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Abstract
In order to clarify the chloroplast genomes and structural features of ten Ilex species and provide insights into the 
phylogeny and genome evolution of the genus Ilex, we conducted a comparative analysis of chloroplast genomes 
using bioinformatics methods. The chloroplast genomes of ten Ilex species were obtained, and their structural 
features and variations were compared. The results indicated that all chloroplast genomes in the genus Ilex exhibit 
a double-stranded circular structure, with sizes ranging from 157,356 to 158,018 bp, showing minimal differences in 
size. The chloroplast genomes of the ten Ilex species have a relatively conservative gene count, with a total of 134 
to 135 genes, including 88 or 89 protein-coding genes, and a conserved number of 8 rRNA genes. Each chloroplast 
genome contains 3 to 123 SSR (Simple Sequence Repeat) sites, predominantly composed of mononucleotide and 
trinucleotide repeats, with no detection of pentanucleotide or hexanucleotide repeats. The variation in dispersed 
repeat sequences among Ilex species is minimal, with a total repeat sequence number ranging from 1 to 14, 
concentrated in the length range of 30 to 42 base pairs. The expansion and contraction of chloroplast genome 
boundaries among Ilex species are relatively stable, with only minor variations observed in individual species. 
Variations in non-coding regions are more pronounced than those in coding regions, with the variability in the 
Large Single Copy region (LSC) being the highest, while the variability in the Inverted Repeat region A (IRa) is 
the lowest. The divergence time among Ilex species was estimated using the MCMC-tree module, revealing the 
evolutionary relationships among these species, their common ancestors, and their differentiation throughout the 
evolutionary process. The research findings provide a valuable reference for the systematic study and molecular 
marker development of Ilex plants.
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Introduction
Chloroplasts, as cellular organelles in plant cells, pos-
sess their own genome that encodes proteins related to 
photosynthesis, transport proteins, and ribosomal RNA 
[1]. Despite containing a substantial amount of genetic 
information, medium-sized chloroplast genomes can 
be easily sequenced, particularly with the rapid devel-
opment of high-throughput sequencing technologies 
[2]. The chloroplast genome exhibits a highly conserved 
structure, characterized by a short overall sequence 
length that facilitates sequencing, a stable gene structure, 
a moderate evolutionary rate, and well-maintained col-
linearity among cp. genomes across different plant taxa. 
These features not only facilitate systematic studies at 
various levels but also confer advantages in comparative 
analyses [3], and there is good collinearity between chlo-
roplast genomes of different plant groups. This makes 
chloroplast genomes not only useful for studies at dif-
ferent taxonomic levels but also advantageous in com-
parative analyses. Plant chloroplast genomes are widely 
used to analyze the phylogenetic relationships between 
species, study the origin and domestication, and investi-
gate the structural features, variations, and evolution of 
plant genes [4]. Therefore, research on plant chloroplast 
genomes is a crucial aspect of plant genetics, significantly 
influences the development of phylogenomics.

Plants of Ilex are distributed globally, comprising 
approximately 400 species [5], some of which have sig-
nificant medicinal value. Several studies have identified 
compounds in Ilex, such as polysaccharides and Ilex 
pubescens triterpenoid saponins (IPTS) [6], exhibiting 
antioxidant [7], anti-inflammatory [8, 9], anti-tumor, 
and antimicrobial activities. As the largest genus of dioe-
cious woody plants, Ilex is a good system for studying 

speciation, extinction and biogeography [10]. The classifi-
cation and phylogenetic relationships of Ilex species have 
been a focus of taxonomic research, crucial for under-
standing evolutionary history, biodiversity conservation, 
and potential applications in medicine and horticulture. 
While past studies relied on morphological characteris-
tics for classification, the development of molecular biol-
ogy techniques has led to an increasing number of studies 
using molecular markers for phylogenetic analysis. By 
comparing the chloroplast genome sequences of ten Ilex 
species, we aim to understand their genome evolutionary 
history and relationships, revealing the phylogenetic con-
nections among Ilex species. This knowledge contributes 
to a better understanding of species classification, evolu-
tionary history, and aids in the establishment of an accu-
rate classification system.

Materials and methods
Test materials
The 10 species of plants belonging to the genus Ilex 
are: Ilex bioritsensis、I.buergeri、I.cassine Tensaw、I. 
c entro chinen s i s、 I . chinen s i s、 I . l i t s e i fo l i a、 I .
macrocarpa、I.pedunculosa、I.otunda and I. verticil-
lata. Tissue samples from these species were collected for 
chloroplast genome sequencing at Zhejiang A&F Univer-
sity. Genomic DNA extraction was performed using the 
Tiangen kit (Tiangen, Beijing) for subsequent analysis.

Genomic DNA extraction and sequencing
Fresh and healthy young leaves were collected, and total 
genomic DNA was extracted using the CTAB method 
[11]. After confirming the quality of the genomic DNA 
via agarose gel electrophoresis, a mechanical method 
(ultrasonication) was utilized to fragment the DNA. Sub-
sequently, the fragmented DNA underwent purification, 
end repair, and sequencing adapter ligation, including 
3′-end adenylation.

Gel electrophoresis was performed to size-select DNA 
fragments, followed by PCR amplification to generate a 
sequencing library. Each library underwent initial quan-
tification using Qubit 2.0, library dilution, and evalua-
tion on an Agilent 2100 Bioanalyzer. After confirming the 
insert size met expectations, quantitative PCR (Q-PCR) 
was employed for accurate determination of library con-
centration. Following this, the Illumina Nova seq plat-
form was used for paired-end sequencing with a read 
length of 150  bp [12]. The sequencing data have been 
deposited in the NCBI database under BioProject ID 
BankIt2810171. Individual sample accession numbers 
and additional sequencing details are provided in Table 1.

Table 1 Presents the project numbers and some sequencing 
details
Name of the 
species

Accession 
No.

Read Sum Q30(%) Maxi-
mal 
depth

Mini-
mal 
depth

Ilex bioritsensis PP541586 14,700,623 92.84 3809x 395x
Ilex buergeri PP541587 12,660,092 93.15 2598x 220x
Ilex cassine 
‘Tensaw’

PP541588 19,665,614 92.77 2161x 334x

Ilex 
centrochinensis

PP541589 16,846,301 93.14 3065x 222x

Ilex chinensis PP541590 11,396,305 93.29 1571x 61x
Ilex litseifolia PP541591 20,119,677 93.06 1829x 256x
Ilex macrocarpa PP541592 11,610,061 92.96 2022x 171x
Ilex pedunculosa PP541593 21,033,268 92.9 1039x 175x
Ilex rotunda PP541594 13,101,857 92.86 1063x 36x
Ilex verticillata PP541595 14,652,492 92.83 998x 42x
Note ReadSum refers to the total number of paired-end reads in the clean data. 
Q30 indicates the percentage of bases in the clean data with quality scores of 
30 or higher
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Chloroplast genome annotation of ten species of Ilex Linn. 
Plant
The raw data were filtered using the fastp software to 
remove adapter sequences and low-quality reads, result-
ing in high-quality clean data. The filtered data were 
assembled into chloroplast genomes using SPAdes 
v3.10.1 software with k-mer parameters of 55, 87, and 
121 [13]. The assembly was performed without relying 
on a reference genome. SPAdes was also used to assem-
ble the cpDNA sequence into the chloroplast genome’s 
SEED sequence. SSPACE v2.0 software was employed 
to connect contig sequences into scaffolds, and Gapfiller 
v2.1.1 software was used to fill gaps [14].The sequenc-
ing reads were aligned to a pseudo genome for genome 
correction. Based on the chloroplast’s structure, the cor-
rected pseudo genome underwent coordinate rearrange-
ment to obtain the complete circular chloroplast genome 
sequence. The visualization of the chloroplast genome 
was achieved using the OGDRAW online tool.

Chloroplast Genome Annotation of ten species of Ilex Linn. 
Plant
Two methods were employed to annotate the chloroplast 
genome for increased accuracy. Firstly, Prodigal v2.6.3 
was used to annotate the chloroplast’s CDS, HMMER 
v3.1b2 software for rRNA prediction, and Aragorn 
v1.2.38 was applied for tRNA prediction. Secondly, gene 
sequences of closely related species available on NCBI 
were extracted and aligned to the assembled sequences 
using BLAST v2.6  (   h t  t p s  : / / b  l a  s t . n c b i . n l m . n i h . g o v / B l a 
s t . c g i ) t     o obtain the second annotation result. The two 
annotation results were manually inspected for differ-
ing genes, and incorrect or redundant annotations were 
removed. This process determined the boundaries of 
multiple exons, resulting in the final annotation.

Analysis of cpSSRs and scattered repeat sequences
Simple Sequence Repeats (SSR) markers, composed of a 
few nucleotides (usually 1 to 6) repeated several times, 
were analyzed as cpSSR markers on the chloroplast 
genome using MISA v1.0 (MIcroSAtellite identification 
tool, http:// pgrc.ip k-gater sleb en.de/misa/misa.html). 
Parameters used were 1–8 (single-base repeat of 8 times 
or more), 2–5, 3–3, 4 − 3, 5 − 3, and 6 − 3.

Scattered repeat sequences, unlike tandem repeat 
sequences, are dispersed throughout the genome. vmatch 
v2.3.0 (http://www.vmatch.de/) software, along with 
Perl scripts, was used to identify repeat sequences, with 
parameters set to a minimum length = 30 bp and a Ham-
ming distance = 3.

Genome-wide comparative analysis
The MAFFT (--auto) software was employed for genome-
wide comparisons. The IRscope online tool was used to 

delineate the boundaries of the inverted repeat regions in 
the chloroplast genomes of the aforementioned ten spe-
cies. Gene positions on the boundaries were analyzed for 
contractions and expansions, and the boundary informa-
tion was visualized using the SVG module in Perl.

Relative synonymous codon usage
Due to the degeneracy of codons, each amino acid cor-
responds to at least one codon, and at most six codons. 
There is a significant variation in codon usage across dif-
ferent species and organisms due to synonymous codons. 
This unevenness in the usage of synonymous codons 
is referred to as Relative Synonymous Codon Usage 
(RSCU) [15]. This preference is considered to be a com-
prehensive result of natural selection, species mutation, 
and genetic drift. Perl scripts were employed to calculate 
the RSCU for the chloroplast genomes of 10 Ilex species. 
RSCU is calculated as the ratio of the observed frequency 
to the average frequency of synonymous codons. RSCU 
values can be categorized into three types: greater than 
1, less than 1, and equal to 1. The value greater than 1 
indicates a higher frequency of usage for that codon com-
pared to others, while the value less than 1 suggests a 
higher frequency for synonymous codons other than the 
specified one. If the RSCU value is equal to 1, it implies 
no bias in the usage of that codon. Generally, the origin of 
codon preference is attributed to the uneven abundance 
of tRNA corresponding to different codons in the cell, 
with higher tRNA abundance leading to a higher usage 
frequency of the corresponding codon.

Phylogenetic analysis and divergence time estimation
To elucidate the intergeneric relationships and phyloge-
netic positions of 10 Ilex species, we conducted sequenc-
ing and utilized the complete chloroplast genomes of 13 
Ilex species available on NCBI to construct a compre-
hensive evolutionary tree. Anacardium occidentale and 
Maytenus guangxiensis (Celastraceae) were chosen as 
outgroups, and the circular sequences were aligned using 
the MAFFT software in auto mode. The aligned data 
were trimmed using trimAl (v1.4.rev15), and the maxi-
mum likelihood evolutionary tree was constructed using 
RAxML (v8.2.10) with the GTRGAMMA model, rapid 
bootstrap analysis (bootstrap = 1000). Additionally, the 
MCMCtree module in PAML (v4.9) was used to estimate 
the divergence times among species based on this tree.

Results
Chloroplast Genome features of 10 Ilex Species
The chloroplast genomes of the 10 Ilex species all 
exhibit a double-stranded circular structure, consisting 
of four parts: a large single-copy region (LSC), a small 
single-copy region (SSC), and a pair of inverted repeat 
regions (IRs). The size of the chloroplast genomes ranges 

https://blast.ncbi.nlm.nih.gov/Blast.cgi)t
https://blast.ncbi.nlm.nih.gov/Blast.cgi)t
http://pgrc.ipk-gatersleben.de/misa/misa.html
http://www.vmatch.de/
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from 157,356 to 158,018  bp, (Table  2) with I. peduncu-
losa being the largest and I. centrochinensis being the 
smallest, differing by 662  bp. The length of the large 
single-copy region ranged from 86,730 (I. centrochi-
nensis) ~ 87,400  bp (I. pedunculosa), the length of the 
small single-copy region was between 18,382 (I. litseifo-
lia) ~ 18,459  bp (I. cassine Tensaw ), and the length of 
the single reverse repeat region was between 26,063 (I. 
macrocarpa) ~ 26,125 bp (I. rotunda), The lengths of the 

LSC, SSC, and IR regions show slight variations among 
the species. The GC content of the chloroplast genomes 
is around 38.34–38.37%, with similar GC content in the 
LSC, SSC, and IR regions. While there are differences 
in the size and GC content of the chloroplast genomes 
among Ilex species, these differences are not pronounced.

Table  3 reveals variations in the length of chloroplast 
genomes, the number of genes, and the number of pro-
tein-coding genes among the 10 Ilex species. The total 

Table 2 Comparison of chloroplast genomes of 10 llex species
Name of the species Total length (bp) and

total GC content %
Length (bp)and 
GC
content of LSC %

Length (bp)
and GC con-
tent of SSC %

Length (bp)
and GC
content of IR

Total
genes

Pro-
tein 
Genes

rRNA tRNA Pseu-
do 
gene

Ilex bioritsensis 157500,37.64 86826,35.66 18424,31.91 26125,42.95 134 89 8 37 0
Ilex buergeri 157569,37.64 86957,35.66 18426,31.92 26093,42.94 134 89 8 37 0
Ilex cassine ‘Tensaw’ 157828,37.63 87181,35.68 18459,31.88 26094,42.93 134 89 8 37 0
Ilex centrochinensis 157356,37.69 86730,35.75 18426,31.92 26100,42.93 135 89 8 38 0
Ilex chinensis 157887,37.62 87291,35.64 18388,31.91 26104,42.94 134 89 8 37 0
Ilex litseifolia 157970,37.63 87380,35.66 18382,31.9 26104,42.95 134 89 8 37 0
Ilex macrocarpa 157798,37.62 87232,35.63 18440,31.88 26063,42.97 134 89 8 37 0
Ilex pedunculosa 158018,37.63 87400,35.66 18412,31.89 26103,42.95 134 89 8 37 0
Ilex rotunda 157500,37.64 86826,35.66 18424,31.91 26125,42.95 134 89 8 37 0
Ilex verticillata 157810,37.61 87183,35.62 18435,31.91 26096,42.96 134 88 8 37 1

Table 3 Statistical table of chloroplast gene function classification
Category Gene group Gene name Number
Photosynthesis Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ 5

Subunits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbG, psbH, psbI, psbJ, psbK, psbL, psbM, 
psbN, psbT, psbZ

16

Subunits of NADH dehydrogenase ndhA*,ndhB*(2),ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK 11
Subunits of cytochrome b/f complex petA, petB*,petD*,petG, petL, petN 6
Subunits of ATP synthase atpA, atpB, atpE, atpF*,atpH, atpI 6
Large subunit of rubisco rbcL 1
Subunits photochlorophyllide 
reductase

- -

Self-replication Proteins of large ribosomal subunit rpl14,rpl16*,rpl2*(2),rpl20,rpl22,rpl23(2),rpl32,rpl33,rpl36 9
Proteins of small ribosomal subunit rps11,rps12**(2),rps14,rps15,rps16*,rps18,rps19,rps2,rps3,rps4,rps7(2),rps8 12
Subunits of RNA polymerase rpoA, rpoB, rpoC1*,rpoC2 4
Ribosomal RNAs rrn16(2),rrn23(2),rrn4.5(2),rrn5(2) 4
Transfer RNAs trnA-UGC*(2),trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG-GCC, trnG-

UCC*,trnH-GUG, trnI-CAU(2),trnI-GAU*(2),trnK-UUU*,trnL-CAA(2),trnL-UAA*,trnL-
UAG, trnM-CAU, trnN-GUU(2),trnP-UGG, trnQ-UUG, trnR-ACG(2),trnR-UCU, 
trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC(2),trnV-
UAC*,trnW-CCA, trnY-GUA, trnfM-CAU

30

Other genes Maturase matK 1
Protease clpP** 1
Envelope membrane protein cemA 1
Acetyl-CoA carboxylase accD 1
c-type cytochrome synthesis gene ccsA 1
Translation initiation factor infA 1
other - -

Genes of un-
known function

Conserved hypothetical chloroplast 
ORF

ycf1(2),ycf15(2),ycf2(2),ycf3**,ycf4 5

Total 115
Note *means gene with one intron; **means gene with two introns; # means pseudo gene; (×2) means number of copies of multi-copy genes
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number of genes, except for I. centrochinensis, is 134, 
with I. centrochinensis having 135 genes. The protein-
coding genes are either 88 or 89, with I. verticillata 
having 88 and the rest having 89. The rRNA genes are 
consistently 8 in all species, while the tRNA genes range 
from 37 to 38, with I. centrochinensis having 38 and the 
others having 37.

The chloroplast genes of the 10 Ilex species can be cat-
egorized into four classes based on their functions: genes 
related to photosynthesis (45), genes related to self-rep-
lication (59), other genes (6), and genes with unknown 
functions (5). See Table 4 for detailed classification.

SSR and scattered repeat sequence analysis
Table  3 indicates the presence of SSR sites in the chlo-
roplast genomes of the 10 Ilex species, predominantly 
consisting of single-nucleotide repeats and tri-nucle-
otide repeats, with no detected penta-nucleotide and 
hexa-nucleotide repeats. The number of detected mono-
nucleotide repeats ranges from 118 to 128, with I. cass-
ine having the highest and I. rotunda having the lowest. 
The differences in the overall quantities of di-, tri-, and 
tetra-nucleotide repeats are relatively small. Analyzing 
nucleotide types, mononucleotide repeats are the most 
abundant, with A and T repeat types being predominant. 
This result indicates that the types and quantities of sim-
ple repeat sequences in Ilex species are relatively conser-
vative. Additionally, these sites are unevenly distributed 
in the chloroplast genome, but the differences among the 
10 Ilex species are not significant.

Use of the vmatch v2.3.0 software  (   h t t p : / / w w w . v m a t c h . 
d e /     ) combined with Perl scripts was employed to analyze 
and identify scattered repeat sequences in the chloroplast 
genomes of ten species of Ilex (holly) plants. The analy-
sis revealed that both forward and reverse repeats were 
detected. Palindromic repeats were only identified in I. 
buergeri, I. litseifolia, I. macrocarpa, I. rotunda, and I. 
verticillata. Complementary repeats were only detected 
in I. rotunda. These findings suggest minimal variation 
in scattered repeat sequences among Ilex species. In 

terms of the total number of scattered repeat sequences 
detected, the total number of repeats in the chloroplast 
genomes of the ten Ilex species ranged from 42 to 50.

IR boundary expansion and contraction
During evolution, the boundaries of the Inverted Repeat 
(IR) regions undergo certain expansion and contraction. 
The change in the length of the chloroplast genome is 
the main reason for the contraction and expansion of the 
IR region [16]. The analysis of boundary expansion and 
contraction (Fig. 1.) shows that, except for I. macrocarpa 
(located between the rps19 and rpl2 genes), JLB (LSC-
IRb) is located within the rps19 gene; JSB (IRb-SSC) is 
located within ycf1 and ndhF; JSA (SSC-IRa) is located 
within ycf1; JLA (IRa-LSC) is located between rpl2 and 
trnH genes.

Analysis of IR boundaries in other Ilex species revealed 
that rps19 in I. asprella [17], I. pubescens, I. wilsonii, I. 
micrococca, I. latifolia, and I. macrocarpa underwent 
some degree of contraction. Investigations indicate that 
these hollies generally grow in high-altitude areas [18]. 
In particular, I. pubescens and I. wilsonii exhibited con-
traction in the ndhF gene, and the survey results suggest 
that these two holly species prefer dense forests with high 
humidity.

I. integra replaces the ycf1 gene with trnN. In our 
investigation, I. integra was found to be distributed in 
the coastal areas of southeastern Zhejiang and Fujian 
provinces in China, as well as in southern Japan and 
the Korean Peninsula [19]. Given its long-term growth 
in high-salinity and barren coastal areas, multiple stud-
ies have confirmed that I. integra has high salt tolerance 
[20, 21], and the trnN gene may be an important break-
through in research on salt-alkali tolerance in hollies.

Overall, the chloroplast genomes of Ilex species exhibit 
conservative characteristics in terms of sequence length, 
genome composition, and GC content. Their evolution-
ary relationships are conservative, with minimal struc-
tural differences. Boundary expansion and contraction 

Table 4 List of simple sequence repeats analysis results
SSR(number)
speices

Region, % Types of ssr
LSC SSC IR p1 p2 p3 p4

Ilex bioritsensis 67.50 13.90 18.60 123 4 73 3
Ilex buergeri 66.80 14.50 18.70 121 3 72 3
Ilex cassine ‘Tensaw’ 68.00 13.70 18.30 128 4 69 6
Ilex centrochinensis 67.50 13.60 18.80 119 4 71 4
Ilex chinensis 67.90 13.50 18.70 123 3 69 4
Ilex litseifolia 68.40 13.30 18.40 122 5 70 4
Ilex macrocarpa 69.00 13.00 18.00 126 4 73 4
Ilex pedunculosa 67.70 13.80 18.50 123 4 71 4
Ilex rotunda 66.80 13.50 19.70 118 4 72 6
Ilex verticillata 67.30 14.90 17.80 127 4 70 4

http://www.vmatch.de/
http://www.vmatch.de/
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Fig. 1 Visualization of the alignment of the ten Ilex chloroplast genomes. LSC indicates longsingle copy region; SSC indicates short single copy region; 
IRa and IRb indicate two inverted regions.Locationsof divergent hotspot regions are labeled above alignment Note The thin lines represent the junction 
points for each region, and the diagram presents information about genes near the junctions
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are relatively stable and similar, with only minor varia-
tions observed in individual species.

Relative synonymous codon usage analysis
The frequency of codon usage (RSCU) was analyzed, 
and a total of 889 protein-coding gene sequences meet-
ing the criteria were selected. Each Ilex species had 65 
such sequences, and the RSCU values for codons were 
similar across all species (Fig. 2.). Among the codons with 
RSCU > 1, there were 29, accounting for 44.62% of the 
total, indicating a higher frequency of usage, with a pref-
erence for A and U endings in the chloroplast genomes of 
Ilex species. The codon for tryptophan (UGG) occurred 
only once with an RSCU value of 1, suggesting no pref-
erence, while stop codons tended to end with UAA. The 
analysis suggests that the preference for codons among 
the ten Ilex species remains highly consistent.

Phylogenetic analysis of Ilex species in the family 
Aquifoliaceae
Ilex comprises numerous species distributed worldwide, 
making their evolutionary relationships potentially com-
plex. To elucidate the evolutionary positions of the ten 
Ilex species, a BLASTP comparison of the chloroplast 
genomes of 23 Ilex species with those of Anacardium 
occidentale and Maytenus guangxiensis (Celastraceae) 
was performed, and a phylogenetic tree was constructed 
(Fig.  3). Using the NODE TIME dataset (http://www.
timetree.org), key branch evolution times were deter-
mined, including between I. pedunculosa and I.chinensis 
(12.3–36.4 MYA), Maytenus guangxiensis and Anacar-
dium occidentale (102.0–112.5 MYA), and M. guttatus 
and V. viniera (12.3–36.4 MYA), used for time calibra-
tion. Species divergence times were estimated using the 
MCMCtree module in PAML v4.9. The tree was then 
beautified using FigTree v1.4.4 and iTOL (Interactive 
Tree Of Life, embl.de). This tree represents the evolu-
tionary relationships among 23 Ilex species, illustrating 
their common ancestors and evolutionary differentia-
tion. Branch lengths provide an estimate of the time gaps 
between species. The phylogenetic analysis of the com-
plete cp. genome indicates that extant species within the 
Ilex genus began diversifying during the Middle Miocene 
of the Tertiary Period, around 22.71 MYA. This period of 
divergence is likely correlated with the substantial fluctu-
ations in global average temperatures occurring between 
15 and 25 MYA [22].

Among the ten species of Ilex that we examined, 
I.latifolia and I. chinensis demonstrate a closer relation-
ship, diverging approximately 8.3 MYA. Conversely, the 
divergence time for I. bioritsensis and I.buergeri is esti-
mated to be around 1.03 MYA, indicating a closer genetic 
affinity.

Discussion and outlook
In this study, we employed bioinformatics tools to ana-
lyze the chloroplast genomes of ten Ilex species. Our 
results revealed that the genome size range from approxi-
mately 157,356 to 158,018 kb, exhibiting higher AT con-
tent compared to GC content. Moreover, these genomes 
possess a typical chloroplast genome structure compris-
ing about 134 genes alongside intergenic regions, with 
rRNA being the most conserved. Through genomic 
sequence analysis, we identified core genes encoding 
chloroplast functions, including those associated with 
photosynthesis, respiration, tRNA, and rRNA genes. 
Studies have indicated that repetitive sequences signifi-
cantly influence sequence variations within cp. genomes 
[23]. Their abundant distribution and high polymor-
phism hold substantial significance for genetic diversity 
analysis in plants and for molecular marker identification 
in germplasm resources [24]. Consistent with findings 
in other angiosperms, SSR sites within the Ilex chloro-
plast genome exhibit non-uniform distribution, mostly 
concentrated in the LSC region [25]. A/T mononucleo-
tide repeat types are prevalent, potentially attributed to 
polyadenylation at the mRNA termini in chloroplast 
genes. The overall variation in the type and quantity of 
simple repeat sequences remains relatively conservative. 
Additionally, during chloroplast replication, A/T chain 
separation is relatively more prone to slippage mismatch 
than the G/C chain [26].Previous studies indicate the 
significant role of the Inverted Repeat (IR) region in pre-
serving vital genes and stabilizing the cp. DNA structure 
[27], representing the most conserved region within the 
chloroplast genome. All of the Ilex chloroplast genomes 
show a similar arrangement in the boundary regions. 
In brief, SSC/IR boundaries were found within ycf1 in 
all of the Ilex species. However, slight differences in the 
distance between each gene and the boundaries across 
the ten species imply a higher degree of conservation in 
the chloroplast genome within this genus. Analyzing the 
boundary information of the IR-LSC/SSC regions holds 
significance for understanding differences in chloroplast 
genome structure and species evolution.

Our findings align with those of Xin Yao et al. [28], 
confirming the evolutionary relationships of genus Ilex 
plants based on chloroplast genome comparisons and 
evolutionary analyses. At the same time, our study found 
that Ilex asprella is more closely related to Ilex macro-
carpa than previously reported by Yan Chen et al. [29]. 
Compared to Yancai Shi’s study [30], we identified two 
species, Ilex bioritsensis and Ilex buergeri, that are more 
similar to Ilex latifolia. These species began to diverge 
from Ilex latifolia approximately 1.03 MYA. Building 
upon the findings of Zhenyu Shan et al. [31], we added 
Ilex rotunda and Ilex verticillata to the phylogenetic tree. 
These species are more closely related to Ilex pubescens 

http://www.timetree.org
http://www.timetree.org
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Fig. 2 Relative Synonymous Codon Usage (RSCU) analysis heatmap
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Fig. 3 Divergence time estimation based on chloroplast genome sequences. Each node shows the divergence times, and the blue bars provide the 95% 
greatest posterior density interval for each node age
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than Ilex wilsonii. Our results are generally consistent 
with those of several previous studies; however, we have 
expanded the dataset by including 10 new species of holly 
and studying their divergence times. These investigations 
aid in inferring the origin and evolutionary history of Ilex 
plants. Moreover, they facilitate the analysis of genomic 
differences and variations among different species within 
the genus Ilex, enabling a deeper understanding of their 
evolutionary and phylogenetic relationships.

Through the analysis of genome sequences and struc-
tures, we can uncover species relationships, elucidate 
species evolutionary histories, and delve into the adaptive 
mechanisms and biodiversity of Ilex plants. Furthermore, 
this study serves as a vital reference for genetic improve-
ment, germplasm resource conservation, and taxonomic 
research within the genus Ilex. However, current research 
still has limitations, such as the need for further inves-
tigation into functional genes within the chloroplast, 
the evolutionary mechanisms of the genome, and the 
interactions between the genome and the environment. 
Future studies demand more samples and comprehensive 
genomic information to deepen our understanding of the 
evolution of Ilex plants.
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