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ABSTRACT
Enkianthus (Ericaceae) is a small genus of great ornamental and ecological importance, preferring the specialized habitats in 
montane elfin forests of east Asia. Here, we for the first time sequenced, assembled, and annotated the complete chloroplast 
genomes of 16 species, representing all four sections of Enkianthus. The plastomes exhibited a typical quadripartite structure 
and were highly conserved in genome size, organization, and gene content. Plastid phylogenomics confirmed the monophyly 
of four sections of Andromedina, Enkiantella, Enkianthus, and Meisteria, with sect. Enkianthus as the first diverging clade. 
Divergence time analysis supported an ancient origin of Enkianthus at the Late Cretaceous but rapid recent radiation since the 
Lat-Miocene onward. Selection pressure analysis detected 12 positively selected genes, which might be linked to adaptive evolu-
tion in Enkianthus. These results will provide invaluable information for further population-level studies on species delimitation 
and adaptive evolution in Enkianthus, and will benefit Enkianthus conservation and utilization.

1   |   Introduction

Chloroplasts are organelles evolved gradually from a cy-
anobacterium engulfed by a eukaryotic cell (Martin and 
Kowallik 1999). Each harbors its own genome that is typical 
maternal inheritance (with rare paternal or biparental in-
heritance) (Daniell et al. 2021). During the long evolutionary 
process, the majority of endosymbiont genes were transferred 

to the host nuclear genome, with only about 100 genes re-
maining in the chloroplasts (Jarvis and López-Juez  2013). 
The plastid genome has been extensively used to resolve the 
deep phylogeny and evolution of plants due to its uniparental 
inheritance, low rate of nucleotide evolution, lack of recom-
bination, and conservation of genome content and structure 
(Daniell et al. 2021), but with sufficient characters for phylo-
genetic reconstruction. In addition, comparative analyses of 
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plastomes among closely related plant species could provide 
in-depth insights into patterns of evolutionary dynamics and 
micro-structural genome organization, resulting in deeper 
knowledge about the micro-evolution of chloroplast genes and 
genomes in flowering plants (Gao et al. 2019).

Ericaceae comprises ca. 4000 extant species across 125 gen-
era, making it a species-rich family of woody plants distrib-
uted globally (Fang et al. 2005). Most members of this family 
are vital components of montane ecosystems, and many are 
renowned for their horticultural value. Consequently, an 
increasing number of whole plastid genomes have been se-
quenced to study molecular systematics and adaptive evolu-
tion in this family, particularly within the hyper-diverse genus 
Rhododendron (Mo et  al.  2022; Xia et  al.  2022). Enkianthus 
Lour., a small genus within Ericaceae, consists of about 12–17 
species mainly distributed in subtropical China (including 
Taiwan) and Japan (Anderberg 1994; Fang and Stevens 2005; 
Kron et  al.  2002). Most of these species possess significant 
economic and ornamental value, characterized by their ele-
gant tree crowns and distinctive bell-shaped corolla. They 
serve as excellent fresh-cut branches for floral arrangements. 
Several have already been introduced into horticultural culti-
vation in gardens across Japan and China. Based on morphol-
ogy, anatomy, embryology, and cytology, Anderberg  (1994) 
classified Enkianthus into four sections, that is, Enkianthus, 
Andromedina, Meisteria, and Enkiantella. Each of the former 
two sections was supported as a monophyletic clade in the mo-
lecular phylogenetic study of Tsutsumi and Hirayama (2012) 
based on combined sequence datasets of ITS, matK, trnK in-
tron, and trnS-trnG spacer, but the monophyly of the latter two 
sections remained unresolved due to insufficient variation 
in chloroplast DNA (cpDNA) markers. Recently, we recon-
structed the phylogeny of Enkianthus using six cpDNA re-
gions and two nuclear loci, with a special attempt to decipher 
the origin of polyploids within the genus (Zhou et al. 2024). 
All four sections were confirmed as monophyletic in the 
cpDNA phylogenetic tree and suggested the robustness of mo-
lecular analysis could be increased with the increasing num-
ber of loci. However, to date, no whole chloroplast genome of 
the genus Enkianthus has been reported, which is now fairly 
convenient to obtain via high-throughput data collection and 
low cost of next-generation DNA sequencing (Shendure and 
Ji  2008). Comparative analysis of plastomes may provide a 
more accurate and rapid strategy to differentiate closely re-
lated taxa in contrast with the use of limited chloroplast re-
gions (Li et al. 2014). Furthermore, natural hybridization and 
polyploidization are frequent in Ericaceae plants and play a 
crucial role in plant evolution and speciation (Mo et al. 2022; 
Zheng et al. 2021). Although Enkianthus is species-poor, poly-
ploidy and suspected hybrid origins have been reported in this 
genus (Liang et  al.  2022; Zhou et  al.  2024). Plastid genomes 
are particularly useful for tracing maternal ancestry and will 
provide a comprehensive picture of these processes when 
combined with nuclear data (e.g., low-copy nuclear genes, 
transcriptomes, or whole-genome sequencing). Additionally, a 
well-resolved phylogenetic tree would allow us to estimate the 
timing and history of diversification in Enkianthus. Previous 
estimates of Ericaceae's origin vary, ranging from ~90 Mya 
(24 plastid genes + ITS; Rose et  al.  2018) to ~117.28 Mya 
(rbcL + matK; Schwery et  al.  2015). Given that Enkianthus 

is the earliest-diverging lineage in Ericaceae (Kron and 
Judd  1997; Kron et  al.  2002), resolving its divergence time 
would greatly advance our understanding of the family's evo-
lutionary origin.

This genus also holds significant ecological importance, as 
several of its species (e.g., E. quinqueflorus, E. serrulatus and 
E. chinensis) serve as dominant components of subtropical 
montane elfin forests in east Asia (Schwery et al. 2015). The 
montane elfin forest trees normally grow at isolated summit 
locations or mountain ridges, facing extreme environmental 
conditions, that is, strong winds, lower temperatures, and poor 
soils (Yao et al. 2017). Such severe environmental conditions 
likely impose intense selective pressures, potentially leaving 
detectable signatures in genes involved in adaptive evolution 
(Li, Zheng, et  al.  2024; Li, Nie, et  al.  2024; Xia et  al.  2024). 
The chloroplast is an essential organelle in plant cells and 
is responsible for various crucial functions, including pho-
tosynthesis, lipid metabolism, and amino acid biosynthesis 
(Jensen and Leister 2014). As such, an increasing number of 
studies have detected certain chloroplast genes under posi-
tive selection and traced adaptive changes across taxa (Huang 
et al. 2024). For instance, Zhang et al.  (2022) detected three 
chloroplast genes (clpP, rbcL, and ccsA) under positive selec-
tion in Ficus, potentially facilitating adaptation to diverse 
habitats. Li, Zheng, et  al.  (2024) and Li, Nie, et  al.  (2024) 
identified seven positively selected genes linked to the ad-
aptation of Firmiana danxiaensis to Danxia and Karst land-
forms. Thus, the chloroplast genomes represent a good system 
to trace adaptative genetic architecture through evolutionary 
history. A plastid-level genomic analysis of Enkianthus could 
provide novel insights into the ecological adaptation of its rep-
resentatives in extreme montane environments.

In this study, we conducted chloroplast (cp) genome sequenc-
ing and assembly of 16 species of Enkianthus, representing 
all four recognized sections of the genus (Table S1). Based on 
whole-plastome sequences, phylogenomic analysis was per-
formed to clarify evolutionary relationships within the genus 
toward obtaining an in-depth view of chloroplast gene and 
genome evolution. Our specific goals were as follows: (1) to 
compare the plastid genomes and identify structural variants 
in Enkianthus and (or) across Ericaceae; (2) to infer and test 
the phylogenetic relationships among the species and sections 
using plastome data; (3) to estimate the timing and history 
of diversification in Enkianthus; (4) to scan for positively se-
lected protein-coding genes, which in particular are expected 
to play an important role in adaptations to their ecological 
niches in east Asia.

2   |   Materials and Methods

2.1   |   Sampling, Extraction and Genome 
Sequencing

We sampled a total of 16 species within the genus Enkianthus, 
including some taxa that have been treated as synonyms (e.g., 
E. calophyllus, E. tubulatus) in Flora of China (Fang and 
Stevens 2005). Detailed information of the sampled species is 
provided in Table S1. Fresh leaf material was collected, dried 
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using silica gel, and then stored at −20°C. Chloroplast DNA 
was isolated from dried leaves using a modified high salt 
method (Dellaporta et  al.  1983). Eleven of the sampled spe-
cies were then sent for complete chloroplast sequencing. The 
Illumina TruSeq Library Preparation Kits were used to con-
struct an Illumina paired-end DNA library. The library was 
sequenced on the Illumina Hiseq 2500 sequencing platform, 
and then sequence reads of 2 × 150 bp were obtained. For the 
remaining five species (E. calophyllus, E. quinqueflorus var. 
ciliatoserrulatus, E. tubulatus, E. chinensis, and E. cernuus f. 
rubens), our unpublished whole-genome re-sequencing data 
were used for the following chloroplast genome sequence 
assembly.

2.2   |   Genome Assembly and Annotation

The raw data were filtered by Fastp v. 0.22.0 (Chen et al. 2018), 
and then de novo assembly was performed on the clean data 
using GetOrganelle v. 1.7.7.0 (Jin et  al.  2020) with default pa-
rameters. Two reference cp genomes served as initial seeds for 
read recruitment: Clethra fargesii (Genbank No.: MT742578) 
and Vaccinium bracteatum (Genbank No.: LC521967). To check 
the accuracy of sequence assembly, we used Bowtie v. 2.5.1 
(Langmead and Salzberg  2012) to match high-quality data to 
the assembled sequences, and then visualized them using IGV v. 
2.11.9 (Robinson et al. 2011) to observe base coverage. The depth 
profile was generated via Perl scripts.

The assembled cp genomes were annotated by PGA (Plastid 
Genome Annotator, https://​github.​com/​quxia​ojian/​​PGA) (Qu 
et al. 2019), also using the above cp genomes of C. fargesii and 
V. bracteatum as the reference genomes. The software Geneious 
v. 9.0.2 (Kearse et  al.  2012) was used to visualize the annota-
tion results and adjust the errors manually. Finally, the circular 
cp genomic maps of Enkianthus species were drawn and visu-
alized by OGDRAW (OrganellarGenomeDRAW, https://​chlor​
obox.​mpimp​-​golm.​mpg.​de/​OGDraw) (Lohse et  al.  2007). The 
newly assembled and annotated sequences were submitted to 
GenBank (Table 1).

2.3   |   Genome Structure Analyses

The software Geneious v. 9.0.2 was also employed to calculate 
the basic structural characteristics of plastomes, such as genome 
length, GC content, and gene number. The simple sequence 
repeats (SSRs) were screened by MISA (MicroSAtellite identi-
fication tool, https://​webbl​ast.​ipk-​gater​sleben.​de/​misa/​) (Beier 
et  al.  2017). Following Li et  al.  (2021), the minimum repeat 
thresholds in the analysis were set as eight for mononucleotides, 
five for dinucleotides, and three for tri- through hexanucle-
otides. The complex repeat sequences were classified into three 
categories: tandem, palindromic, and dispersed repeats. We de-
termined tandem repeats using Tandem Repeats Finder v. 4.09 
(Benson 1999) with the parameters “2 7 7 80 10 50 500 –f –d –m.” 
Vmatch v. 2.3.1 (Kurtz  2010) was used to search palindromic 
(≥ 30 bp) and dispersed repeats (≥ 30 bp). We investigated the 
codon usage of all the coding sequences (CDSs) and performed 
the codon bias analysis. Relative synonymous codon usage 

(RSCU) and the codon numbers were calculated by CodonW v. 
1.4.2 (Meade et al. 1997).

2.4   |   Comparative Analysis of the  
Chloroplast Genome

The newly assembled plastomes of Enkianthus were com-
pared by the online program VSTA (https://​genome.​lbl.​gov/​
vista/​​mvista/​submit.​shtml​) (Frazer et  al.  2004) with the 
Shuffle-LAGAN model, with default parameters and using 
the annotated chloroplast genome of Enkianthus perulatus as 
a reference genome. CPJSdraw v. 0.01 was used to compare 
the boundary genes between the inverted repeat (IR) and 
single copy (SC) regions of each plastome (Li et al. 2023). We 
calculated nucleotide diversity (Pi) to identify highly vari-
able regions among the plastomes by DnaSP v. 6.12.03 (Rozas 
et al. 2017) with a step size of 200 bp and a window length of 
600 bp.

2.5   |   Phylogenetic Analysis

To elucidate the phylogeny of Enkianthus, we respectively 
constructed phylogenetic trees based on the complete chlo-
roplast genome sequences (WG) and 78 protein coding genes 
(PCGs) of the 16 Enkianthus species and two outgroups (C. 
fargesii and V. bracteatum). The sequences were aligned using 
the software MAFFT v. 7.313 (Katoh and Standley 2013), and 
concatenated by PhyloSuite v. 1.2.2. Subsequently, the phylo-
genetic relationships were inferred by Maximum Likelihood 
(ML) and Bayesian Inference (BI) methods. ML trees were 
constructed by RAxML v. 8.2.12 (Stamatakis  2014) with the 
GTRGAMMA model and 1000 bootstrap replications. For BI 
analyses, the best-fitted models for the WG and PCGs data-
sets were TVM + G and GTR + I + G, respectively, which were 
selected according to the Akaike information criterion (AIC) 
implemented in jModelTest v. 2.1.7 (Darriba et  al.  2012). BI 
trees were constructed (2,000,000 generations, sampling 
every 1000 generations) using MrBayes v. 3.2.7 (Ronquist 
et  al.  2012), with the initial 25% of sampled data discarded 
as burn-in. Convergence was confirmed by split frequencies 
< 0.01 and ESS > 200.

2.6   |   Divergence Time Estimation

To estimate the divergence times of the Enkianthus lineages, 
we used the WG matrix of the 16 newly assembled sequences 
and eight other chloroplast genome sequences downloaded 
from GenBank (Table  S2). We followed the method of Ma 
et al. (2021) using the fossils of crown Ericales (89 Ma) and stem 
Rhododendron (56 Ma) as two calibration points. A Bayesian 
dating method was employed to infer divergence time using 
the program BEAST v. 1.5.4 (Drummond and Rambaut 2007), 
with the concatenated alignment treated as a single locus. The 
analysis used an unlinked GTR model of nucleotide substitu-
tion and gamma-distributed rate variation. A relaxed molecu-
lar clock using the uncorrelated log-normal model was applied 
with a Yule process speciation prior for branching rates. The 
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Markov chain Monte Carlo (MCMC) analysis was run for 40 
million generations (burn-in 10%) with parameters sampled 
every 1000 steps to ensure effective sample size (ESS) values 
above 200 for most parameters in Tracer v. 1.7.2 (Rambaut 
et al. 2018). The final maximum clade credibility tree with me-
dian node ages and 95% highest posterior density (HPD) inter-
vals was visualized using FigTree v. 1.3.1.

2.7   |   Positive Selection Analysis

We scanned all 80 PCGs of Enkianthus to identify positively 
selected chloroplast genes using PAML v. 4.9 (Yang  2007). 
The analysis was performed with the genome-wide phyloge-
netic ML tree (excluding outgroups). We calculated the non-
synonymous substitution rate (dN), synonymous substitution 
rate (dS), and their ratio (ω = dN/dS). We applied site (M1a & 
M2a) and branch site models (MA null [fix_omega = 1 and 
omega = 1] & modified MA) to test 80 PCGs with the widely 
employed codon frequency model (F3 × 4). The designation 
of foreground branches in the branch-site model is shown in 
Figure S1. To evaluate the strength of selection, a likelihood 
ratio test (LRT) was conducted by the comparison (M1a vs. 
M2a; MA null vs. modified MA) against a chi-square distri-
bution. The positively selected genes at a significance level of 
p < 0.05 were shown. Additionally, amino acid sites under pos-
itive selection were identified by Bayes Empirical Bayes (BEB) 
(Yang  2005) approach, using a posterior probability greater 
than 0.95 as a threshold.

3   |   Results

3.1   |   Genome Size, Gene Content and Structure 
of Enkianthus Chloroplast

The lengths of the chloroplast genomes of Enkianthus varied 
slightly, ranging from 157,053 bp (E. calophyllus) to 159,852 bp 
(E. ruber) (Table 1). The plastomes exhibited a typical circular 
quadripartite structure, consisting of two inverted repeat (IR) 
regions (23,560–25,103 bp) separated by a large single-copy 
(LSC) region (89,403–91,219 bp) and a small single-copy (SSC) 
region (18,618–20,636 bp) (Figure  1). They contained a similar 
total GC content of ~37.7%, and the GC content of the single-
copy region (LSC: ~36% and SSC: ~32%) was lower than that of 
the IR region (~43%).

The plastomes of Enkianthus displayed conservation in gene 
content with a total of 114 genes identified, including 80 pro-
tein coding genes (PCGs), 30 tRNA genes, and four rRNA genes 
(Table  1). Furthermore, introns were found within 16 genes, 
among which three genes (clpP, rps12, and ycf3) each had two 
introns, and the remaining 13 genes each contained one intron 
(Table 2). A trans-spliced gene rps12 was annotated, with one 
5′_end exon located in the LSC region and two 3′_end exons sit-
uated within IRs.

In addition, the mVISTA analysis indicated that no gene in-
versions or structural rearrangements were identified among 
the cp genomes of Enkianthus (Figure  S2). As a whole, the 

plastomes demonstrated high conservation, especially the 
highest similarity in the IR regions. The borders of LSC/IRa 
and SSC/IRb included rpl23, trnI-CAU, trnN-GUU, ndhF, 
rpl32, ycf1, and trnH-GUG genes. These genes at the boundaries 
showed slight differences among the Enkianthus cp genomes 
(Figure 2). For instance, the rpl23 gene was found to span the 
boundary of LSC/IRb except that in E. ruber, E. campanula-
tus, and E. sikokianus. In particular, the ndhF and ycf1 gene 
distribution varied among plastomes of the four Enkianthus 
sections. The ndhF gene of sect. Enkianthus was located in the 
SSC region, while the ndhF gene of the remaining three sec-
tions (Andromedina, Meisteria and Enkiantella) extended into 
the IRb region. The ndhF gene even exhibited a 1408 bp exten-
sion into the IRb region in sect. Andromedina. The distances 
of ycf1 from the SSC/IRa junction varied from 84/85 bp in sect. 
Enkianthus to 117 bp in sect. Andromedina and to 157/158 bp in 
sect. Meisteria and sect. Enkiantella (Figure 2).

3.2   |   Repeat Sequence Analysis

The distribution and frequency of different SSR motif types 
(mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats) 
showed a high degree of collinearity among the 16 Enkianthus 
plastomes (Table  S3a and Figure  3A). The mononucleotide 
repeats were the most abundant (58.46%), followed by trinu-
cleotide (34.64%) and tetranucleotide (2.66%) repeats, while 
the least abundant SSRs were the pentanucleotide repeats 
(0.94%) (Figure  3B). Additionally, a total of 188–673 compli-
cated repeats were identified in Enkianthus plastomes, includ-
ing 58–85 tandem (Rt), 52–148 palindromic (Rp), and 77–460 
dispersed (Rd) repeats (Table S3b and Figure 3C). Overall, Rd 
repeats were more prevalent in Enkianthus, accounting for 
59.87% of all repeat types, followed by Rp repeats (22.53%) and 
Rt repeats (17.60%) (Figure 3C). Notably, we found the number 
of Rd. repeats varied significantly across Enkianthus species 
from 77 in E. nudipes to 460 in E. serrulatus (Table S3b and 
Figure 3C).

3.3   |   Nucleotide Diversity Analysis

In the CDS region, the nucleotide diversity (Pi) values ranged 
from 0 to 0.01979, with an average value of 0.00339 (Table S4a). 
The average Pi value was shown to be the highest (0.00573) in 
the SSC region, followed by the LSC region (0.00313), whereas 
the IR region had the lowest nucleotide diversity (0.00117). 
Among these regions, only the ycf1 gene was found to har-
bor a Pi value higher than 0.01 (Table S4a and Figure 4A). By 
comparison, the intergenic spacer (IGS) regions showed con-
siderably higher Pi values, with an average value of 0.01200 
(Table  S4b). The average Pi value in the LSC, SSC, and IR 
regions was 0.01258, 0.01930, and 0.00409, respectively, also 
exhibiting the highest nucleotide diversity in the SSC region 
and the lowest nucleotide diversity in the IR region (Table S4b 
and Figure 4A). In addition, 22 IGS genes were detected to be 
with Pi values higher than 0.01. Five hypervariable loci (Pi 
> 0.02) were identified in the IGS region, including trnI-CAU_
ycf2, rbcL_atpB, trnM-CAU_trnV-UAC, trnN-GUU_ndhF, and 
rps15_ycf (Table S4b and Figure 4B).
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3.4   |   Phylogenetic Analysis

The phylogenetic trees displayed similar topologies with high 
bootstrap support values or posterior probabilities across 
two datasets (WG and PCG) and two construction methods 
(ML and BI). The four sections—Enkianthus, Enkiantella, 
Meisteria, and Andromedina—were each resolved as mono-
phyletic with strong support (Figure  5). Section Enkianthus 
was recovered as the first-diverging group of Enkianthus, 
and the three remaining sections were clustered into a mono-
phyletic clade. However, a slight conflict was noted in the 

phylogenetic placement of E. tubulatus, which grouped with 
E. serotinus based on the WG dataset (Figure 5A), but was sis-
ter to E. serrulatus in the phylogenetic tree of the PCG dataset 
(Figure 5B).

3.5   |   Divergence Time Estimation

Based on sequence data from the complete chloroplast ge-
nomes, the divergence time analysis suggested that the stem 
age of Ericaceae was estimated at 84.65 million years ago (Mya) 

FIGURE 1    |    Gene map of Enkianthus plastomes. The inner circle shows quadripartite structure of the genome, including the large and small 
single-copy regions (LSC, SSC) and the two inverted repeat regions (IRa, IRb). Genes inside the circle are transcribed clockwise, genes outside of the 
circle are transcribed counterclockwise. Genes belonging to different functional groups are marked in different colors. The darker gray area in the 
inner circle corresponds to GC content, while the lighter gray area corresponds to AT content.
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[95% highest posterior density (HPD): 80.88–88.39 Mya] during 
the Late Cretaceous (Figure  6). The differentiation time of 
Enkianthus from other genera in Ericaceae was approximately 
68.53 Mya, with a 95% HPD of 61.65–77.97 Mya (Figure 6). Within 
the Enkianthus lineage, the first divergence of sect. Enkianthus 
from the other three sections arose in the Late Miocene at 6.88 
Mya (95% HPD: 3.13–15.11 Mya) (Figure 6). Additionally, diver-
sification within sections Enkianthus, Enkiantella, Meisteria, 
and Andromedina respectively initiated at 3.29 Mya (95% HPD: 
0.66–8.04 Mya), 0.39 Mya (95% HPD: 0.06–1.21 Mya), 1.3 Mya 
(95% HPD: 0.41–3.28 Mya) and 1.63 Mya (95% HPD: 0.06–5.71 
Mya) (Figure 6).

3.6   |   Codon Preference Analysis

The protein-coding sequences of the 16 Enkianthus plasto-
mes contained the number of codons ranging from 23,232 (E. 
nudipes) to 23,939 (E. tubulatus). The most codons (2474–2560) 
encoded leucine (Leu) and the fewest codons (257–261) encoded 
cysteine (Cys) (Table S5a and Figure S3A). After calculating the 

RSCU values of the 61 synonymous codons in each species, 29 
or 30 codons had RSCU values greater than 1, of which 13 or 
14 ended with A, 16 ended with U, and only one ended with G 
(UUG). This revealed a preference for A/U-terminated codons 
in the chloroplast genomes. AUG (Met), UGG (Trp) in all 16 spe-
cies, and AUA (Ile) in E. calophyllus, E. nudipes, E. perulatus, 
and E. quinqueflorus revealed no bias (RSCU = 1). Furthermore, 
the codon UUA encoding leucine (Leu) had the largest RSCU 
value, followed by GCU, which encodes alanine (Ala) (Table S5b 
and Figure S3B).

3.7   |   Positive Selection Analysis

To identify the positively selected genes (PSGs), we performed 
an analysis of chloroplast genes by calculating dN, dS, and w for 
all 80 PCGs across 16 Enkianthus species. The results revealed 
that most of the PCGs had w values less than 1, that is, they suf-
fered from purification selection. Using the likelihood method 
and a 5% p-value to assess statistical significance and BEB imple-
mented to detect positively selected codon sites, we identified 12 

TABLE 2    |    Functional annotation of chloroplast genes in the Enkianthus chloroplast genomes.

Categories Gene annotation Name of genes

Self replication Large subunit of ribosome rpl2*, rpl14, rpl16*, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36

Small subunit of ribosome rps2, rps3, rps4, rps7, rps8, rps11, rps12**, 
rps14, rps15, rps16, rps18, rps19

RNA polymerase rpoA, rpoB, rpoC1*, rpoC2

rRNA genes rrn4.5, rrn5, rrn16, rrn23

tRNA genes trnA-UGC*, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, 
trnfM-CAU, trnG-GCC, trnG-UCC, trnH-GUG, trnI-CAU, 

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

Photosynthesis Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ, ycf3**, ycf4

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

Subunits of NADH-dehydrogenase ndhA*, ndhB*, ndhC, ndhD, ndhE, ndhF, 
ndhG, ndhH, ndhI, ndhJ, ndhK

Subunitsof cytochrome b/f complex petA, petB*, petD*, petG, petL, petN

Subunits of ATP synthase atpA, atpB, atpE, atpF*, atpH, atpI

Large subunit of rubisco rbcL

Other genes Translational initiation factor infA

Maturase matK

Protease clpP**

Carbon metabolism cemA

c-type cytochrom synthesis gene ccsA

Subunit of acetyl-coA-carboxylase accD

Unknown function Conserved Open Reading Frames ycf1, ycf2, ycf15

Note: One (*) and two (**) asterisks indicate one- and two-introns in genes, respectively.
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protein-coding genes (accD, atpA, ccsA, matK, ndhF, petB, petD, 
psaJ, rbcL, ycf1, ycf2, and ycf3) under positive selection with pos-
itively selected codon sites in all tests, accounting for 15% of all 
tested genes (Table S6 and Figure 5A). Among these, five PSGs 
(accD, atpA, matK, ndhF, and psaJ) were exclusively detected 
by using branch/species-specific LRTs, while four genes (ccsA, 
petB, rbcL, and ycf3) were only identified by site-model tests for 
all branches, and three PSGs (petD, ycf1, and ycf2) were over-
lapped between the two tests (Figure 5A). In total, 8, 3, and 1 
positively selected genes were detected in the LSC, SSC, and IR 
regions, respectively (Table S6a). The 12 positively selected genes 
were functionally classified as seven photosynthesis, three other 
genes, and two unknown functional genes (Table  S6b). Also, 
the ycf2 gene region harbored the most sites (11) under positive 
selection after BEB tests, followed by ycf1 (6), atpA and matK 
(4), petD and ycf3 (3), petB (2), and the other genes had only one 
active site (Table 3).

Lineage-specific tests detected no PSGs in sect. Andrommedina 
and sect. Enkiantella. However, the two photosynthesis genes 
(atpA and ndhF) and/or two other genes (matK, accD) and/or one 
unknown functional gene (ycf1) were found to be under positive 
selection in species of sect. Enkianthus, including E. calophyllus, 
E. perulatus, E. quinqueflorus, E. serotinus, E. serrulatus, and E. 
tubulatus (Figure 5A). The photosynthesis gene psaJ was pos-
itively selected in species of sect. Meisteria, including E. cam-
panulatus, E. cernuus, and E. sikokianus (Figure  5A). Besides 
these PSGs, the photosynthesis petD and unknown functional 
gene ycf2 showed signatures of positive selection in members 

of both sections (Figure 5A). In addition, species-specific tests 
unambiguously detected three PSGs (matK, petD, and ycf1; 
Figure 5A). Of them, matK and ycf1 were under positive selec-
tion exclusively in E. tubuatus and E. sikokianus, respectively, 
while petD was positively selected in six species (E. calophyllus, 
E. perulatus, E. quinqueflorus, E. serotinus, E. serrulatus, and E. 
sikokianus; Figure 5A).

4   |   Discussion

4.1   |   Genome Size, Gene Content and Structure 
of Enkianthus Plastomes

The plastomes of Enkianthus show some characteristics dif-
ferent from other photosynthetic Ericaceae species reported 
previously (Table  S7). For instance, the plastome sizes of 
Enkianthus (157,053–159,852 bp) are comparable to most of the 
published conserved plastid genomes (usually 120–160 kb, Gao 
et al. 2010), but are usually shorter in length than the plastid 
genomes of other Ericaceae species, for example, Pyrola rotun-
difolia (168,995 bp), Vaccinium macrocarpon (176,045 bp) and 
Rhododendron delavayi (202,169 bp). In comparison, the size of 
the SSC region is close to that of the IR region in Enkianthus, 
while in Pyrola, Vaccinium, and Rhododendron, the former is 
remarkably smaller than the latter. Furthermore, Enkianthus 
plastomes display higher overall GC content than other 
Ericaceae species. The GC content follows the typical plas-
tome pattern: IR > LSC > SSC. This elevated GC content in IR 

FIGURE 2    |    Comparison of LSC, SSC, and IR boundary positions across 16 Enkianthus plastomes, with six representative species shown to illus-
trate key differences among the four sections. Genes adjacent to or spanning junction boundaries are indicated by color-coded arrows.
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regions may contribute to their sequence conservation through 
enhanced genome stability (Huang et  al.  2024). Overall, the 
plastomes of Enkianthus are similar to those of closely related 
Ericales families (e.g., Clethra fargesii and Styrax japonicus) 
in both genome size and GC content (Table  S7). The genome 
size and GC content probably contain some phylogenetic sig-
nals; for example, the genome size of Rhododendron generally 
increases from the early-branching to late-branching lineages 
(Xia et al. 2024). The smaller plastome size and higher GC con-
tent may reflect Enkianthus's earliest-diverging position within 
Ericaceae (Anderberg 1994; Kron et al. 2002).

In general, the Enkianthus plastomes maintain conserved gene 
content at IR boundaries, though minor positional fluctuations 
were observed at IR/SC junctions. These variations primarily 
involve the relative positions of ndhF and ycf1, along with the 
adjacent genes including rpl23, trnI-CAU, trnN-GUU, rpl32, 
and trnH-GUG (Figure 2). Notably, ndhF exhibits distinct sec-
tional patterns—while located within the SSC region in sect. 
Enkianthus (a phylogenetically divergent clade as illustrated 

below), it extends into the IRb region in the other three sec-
tions. The distance of ycf1 from the SSC/IRa junction is also 
seemingly related to phylogenetic relationships among the four 
sections of Enkianthus. We observed a progressive increase in 
this distance from the earliest-branching lineages (84/85 bp 
in sect. Enkianthus) to more late-diverging lineages (117 bp in 
sect. Andromedina, and 157/158 bp in sects. Enkiantella and 
Meisteria), suggesting this feature may serve as a phylogenetic 
marker for sectional delineation within the genus. Moreover, the 
near-identical IR boundary structures between sect. Enkiantella 
and sect. Meisteria provide structural evidence supporting Zhou 
et al. (2024) hypothesis that sect. Meisteria represents the mater-
nal progenitor of sect. Enkiantella.

In this study, a total of 227–247 SSRs were identified in 
Enkianthus, much more than those reported in other family of 
Ericales (e.g., 73 in Clethra fargesii, and 65 in Actinidia chinensis) 
(Table S7). This finding aligns with previous reports suggesting 
that Ericaceae species have a large increase of repetitive DNA 
fraction in plastomes (Li et  al.  2020; Shen et  al.  2020), which 

FIGURE 3    |    The distribution and frequency of different SSR motif types and complex repeats in 16 Enkianthus plastomes. (A) The number of 
different SSR motif types; (B) The percentage of each SSR motif type; (C) The number of different types of complicated repeats; (D) The percentage 
of each complicated repeat type.
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raises a challenge for assembling them to a complete circular 
structure (Mo et al. 2022). In addition, we detected complicated 
repeats, including tandem, palindromic, and dispersed repeats. 
Notably, Rd. repeats displayed high variability compared to the 
conserved Rt and Rp repeats, suggesting their potential role as 
key drivers of structural evolution in Enkianthus chloroplast 
genomes.

Nucleotide diversity (π) analysis of Enkianthus plastomes re-
vealed that the LSC and SSC regions exhibited comparably 
higher variations than the IR regions. Moreover, the non-coding 
regions generally displayed greater nucleotide diversity, partic-
ularly in certain intergenic spacer regions. These findings are 
congruent with previous chloroplast genome studies of most an-
giosperms (Chi et al. 2020). The variability in Enkianthus was 
very high, with 22 hypervariable loci identified within the IGS 
regions. In contrast, the CDS regions were more conserved, ex-
cept for ycf1. The elevated polymorphism in non-coding regions 
enables finer discrimination among closely related species and 
could complement established barcoding markers (e.g., ITS). 
Consequently, these hypervariable regions represent candidate 
markers for species delimitation of Enkianthus and further phy-
logeographic investigations.

4.2   |   Phylogenetic Relationship and Divergence 
Time of Enkianthus

The phylogenetic analysis strongly supported the monophyly of 
four sections (sect. Enkianthus, sect. Meisteria, sect. Enkiantella, 
and sect. Andromedina), and intersectional relationships were 
generally consistent with recent phylogenies based on multiple 
cpDNA regions (Zhou et al. 2024). However, E. tubulatus was 
sister to E. serrulatus based on the previous cpDNA tree and 
our PCG dataset, but was sister to E. serotinus based on the WG 
dataset in the current study. It is noteworthy that E. tubulatus 
has been speculated to be of hybrid origin due to the conflict 
between nuclear and plastid phylogenies (Zhou et  al.  2024). 
Nevertheless, the conflict between the WG and PCG datasets in 
this study makes it still unclear which species (E. serrulatus or E. 
serotinus) serves as the maternal progenitor of E. tubulatus, and 
denser sampling and population-level phylogenetic analyses are 
needed to resolve this issue.

Our estimated age for the stem Ericaceae (~85 Mya) is slightly 
younger than previous estimates (~90 Mya; Rose et al. 2018), sup-
porting a Late Cretaceous origin for the family. Within Ericaceae, 
Enkianthus represents the earliest-diverging lineage, with its 

FIGURE 4    |    Sliding window analysis of 16 Enkianthus plastomes. (A) Comparison of the nucleotide diversity (Pi) among CDS regions. (B) 
Comparison of the nucleotide diversity (Pi) among IGS regions. The CDS and IGS names are represented by horizontal coordinates, the Pi values are 
represented by vertical coordinates.
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origin estimated at 68.53 Mya (95% HPD: 61.65–77.97 Mya). This 
timeframe coincides with the Cretaceous-Paleogene (K-Pg) mass 
extinction event (66 Mya; Jablonski and Chaloner 1994), suggest-
ing the genus may have emerged during this critical period of biotic 
turnover. However, the first major divergence within Enkianthus 
occurred much later, at 6.88 Mya (95% HPD: 3.13–15.11 Mya), 
likely triggered by the global cooling and aridification in Central 
Asia during the Miocene to Pliocene transition (Zachos et al. 2001). 
Further divergence among sections, and also species occurred 
since the Pliocene onward and throughout the Quaternary glacial/
interglacial cycles alongside rapid and intense climatic fluctua-
tions, which might have provided numerous ecological niches and 
facilitated the diversification of the genus. Collectively, our results 
based on chloroplast genome suggest an origin of Enkianthus at 
the Cretaceous-Paleocene boundary but followed by recent rapid 
radiation in the evolutionary history.

4.3   |   Codon Usage Bias and Genome-Wide 
Scanning for Positively Selected Chloroplast Genes

Although synonymous codons encode the same amino acids, 
different synonymous codons may have different frequencies 
of use, a phenomenon termed codon usage bias (Hershberg and 

Petrov 2008). Analysis of codon usage patterns is key to uncov-
ering the evolutionary characteristics of genomes and selection 
pressure on genes (Morton 2003). The plastomes of Enkianthus 
contain a higher number of codons (23,232–23,939) in compari-
son with what was observed in other Ericaceae species [e.g., A. 
unedo with 17,980 (Martínez-Alberola et  al.  2013) and R. pul-
chrum with 8693 (Shen et al. 2020)], despite its smaller size in 
length. Among amino acids, leucine is the most frequent amino 
acid, while cysteine is the least frequent—a pattern consistent 
across the aforementioned species. Notably, the codon usage in 
Enkianthus is biased toward high representation of A and U at 
the third codon position, which is congruent with other reported 
Ericaceae species (Table S7). These codon preferences in plas-
tomes may reflect molecular adaptation to the unique selective 
pressures of the elfin forest ecosystem.

To investigate selective pressures in Enkianthus plastomes, we 
calculated the ratio of dS and dN changes at each codon and 
performed a series of LRT tests and BEB analyses. The results 
indicated most of the positively selected genes (PSGs) were 
functionally associated with photosynthesis, suggesting strong 
adaptive evolution in this critical pathway. These PSGs were 
classified into five functional categories: 1. photosystem I sub-
units (psaJ and ycf3), 2. ATP synthase subunit (atpA), 3. NADH 

FIGURE 5    |    Phylogenetic trees of Enkianthus inferred from (A) the whole-genome chloroplast sequences (WG) and (B) the protein-coding genes 
of plastomes (CDS) using Maximum Likelihood (ML) analysis. The Clethra fargesii and Vaccinium bracteatum are used as the outgroups. PP ≥ 0.95 
and BS ≥ 75% are indicated around the branches. Purple and blue rectangles respectively represent branches of sect. Enkianthus and sect. Meisteria, 
where genes are significantly under positive selection. Gray rectangles represent species where genes are significantly under positive selection.
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dehydrogenase (ndhF), 4. Cytochrome *b*6/*f* complex subunits 
(petB, petD), and 5. RuBisCO large subunit (rbcL). These genes 
play vital roles in photosynthesis, which could allow adaptation 
to highly selective conditions (i.e., strong light or photo-oxidative 
stress) (Jalal et al. 2015). As most Enkianthus species are helio-
philic montane plants, these photosynthetic adaptations may 
have been crucial for their niche specialization. Additionally, 
the other functional PSGs performed significant functions in 
cell survival and plant development, which may also contribute 
to the adaptation of species in Enkianthus to harsh habitat en-
vironments. For example, the accD gene encodes the β-carboxyl 
transferase subunit of Acetyl-CoA carboxylase that is essential 
and required for leaf development (Kode et al. 2005). The ccsA 
gene encodes products that are required for chloroplast c-type cy-
tochrome biogenesis (Xie and Merchant 1996). These genes have 
also previously been found to be under positive selection in other 
species occupying extreme environments (Dong et al. 2018; Li, 
Zheng, et al. 2024; Li, Nie, et al. 2024), underscoring their evolu-
tionary significance in ecological adaptation.

Strikingly, the PSGs detected by branch-specific tests have been 
found exclusively in sect. Enkianthus and sect. Meisteria, sug-
gesting their potential role in adaptive divergence between these 
lineages. Sect. Enkianthus is mainly distributed in subtropical 
China, while sect. Meisteria is endemic to Japan. Although 
both regions experience monsoon climates, they differ in an-
nual temperature range, precipitation regimes, and sunshine 
hours. Interestingly, the two sections exhibit distinct sets of 

photosynthesis-related PSGs, likely reflecting habitat-specific 
adaptive evolution in response to these differing environmental 
conditions. However, petD, a gene encoding a subunit of the cy-
tochrome *b*6/*f* complex, emerged as a key exception, exhibit-
ing positive selection in both sections. The cytochrome *b*6/*f* 
complex regulates the rate-limiting step of the photosynthetic 
electron transport (Chen et  al.  2024), and the petD gene was 
also detected as positively selected in six Enkianthus species via 
species-specific tests. The conservation of petD selection despite 
habitat differences suggests it may represent a core adaptation in 
Enkianthus, while section-specific PSGs reflect more localized 
evolutionary responses.

The distribution of positively selected genes (PSGs) across 
Enkianthus plastomes shows that the LSC regions are more sub-
jected to positive selection compared to the SSC and IR regions, 
likely reflecting their higher gene density. However, BEB anal-
yses suggest the ycf2 gene in the IR region contains the high-
est number of positively selected sites, indicating exceptionally 
strong selective pressure. Although ycf2's function remains 
poorly characterized in land plants, previous studies have re-
ported that it is either under strong positive selection or com-
pletely lost (Park et  al.  2018). Additionally, this gene also has 
been found to play roles in the process of adaptation in diverse 
plant lineages (Huang et al. 2021; Li, Zheng, et al. 2024; Li, Nie, 
et al. 2024; Zeb et al. 2022). In short, the 12 identified PSG genes 
may have aided Enkianthus in adaptation to extreme conditions 
of montane elfin forests and may serve as candidate genes for 

FIGURE 6    |    The time-calibrated phylogenetic tree of Enkianthus based on whole-genome chloroplast sequences. Nodes are numbered by estimat-
ed median divergence time using a relaxed molecular clock model with two fossil priors (red dots). The blue bars on the node represent the estimated 
95% HPD intervals.
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further research on the mechanisms of adaptive evolution of 
Enkianthus species.

5   |   Conclusion

This study presents the first comprehensive analysis of com-
plete chloroplast genomes across 16 Enkianthus species. The 
plastomes exhibited the typical quadripartite structure of angio-
sperm plastomes and were highly conserved among the genus. 
Five mutational hotspot regions were revealed, which may be 
utilized as high-resolution DNA markers for Enkianthus in fu-
ture phylogenetic and phylogeographic studies. Phylogenetic 
results fully supported the four sections of Enkianthus, each as 
a monophyletic group. Divergence time analysis suggested that 
Enkianthus originated in the Late Cretaceous and diversified 
rapidly after the Lat-Miocene. Genome-wide scanning identi-
fied 12 genes under positive selection and revealed footprints of 
adaptive evolution of chloroplast genes that made Enkianthus 
species adapt to special ecological habitats. However, several 
limitations should be considered, including the need for whole-
genome analyses to resolve cyto-nuclear discordance (par-
ticularly evident in E. tubulatus), expanded population-level 
sampling across the genus' range to uncover microevolution-
ary adaptation mechanisms, and functional validation through 
transcriptomic or transgenic approaches to confirm the adaptive 

significance of identified genes. Despite these limitations, these 
findings establish Enkianthus as a promising model for study-
ing plant adaptation to East Asian montane ecosystems while 
highlighting the importance of integrating genomic and experi-
mental approaches in future evolutionary studies of this genus.
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