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Crataegus spp. plants are valuable horticultural crops because of their extensive
use in Chinese herbal medications, cosmetics, food production, and other
industries. However, the wide variety of species, similar morphological
characteristics, inherent hybridization, apomixis, and polyploidy have led to
confusion in terms of their taxonomic status. Herein, a total of 18 complete
chloroplast genomes including 17 Crataegus species and 1 Mespilus species were
newly sequenced and comprehensively analyzed for comparative genomics and
phylogenetic relationships. The 18 chloroplast genomes possessed typical
quadripartite structures with lengths from 159,638 to 159,973 bp in size. These
chloroplast genomes encode 119-131 genes, including 37 transfer RNA (rRNA)
genes, 8 ribosomal RNA (tRNA) genes, and 74—85 protein-coding genes (PCGs).
In addition, 23—-54 long repeat sequences and 74—87 simple sequence repeats
(SSRs) were detected. The examination of Ka/Ks ratios for 18 chloroplast genomes
revealed that the rpoC2 gene was signi cantly positively selected. Additionally, we
identi ed nine distinct hotspot regions (infA, ndhC, pasl, rps19, ndhC~trnV-UAC,
psbZ~trnG-UCC, rpl33~rpsl8, trnH-GUG~psbA, and trnR-UCU~atpA), and
veri ed that ndhC~trnV-UAC might be used as a foundation for subsequent
molecular marker studies aimed at identifying Crataegus species. Maximum
likelihood and Bayesian phylogenetic trees using chloroplast genome
sequences consistently revealed genetic relationships among Crataegus and
Mespilus species, and con rmed the taxonomic status of Crataegus accessions
(GSSZ, JRY, RR2H, RR3H, ZWSZ). The results of divergence time showed that the
crown age of C. subg. Crataegus was about 33.487 Ma, and then started to diverge
into the C. subg. Americanae and C. subg. Sanguineae around 27.059 Ma. Based
on the results of molecular evidence, we speculate that genus Crataegus
originated earliest from European-derived species within C. subg. Crataegus.
Biogeographic and molecular dating analyses suggested that China represented a
putative maternal origin of Crataegus species. The complete chloroplast
genomes of Crataegus not only enable the resolution of phylogenetic
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relationships within the genus but also offer novel insights into chloroplast
genome structure variation and evolution. Additionally, the identi ed divergent
DNA regions hold signi cant utility for species identi cation and phylogenetic
reconstruction in Crataegus.

KEYWORDS

biogeography, chloroplast genome, comparative genomics, Crataegus, divergence
time, phylogenetic relationships

Introduction

Crataegus spp. plants are valuable horticultural crops due to
their extensive use in Chinese herbal medications, cosmetics, food
production, and other industries (Liu et al., 2020; Liang et al., 2022;
Zhang et al., 2025). Crataegus spp. plants have been used for
centuries as traditional medicines and herbal drugs (Rocchetti
et al., 2020). More than 150 substances, such as polysaccharides,
phenolics, and avonoids, have been extracted from its leaves and
fruits and have been used to treat hypertension and cardiovascular
and cerebrovascular diseases (Tassell et al., 2010; Cloud et al., 2020;
Fengetal., 2022). The leaves and owers of Crataegus sp. can also be
used to make nanocapsules, which are widely used in the
pharmaceutical, cosmetic, and fragrance industries (Esmaeili
et al., 2013). Furthermore, the xylan in Crataegus kernels can be
converted into products such as xylose and xylooligosaccharides
(Liu et al., 2020).

In the northern temperate zones of North America, Europe, and
Asia, Crataegus species, which are members of the Rosaceae family,
are extensively distributed (Dong and Li, 2015). Because of its
natural hybridization, apomixis, polyploidy, and similar
morphological traits, Crataegus is a challenging species to
identify. The genus Crataegus contains more than 200 species
(Phipps et al., 1990; Campbell et al., 2007; Benli et al., 2008).
China is the primary origin of both cultivated and wild Crataegus
species, with eighteen species and six varieties (Zhao and Feng,
1996). However, some researchers claim that there are twenty
species and seven varieties of Chinese Crataegus (Dong and
Li, 2015).

Morphological traits have been identi ed as signi cant indices
in the identi cation of Crataegus species (Dickinson et al., 1996).
Nonetheless, the conventional classi cation of Crataegus according
to morphological characteristics has been contested and is
in uenced by environmental factors (Gosler et al., 1994). Most
Crataegus plants native to China have corymbs and contain a single
white ower. Thus, the classi cation of Crataegus plants is based

Abbreviations:BI, Bayesian inference; BLAST, Basic local alignment search tool;
IR region, Inverted repeats region; ISSRs, Intersimple sequence repeats; Ka,
nonsynonymous; Ks, synonymous; LSC region, Large single-copy region; ML,
Maximum likelihood; NCBI, National center for biotechnology information;
PCGs, Protein-coding genes; RAPD, Randomly ampli ed polymorphic DNA,;
rRNA, transfer RNA; RSCU, Relative synonymous codon usage; SCoT, Start
codon targeted polymorphism; SSC region, Small single-copy region; SSRs,
Simple sequence repeats; tRNA, ribosomal RNA; SLAF-seq, speci ¢ locus
ampli ed fragment sequencing.
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mainly on the morphological characteristics of the leaves and fruits.
For example, both C. chlorosarca and C. jozana have black and
spherical fruits (Figure 1). The fruits of C. dahurica and C.
sanguinea share similar morphological traits: both are
subspherical and exhibit an orange-red or orange-yellow color.
Their leaf morphologies are also comparable (Figure 1). In
addition, the taxonomic status of the Crataegus accessions
(ZWSZ, GSSZ, RR3H and RR5H) could not be determined based
on the morphological traits of leaf and fruit; in the phylogenetic tree
constructed using nuclear Simple sequence repeats (nSSR) markers
and speci ¢ locus ampli ed fragment sequencing (SLAF-seq)
data, these accessions showed a closer genetic relationship
with C. maximowiczii and C. sanguinea (Du et al., 2019).
Therefore, clarifying the phylogenetic and taxonomic
relationships among Crataegus species and establishing a
standardized identi cation system are of great signi cance for
related research and applications.

Molecular markers are among the most accurate ways to
determine the genetic links of entire plant populations (Gliney
et al., 2018). Several innovative DNA-based markers have been
rapidly created for recognizing the Crataegus genome and
investigating genetic variability within and between wild landraces
of this species. These marker techniques include simple sequence
repeats (SSRs) (Khiari et al., 2015), intersimple sequence repeats
(ISSRs) (Sheng et al., 2017; Tunc et al., 2025), randomly ampli ed
polymorphic DNA (RAPD) (Yilmaz et al., 2010), and start codon
targeted polymorphism (SCoT) (Sagbas et al., 2023; Mohammed
et al.,, 2025). Owing to inadequate information and coverage, these
molecular markers may not be suf cient for high-resolution genetic
studies of Crataegus plants.

Chloroplasts have lived on Earth for billions of years by offering
carbohydrates, amino acids, lipids and O, to humans through the
process of photosynthesis (Daniell et al., 2021). Following the
discovery of organellar DNA, the rst complete chloroplast
genome was published in 1986 (Shinozaki et al., 1986). Notably,
the chloroplast genome features a low mutation rate (Green, 2011),
as its synonymous nucleotide substitution rate (dS) in angiosperms
is three-fold higher than that of plant mitochondrial DNA; in
contrast, the structural variability of the chloroplast genome is
substantially lower than that of both mitochondrial and nuclear
genomes (Wang et al., 2024). Structural variations (e.g., insertions,
inversions, deletions) in chloroplast genomes modulate genome size
and gene content through processes including gene duplication and
pseudogenization (Daniell et al., 2016; Qin et al., 2025). These
features have made the chloroplast genome become the primary
resource for studies into plant phylogeny and evolution (Cauz-
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FIGURE 1

Morphological characteristics of seventeen Crataegus and one Mespilus species.

Santos, 2025). As next-generation sequencing technology has
advances, an increasing number of researchers are utilizing
chloroplast genome data to elucidate the evolutionary
relationships among various plant species (Wu et al., 2024; Jiang
et al,, 2025; Li et al., 2025a, 2025, 2025; Xia et al., 2025; Yan
et al., 2025).

Owing to frequent hybridization, parthenogenesis and other
factors, the classi cation of subfamilies, tribes and genera of
Rosaceae plants remains controversial. The phylogenetic tree of
79 genera and 132 species of Rosaceae, including two Crataegus
species (C. pinnati da var. major, C. chungtienensis) was
reconstructed via the chloroplast phylogenomic method, and the
phylogenetic relationships among its subfamilies, tribes and genera
were successfully analyzed (Zhang et al., 2017). Recent studies
proposed a comprehensive subgeneric classi cation of Crataegus,
including ve subgenera: C. subg. Crataegus, C. subg. Americanae
El Gazzar, C. subg. Brevispinae (Beadle) U mov & T. A. Dickinson,
C. subg. Mespilus (L.) U mov & T. A. Dickinson, and C. subg.
Sanguineae U mov (U mov and Dickinson, 2020). Chinese
Crataegus species are classi ed into two subgenera: C. subg.
Crataegus and C. subg. Sanguineae (Gu et al., 2003). Chloroplast
genome sequencing has been completed for several Crataegus
plants native to China, including C. scabrifolia, C. chungtienensis,
and C. oreshia (Wu et al., 2022), C. pinnati da var. major (Wu et al.,
2021), C. bretschneideri, C. maximowiczii, C. maximowiczii var.
ninganensis (Zhang et al., 2022), C. rhipidophylla from Europe and
C. mollis from North America (Liu et al., 2022). The comprehensive
chloroplast genome data will enhance comparative genomic
research and serve as a valuable tool to clarify the interspeci ¢
relationships of Crataegus species worldwide.

In this study, we selected 17 Crataegus species (encompassing 7
identi ed species and 5 Crataegus sp. taxa indigenous to China, 3
North American species, and 2 European species) as well as one
Mespilus species, aiming to explore the structural variability and
genetic diversity of chloroplast genomes from a comparative
genomic perspective. To this end, we systematically integrated
analyses of relative synonymous codon usage (RSCU), repetitive
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sequence identi cation, and selective pressure evaluation to
comprehensively characterize the chloroplast genomic features of
Crataegus species. Speci cally, we screened and experimentally
validated highly conserved intergenic regions as universal DNA
barcodes for species discrimination. In addition, we accurately
estimated the species divergence times, reconstructed the patterns
of their ancestral geographic distribution, and thereby inferred the
evolutionary pathways of Crataegus species. Collectively, our results
will provide comprehensive genetic and evolutionary insights into
these genera, and offering valuable tools for future taxonomic,
ecological, and conservation research.

Materials and methods

Plant materials and chloroplast genome
sequencing

Eighteen individuals of Crataegus and Mespilus species,
including C. altaica, C. chlorosarca, C. crus-galli, C. dahurica, C.
jozana, C. laevigata, C.x lavalleei, C. monogyna, C. phaenopyrum,
C. sanguinea, C. shensiensis, C. songarica, Crataegus sp. (GSSZ, JRY,
RR2H, RR3H, ZWSZ), and M. germanica were cultivated at the
National Field Genebank for Hawthorn, Shenyang, Liaoning
Province, China (41°84 N, 123°56 E) (Supplementary Table S1).
Fresh and healthy leaves were collected and stored at —80 °C for
chloroplast genome sequencing. The chloroplast DNA from these
leaves was sequenced by Nanjing Genepioneer Biotechnologies
(Nanjing, China) via an Illumina NovaSeq 6000 system in paired-
end (2 x 150 bp) sequencing mode. The processing of raw
sequencing data was based on previous research (Zhang et al.,
2022). After the quality control process, high quality reads (clean
data) were obtained and stored in the FASTQ format. 51 individuals
of Crataegus were also cultivated at the National Field Genebank for
Hawthorn (Supplementary Table S2). Fresh and healthy leaves were
collected and stored at —80 °C for DNA extraction and candidate
DNA barcode sequencing.
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