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C.K.Schneid. (Ericaceae)
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ABSTRACT ARTICLE HISTORY
Enkianthus perulatus (Mig.) C.K.Schneid. is a popular ornamental plant in Japan, for which the chloro- Received 29 November 2024
plast genome has not been previously reported. Its complete chloroplast genome was therefore deter- Accepted 26 March 2025

mined, using a high-throughput sequencing technique. The total length of the E. perulatus chloroplast

genome was 157,256 bp, comprising a large single copy region of 89,680 bp and a small single copy

region of 20,472 bp, separated by a pair of 23,552 bp inverted repeat regions. A phylogenetic analysis, h ) L
S . . X X o phylogenetic relationships;

based on the chloroplast genome, indicated that E. perulatus is the earliest diverged species within rare species; structural

Ericaceae. The chloroplast genome structure of E. perulatus is similar to species from families within variation

Ericales, but not other species of Ericaceae. The presented chloroplast genome will be useful for further

systematic analyses and planning conservation strategies.
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Figure 1. The (A) inflorescence and (B) autumn leaves of Enkianthus perulatus plant sampled for the analysis. The photograph was taken by Watanabe Yoichi at
Minami-Asai, Chiba Prefecture, Japan. Enkianthus perulatus is characterized by an urceolate corolla with a length-to-width ratio of 1.0-1.3, in contrast to a length-
to-width ratio of 1.5-2.0 in its closest relative, E. serrulatus.
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Introduction recorded in eastern parts of mainland China and Taiwan
. . . . (Liang et al. 2022).
Enklan.thus peru.latus (_M'q‘) C.K.SChrTEIC?. (Miquel  1863; Genomic features of the chloroplast genome are useful for
Schneider 191?) is .a deciduous shrub dlstrlbu-ted.across tem- analyzing phylogenetic and population genetic relationships
perate East Asia (L.lang et al. 2022). The species is a popular of natural populations and cultivated individuals (Zhou et al.
ornamental shrub in Japan, with beautiful spring flowers and 2024). The structure of the chloroplast genome is known to
autumn leaves (Figure 1). Its natural habitat is largely differ among FEricaceae taxa. For example, the genus
restricted to fragmented serpentine terrain in the southwest- Rhododendron of the subfamily Ericoideae has a large chloro-

emn area of the main islands of Japan; it has also been plast genome with repetitive genes, in addition only ndhF is
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Figure 2. The complete chloroplast genome of Enkianthus perulatus. The map contains six tracks. From the center outward, the first track displays the dispersed
repeats. The dispersed repeats consist of direct and palindromic repeats, connected with red and green arcs. The second track shows long tandem repeats as short
blue bars. The third track shows short tandem repeats or microsatellite sequences as short bars with different colors. The small single-copy (SSC), inverted repeat
(IRA and IRB), and large single-copy (LSC) regions are shown on the fourth track. The GC content along the genome is plotted on the fifth track. The genes are
shown on the sixth track. Optional codon usage bias is displayed in parentheses after the gene name. Genes belonging to different functional groups are color-
coded. Genes on the inside and outside of the map are transcribed in clockwise and counterclockwise directions, respectively.
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included in a small single copy (SSC; Zhou et al. 2023).
Enkianthus is the sole genus of the subfamily Enkianthoideae,
which is considered to be the earliest diverged group in
Ericaceae (Kron et al. 2002; Schwery et al. 2015). The chloro-
plast genome feature of the genus is not known; thus, its
complete chloroplast genome sequence will provide know-
ledge for the development of structural variation in
Ericaceae. In this study, | report the complete chloroplast
genome of E. perulatus based on lllumina paired-end
sequencing data. In addition, phylogenetic relationships of
the genus Enkianthus and related genera were reconstructed
by utilizing published sequences of related species.

Materials and methods

Sample leaves were collected from Minami-Asai in Chiba
Prefecture, Japan (34.9496°N, 139.9312°E) on 14 July 2023
(GenBank BioSample, SAMDO00834094). The sample was iden-
tified and collected by the author, and the voucher specimen
was deposited in the Herbarium of the National Museum of
Nature and Science, Japan (https://tbg.kahaku.go.jp/english/
index.php, Atsushi Ebihara, ebihara@kahaku.go.jp) under the
accession number TNS1352511 (Figure 1).
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Total genomic DNA was extracted from dried leaves using
the DNeasy Plant Mini kit (Qiagen, Hilden, Germany). The
extracted DNA was used to prepare a sequencing library
using the TruSeq DNA PCR-Free Kit (lllumina, San Diego, CA)
and then sequenced with 150bp of pair-end reads on the
HiSegX platform (lllumina); the library preparation and
sequencing were conducted by Macrogen (Seoul, South
Korea). The 7.3 Gbases of raw data were trimmed by clipping
adaptor sequences and removing reads of low quality using
fastp v. 0.20.0 (Chen et al. 2018). Trimmed reads were depos-
ited in GenBank (accession number, DRR620097). The
trimmed reads were then assembled using GetOrganelle
v.1.7.5 (Jin et al. 2020) with the setting -F embplant_pt, and
default settings for other options. The assembled circular
sequence was checked using Bandage (Wick et al. 2015). The
assembled genome was annotated based on BLAST searches
using GeSeq (Tillich et al. 2017) with default settings. To ver-
ify complete coverage of the chloroplast genome, the
trimmed reads were mapped to the assembled genome
using BWA (Li and Durbin 2009) with default settings. To
facilitate mapping to the circular genome, the sequence was
linearized and 700 bp duplicated from one end to the other.
The genome map and cis/trans-splicing genes maps were
drawn using CPGView (Liu et al. 2023). The annotated
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Figure 3. Phylogenetic relationships between Enkianthus perulatus and 20 other species from Ericaceae and five other families. Bootstrap probabilities are shown
above the nodes. The genome of the species identified with red-bold font is presented in this study. The following sequences were used: Gaultheria griffithiana
OMO048890 (Xu et al. 2022), G. nummularioides OM048880 (Xu et al. 2022), G. leucocarpa OM084808 (Xu et al. 2022), Agapetes malipoensis NC_058759, Vaccinium cor-
ymbosum NC_068711 (Fahrenkrog et al. 2022), V. myrtillus NC_068715 (Fahrenkrog et al. 2022), V. vitis-idaea PP069823, Rhododendron delavayi MN711645 (Li et al.
2020), R. simsii MT239364 (Zhou et al. 2023), R. williamsianum NC_088748, Pyrola atropurpurea NC_088559, P. rotundifolia KU833271 (Logacheva et al. 2016),
Arbutus unedo JQ067650 (Martinez-Alberola et al. 2013), Clethra delavayi NC_041129, C. fargesii MT742578 (Ding et al. 2021), Actinidia chinensis NC_026690
(Yao et al. 2015), A. arguta MG744576 (Lin et al. 2018), Styrax chinensis NC_057967 (Tian et al. 2020), Symplocos ovatilobata NC_036489 (Zhu et al. 2018), and

Cornus florida NC_044820 (Fu et al. 2019).
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chloroplast genome was also deposited in GenBank (acces-
sion number, LC851513).

To investigate the phylogenetic position of E. perulatus,
chloroplast genome sequences of related taxa were obtained
from the GenBank database. Thirteen Ericaceae species from
four subfamilies, six species from four families of Ericales, and
one species from a family of Cornales were used as out-
groups for the phylogenetic analysis. A total of 70 coding
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sequences (CDSs) that were shared among the species were
extracted, and each orthologous gene was aligned using
MAFFT v.7.505 (Katoh and Standley 2013) with default set-
tings, and then these alignments combined. The selection of
a substitution model and construction of a phylogenetic tree
by the maximum likelihood method, with 1000 bootstrap
replicates, were made using IQ-TREE web server v.1.6.12
(Trifinopoulos et al. 2016). The synteny across 11 species
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Figure 4. Structural variation in chloroplast genomes across 11 species from the orders Ericales and cornales visualized using mauve. The genome of the species
identified with red-bold font was presented in this study. Blocks with the same colors indicate collinear regions, and blocks above and below the center line indicate
that they are on the same strand and the opposite strand. The following sequences were used: Cornus florida NC_044820 (Fu et al. 2019), Symplocos ovatilobata
NC_036489 (Zhu et al. 2018), Styrax chinensis NC_057967 (Tian et al. 2020), Actinidia chinensis NC_026690 (Yao et al. 2015), Clethra fargesii MT742578 (Ding et al.
2021), Arbutus unedo JQ067650 (Martinez-Alberola et al. 2013), Pyrola rotundifolia KU833271 (Logacheva et al. 2016), Rhododendron delavayi MN711645 (Li et al.
2020), Gaultheria griffithiana OM048890 (Xu et al. 2022), and Vaccinium corymbosum NC_068711 (Fahrenkrog et al. 2022).
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from Ericales and Cornales was visualized using Mauve v.2.4.0
(Darling et al. 2004). One species from each genus was then
chosen from those used in the phylogenetic analysis.

Results

The total length of the complete chloroplast genome of
E. perulatus was 157,256 bp, with an average coverage of
783.0x and GC content of 38% (Figure 2, Supplementary
Figure 1). A large single copy (LSC: 89,680 bp), a small single
copy (SSC: 20,472 bp) and two inverted repeat (IR: 23,552 bp)
regions made up the quadripartite structure of the chloro-
plast genome. A total of 114 unique genes were annotated,
including 80 protein-coding genes, 30 transfer RNA (tRNA)
genes, and four ribosomal RNA (rRNA) genes. The IR regions
contained all four rRNA genes, four protein-coding genes and
seven tRNA genes, which were therefore duplicated in the
chloroplast genomes. Thirteeen cis-splicing genes and one
trans-splicing gene, rps12, were identified (Supplementary
Figures 2 and 3).

The phylogenetic relationships between 21 species
showed that 14 Ericaceae species were monophyletic with
the highest probability (100%, Figure 3). E. perulatus was the
earliest diverged in Ericaceae. The structural similarity of
chloroplast genomes between 11 species showed that
E. perulatus was highly conserved with species from other
families of Ericales and Cornales, in contrast, largely differed
from the other Ericaceae species (Figure 4).

Discussion and conclusion

The results of the phylogenetic analysis in this study concur
with the topology of Ericaceae presented in previous studies
(Kron et al. 2002; Schwery et al. 2015), and indicate that the
genus Enkianthus is the earliest diverged group in Ericaceae
(Figure 3).

This study is the first report of the complete chloroplast
genome for the genus Enkianthus. The chloroplast genome
structure of E. perulatus differs from that of other subfamilies
in Ericaceae (Figure 4). In detail, the SSC of E. perulatus
included thirteen genes (Figure 2), which is similar to other
families of Ericales (Yao et al. 2015; Zhu et al. 2018; Ding
et al. 2021). In contrast, the SSC of Rhododendron in subfam-
ily Ericoideae (Zhou et al. 2023) and Vaccinium in subfamily
Vaccinioideae (Fahrenkrog et al. 2022) only included ndhF,
while that of Arbutus in subfamily Arbutoideae includes ndhF
and rpl32 (Martinez-Alberola et al. 2013). In addition, large
structural variations of LSC were found within Ericaceae
(Figure 4), indicating that such large structural variations
were not formed at the establishment of Ericaceae. Although
species from all nine subfamilies were not used in the data
analysis, previous studies have shown subfamilies
Arbutoideae and Pyroloideae to be the second-earliest
diverged group in Ericaceae (Kron et al. 2002; Schwery et al.
2015); therefore, the large structural variations may have
developed since the divergence of subfamily Enkianthoideae
from the others. The size of the chloroplast genome of the
mycoheterotrophic plant in the subfamily Monotropoideae

decreases to 35,336 bp (Ravin et al. 2016), and the genomic
basis of the large structural variations may have contributed
to the ecological diversity of this species-rich family, with an
estimated 4,426 species in c. 129 genera of nine subfamilies
(Schwery et al. 2015).

This study provides a reliable chloroplast genome for E. peru-
latus. The characteristics of the sequences and genome structure
presented can contribute to taxonomic, horticultural and evolu-
tionary studies that focus on Enkianthus and Ericaceae. As only
the chloroplast genome of the genus has been reported, further
studies will help reinforce these findings.
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