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Introduction

This study presents the first complete plastome (cpDNA) sequence of Psydrax latifolia, a member of the Rubiaceae family, which includes small trees, smooth shrubs, and occasionally lianas. This specimen was collected near the Red Sea coast in Jazan province, Saudi Arabia, specifically in the paleotropical Fifa Mountains. The research aimed to characterize and compare the plastome of Psydrax latifolia with other species in the Rubiaceae family to enhance our understanding of its evolutionary dynamics and phylogenetic relationships.





Methods

The plastome of P. latifolia was sequenced and reconstructed using whole-genome next-generation sequencing (NGS) techniques. Comparative analyses were performed between the plastome of P. latifolia and 16 other species within the Rubiaceae family to identify genomic features and evolutionary patterns. The plastome structure, gene content, and codon usage were analyzed, with a focus on the Relative Synonymous Codon Usage (RSCU) in different regions of the plastome.





Results

The plastome of P. latifolia was found to be 153,242 base pairs (bp) in length, including a large single copy (LSC) region of 83,603 bp, a small single copy (SSC) region of 18,115 bp, and a pair of inverted repeats (IRs) of 25,762 bp each. It contained 87 protein-coding genes, 8 rRNA genes, and 33 tRNA genes, with an overall GC content of 37.30%. The RSCU analysis revealed regional variation, with the protein-coding region being more conserved than the intergenic spacer.





Discussion

This study provides the first complete plastome sequence of Psydrax latifolia, offering insights into its genomic structure and phylogenetic position within the Rubiaceae family. Comparative analyses with 16 Rubiaceae species highlighted distinct genomic features and evolutionary patterns. These findings contribute to the understanding of plastome evolution in the Rubiaceae family and provide a valuable resource for future phylogenetic and evolutionary studies.





Keywords: Psydrax latifolia, wild plants, applied genomics, phylogenomic analysis, plastome




1 Introduction

Flowering plants belonging to the Rubiaceae family, one of the largest families of flowering plants, encompasses over 13,000 species distributed across tropical and subtropical regions. Recent classifications have provided insights into the evolutionary relationships within this family, but the genetic relationships among closely related species, particularly within the Psydrax genus, remain unclear (Ly et al., 2020). Among the Rubiaceae family, the Vanguerieae tribe forms a monophyletic group characterized by the following identifying features include the absence of raphides, axillary inflorescences, stylar knobs that serve as pollen collectors in secondary pollination, pendulous ovules, and drupaceous fruits, and an aestivated valvate corolla (Razafimandimbison et al., 2009). Canthium was the first genus of the tribe to be described, followed by Psydrax, containing the species Psydrax dicoccos. Despite this fact, the tribe is primarily found in Africa; the first described species were Asian (Lamarck and Poiret, 1783; Gaertner, 1788). According to Robyns (Robyns, 1928), the first monograph of the tribe was performed, in which a total of 17 genera were allocated to the tribe. From the Canthium genera, the Psydrax genus was reinstated in 1985; the Psydrax genus was reported with over 37 species of various ethnomedicinal uses (Bridson, 1985; Patro et al., 2014).

As a result of recent nomenclatural changes within the Philippine Vanguerieae (Lantz et al., 2002; Lantz and Bremer, 2004, 2005; Razafimandimbison et al., 2009), Psydrax puberula was described as a new species of this genus (Arriola and Alejandro, 2013). The current study focuses on Psydrax latifolia (F. Muell. ex Benth.) S.T. Reynolds & R.J.F. Hend. The inflorescences of P. latifolia bear petite, fragrant white flowers, each possessing a tubular structure with an aesthetically appealing arrangement. The species’ distinct morphology, including its arboreal stature, robust foliage, and aesthetically appealing flowers, contributes to its botanical significance within the Rubiaceae family (Ruhsam et al., 2008). Exploring P. latifolia is not only important for its botanical value but also relevant in the context of species identification challenges.

While specific references to Psydrax latifolia are limited, exploring related species within the Psydrax genus and their medicinal attributes can provide valuable insights. Psydrax species have notable medicinal uses, underscoring their pharmacological significance for different purposes (Feenna et al., 2020). Studies have linked bioactive extracts and compounds from Psydrax species to various beneficial effects, including anti-hyperglycemia, anti-inflammatory, anticonvulsant, and antimicrobial activities (Chukwudulue et al., 2022). Additionally, Psydrax latifolia, belonging to the Ixoroideae subfamily, exhibits morphological similarities with other Psydrax species, complicating species identification and phylogenetic classification. The overlap of medicinal use and morphological resemblance among Psydrax species further amplifies the challenge in distinguishing between species for accurate identification and utilization.

Among most plants, chloroplasts perform vital functions in photosynthesis, amino acid synthesis, and lipid synthesis, as well as being maternally inherited, semi-autonomous, and containing independent DNA from the nucleus (Daniell et al., 2016). Since the advent of high-throughput sequencing techniques and the reduction in costs, to date, over 12,994 plastome sequences have been deposited in the National Center for Biotechnology Information (Organelle genome database, NCBI). Higher plants have plastome (cp) composed of a double-stranded circular DNA molecule of a conserved quadripartite structure divided into a large single copy region (LSC) and a small single copy region (SSC), separated by two inverted repeats (IRs) (Kolodner and Tewari, 1979; Daniell et al., 2016; Meng et al., 2018). Depending on the plant species, most plastomes range from 120–160 kb in length, mainly affected by IR expansion/contraction or loss, and encode 120–130 genes (Palmer, 1985; Giardi and Piletska, 2006; Dong et al., 2012; Ruhlman and Jansen, 2014). Considering these unique features, plastome analysis provides a promising tool for resolving the identification challenges in species such as P. latifolia, where conventional morphological distinctions are often insufficient.

Due to its characteristics of parthenogenetic inheritance, a relatively small genome, a slower evolutionary rate than the nuclear genome, and a slow genome mutation rate (Birky, 1995; Song et al., 2017; Sun et al., 2020), the plastome has been widely used to develop molecular markers to classify medicinal plants, plant species identification, population genetics, genome evolution, and phylogenetics (Huo et al., 2019; Song et al., 2019; Guo et al., 2020; Tyagi et al., 2020). This method becomes particularly valuable in regions like the Fifa Mountains, where biodiversity is both rich and largely unexplored.

The Fifa mountains, located in the Asir region of Jazan Province located in southwestern Saudi Arabia, are a largely unexplored area despite their rugged and varied terrain. Ranging in elevation from 400 to about 2000 meters, these mountains have been recognized as a biodiversity hotspot and designated as an important plant area in the Arabian Peninsula. Despite its relatively limited size, the Fifa Mountains are rich in flora diversity, containing approximately 63% of Jazan’s floral species (Safhi et al., 2023). This exceptional biodiversity, combined with the challenges of species identification, highlights the importance of using advanced genetic tools like plastome analysis to better understand and classify the plant species found in these mountains.

This study aimed to address species identification and phylogenetic classification challenges through plastome assembly and annotation, which offers a powerful approach for resolving taxonomic ambiguities and understanding phylogenetic relationships. The complete plastome of P. latifolia was sequenced, annotated, and compared with 16 other Rubiaceae plastomes to identify genomic features and clarify phylogenetic relationships within this family. This approach not only helps to resolve the identification of Psydrax latifolia but also contributes to broader insights into the evolutionary relationships among members of the Rubiaceae family.




2 Materials and methods



2.1 Botanical description of P. latifolia, sample collection and DNA extraction

Psydrax latifolia, a small tree or smooth shrub with a right-angled branching pattern; and occasionally manifests as a few lianas, their stems are white to light or dark grey and finely fissured, while the branchlets are light brown or reddish brown in color. This flowering plant, characterized by its broad leaves (hence the epithet ‘latifolia’), exhibits an erect growth habit and is known for its sturdy yet supple branches. The leaves, typically arranged opposite each other along the stem, display a glossy, deep green hue and possess an ovate to elliptic shape (Bridson, 1985; Patro et al., 2014). Leaf shapes are oppositely lobed, broad-ovate to suborbicular, orbicular to elliptic, 3.6–8.5 cm long, and 3.0–8.7 cm wide. Petioles are 0.5–1.2 cm long, stout, flattened, and slightly winged by the leaf blades. Flowers are numerous, turbinate calyx tubes, campanulate corolla, 5.5 to 8.0 mm in length. Fruits are dark and shiny when ripe, have a slightly compressed shape, and are 5–9 mm long (Reynolds and Henderson, 2004).

Fresh samples of P. latifolia were collected from a single plant in the Fifa Mountains, located in the Asir region of Jazan Province, southwestern Saudi Arabia (17°15′ N 43°06′ E; Figure 1). Healthy leaves were collected and stored immediately in sterile bags containing 5g silica gel for DNA extraction. According to the manufacturer’s manual, total genomic DNA was extracted using WizPrep™ gDNA Mini Kit (Cell/Tissue, WIZBIO, Seoul, South Korea). DNA quality was assessed using 1% TBE agarose gels and measured using Quantus™ Fluorometer (Promega, USA) dsDNA Quantification Kit. After extraction, gDNA was stored at 20°C until further processing. The plant material has been deposited in the herbarium of King Abdulaziz University (code: KAU00008991).




Figure 1 | Geographical map of the Fifa Mountain located in Jazan province, Saudi Arabia.






2.2 Library construction, plastome assembly, and annotation

To construct the DNA library, a 35 bp fragmented short insert was used according to the standard procedure for the TruSeq library preparation kit (Illumina, San Diego, California, USA). Using Il-lumina HiSeq 4000 platform (Novogene, China), the library was sequenced in pair-end mode with 150 bp length per read. High-quality clean reads with a Phred score of ≥20 obtained after trimming by BBDuk were used for de novo assembly using the single-contig method (Magdy et al., 2019, 2022; Magdy and Ouyang, 2020). Geneious Prime was used for P. latifolia plastome assembly, confirmation, and correction of coding sequences (Kearse et al., 2012). GeSeq was used to annotate the plastome based on the curated and refined organellar database of Chlorobox, producing graphical representation of the annotated plastome using the integrated OGDRAW tol (Tillich et al., 2017). Further, the anticodon sequences and typical cloverleaf secondary structures of all tRNAs have been confirmed by the tRNA scan-SE 2.0 search server (Lowe and Chan, 2016). In addition, P. latifolia plastome was deposited on the Banklt platform (NCBI, accession number OQ843458).




2.3 Tandem repeats and codon usage bias analysis

The long repeat sequences modeling was performed using a minimum repeat size of 30 and Hamming distance by REPuter software version 2.74 (Darling et al., 2004). Simple sequence repeats (SSRs) were detected using microsatellite identification (MISA) software version 1.0. (Beier et al., 2017) searching for SSR motif with length ranged between 1 to 6 with minimum number of repetition equal 10, 6, 5, 5, 5, and 5, respectively. The codon preference, including RSCU value, relative synonymous, and codon bias of the sequences encoded protein by P. latifolia was determined by MEGA X software version 10.2 (Kumar et al., 2018). The online tool Heatmapper (Babicki et al., 2016). The online tool Heatmapper was used to transform the codon frequencies using Euclidean distance (www.heatmapper.ca, accessed on the 5th of January 2023).




2.4 Plastomes comparative analysis

The basic characteristics of P. latifolia plastome and the other Rubiaceae family species (Table 1) were compared using the Irscope online tool (Amiryousefi et al., 2018) for IR/SSC and IR/LSC boundaries and junctions. (https://irscope.shinyapps.io/irapp/, accessed on 12th of January 2023). The plastomes were aligned by LAGAN alignment tool and compared using the mVISTA online tool (Frazer et al., 2004) (https://genome.lbl.gov/vista/mvista/submit.shtml, accessed on the 12th of January 2023).


Table 1 | The basic characteristics of P. latifolia chloroplast genome and the other Rubiaceae family species (obtained from NCBI).






2.5 Analysis of synonymous and nonsynonymous substitution rates

To calculate the rates of synonymous and nonsynonymous substitution (dS/dN) in the protein-coding sequences of five Rubiaceae species, the protein coding sequence alignment tool MAFFT edition v7.3 (Katoh and Standley, 2013). After removing stop codons and gaps between the comparative sequences, the sequences were aligned. Ultimately, PAML’s CODEML software version 4.9 (Yang, 2007) was used to calculate dS/dN ratios. It was indicated that positive, neutral, or purifying selections would occur if ω > 1, ω  =  1, and ω  <  1, respectively (Nielsen, 2005).




2.6 Chloroplast phylogenetics

To explore the phylogenetic relationships, the total chloroplasts, including the IR, SSC, and LSC regions, were aligned using Mauve genome aligner (Automatic seed weighting and calculation of the minimum Local Collinear Blocks “LCB” to perform a full alignment while assume collinear genomes) (Darling et al., 2004). Phylogenetic reconstruction was performed using FastTree V2 (Beier et al., 2017) following generalized time-reversible (GTR) models of nucleotide evolution and 1000 bootstrap iterations for reliability checks (Price et al., 2010), the full parameters and details can be found at http://www.microbesonline.org/fasttree/. The tree was graphed unrooted among the studied accessions.





3 Results



3.1 Characteristics of P. latifolia plastome

The cp characteristics of P. latifolia have a conventional quadripartite structure characteristic typical of most land plants (Figure 2). The length of the plastome of P. latifolia was about 154,372 bp, long with a GC content of 38.2%, consisting of 52% in the protein-coding regions. Consisting of a pair of inverted repeats (IR) regions (25,762 bp), with a large single copy (LSC) region of 83,603 bp and a small single copy (SSC) region of 18,115 bp. The plastome of P. latifolia had a total of 128 genes, including 87 protein-coding genes (PCGs), 33 transfer RNA (tRNA) genes, and eight ribosomal RNA (rRNA) genes (Figure 2). rRNA and tRNA, the introns size, and the intergenic sequences had a total of 52%, 8%, 18%, and 40%, respectively (Table 2).




Figure 2 | The complete chloroplast genome map of P. latifolia with a total length of 153,242 bp. The inner circle represents the GC content and is defined by cp regions (LSC, SSC, IRA, and IRB). The outer circle represents the complete cp sequence, with the genes annotated outside the circle to represent forward genes and the genes annotated inside the circle to represent reversed genes. All genes are colored according to their functional groups. (*) represent genes with introns.




Table 2 | The main basic features of P. latifolia chloroplast genome.






3.2 SSR and Long repeats sequence analysis

Analysis of repeat regions identified a total of 486 tandem repeats in the noncoding areas of the P. atifolia plastome. These repeats ranged from 6 to 142 base pairs in length and included 40 di-nucleotide, 78 tri-nucleotide, 72 tetra-nucleotide, 95 penta-nucleotide, and 142 hexa-nucleotide chloroplast simple sequence repeats (cpSSRs) (Table 3). Based on repeated class, the lowest number of cpSSRs was for 9-nucleotide repeats of 1%, the highest number of cpSSRs was for the hexanucleotides with the most repeated type (29%).


Table 3 | Repeated sequences in the P. latifolia chloroplast genome, including repeat categories, repeat count and frequency percentage (%).






3.3 Codon usage bias of P. latifolia

Among the protein-coding genes of P. latifolia, there are approximately 31,088 codons. The codon distribution is shown in Table 4. On average, UUU (Phenylalanine: F) encoding codons were less frequent, and CGC (Arginine: R) encoding codons were least frequent. The relative synonymous codon usage (RSCU) values for the 20 amino acids were estimated. According to the value of RSCU, synonymous codon preference falls into three patterns: (1) high preference (RSCU > 1); (2) no preference (RSCU = 1); and (3) low preference (RSCU < 1). Codon bias was observed for most amino acids in P. latifolia, except for AUG (Methionine: M) and UGG (Tryptophan: W). Among these 28 codons, there was a high preference for codon bias for AGA (Arginine:R) and GUU (Valine: V), while the lowest for CGC (Arginine: R) and CUG (Lucine: L). As a result of the analysis of codon usage bias, the genome of P. latifolia cp was found to be relatively conserved, as their evolution is quite similar.


Table 4 | Codon usage bias and Relative Synonymous Codon Usage (RSCU) values in the chloroplast genomes of P. latifolia.






3.4 IR expansion and contraction

Even though the IR region of the plastome is the most conserved in evolution, plastome length varies due to contractions and expansions in the border regions. Further, the expansion diversity and contraction diversity of the connected IR/SSC and IR/LSC regions have been examined. A comprehensive assessment of the four junctions between P. latifolia and nine representative species from the Rubiaceae family was conducted in the current study (Figure 3).Variations in the size of the plastome dynamically change the boundaries of the IR. Because of the LSC/IRb (JLB) boundary based on its position and gene synteny, its location between rpl22, rps19, and rpl2 was affected. The JSB boundary is located within the ndhF gene in all the species. In contrast, the ycf1 gene is located crossed all the JSA boundaries and across the JSB boundary except for Fosbergia shweliensis. The JLA boundary is located between rpl2 and trnH in all species. It was found that differences in the length of the four regions and whole genome sequences of plastomes were caused by variations in the IR/SC boundary region.




Figure 3 | Comparison of LSC, SSC, and IR junctions between Psydrax latifolia and other Rubiaceae spices. Upper colored boxes represent genes, while arrows indicate their positions near junctions, while colored sections represent the three major chloroplast compartments (LSC: clear blue, SSC: green, and Ira/b: orange). The junction sites of the plastid genome are indicated by the abbreviations JLA (IRa/LSC), JLB (IRb/LSC), and JSA (SSC/IRa).






3.5 DNA polymorphism, synonymous and nonsynonymous substitution rates

Among Rubiacea species, DNA polymorphism was estimated for the genetic group (i.e., CDS, rRNA, and tRNA) separately. In the case of coding sequences (CDS), the total number of recorded mutations was 79,615, with 13,680 (17.18%) segregating sites. The average number of mutations was 1,020 ± 1,230 sites, with a maximum value of 6,897 recorded for ycf2, and a minimum value of 90 recorded for petN gene. The average number of segregating sites was 175 ± 250 sites, with a maximum value of 1,733 recorded for ycf1 and a minimum value of 8 recorded for psbL gene. The haplotype diversity ranged between 1.00 to 0.825 (petN) among all genes (Figure 4).




Figure 4 | Genetic variability among P. latifolia and other Rubiaceae chloroplast genomes for ribosomal RNA, transfer RNA and protein-coding genes. Mutations are presented with blue columns, segregating sites with orange columns and haplotype diversity with dotted blue line.



In the case of rRNA, the total number of recorded mutations was 4,529, with 68 (1.5%) segregating sites. The average number of mutations was 1,132 ± 1,296 sites with a maximum value of 2,814 recorded for rrn23, and a minimum value of 103 recorded for rrn4.5 gene. The average number of segregating sites was 17 ± 24 sites, with a maximum value of 51 recorded for rrn23 and a minimum value of 1 recorded for rrn4.5 and rrn5 genes. The haplotype diversity ranged between 0.991 to 0.325 (rrn4.5) among all analyzed species (Figure 4). In the case of tRNA, the total number of recorded mutations was 1,950, with 58 (2.97%) segregating sites. The average number of mutations was 78 ± 9 sites, with a maximum value of 105 recorded for trnA, and a minimum value of 71 recorded for trnC and trnG genes. The average number of segregating sites was 2 ± 2 sites with a maximum value of 8 recorded for trnSUGA, and a minimum value of 0 recorded for trnRACG and trnV genes. The haplotype diversity ranged between 0.916 to 0 (trnRACG and trnV) among all tRNAs (Figure 4).

When genes were grouped by function, the average number of mutations was 4,423 ± 4191 (including 760 ± 745 segregating) sites with a maximum value of 12,801 (including 2,278 segregating) sites recorded for the ycf gene group of unknown function and a minimum value of 132 (including 12 segregating) recorded for infA (Photosystem biogenesis factor 1) gene. The most variable functional groups were the ycf group of unknown function (12,801 mutations include 2,278 segregating sites), DNA-dependent RNA polymerase (11,472 mutations include 2,180 segregating sites), and NADH oxidoreductase (12,228 mutations include 2,265 segregating sites; Figure 5A).




Figure 5 | Genetic variability among P. latifolia and other Rubiaceae chloroplast genomes for each functional group (A) and the dN/dS ratio was estimated for each protein-coding gene (B). Colors are for improving visualization and reflect no specific value.



The protein-coding genes of P. latifolia were screened for single nucleotide
polymorphisms (SNPs) and indels (insertions and deletions). These results showed 15,822 variations, including 13,192 SNPs and 653 indels (Supplementary Table S1). In contrast to the IR region, the SSC and LSC regions exhibit the greatest density of indel sites, discovered on ycf1, rpoC2, accD, ndhF, ccsA, infA and ndhK. All SNPs were classified into two types: synonymous (dS) and nonsynonymous (dN). Within the protein-coding genes, there were 11,199 synonymous and 1,994 nonsynonymous SNPs. The latter recorded an average of 24.9 ± 71 dN SNPs, with 15 genes recording dN SNPs above average. The most substitutions occurred in the ycf1 gene, followed by the ndhF, rpoC2, matK, and accD, respectively.

The synonymous (dS) and nonsynonymous (dN) substitution rates among the Rubiaceae species were used to detect selective pressure on PCGs by calculating the dN/dS ratio. Genes named pbf1, petD, petG, psaI, psaJ, psbL, psbZ, and rps12 recorded zero non-synonymous substitutions, and thus were excluded from the comparison. For the remaining genes, we did not observe purifying selection since most dN/dS ratios were greater than 1 The dN/dS ratios ranged from 1.3 (petN) to 97.5 (psbC) with an average of 14.44 ± 17.35, where psbC, petB, psaB, psbB, rpl2, psbA, psbD, rpl14, ndhB, psaA, rpl36, atpB, rps18, atpH, atpI, rps7, ndhC, and atpA recorded ratios above average, respectively (Figure 5B).




3.6 Phylogenetic relationships of P. latifolia

The complete plastome was analyzed of P. latifolia, in addition, 16 other complete plastome of Rubiaceae species were downloaded from GenBank for phylogenetic analysis. As a result of the phylogenetic analysis, the subfamily classification was divided into three (Rubioideae, Cinchonoideae, and Ixoroideae). The results showed a close relationship between P. latifolia and Scyphiphora hydrophyllacea. Furthermore, it was found that most nodes in the chloroplast ML tree were highly supported (Figure 6). The current study will provide valuable information for further phylogenetic analyses and evolutionary studies on the Ixoroideae.




Figure 6 | Phylogenetic trees of P. latifolia and other species belong to the Rubiaceae family using maximum likelihood based on the LSC region, SSC region, and IR region together. The bootstrap values of ML are written on each node. Each subfamily (distinct clade) is colored differently.







4 Discussion

Using NGS technology in the current study, P. latifolia complete plastome was sequenced for the first time. A comprehensive comparison of published sixteen other species belonging to the Rubiaceae family from the NCBI genomic database after splicing, assembly, and gap-filling was conducted. Like most angiosperm genomes, P. latifolia plastomes contain a pair of IR regions (IRa and IRb) and a pair of SSC and LSC regions. As reported before, most land plants’ molecular analysis indicated that their plastomes consist of two identical IR regions with lower nucleotide substitution rates and fewer indels than their SSC and LSC counterparts (Li et al., 2017). According to our study, the plastome of P. latifolia and most land plants was conservative. Additionally, the plastome GC content were quite similar to those of other species studied previously (Zhang et al., 2019b; Geng et al., 2020; Niu and Liu, 2020; Zhang et al., 2020). Based on the structure of the plastome, GC content, and gene composition of the species studied in the present study, we observed that the plastome has a stable structure and a low evolution rate in these species. Since the plastome has a highly conserved nature and a low evolutionary rate, it is a hotspot for phylogenetic studies (Daniell et al., 2016); thus, it is a valuable resource for research in molecular phylogenetics and ecology (Li et al., 2017; Guan et al., 2022).

Two types of the identified SSRs in the plastome of P. latifolia were most prevalent in the plastid genome: Hexa-nucleotide repeats (29%), and Penta-nucleotide repeats (20%). The structural and comparative analysis of the complete plastome of Scyphiphora hydrophyllacea identified a total of 52 microsatellites, with A/T mononucleotides being the predominant SSR across nine related Rubiaceae species (Zhang et al., 2019c). Chloroplast simple sequence repeats (cpSSRs) are usually used as critical molecular markers for species identification (Yang et al., 2011; Jiao et al., 2012). The majority of these cpSSRs were found in LSC regions, followed by SSC regions, which is consistent with the plastid genome. There are many advantages to using SSRs as molecular markers, including abundance, high reproducibility, codominant inheritance, uniparental inheritance, and relative conservation, making them ideal for identifying species and assessing genetic variation at both the population and individual levels (Moore et al., 2007).

In P. latifolia, UUU (Phenylalanine: F) had the highest number of codons, while CGC (Arginine: R) had the lowest number of codons. A codon bias occurs when synonymous codons encode the same amino acid and are not used randomly, a common biological phenomenon (Hershberg and Petrov, 2008). It has been suggested that species with close phylogenetic relationships select codons similarly (Romero, 2000). During long-term evolution, organisms that encode the same amino acid prefer different codons encoding the amino acid (Daniell et al., 2016).

The RSCU results from a combination of natural selection, genetic drift, and mutation (Fu et al., 2022). The current study observed that most amino acids in P. latifolia exhibited codon bias except for AUG (Methionine: M) and UGG (Tryptophan: W). The highest preference for codon bias was found for (AGA) Arginine (R) and GUU (Valine: V), while the lowest preference was found for CGC (Arginine: R) and CUG (Lucine: L). Codon usage patterns are similar to those reported for related species, supporting the hypothesis of shared evolutionary pressures and has been extensively used to investigate the evolution and phylogeny of land plants (Wang et al., 2022). Gene expression and cellular function are majorly influenced by synonymous codon usage bias (Yang et al., 2021).

In P. latifolia, most of the variations in the plastome structure were caused by contraction and expansion in the IR region. In addition, the expansion diversity and contraction diversity of the connected IR/SSC and IR/LSC regions have been examined. In the current study, four junctions between P. latifolia and nine Rubiaceae species were comprehensively examined. In accordance with other plant species, IR regions are more conserved than LSC and SSC regions (Tang et al., 2004; Jiang et al., 2017; Cui et al., 2019). In the sequenced plastome, the longest and shortest IR regions differed, suggesting that the expansion/contraction of IR regions is not a major factor in cp evolution. The SC/IR boundaries were examined more closely; there was no difference in gene order. In contrast, the location of genes had some slight differences. Most Rubiaceae plants, for instance, have the tRNA trnH-GUG gene completely located in the LSC region (for example, Dunnia sinensis, Hedyotis ovata, and Trailliaedoxa gracilis) (Zhang et al., 2019a; Wikström et al., 2020; Zhang et al., 2020). A truncated copy of the ycf1 gene was present in the border of IRb/SSC and stretched over the boundary of SSC/IRa. On the other hand, the ycf1 gene is located across the JSA boundary and across the JSB boundary, except for Fosbergia shweliensis. In all species, the JLA boundary is located between rpl2 and trnH. This may provide a novel pattern for understanding the evolution of the plastome’s structure and evolutionary dynamics (Wicke and Naumann, 2018; Mehmood et al., 2020).

According to the dN/dS analysis, several genes had the highest ratio of dN and dS. This suggests they were selected for their sequence diversity and effect on the P. latifolia plastome sequence evolution rate. Despite the highly conserved genome, SNPs cluster in hotspots resulting in highly variable loci. Furthermore, variable hotspots containing indels have also been reported (Aldrich et al., 1988; Zhou et al., 2018). In contrast to commonly used molecular markers, the plastome can vary between closely related species thanks to its conserved sequence length of 110 to 160 kb (Li et al., 2015). Therefore, indels and SNPs are found in significant numbers across plastomes. This allowed identifying mutation hotspot regions specific to Rubiaceae families (for example, the ycf1 gene, followed by the ndhF, rpoC2, matK, and accD genes). There is one DNA barcode sequence in this list: matK. The genetic variation within these regions might also be sufficient to resolve the phylogenetic relationship of the Rubiaceae species.

By estimating the dN/dS ratio, we can gain insight into the constraints on organisms imposed by natural selection (Shi et al., 2019). To understand how the substitution rate affects the structure and function of genes, it is important to analyze the adaptive evolution of genes (Zhang et al., 2019a). There is a positive selection effect on the sequence divergence of most of the protein-coding genes investigated in this study. For example, the genes rpl and rps encode ribosomal proteins that have more divergent sequences compared to those related to photosynthesis such as psbB and psbC, which are associated with photosystem II (Souza et al., 2019). The matK is responsible for cutting and splicing group II RNA transcriptional introns (Hertel et al., 2013). In contrast, the rpoC2 gene encodes transcription proteins (Tyagi et al., 2020). In addition, psaA and ndhF genes play roles in photosynthesis and carbon fixation (Zhou et al., 2018; Huo et al., 2019). In terms of size, ycf1 and ycf2 encode two of the largest membrane proteins, which are unsuitable for routine DNA barcoding techniques (Drescher et al., 2000; Kikuchi et al., 2013). The survival and adaptation of plants depend upon all these genes, thus suggesting that all the detected DNA polymorphism is occurring with an adaptive evolutionary nature (Wang et al., 2022).

Plastomes are useful for phylogenetic studies, especially at low taxonomic levels, where they allow for resolving evolutionary relationships (Du et al., 2017). The availability of some of the complete plastomes allowed us to confirm the phylogenetic position of forest tree species among the Rubiaceae family, suggesting that the plastome sequences can effectively resolve species relationships, as demonstrated by (Spooner et al., 2017; Bedoya et al., 2019). The phylogenetic tree analysis showed that all species formed three significant clusters, which corresponded to the three subfamilies (Rubioideae, Cinchonoideae, and Ixoroideae) (Saldaña et al., 2022). The plastomes analysis of Rubiaceae provided a highly supported topology in accordance with previous reports (Bremer and Eriksson, 2009). The results of previous phylogenetic studies of the subfamily Ixoroideae were similar, but the support values were relatively low (Zhang et al., 2019a). Further evidence could be obtained by employing other members -whenever available- of the subfamily Ixoroideae and examining the plastome in order to accurately reconstruct the evolutionary history of P. latifolia. In addition to shedding light on P. latifolia evolutionary position, these findings will also provide valuable chloroplast genomic data for further study of Rubiaceae genesis and diversification.




5 Conclusion

The current study successfully sequenced the complete plastome of P. latifolia using next-generation sequencing technology. A comparison with 16 other Rubiaceae species revealed conserved regions (IR, SSC, and LSC) and similar GC content and gene composition, highlighting the plastome’s stability and low evolutionary rate. In P. latifolia, hexa-nucleotide and penta-nucleotide SSRs were prevalent, mostly located in the LSC region, serving as potential molecular markers after proper validation. Codon usage bias was observed, with UUU (Phenylalanine) being the most frequent and CGC (Arginine) the least, reflecting evolutionary pressures consistent with related species. Structural variations were primarily due to IR region contractions and expansions, with minimal impact on genome evolution. SC/IR boundary examination showed consistent gene order but slight variations in gene locations, providing insights into plastome evolution. The dN/dS analysis indicated selective pressures on several genes, identifying mutation hotspots crucial for understanding phylogenetic relationships within the Rubiaceae family. Phylogenetic analysis confirmed species clustering into Rubioideae, Cinchonoideae, and Ixoroideae subfamilies, aligning with previous studies. This study elucidates the evolutionary relationships of P. latifolia within the Rubiaceae family and underscores the plastome’s potential for phylogenetic and ecological research, species identification, and genetic variation assessment.
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Genus species Accession LsC SSC IR Lengtl

Psydrax latifolia 0Q843458 83,603 18,115 25,762 153,242 372
Antirhea chinensis NC_044102 86,252 17,984 25,690 155,616 376

arabica NC_008535 85,166 18,137 25,943 155,189 374
Coffea

canephora NC_030053 85,062 18,133 25,885 154,965 25,
Emmenopterys henryi NC_036300 85,554 18,245 25,790 155,379 37.6
Fosbergia shweliensis NC_050962 84,747 18,230 25,870 154,717 37.6

aparine NC_036969 83,566 17,054 26,046 152,712 37.3
Galium

mollugo NC_036970 84,471 17,054 26,076 153,677 372

nanlingensis NC_028614 84,329 18,113 25,822 154,086 385
Gynochthodes

officinalis NC_028009 83,997 17,566 26,055 153,673 38.1
Leptodermis scabrida NC_049160 84,190 17,183 26,705 154,783 375
Mitragyna speciosa NC_034698 86,248 18,114 25,619 155,600 37.5
Morinda citrifolia NC_047302 83,974 17,963 25,588 153,113 38.1
Neolamarckia cadamba NC_041149 85,880 17,851 25,634 154,999 37.6
Paederia scandens NC_049155 83,712 16,888 26,513 153,626 37.7
Rubia cordifolia NC_047470 83,386 17,137 26,516 153,555 37.3
Scyphiphora hydrophyllacea NC_049078 85,239 18,165 25,864 155,132 37.6

LSC, large single copy region; SSC, Small single copy regio

; IR, inverted repeats (all in bp).
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