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Abstract

Ardisia crispa, a member of the Myrsinaceae family, possesses significant horticultural and medicinal
properties as an ethnomedicine. The study aimed to analyze the chloroplast genome of A. crispa and
compare it with other Ardisia species, revealing a length of 156,785 bp with a quadripartite structure and
131 genes, including 86 protein-coding genes, 37 tRNA genes, and 8 rRNA genes. Furthermore, 59 simple
sequence repeat (SSR) sites were identified in the genome. Examination of codon usage within the
chloroplast genome indicated a greater inclination towards A/U nucleotides over G/C nucleotides, with
leucine displaying the highest frequency among amino acids. The chloroplast genomes of the nine
Ardisia species demonstrate conserved gene content and quantity, presenting more consistent
boundaries and decreased variability. In the phylogenetic tree, A. crispais clustered with A. crispa var
dielsii, suggesting a close relationship with A. mamillata and A. pedalis. This study involved the
construction and analysis of the chloroplast genome structure of A. crispa, as well as phylogenetic
analysis using extensive chloroplast genome sequence data from Ardisia plants. This research is crucial
for understanding the genetic basis of A. crispa and the adaptive evolution within the Ardisia genus.

Introduction

Ardisia crispa (Thunb.) A. DC., a member of the Myrsinaceae family, is predominantly found in the
provinces south of the Yangtze River Basin in China. The root of this plant is utilized in traditional
medicine and is a key component of the renowned Hmong medicinal specialty, Radix Ardisia, in
Guizhou™3. Modern research has identified A. crispa as containing triterpene glycosides, flavonoids,
isocoumarins, and other bioactive compounds, known for their therapeutic properties such as relieving
heat, soothing the throat, and activating tendons. This plant is commonly used to treat conditions like
sore throat, tonsillitis, nephritis, and edema, earning it the nickname "aryngeal medicine"2. Two
subspecies of A. crispa have been identified based on morphological differences, specifically A. crispa
var dielsii (characterized by shorter stature and narrow lanceolate leaves) and A. crispa var amplifolia
(recognized for its stout stature and broad leaves)*. However, the lack of a scientific foundation for this
classification hinders a comprehensive understanding of the plant's genetic background, conservation of
germplasm resources, and phylogenetic evolution. Furthermore, the structural features of the plastid
genome, functional classification, codon preference analysis, and differences in the chloroplast genome
between the two variants have not been thoroughly explored. This knowledge gap not only limits our
understanding of A. crispa and its variants but also complicates the accurate identification of mixed
pseudo-products involving A. crispa in medicinal herb preparations. Chloroplasts are semi-autonomous
organelles found in plants, characterized by having the second largest genome in plant cells®. The
chloroplast genome typically consists of a large single copy (LSC) region, a small single copy (SSC)
region, and two inverted repeats (IR)6. Due to its uniparental inheritance, moderate mutation rate, and
ease of sequencing, the chloroplast genome is often regarded as a more efficient resource compared to
nuclear and mitochondrial genomes. Consequently, it is frequently utilized for investigating the origins
and evolution of plants, elucidating phylogenetic relationships among different taxonomic classes, and
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for species identification purposes’. In recent years, advancements in high-throughput sequencing
technologies have facilitated the successful assembly, annotation, and analysis of a substantial number
of subspecies chloroplast genomes. The application of chloroplast genome analysis has yielded
promising results in the investigation of identification, genetic relationships, and phylogenetics of
various species, including Sabia, Phoebe, Vaccinium, Hibiscus rosa-sinensis, Dalbergia hainanensis,
Litsea, and Zingiber®~1*. Therefore, this research aimed to utilize high-throughput sequencing technology
to sequence, assemble, and annotate the complete chloroplast genome of A. crispa. Additionally,
comparative analysis of structural features and phylogenetic relationships among A. crispa and its
varieties A. crispa var dielsiiand A. crispa var amplifolia, as well as other Ardisia species, was conducted
using bioinformatics tools. The findings of this study contribute to the understanding of species
identification, phylogeny, and conservation efforts related to A. crispa and other medicinal herbs.

Results

Chloroplast genome assembly and annotation.

The chloroplast genome of A. crispa exhibits a structural composition typical of most angiosperms,
characterized by a cyclic double-stranded molecule with a quadratic configuration (Fig. 1). The genome
spans a total length of 156,785 bp, with a GC content of 37.0%. Specifically, the large single copy (LSC)
region measures 86,342 bp, the small single copy (SSC) region measures 18,417 bp, and the inverted
repeat (IR) region measures 26,014 bp. The GC contents of the LSC, IR, and SSC regions are 35.0%,
43.0%, and 30.1%, respectively. A total of 131 genes were annotated, including 86 protein-coding genes,
37 tRNA genes, 8 rRNA genes, 15 genes with 2 copies ( rrn4. 5 rr31rr160rrn231trnA-UGCltrnl-CAUNtrnl-
GAUItrnL-CAAItrnN-GUUItrnR-ACGItrnV-GACQrps 1 21rps 1rpl2indhB ), and 21 genes had 1 intron ( trnA-
UGC (x2)0trnG-UCCUtrnl-GAU (x2)1trnK-UUUItrnL-UAAtrnV-UAClrps 12 (x2)0rps 160rpl160rpl2 (x2)1rpoC 11
petBipetDiatpFindhAlndhB (x2) ), and 2 genes with 2 introns ( ycf3, clpP) ( Table 1.).
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Table 1

Gene composition of A. crispa chloroplast genome. Genes marked with the sign are the genewith a
single (*) or double (*#) introns and duplicated genes (x2).

Gene function

Self-replication

Photosynthesis

Other genes

Gene type
Ribosomal RNAs
Transfer RNAs

Proteins of small
ribosomal subunit

Proteins of large
ribosomal subunit

Subunits of RNA
polymerase

Subunits of
photosystem |

Subunits of
photosystem |l

Subunits of
cytochrome b/f
complex

Subunits of ATP
synthase

Protease

Large subunit of
rubisco

NADH
dehydrogenase
subunit

Maturase
Envelope
membrane
protein

Acetyl-CoA
carboxylase

c-type
cytochrome

Gene names
rrn4.5(x2)0rr5(x2)0rrn76(x2)0rrn23(x2)

trnA-UGC*(x2)1trnC-GCA/ltrnD-GUCtrnE-UUCH
trnF-GAAltrnG-GCCltrnG-UCC*itrnH-GUG/trnl-
CAU(x2)0trnl-GAUA(x2)1trnK-UUU*ItrnL-
CAA(x2)0trnL-UAA*trnL-UAGLltrnM-CAUlltrnN-
GUU(x2)0trnP-UGGIitrnQ-UUGItrnR-ACG(x2)[
trnR-UCUItrnS-GCUItrnS-GGAItrnS-UGA(trn T-
GGUItrn T-UGUItrn V-GAC(x2)0trn V-UAC*itrn W-
CCAltrnY-GUAtrnfM-CAU

rps110rps12*4(x2)0rps 140rps150rps 16*rps 181
rps190rps2irps3irps4irps 7(x2)1rps8

rpl140rpl16*Irpl2%(x2) 0rpl200rpl220rpl320rpl330
pl36

rpoAlrpoBlirpoC1*irpoC2
psaAlipsaBlipsaClipsallipsaJ
psbAlpsbBipsbClipsbDipsbElpsbFlpsbHipsbll
psbJlipsbKipsbLipsbMipsbNipsbTipsbZ
petAlipetB*petD*petGipetLipetN

atpAlatpBllatpElatpF*JatpHlatpl

clpP**
rbel

ndhA*indhB*x2)indhCiindhDindhEindhFil
ndhGlndhHindhlindhJindhK

matK
cemA
accD

CCcSA

Page 5/24

Number
8
37

14

15




Gene function Gene type Gene names Number
synthesis gene

Translation InfA 1
initiation factor
Genes of Conserved yef1lyef15(x2)1ycf2(x2)ycf3**ycf4ilycf68 8
unknown hypothetical
function chloroplast ORF

Repeat sequences analysis.

The chloroplast genome of A. crispa contained 59 SSRs, consisting of 44 single-nucleotide repeats, 5
dinucleotide repeats, 8 tetranucleotide repeats, and 2 pentanucleotide repeats, with no trinucleotide or
hexanucleotide repeats identified. The predominant types of SSRs were A/T repeats (41) (Fig. 2A).
Additionally, a total of 49 long repetitive sequences were identified, comprising 22 forward repeats, 26
palindromic repeats, and 1 inverted repeat. No complementary repetitive sequences were observed, with
the lengths of forward and palindromic repetitive sequences primarily falling within the range of 30 to 49
bp (Fig. 2B). A total of 38 tandem repeats were identified, ranging in length from 10 to 30 base pairs.

Codon analysis.

The analysis of chloroplast codon statistics in A. crispa revealed that the 86 protein-coding genes
encompassed 61 distinct codon species, totaling 52,261 codons that encode 20 different amino acids,
including 3 termination codons (Fig. 3). Among the amino acid codons, leucine (Leu), serine (Ser), and
arginine (Arg) were each encoded by six codons, with frequencies of 5,218 (9.98%), 4,779 (9.14%), and
3,216 (6.15%), respectively. Leucine was found to be the most commonly utilized codon, followed by
serine, while tryptophan (Trp) was the least utilized with only 688 codons (1.32%). Among all the codons
observed in the chloroplast genome of A. crispa, the codon AAA exhibited the highest frequency of 2,182
occurrences with a relative synonymous codon usage (RSCU) value of 1.35, while the codon GCG had
the lowest frequency of 221 occurrences with an RSCU of 1.22. A total of 35 codons in the genome had
an RSCU value greater than or equal to 1, with 8 ending in G or C and 27 ending in A or U. Additionally, the
A. crispa chloroplast genome displayed an effective number of codons (ENc) value of 55.71, a codon
adaptation index (CAI) value of 0.652, and GC, GC1, GC2, and GC3 contents of 37.04%, 36.89%, 36.61%,
and 37.62%, respectively.

IR contraction and expansion in the chloroplast genome.

The study compared the boundaries between the inverted repeat (IR) and large single copy (LSC) regions
in the chloroplast genomes of 9 species of Ardisia. Results indicated the presence of 4 distinct
boundaries in the chloroplast genome of Ardisia, with variations in the genes located at these
boundaries and their respective lengths (Fig. 4). Specifically, the A. crispa and the remaining 8 species
exhibited the presence of rp/22 gene on the left side of the genome-wide LSC/IRb boundary (JLB), rp/2
gene on the right side, and rps79 gene spanning the JLB. Notably, an expansion of the rps79 gene into
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the LSC region was observed in A. crispa and A. crispa var. dielsii with a 240 bp expansion, while A.
crispa var. amplifolia, A. crenata, A. crenata var. Bicolor, A. japonica, A. polysticta showed a 232 bp
expansion, and a 69 bp expansion in A. gigantifolia and A. bullata. The analysis of the IRb/SSC (JSB)
boundary expansion revealed that, with the exception of A. japonica, whose JSB boundary was
positioned to the left of the ndhF gene, the ndhF gene of the remaining 8 species encompassed the JSB
boundary. However, the degree of expansion exhibited slight variation, with A. crispa, A. crispa var. dielsii,
A. gigantifolia, and A. bullat, expanding by 5 bp into the IRb region, while the remaining 4 species
expanded by 3 bp. The analysis of the SSC/IRa (JSA) and LSC/IRa (JLA) boundaries in nine Ardisia
species revealed variations in the expansion of ycf7 and trnH genes, respectively. Specifically, the ycf7
gene exhibited expansion ranging from 4,600 bp to 4,614 bp towards the SSC region, while the trnH gene
spanned the JLA boundary. Additionally, the rps7 gene of A. crenata and A. polysticta were found to be
located at the JLA boundary.

Comparative chloroplast genomic and nucleotide diversity analyses.

In this study, the chloroplast genome sequences of 9 species of Ardisia were compared and analyzed to
evaluate the extent of differences. A. crispa (0P626693) was used as the reference genome, and the
mVISTA online tool was employed for the analysis (Fig. 5). The nucleotide polymorphism analysis
revealed a mean nucleotide diversity (Pi) value of 0.00459 among the 9 species. Six highly variable
regions (trnT-psbD, ndhB-trnL, rpl32-trnL, trnL-ccsA, trnL-ndhB) were identified when Pi > 0.02, with one
region in IRa, IRb, and LSC, and two regions in SSC showing significant variability (Fig. 6).

Phylogenetic analyses.

In order to ascertain the phylogenetic placement of A. crispa, the Bayesian inference (BI) phylogenetic
tree was generated using 29 chloroplast genome sequences from 22 Ardisia species (Fig. 7). The
analysis revealed that A. crispa and A. crispa var. dielsii formed a sister relationship on a single branch,
showing closer affinity to A. mamillata and A. pedalis. Conversely, A. crispa var. amplifolia clustered with
A. crenata var. bicolor on a separate branch, indicating a closer relationship to A. crenata. Furthermore,
the findings of this study provide support for the taxonomic separation of the Primulaceae from the
Myrsinaceae.

Discussion

In this study, the chloroplast genome of A. crispa was successfully sequenced, assembled, and
annotated. Consistent with the characteristics of most angiosperms, the chloroplast genome of Paris
mairei exhibits a typical tetrameric structure, with the GC content in the sequences of each region
following the pattern of IRs > LSC > SSC. This distribution may be attributed to the presence of high GC
content rRNA genes in the IR region, which aligns with findings from previous studies on Paris mairei, A.
crenata, A. crenata var. bicolor, A. crispa var. dielsii and A. crispa var. amplifolia'®>~"’. Repetitive
sequences are prevalent in chloroplast genomes, with their type, number, and distribution varying among
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species or populations. Interspersed repeats within the chloroplast genome of A. crispa have been
identified as valuable tools in genetic variation, structure analysis, and species identification'®21.
Among the three types detected (forward, reverse, and palindromic), forward and palindromic repeats
were found to be the most prevalent, with repeat sequence lengths predominantly falling within the range
of 30—-49 base pairs. These findings align with previous studies on chloroplast genome repeats in
various plant species, including A, B, and C, among others'”?2.

In this study, 59 SSRs were identified, with the predominant occurrence of single-nucleotide repeats
composed of A or T. This observation suggests a high prevalence of A or T nucleotides in the base
composition of the A. crispa chloroplast genome. The SSRs identified in the A. crispa chloroplast
genome may serve as valuable resources for the development of molecular markers and species

identification within the Ardisia.

Codon preference is the unequal use of synonymous codons encoding the same amino acids by
species. Codon usage bias is an important feature of genome evolution and is important for the study of
molecular evolution and gene ectopic expression®3. The Relative Synonymous Codon Usage (RSCU)
metric quantifies the ratio between the observed frequency of a codon and its expected frequency based
on theoretical calculations. A value of RSCU = 1 indicates equal usage frequency among synonymous
codons, suggesting no preference in codon usage. Values of RSCU > 1 suggest a strong preference in
codon usage, while values of RSCU < 1 indicate a weak preference. Mutations in the third position of
codons are subject to less selective pressure compared to mutations in the first and second positions,
and are often associated with changes in amino acid species. The codon's 3rd base composition and
content is one of the most important indicators of genomic preference, and higher plants tend to use
codons ending in A/U?%. In the analysis of codon preference in the chloroplast genome of A. crispa, 35
codons with RSCU = 1 were identified, of which 27 codons terminated in A/U. This observation suggests
that synonymous codons in the chloroplast genome of A. crispa exhibit a preference for ending in A/U,
consistent with findings in other genomes such as Phyllanthaceae?®, Notopterygium?®, Cinnamomum

camphora®’, among others. Furthermore, the ENc value of the A. crispa chloroplast genome was
calculated to be 55.71, indicating a mild preference. The GC and GC3 contents of the A. crispa
chloroplast genome were both below 50%, suggesting a bias towards the use of A and T bases, a pattern

that is similar to the results of Dendrobium devonianum?® and Glycyrrhiza eurycarpa®.

The chloroplast genome's inverted repeat (IR) region is a prevalent feature in the genomes of many
higher plants, and its dynamic contraction and expansion are widely recognized as a key evolutionary
process contributing to variations in chloroplast genome size3°. Expansion of the IR region can facilitate
the incorporation of genes located at the genome's periphery. Furthermore, the presence of reverse
repeat sequences within the IR region can result in the formation of intact genes or partial gene
fragments on the opposite side of the region.

This study examined the chloroplast genome boundaries of nine Ardisia species, revealing significant

differences between the JLB and JLA boundaries, with the JLB and JSA boundaries showing more
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conservation. The absence of the ycf7 gene in A. crispa, A. crispa var. dielsii and A. crispa var. amplifolia,

as well as the presence of a pseudogene ycf1 at the JSB border, has been documented®'. Previous
research suggests that variations in selective pressure on the ycf1 gene contribute to differences in
evolutionary rates3?733,

The presence of the ndhF gene was limited to the SSC region in A. japonia, while the rps7 gene was
found in the IRa region in A. polysticta, A. gigantifolia and A. crenata. The expansion of the rps79 gene
into the IRb region was observed in A. bullata and A. gigantifolia. The phenomenon of boundary
expansion and contraction was evident in the analysis of chloroplast gene boundaries in other plants
within the same genus. Similar results were found in the chloroplast genome boundary analysis of
species such as Rubia cordifolia®*, Polygala sibirica®®, and Triticum®®, indicating that changes in
chloroplast genome boundaries do not follow a consistent pattern.

Nucleotide diversity can be calculated to quantify differences in cp genomes at the sequence level®’.
These regions may undergo accelerated nucleotide substitution at the species level, suggesting their
potential for use as molecular markers in plant identification and phylogenetic analysis®®. The results of
nucleotide polymorphism analysis in this study showed that the non-coding regions of the cp genome
sequences of the 9 species of Ardisia were highly variable. There were obvious differences in the spacer
regions of the trnT-psbD, rpl32-trnL, trnL-ccsA, trnL-ndhB, and ndhB-trnL genes, and these regions of
variability can provide the basis for the development of molecular markers, species identification, and
DNA barcode screening of Ardisia.

The chloroplast genome has demonstrated efficacy in elucidating phylogenetic relationships among
plant taxa®®~#0. In this investigation, a Bayesian inference phylogenetic tree was constructed utilizing 29
chloroplast whole genomes of Lysimachia christinae (Primulaceae) as an outgroup. The analysis
revealed a close relationship between A. crispa and A. crispa var. dielsii, with both taxa forming a distinct
clade. However, A. crispa var. amplifolia did not cluster with these two taxa, indicating significant
intraspecific variation within Hypericum, potentially influenced by geographical factors. The clustering of
A. crispa var. amplifolia with A. crenata and A. crenata var. bicolor at 100% support aligns with the ITS
and ITS2 sequence identifications documented in previous literature*' ~#2. Consistent with earlier
research, our findings suggest a closer relationship between A. crenata and A. crenata var. bicolor, as
well as A. polysticta'’*3. Our study utilized a phylogenetic analysis of chloroplasts to distinguish
Myrsinaceae and Primulaceae into separate branches with strong support, advocating for the continued
classification of Myrsinaceae as a distinct taxonomic group.

Conclusion

This study involved sequencing the chloroplast genome of A. crispa, conducting a comprehensive
analysis of its sequence, structure, and characteristics, identifying differential sequences in the
chloroplast genome of A. crispa and its two variants, and investigating the phylogenetic relationships of
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Ardisia. The findings not only enhanced the knowledge of the chloroplast genome of A. crispa, but also
served as a valuable resource for taxonomic identification and phylogenetic analysis of the genus
Ardisia. This has significant implications for the conservation of Ardisia germplasm resources and the
identification of valuable genetic resources.

Material and methods

Sample collection.

The fresh leaves of sample (Fig. 8) were collected from the Ceheng county, Guizhou Province, China,
(coordinates: E105°47'29.73", N24°59'59.51"; altitude: 933 m). It was identified as Ardisia crispa (Thunb.)
A. DC.) by Associate Professor Yan Fulin of Guizhou University of Traditional Chinese Medicine. The
voucher specimen (with collection numbers of YFL_2021040307) has been deposited in the Herbarium
of Guizhou University of Traditional Chinese Medicine (GZYGH), Guizhou, China. The collection of plant
materials complies with the wild plant protection regulations of the People's Republic of China, and we
obtained the permission of local authorities on forestry and the grassland bureau in Guizhou province in
China.

DNA extraction and chloroplast genome sequencing.

Total DNA was extracted from the fresh leaves of A. crispa by the modified CTAB method*?. Sequencing
was carried out on the lllumina HiSeq XTen to generate approximately 3 GB 150 bp reads at Beijing
Genomics Institute (BGI, Wuhan, China).

Genome assembly and annotation.

The filtered reads were assembled into a complete chloroplast genome by the program GetOrganelle
v1.5%. In this pipeline, the complete chloroplast genome reads were extracted from total genomic reads

046

and were subsequently assembled using SPAdes version 3.10*. The genes were annotated using PGA*’

and Geneious 11.0.3% with the published complete chloroplast genome of A. crenata (GenBank

accession number: NC_059021) as the reference. Transfer RNAs (tRNAs) were confirmed by their
specific structure predicted by tRNAscan-SE 2.0*°. The OGDRAW (https://chlorobox.mpimp-
)50

golm.mpg.de/OGDraw.html)>* was used to draw a detailed physical map of the A. crispa chloroplast

genome.
Chloroplast genome structural analysis.

The online software REPuter (https://bibiserv.cebitec.unibielefeld.de/reputer) was employed to analyze
forward (F), palindromic (P), reverse (R), and complement (C) repeats, with the following settings:

Minimum repeat size of 3 bp and hamming Distance of 30 bp®'. We used the default parameters in the
online Tandem Repeats Finder (http://tandem.bu.edu/trf/trf.html)>? to search for tandem repeats in DNA
sequences. The online software MISA®3 was applied to predict SSRs with parameter thresholds set at 1,
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2, 3,4, 5,and 6, and nucleotide parameters of 10, 5, 4, 3, 3, 3, and 3, and the distance between two SSRs
was not less than 100 bp. Relative synonymous codon usage (RSCU) analysis of the chloroplast genome
of A. crispa was performed using condon W (https://galaxy.pasteur.fr/?form=codonw) online software.

By using CUSP online software (http://imed.med.ucm.es/EMBOSS/)**, we calculated the effective codon
count (ENc), codon adaptation index (CAl), and counted the total codon GC content (GCall), the GC
contents of positions 1, 2, and 3 (GC1, GC2, and GC3), and the GC content of position 3 of the
synonymous codons (GC3s).

Genome comparison.

The genes of the boundaries in the chloroplast genomes of the Ardisia species were compared and
visually represented using IRscope®®(https://irscope.shinyapps.io/irapp/) to reveal contraction and
expansion of the IR regions. The comparative analysis of the whole sequence identity of the chloroplast

genomes was performed using mVISTA®® with the chloroplast genome of A.crispa (OP626693) as the
reference sequence.

Phylogenetic analysis.

A phylogenetic analysis was conducted based on chloroplast genomes from 29 species, including those
of the one A. crispa sequenced and assembled in this study and another 28 downloaded from GenBank.

Twenty-nine complete plastid sequences were aligned using MAFFT v7.017%, and a Bl phylogenetic tree
was constructed using MrBayes 3.2.7°8 with Lysimachia christinae (Primulaceae) as the outgroup.
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Figure 1

Chloroplast genome map of A. crispa. Genes shown inside the circle are transcribed clockwise, whereas
genes outside are transcribed counterclockwise. The light gray inner circle shows the AT content, the
dark gray corresponds to the GC content.
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Repeat type and number of A. crispa chloroplast genome (A: SSR type B: long repeat type and frequency
of use)
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Changes of IR/SC boundary of chloroplast genomes of nine Ardisia species
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Figure 5

Global alignment analysis of the nine Ardisia chloroplast genomes
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Comparative analysis of nucleotide diversity (Pi) values among the nine Ardisia species chloroplast

genome sequences.
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Figure 8

The plant of A. crispa and its growing environment (A: Growing environment B: Living plants C: Flowers)
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