

instead of the Lauraceae [20]. We were particularly surprised by the result. 

Here, we assembled two new complete chloroplast genomes of Belian and reanalyzed them 

alongside previously published one, including genome characterization, Codon usage, repeat 

sequences, IRs boundaries, mutational events, and nucleotide polymorphism (Pi) analysis. Forty-four 

plastomes from ten magnoliids families were used to reconstruct the phylogenetic trees to determine 

the location of Belian within the Lauraceae family. Our objectives were to look at the structural 

pattern of complete plastomes, and to establish the phylogenetic status of Belian species in the 

Lauraceae family using entire plastome sequencing. Our findings will pave the way for the molecular 

identification, safeguarding, and use of genetic resources while also assisting in our understanding 

of the genetic origins and evolutionary history of Belian. 

2. Materials and Methods 

2.1. Plant materials, extraction and sequencing of DNA 

Two accessions of fresh Belian leaves were collected in Java, Indonesia, and Kalimantan, 

Malaysia (Figure 1). The Xishuangbanna Tropical Botanical Garden's Herbarium, part of the Chinese 

Academy of Sciences, is home to the gathered plant specimens. Using a modified version CTAB 

approach, 2g of leaves were used to extract total DNA [21]. Before sequencing, 0.5 μg of pure DNA 

was fragmented to create short-insert (500 bp) libraries according to the manufacturer's specifications 
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(Illumina). DNA samples were tagged, pooled together, and sequenced in one lane of a Genome 

Analyzer (Illumina HiSeq 2000) at BGI-Shenzhen, yielding >4.0 Gb of reads per sample. 

 

Figure 1. Map of distribution and sample sites of Belian. 

2.2. Annotation and assembly of the chloroplast genome 

Following the filtering of the sequencing data, the chloroplast genomes were automatically 

assembled using the GetOrganelle version 1.7.5 [22]. Bandage version 0.9.0 [23] was used to identify 

the circular maps to assess the assembly quality. The whole chloroplast genome sequence of 

Cryptocarya chinensis (GenBank accession No. LC212965) was used as a reference, automatically 

annotated using CPGAVAS2 (https://www.herbalgenomics.org/cpgavas2) [24]. Start and stop 

codons, as well as intron/exon borders of protein-coding genes, were manually verified. OGDRAW 

(https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) [25] was created a circular chloroplast 

genome map. 

2.3. Chloroplast genome analysis 

All protein-coding sequences from the three Belian chloroplast genomes were extracted using 

PhyloSuite version 1.2.3 [26]. Relative synonymous codon usage (RSCU) of three chloroplast 

genomes was calculated using CodonW version 1.4.2 [27]. The repeat sequences were predicted using 

the online program REPuter (https://bibiserv.cebitec.uni-bielefeld.de/reputer) [28]. The parameters 

were set as Maximum computed repeats=5,000, Minimal repeatsize=25, and Hamming distance=3. 

Simple repeat sequences (SSRs) were predicted using the online software MISA (https://webblast.ipk-

gatersleben.de/misa) [29], which included mono-nucleotide, di-nucleotide, tri-nucleotide, tetra-

nucleotide, penta-nucleotide, and hexa-nucleotide, with repeat thresholds set at 10, 5, 4, 3, 3, and 3. 

2.4. Comparative sequence analysis 

CPJSdraw software [30] was used to analyze the boundary differences of IR regions of the 

chloroplast genome and draw a comparison map. The microstructural mutations of the sequences 

were detected in the Genenious Prime version 2023.2.1, and manually examined in the BioEdit 

version 7.0.9, especially for the inversion sites. We performed a sliding window analysis to evaluate 

the variability (Pi) over the plastomes in DnaSP version 6.12 [31]. The window length was set to 600 

bp and the step size was set as 200 bp. 
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2.5. Phylogenetic analysis 

A total of 48 chloroplast genomes from 10 families of the Magnoliids and 5 species of 

Chloranthaceae were aligned using MAFFT version 7 (https://mafft.cbrc.jp/alignment/server/) [32], 

of which 39 sequences were downloaded from NCBI and nine were from LCGDB (Supplementary 

Table S1). The complete chloroplast genome matrix was obtained and manually adjusted by BioEdit 

version 7.0.9. Phylogenetic relationships were reconstructed based on the maximum-likelihood (ML) 

method in IQ tree version 2.2.2 [33] and the Bayesian inference (BI) method in MrBayes version 3.2.7 

[34]. 1000 bootstrap replicates were run for ML analysis to provide confidence support. Using the 

jModelTest version 2.1.10 software, the whole chloroplast genome dataset was examined for BI 

analysis, and the best TVM+I+G model was chosen [35]. The combined data were run for one million 

generations, sampling every 1000 generations. The first 25% of the tree was discarded as burn-in, and 

the remaining trees were used to generate a majority-rule consensus tree. In all phylogenetic analyses, 

Chloranthus erectus (GenBank accession No. MH394412), Chloranthus spicatus (GenBank accession No. 

EF380352), Chloranthus henryi (GenBank accession No. MK922064), and Chloranthus japonicus 

(GenBank accession No. KP256024) were used as outgroup. All phylogenetic trees were visualized or 

further edited in Fig Tree version 1.4.4 (http://tree.bio.ed.ac.uk/publications/). 

3. Results and discussion 

3.1. General features of the Belian chloroplast genomes 

The newly assembled two plastomes had quadripartite structures forming circular molecules, 

and the size of both genomes was 157,535 bp of Belian Ⅰ and 157,536 bp of Belian Ⅲ (Figure 2), 

respectively. They were 41 bp and 42 bp more minor than that of Belian Ⅱ. Both genomes included 

a pair of inverted repeats (IRs) of 24,717 bp in Belian Ⅰ and 24,706 bp in Belian Ⅲ, separated by a 

small single copy (SSC) region of 18,912 bp in Belian Ⅰ and 18,916 bp in Belian Ⅲ, and a large single 

copy (LSC) region of 89,189 bp in Belian Ⅰ and 89,208 bp in Belian Ⅲ (Table 1). Their GC content, 

similar to that of Belian Ⅱ, was 39%. As predicted, we annotated 130 genes each in two plastids, 

including 113 unique genes and 17 duplicate in the IR regions (Supplementary Table S2). Among 

these genes, there were 85 PCGs, 37 tRNA genes, and eight rRNA genes (Figure 2). Introns were also 

found in twelve protein-coding genes and eight tRNA genes (Supplementary Table S2). 

Table 1. Summary of 3 Complete Plastomes of Belian. 

 Belian Ⅰ Belian Ⅱ Belian Ⅲ 

Sequencing No. SY5992 SY6477 SY6583 

Geographic origin  
Java,  

Indonesia 

Sulawesi, 

Indonesia 

Kalimantan,  

Malaysia 

Collector TAN Yunhong  
Michael  

Padmanaba 
ZHOU Xinxin 

Voucher  Y1019 SY34806 SY37637 

Accession No. LAU00162 MF939381 LAU00163 

Herbarium  HITBC-BRG HITBC-BRG HITBC-BRG 

Total cpDNA size (bp) 157,535 157,577 157,536 

Length of LSC region (bp) 89,189 89,231 89,208 

Length of IR region (bp) 24,717 24,717 24,706 

Length of SSC region (bp) 18,912 18,912 18,916 

Total GC content 39.06% 39.05% 39.05% 

LSC 37.75% 37.74% 37.74% 
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IR 43.24% 43.23% 43.24% 

SSC 34.34% 34.32% 34.34% 

Total number of genes (unique) 130(113) 130(113) 130(113) 

Protein encoding 85 85 85 

tRNA 37 37 37 

rRNA 8 8 8 

 

Figure 2. Gene map of the Belian plastomes. 

3.2. Codon usage 

The relative synonymous codon usage (RSCU) of the three Belian chloroplast genomes was 

calculated using CodonW 1.4.2, and a total of 78,289 codons were detected, averaging 26,096 codons 

per individual. All the codons are divided into 64 types, coding for 20 amino acids. There were 31 

high-frequency codons with RSCU>1, comprising 13 codons ending in A and 16 ending in U, 

accounting for 93.55% (Figure 3). The codons AGU and UGG had an RSCU value of 1, indicating an 

unbiased usage. RSCU>1.6 was found in the codons GCU, CCA, UUA, and AGA, suggesting that 

they appeared more frequently and were overused. Leucine, Arginine, and Serine were encoded by 

six codons, while methionine and tryptophan were encoded by only one codon each. The rest of the 

amino acids were encoded by two to four codons. 
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Figure 3. Codon usage patterns of Belian plastomes. The y-axis represents the relative synonymous 

codon usage whereas x-axis represents the codons. 

3.3. Repeat sequences and simple sequence repeats analysis 

We identified 95 to 101 long repeat sequences (>25 bp) in three Belian chloroplast genomes using 

REPuter, including 43~45 palindromic repeats, 37~41 forward repeats, 10~12 reverse repeats, and 4~5 

complement repeats (Figure 4A). Palindromic repeats were the most common in the genomes of the 

three individuals, followed by forward repeats and complement repeats. Most of the repeats ranged 

from 25 to 29 bp in length and with nine repeats being 40 to 49 bp in length. In addition, the reverse 

repeats and complement repeats were only detected in the range of 25~29 bp, but not in the range of 

30~39 bp and 40~49 bp (Figure 4B). 

 

Figure 4. The Number of long repeats in three Belian plastomes. (A) The Number of different repeat 

types. (B) The Number of different length ranges. 
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Simple repeat sequences (SSRs) are widely distributed in chloroplast genome. In all, 176 SSRs 

were found in the three Belian chloroplast genomes, with an average of 59 per individual. Mono-

nucleotides were the most numerous, accounting for 73.1% to 74.58% of the total, followed by five 

di-nucleotides, two tri-nucleotides, eight tetra-nucleotides, and one penta-nucleotide, and no hex-

nucleotides were detected (Figure 5). More than 90% of mono-nucleotides belong to A or T base 

repeats. SSRs are not distributed equally across the genome. There were 48/50/45, 7, and four SSR 

repeats distributed in LSC, SSC, and IRs of the three Belian genomes, respectively. The variability in 

SSR numbers among the three individuals was primarily observed in the LSC region, while the 

counts in the SSC and IR regions remained consistent. 

 

Figure 5. Number and distribution of SSR motifs in the three Belian genomes. 

3.4. Inverted repeat contraction and expansion 

Differences in IR boundaries of the three Belian chloroplast genomes were compared using 

CPJSdraw software. The results showed no difference in IR boundaries among the three individuals 

(Figure 6). LSC/IRb(JLB), IRb/SSC(JSB), SSC/IRa(JSA), and IRa/LSC(JLA) boundary junctions are 

mainly associated with six genes, rsp19, rpl23, ycf1, ndhF, trnN, and rpl2. rsp19 and rpl23 were 

distributed on both sides of the LSC/IRb(JLB), the intact ycf1 connects to the SSC/IRa(JSA) boundary, 

the ycf1 fragment connects to the IRb/SSC(JSB) boundary, and rpl23 and rpl2 were distributed near 

the IRa/LSC(JLA) boundary. 

 

Figure 6. Comparison of the boundary patterns of the large single-copy (LSC) region, small single-

copy (SSC) region, and inverted repeat (IR) regions among the three Belian chloroplast genomes. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2023                   doi:10.20944/preprints202311.0626.v1

https://doi.org/10.20944/preprints202311.0626.v1


 8 

 

3.5. Mutations in the Belian chloroplast genomes 

Between the Belian I and Belian III plastomes, we found 143 mutation events, including five 

microinversions, 40 InDels, and 98 substitutions. Compared to the Belian Ⅱ, we accurately located 

six microinversions, 53 InDels, and 111 substitutions in these Belian plastomes. Among the SNPs, 46 

were located in the gene-coding regions, which included 21 transitions (Ts) and 25 transversions (Tv), 

while 65 were found in non-coding regions, comprising 27 Ts and 38 Tv (Supplementary Table S3). 

The transition/transversion ratio (Ts/Tv) was calculated to be 0.76. Of the 53 InDels, 40 were in the 

LSC region, 13 in the SSC region, and four in the IR regions. The sizes of all InDels varied from 1 to 

15 bp. There were 50 in intergenic regions, three in the gene coding regions, and none in introns. The 

greatest InDel, 15 bp in size, was found in the atpF-atpH intergenic region. There were also four 

microinversions in the psbC-trnS, petA-psbJ, rrn5S-trnR, and ccsA-ndhD intergenic areas, as well as 

two microinversions in the rpl16 and ycf1 coding regions. 

SNP and InDel events of Belian II and Belian III were detected using Belian I as a reference, and 

their densities in each region were calculated (Table 2). Belian II possesses 31 SNPs (5 Ts, 26 Tv) and 

20 InDels, while Belian III holds 98 SNPs (44 Ts, 54 Tv) and 40 InDels. The number of SNPs in Belian 

III was 3.16 times that of Belian II, and the SNP count was double that of Belian II. Compared to the 

other two regions, the SSC region of Belian II had the highest density of SNPs and InDels. The highest 

SNP density was observed in the LSC regions of BelianIII, whereas the highest InDel density was 

identified in the SSC region. In all of them, the density of the IR regions is low. 

Table 2. Density statistics of SNPs/InDels region. 

 Type Total 
LSC  

density/kb 

SSC  

density/kb 

IR  

density/kb 

Total  

density/kb 

Belian Ⅱ SNP 31 (Ts5、Tv26) 0.213 0.529 0.04 0.197 

Belian Ⅲ SNP 98 (Ts44、Tv54) 0.874 0.74 0.121 0.622 

Belian Ⅱ InDel 20 0.108 0.159 0 0.127 

Belian Ⅲ InDel 40 0.325 0.37 0.081 0.254 

3.6. Nucleotide diversity (pi) analysis 

The nucleotide diversity (pi) values of three Belian plastomes were calculated using DNAsp 

version 6.12 software. In the three Belian plastomes, Pi values ranged from 0 to 0.0044, with a mean of 

0.0005. Thirty-five variable loci (Pi > 0.002) were identified (Figure 7), of which 10 hypervariable 

regions (Pi > 0.003), including trnK, trnK-rps16, psbM-trnD, trnT-psbD, psaA, trnF, trnM-atpE, atpE, 

ndhF, and ndhF-rpl32. Among these variable loci, eight were located in the LSC, two in the SSC, and 

none in the IRs. The value of psbM-trnD was the highest (Pi > 0.004). These ten variable loci were all 

found in the LSC region and SSC region, and were ideal candidates for phylogenetic study. 
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Figure 7. Nucletide variability (pi) values of Belian (Lauraceae). Line segments parallel to the X-axis 

include the LSC, SSC, and IR regions; InDels are shown by black circles, while SNPs are indicated by 

red circles. 

3.7. Phylogenetic analysis 

To determine the phylogenetic location of Belian in Lauraceae, the phylogenetic relationships 

among two Belian plastomes and 42 plastomes from ten families of the Magnoliids were 

reconstructed based on the chloroplast genomes, with Chloranthus erectus, C. spicatus, C. henryi, and 

C. japonicus as outgroup. The topologies, using the Bayesian inference (BI) and maximum likelihood 

(ML) methods, were nearly identical and both well-supported (Figure 8). Overall, the 44 samples 

were divided into ten branches, corresponding Lauraceae, Hernandiaceae, Calycanthaceae, 

Myristicaceae, Annonaceae, Magnoliaceae, Saururaceae, Piperaceae, Aristolochiaceae, and 

Winteraceae (Figure 8). The three plastomes of Belian were clustered into one branch in the Lauraceae 

clade with high support (ML-BS=100%, BI-PP=1.0). 

 

Figure 8. Phylogenetic tree of 44 species of magnoliids and four species of Chloranthacaea based on 

complete plastome sequences. The shown values are the support values at the branches (bootstrap 

value/Bayesian inference). 
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In addition, we compared the trnL-trnF (GenBank accession No. AF268718), psbA-trnH 

(GenBank accession No. AF268820), rpl16 (GenBank accession No. AF268252) sequences used by 

Chanderbali et al. (2001) and the trnK (GenBank accession No. AJ627926) sequence used by Rohwer 

and Rudolph (2005) with the Belian sequence (GenBank accession No. MF939351). The trnL-trnF 

sequence was identical, and the psbA-trnH, rpl16, and trnK sequences contained 1 to 3 bp mutations. 

When we compared the genomes of the three Belian, we found similar mutations in these three 

regions. Furthermore, we constructed the phylogenetic tree using the same methods and sequences 

as in the Ariati et al. (2023) study, and added two additional Belian sequences. We get a different 

topological structure than they do. The three Belians clustered with Cinnamomum camphora, litsea 

coreana, and litsea auriculata, all located in the Lauraceae family, not the Myristiaceae (Supplementary 

Figure S1). We also constructed a phylogenetic tree based on the complete genome using ML and BI 

methods to get the same result. 

4. Discussion 

The chloroplast genome is second only to the nuclear genome regarding genetic information 

[36]. The similarity in size, content, and structure of the chloroplasts of most land plants is due to the 

common ancestor of the plant kingdom and the relative stability of the chloroplasts, which enables 

the chloroplast genome to be widely compared and analyzed in the plant kingdom, thereby revealing 

the plant's relatives and evolutionary history [37-39]. In this study, the chloroplast genomes of two 

Belians from Java and Kalimantan were newly assembled and compared with another previously 

published one. The chloroplast genome of Belian had a typical quadripartite structure with a size of 

157,535~157,577 bp, containing a total of 130 genes, including 85 CDS genes, 37 tRNA genes and eight 

rRNA genes, which was similar to the chloroplast genomes of other Lauraceae species [40,41]. Song 

et al. (2017) found that the chloroplasts of the core Lauraceae were 150,749 bp to 152,739 bp in length, 

with trnI-CAU, rpl23, rpl2, and ycf2 fragments and their intergenic regions lost in the IRb region, and 

that the chloroplasts of the basal Lauraceae were 157,577 bp to 158,530 bp in length, with rpl2 lost in 

the IRa region [17], which is supported by the results of the present study. The chloroplast genomes 

of most land plants are highly conserved, and differences in the size of IR regions and intergenic 

spacer regions result in differences in chloroplast genomes [42]. The three Belian chloroplast genomes 

differed in size mainly owing to base insertion and deletion in the intergenic spacer region. In 

addition, it has been demonstrated that the ycf1 and ycf2 genes are located at the junction of the IR 

regions with the LSC and SSC regions, and these two genes have partial duplication [40,43]. In this 

study, only the ycf1 gene occurs at the junction of the IR regions with the LSC and SSC regions, the 

complete ycf1 gene occurs at the junction of the SSC and IRa, and the ycf1 gene fragment occurs at the 

junction of the LSC and IRb (Figure 6). This result was also seen in the genus Atractylodes [44]. 

Codon preference varies significantly among different species and different genes in the same 

species. The utilization of biased codons is a significant indication in studying species evolution [45]. 

The usage of synonymous codons is biased, in many biological groups due to natural selection, base 

mutation, gene drift, and gene expression level differences [46]. Relative synonymous codon usage 

(RSCU) is an important index to study codon usage preference. A total of 78 289 codons were detected 

in the protein-coding genes of the three Belian chloroplast genomes, with 26 095~26 099 codons 

detected in each genome. There are 31 codons with high relative synonymous usage with RSCU>1, 

29 of which end in A/U, indicating that the chloroplast genome of Belian is more inclined to employ 

codons ending in A or U, which is consistent with the results of previous studies [47]. 

Although the chloroplast plastids of most land plants are generally similar in size, content and 

structure, certain plant species have developed significantly rearranged chloroplast plastids. 

Inversions, internal inversions, and IR boundary shifts are the principal causes of such structural 

alterations, with repeat sequences playing a key role in the evolution and rearrangement of 

chloroplast genomes [48,49]. In the chloroplast genome of Belian, the number of repeats with a length 

of 25~29bp was the largest, followed by 30~39bp. The majority of the repeats were palindromic 

repeats and forward repeats, with reverse repeats and complement repeats discovered primarily in 

the of 25 bp to 29 bp and in a small number, which is similar to the results of Avocado (Persea 
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americana) [50]. Furthermore, the repeat distribution in Belian chloroplast genomes were unbalanced, 

with the most repeats in LSC region and fewer repeats in SSC region and IRs region. This unbalanced 

distribution may be related to the distribution of chloroplast genes, where genes related to 

photosynthesis were predominantly located in the LSC, while rRNAs were all located in the IRs 

region. 

Simple sequence repeats are highly variable in different species of the same genus, play an 

important role in the identification of plant genetic relationships and taxonomic status, and are 

considered to be one of the main sources of molecular markers [51]. 176 SSRs were detected in the 

three Belian chloroplast genomes, with 56 to 61 SSRs detected in each Belian individual. The number 

of mono-nucleotide repeats was the largest, and the A/T repeats were the main, while the di-

nucleotide repeats were TA, AT, AG and CT. The preference of SSRs to be rich in A/T bases may be 

due to the fact that there are only two hydrogen bonds between A/T, whereas there are three 

hydrogen bonds between G/C, so it is more difficult to break the G/C bond to produce mutations [52]. 

The IRs region is the most conserved region in the chloroplast genomes, however, the expansion 

and contraction of the IRs region boundary is a common evolutionary phenomenon, which is the 

primary mechanism leading to the change of chloroplast genome size [53,54]. By comparing the 

differences in the IR boundaries of the three Belian chloroplast genomes, the results show that they 

were identical. This result reaffirms the highly conserved nature of the IRs region. 

SNP and InDel are essential sources of genetic variation, leading to differences in gene structure, 

which reflect the adaptability of individuals to environmental changes [55]. In this study, we 

examined mutations in two other Belian chloroplast genomes using Belian I as a reference sequence 

and 170 mutation events were identified, including six microinversions, 53 InDels, and 111 

substitutions. The distribution of mutation events in Belian is similar to that in other angiosperms; 

most of them are located in the non-coding region, and the number of mutation events is the highest 

in the LSC region, and the number of mutation events is the least or even none in the IR regions. 

However, the density of SNPs and InDels in each region of Belian Ⅱ and Belian Ⅲ showed that the 

maximum density of the SSC region of Belian Ⅱ was 5.56/kb, and the maximum density of the LSC 

region of Belian Ⅲ was 8.43/kb, which was similar to the results of Liu et al. [56]. 

Chloroplast genomes contain highly variable regions that help to distinguish closely related 

species or genera and are considered potential molecular marker material for phylogenetic analyses 

[57]. In the three Belian genomes, thirty-five variable loci (Pi > 0.002) were identified by DnaSP 

version 6.12, of which ten hypervariable regions (Pi > 0.003), including trnK, trnK-rps16, psbM-trnD, 

trnT-psbD, psaA, trnF, trnM-atpE, atpE, ndhF, and ndhF-rpl32. The highly variable region petA-psbJ is 

considered a hotspot of variation in Neocinnamomum [58], and Litsea glutinosa [59], but not in Belian. 

IRs region has lower genetic polymorphism than the LSC region and SSC region, and the coding 

region is more conserved than the non-coding region in Belian chloroplast genomes. This result is 

consistent with the chloroplast genome studies of other higher plants. 

The chloroplast genome is essential for the study of phylogenetic relationships and species 

identification of angiosperms and for determining their taxonomic status [60,61]. Chanderbali et al. 

(2001) constructed a phylogenetic tree of the Lauraceae using chloroplast sequence fragments and 

ribosomal sequence 26S of Belian, where Belian and Potoxylon melaganga form a sister branch with 

good support [13]. They are morphologically very similar, with a deep, vase-shaped receptacle cup 

that develops into a deep cup enclosing the drupe with only a tiny apical hole [13]. Rohwer et al. 

(2014) used Bayesian and maximum likelihood methods to construct developmental trees based on 

trnK and ITS sequences, and Belian and Potoxylon melaganga also constituted sister branches [62]. Song 

et al. (2019) reconstructed phylogenetic trees of Lauraceae based on nine plastid fragments and 

obtained the same results [63]. The complete chloroplast genome of Potoxylon has not yet been 

reported, and we expect more researchers to pay attention to it. In this study, the phylogenetic 

relationships among two Belian plastomes and 42 plastomes from ten families of the Magnoliids were 

reconstructed based on the chloroplast genomes. The topology of Lauraceae clades is similar to that 

of previous studies, especially the location of Belian, which is located at the base of Lauraceae 

[13,14,17,19]. Furthermore, it is worth noting that we have reason to question the speculation of Ariati 
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et al. (2023) that the Belian (GenBank accession No. MF939351) sequence we submitted to GenBank 

may be located in Myristicaceae rather than Lauraceae [20]. Here, our results provided sufficient 

evidence to confirm the accuracy of the sequence. We speculate that the reasons for the errors of 

Ariati et al. (2023) may include inadequate sampling, sequence errors, sequence alignment errors, 

and inaccurate phylogenetic analysis. 

5. Conclusions 

The present study sequenced, assembled, and annotated two Belian chloroplast genomes from 

Java and Kalimantan, and analyzed them with another previously published Belian genome from 

Sulawesi. Through comparative analysis of the genomes, it was found that the Belian genomes in 

three different places were conserved in gene content, gene sequence and GC content. The rapidly 

evolving differentiation regions, repeats and mutation sites identified in this study may serve as 

potential molecular markers for phylogenetic studies. The location of Belian in Lauraceae was 

determined based on the whole chloroplast genome sequence, which further confirmed the 

placement of our previously published Belian sequence within the Lauraceae, not Myristicaceae. In 

summary, our study has deepened our understanding of the Belian chloroplast genome and provided 

a foundation for taxonomic identification, phylogenetic studies, and conservation of genetic 

resources. 
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