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Abstract: Background and Objectives: Rhododendron pulchrum Sweet (R. pulchrum) belongs to the
genus Rhododendron (Ericaceae), a valuable horticultural and medicinal plant species widely used in
Western Europe and the US. Despite its importance, this is the first member to have its cpGenome
sequenced. Materials and Methods: In this study, the complete cp genome of R. pulchrum was
sequenced with NGS Illumina HiSeq2500, analyzed, and compared to eight species in the Ericaceae
family. Results: Our study reveals that the cp genome of R. pulchrum is 136,249 bp in length,
with an overall GC content of 35.98% and no inverted repeat regions. The R. pulchrum chloroplast
genome encodes 73 genes, including 42 protein-coding genes, 29 tRNA genes, and two rRNA genes.
The synonymous (Ks) and nonsynonymous (Ka) substitution rates were estimated and the Ka/Ks
ratio of R. pulchrum plastid genes were categorized; the results indicated that most of the genes
have undergone purifying selection. A total of 382 forward and 259 inverted long repeats, as well
as 221 simple-sequence repeat loci (SSR) were detected in the R. pulchrum cp genome. Comparison
between different Ericaceae cp genomes revealed significant differences in genome size, structure, and
GC content. Conclusions: The phylogenetic relationships among eight Ericaceae species suggested
that R. pulchrum is closely related to Vaccinium oldhamii Miq. and Vaccinium macrocarpon Aiton.
This study provides a theoretical basis for species identification and future biological research of
Rhododendron resources.
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1. Introduction

Rhododendron species belong to family Ericaceae and have been widely used as valuable horticultural
and medicinal plants in China, Western Europe, the US, and Japan due to their beautiful vegetative
forms and bright-colored flowers [1,2]. The family of Ericaceae consists of nine subfamilies, including
exclusively autotrophic species, fully mycoheterotrophic (MH) species, and partially MH species [3].
The association between autotrophy and heterotrophy is related to drastic changes in plant morphology
(such as the loss and/or reduction of vegetative organs) [4,5], physiology (for example, loss of chlorophyll
and high stomatal conductivity) [5,6], genome (including rampant sequence divergence and gene
loss) [7,8]. Chloroplast genome has been widely employed for studying the transition from autotrophy
to heterotrophy due to its conserved size, gene content, linear gene order, and structure.

Rhododendron contains between 600–1000 species, and is among the largest genera of
Ericaceae [9]. Previous Rhododendron classification was mainly based on phenotypic characteristics,
and thclassification systems proposed by David Chamberlain (Edinburgh Botanic Garden, UK) and
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Sleumer (Germany) were the most popular. In recent years, the genetic diversity and structure of
the nuclear and plastid genomes serves as another useful strategy to classify Ericaceae species [10,11].
The DNA sequences of nuclear genes have been adopted in studies of phylogeny, population genetics,
molecular evolution, and genetic map construction in Rhododendrons [12].

According to the published data, the molecular marker technology and morphological analyses
yield consistent results for Rhododendron classification [13]. Recently, complete plastid genome
sequences have found their applications in plant studies, especially in the field of plant taxonomy;
these include dissecting the diversity and phylogenetic relationships among different species [10,14],
utilizing specific gene functions in agriculture and horticulture via genetic engineering [15], and
estimating population genetics via DNA barcoding [16].

The plastid genome of higher plants is a circular molecule of double-stranded DNA, range from
72 to 217 kb in size and contain approximately 130 genes [17,18]. The plastid genomes (plastomes) of
most photosynthetic land plants are between 140 to 160 kb in size and contain about 113 genes; in
addition, these plastomes are conserved in size, gene content, gene order, gene structure, and genome
structure [19,20]. Most plastomes contain four typical regions, including a large single-copy region
(LSC) a small single-copy (SSC) region, and two identical inverted repeat regions (IR) [14]. Plastomes
can provide valuable genetic information for studies on species identification, phylogeny, biology, and
photosynthetic gene degradation [10,21–23] owing to their conserved structure and relatively high
substitution rate [24].

The complete plastome sequences of eight Ericaceae species are currently available at the National
Center for Biotechnology Information (NCBI); these include six fully MH species (Monotropoideae) and
two exclusively autotrophic species (Vaccinioideae). By contrast, most previous studies on Rhododendron
have focused on their biology and physiology, whereas their plastid genomes have not been reported [25].
As an important horticultural species in the genus Rhododendron, Rhododendron pulchrum (R. pulchrum) is
widely distributed in the temperate regions of Europe, Asia and North America [26]. Herein, we report
the exhaustively analyzed cp genome of R. pulchrum previously published as a brief note with minimal
analysis [27]. The size and structure of the R. pulchrum cp genome were analyzed, and the Ka/Ks ratio
was determined to study the relationships between Ericaceae species and their closest autotrophic
relatives, as well as to infer their evolutionary patterns. The cp genome information reported here is
valuable for future phylogenetic and evolution studies, molecular marker development, and genetic
improvement through genetic engineering in Rhododendron.

2. Materials and Methods

2.1. Sampling, DNA Extraction and Sequencing

Fresh leaves were collected from a single R. pulchrum tree grown in the Jiyang College of Zhejiang
A&F University, Zhejiang, China. The harvested tissues were stored at the Rhododendron Germplasm
Resource nursery in Hangzhou Botanical Garden (N30◦15’8.65”, E120◦7’11.09”) under accession
number HZ041286. Total genomic DNA was extracted using the modified CTAB method [28]. The
integrity and quality of the DNA were evaluated using agarose gel electrophoresis and a one drop
spectrophotometer (OD-1000, Shanghai Cytoeasy Biotech Co., Ltd., Shanghai, China). The whole cp
genome of R. pulchrum was sequenced via 250 bp pair-ended sequencing on an Illumina Hiseq 2500
Platform (Manufacturer, Nanjing, China), and at least 3.68 GB of clean sequencing data were obtained.

2.2. Chloroplast Genome Assembly, Gene Annotation and Plastomes Analysis

The reads were de novo assembled into complete cp genome by the NOVOPlasty 3.7.2 using
genomes of the Ericaceae species as references [29]. CpGAVAS 2 (http://www.herbalgenomics.org/

cpgavas) was used to annotate the sequences; DOGMA (http://dogma.ccbb.utexas.edu/) and BLAST
were used to manually check the annotation results [30,31]. The complete and annotated cp genome
sequences were deposited to GenBank (accession number MN182619). A physical map of the genome

http://www.herbalgenomics.org/
http://dogma.ccbb.utexas.edu/


Forests 2020, 11, 158 3 of 14

was generated by OGDRAWv1.2 (http://ogdraw.mpimp-golm.mpg.de/) and the online software
REPuter [32,33] was used to identify repeat sequences.

Relative synonymous codon usage (RSCU) and codon usage were examined by CodonW 1.4.4 [34].
GC content of the complete cp genomes and the coding sequences (CDS) was analyzed. MISA [35] and
REPuter [33] were used to visualize the simple sequence repeats (SSRs) and long repeats, respectively.
(MISA. Available from: http://pgrc.ipk-gatersleben.de/misa/misa.html; REPuter. Available from:
https://bibiserv.Cebitec.uni-bielefeld.de/reputer). The sequences were initially aligned using MAFFT
version 5 [36], the pi value of each gene were calculated through alignment of each gene CDS sequences
of different species using VCFtools [37], and the ratios of non-synonymous (Ka) to synonymous (Ks)
substitutions (Ka/Ks) in protein-coding genes were determined by the KaKs_Calculator.

2.3. Whole Plastid Genome Comparison

To investigate the phylogenetic position of R. pulchrum, MUMmer [38] was used for pairing
sequence alignment of the cp genomes, and the mVISTA (http://genome.lbl.gov/vista/mvista) [39]
program was employed for comparing the complete cp genome of R. pulchrum to eight other related
species whose cp genomes are sequenced. These eight species were divided into two groups at
the genus level, including Vaccinieae (Vaccinium macrocarpon, NC_019616.1 and Vaccinium oldhamii,
NC_042713.1) and Monotropeae (Monotropa hypopitys Linn., NC_029704.1; Allotropa virgata Torr. & A.
Gray, NC_035580.1; Hemitomes congestum A. Gray, NC_035581.1; Monotropa uniflora L., NC_035582.1;
Monotropsis odorata Schwein. ex Elliott, NC_035583.1; and Pityopus californicus (Eastw.) Copeland,
NC_035584.1).

2.4. Phylogenetic Analysis

The Ericaceae cp genomes were obtained from the Organelle Genome and Nucleotide Resources
database on NCBI. The sequences were initially aligned using MAFFT [36] (version 7, https://mat.cbrc.
jp/alignment/software/) and the resulting multiple sequence alignment was visualized and manually
adjusted in BioEdit [40]. Actinidia deliciosa C.F.Liang & A.R.Ferguson (NC_026691.1) and Actinidia
chinensis Planch (NC_026690.1) were used as outgroups. The phylogenetic tree was constructed by the
GTRGAMMA model implemented in RAxML.

3. Results

3.1. Features of the R. pulchrum cp Genome

A total of 3.68 Gb of clean data consisting 12.28 million pair-end reads were produced. All
reads were deposited to NCBI Sequence Read Archive (SRA) under accession number MN182619.
The complete R. pulchrum cp genome is 136,249 bp in length (Figure 1), and it does not take the form of
a typical quadripartite structure due to the lack of inverted repeats (IR). The overall GC content of
the R. pulchrum cp genome is 35.98% (Table 1) and we identified 73 functional genes, including two
rRNA genes, 29 tRNA genes, and 42 protein-coding genes (Table 2). We then estimated codon usage
frequency based on the protein-coding and tRNA genes. As shown in Figure 2, the cpGenome was
composed of 8,693 codons (65 different types) encoding 20 amino acids, among which leucine (Leu)
was the most frequently used amino acid (948 in number, 10.90%) and cysteine (Cys) was the least
abundant (76 in number, 0.87%) (Table S1). The results suggest the R. pulchrum cp genome prefers
synonymous codons ended with A or U with a relative synonymous codon usage value (RSCU) > 1.

Table 1. Base composition of the R. pulchrum cp genome.

Region A (%) T (U) (%) C (%) G (%) A + T (%) G + C (%)

Cp genome 31.16 32.85 18.66 17.32 64.01 35.98
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http://pgrc.ipk-gatersleben.de/misa/misa.html
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http://genome.lbl.gov/vista/mvista
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Figure 1. Gene map of the R. pulchrum cp genome. (Color figure online). Genes reside in the inside 
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light gray bars in the inner circle denote G+C and A+T contents, respectively. 

Table 2. Annotated genes of the R. pulchrum cp genome. 

Function Genes 

RNAs, transfer 

trnA-UGC*, trnA-CAA, trnC-GCA, trnD-GUC, trnE-UUC, trnF-

GAA, trnfM-CAU, trnG-GCC, trnG-UCC*, trnI-GAU*, trnI-CAU, 

trnL-CAA, trnL-UAG, trnL-UAA*, trnM-CAU, trnN-GUU, trnP-

UGG, trnQ-UUG, trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA, trnT-

UGU, trnT-GGU, trnV-UAC*, trnV-GAC, trnW-CCA, trnY-GUA 

RNAs, ribosomal rrn5, rrn23 

Small subunit of ribosome rps19, rps15 

Large subunit of ribosome rpl32 

ATP synthase atpA, atpB, atpE, atpH, atpI 

Photosystem I psaA, psaB, psaC, ycf3** 

Figure 1. Gene map of the R. pulchrum cp genome. (Color figure online). Genes reside in the inside and
outside of the outer circle are in the forward and reverse directions, respectively. The dark and light
gray bars in the inner circle denote G+C and A+T contents, respectively.

Table 2. Annotated genes of the R. pulchrum cp genome.

Function Genes

RNAs, transfer

trnA-UGC*, trnA-CAA, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU, trnG-GCC, trnG-UCC*, trnI-GAU*, trnI-CAU, trnL-CAA,
trnL-UAG, trnL-UAA*, trnM-CAU, trnN-GUU, trnP-UGG, trnQ-UUG,
trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA, trnT-UGU, trnT-GGU,

trnV-UAC*, trnV-GAC, trnW-CCA, trnY-GUA
RNAs, ribosomal rrn5, rrn23

Small subunit of ribosome rps19, rps15
Large subunit of ribosome rpl32

ATP synthase atpA, atpB, atpE, atpH, atpI
Photosystem I psaA, psaB, psaC, ycf3**

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbLvpsbM,
psbN, psbT, psbZ

Calvin cycle rbcL
Cytochrome complex petB, petD, petG, petL, petN

NADH dehydrogenase ndhA*, ndhC, ndhE, ndhG, ndhH, ndhI, ndhJ, ndhK
Others (C-type cytochrome synthesis gene) ccsA

Note: * Genes with one intron; ** genes with two introns.
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Gene  Exon I (bp) Intron I (bp) Exon II (bp)  Intron II (bp) Exon III (bp) 

trnV-UAC 39 584 39 ／ ／ 

trnL-UAA 52 504 39 ／ ／ 

ycf3 124 711 230 743 153 

ndhA 540 1091 564 ／ ／ 
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Figure 2. Codon-anticodon recognition patterns and codon usage of the R. pulchrum cp genome. Height
of the outer cylinder represents relative synonymous codon usage rate; the middle and inner layers
show amino acids and codons, respectively.

Among the annotated genes in the R. pulchrum cp genome, seven have introns, two are
protein-coding genes, and five are tRNA genes (Table 3). Six genes display one intron, these
include the protein-coding gene ndhA and tRNA genes trnV-UAC, trnL-UAA, trnA-UGC, trnI-GAU,
and trnG-UCC; one protein-coding gene (ycf 3) contains two introns. Among all R. pulchrum genes, ycf3
has the largest intron (711 bp + 743 bp) and trnL-UAA has the smallest intron (504 bp).

Table 3. Exon and intron lengths of R. pulchrum cp genes.

Gene Exon I (bp) Intron I (bp) Exon II (bp) Intron II (bp) Exon III (bp)

trnV-UAC 39 584 39 / /
trnL-UAA 52 504 39 / /

ycf3 124 711 230 743 153
ndhA 540 1091 564 / /

trnA-UGC 37 805 38 / /
trnI-GAU 37 936 42 / /
trnG-UCC 23 684 48 / /

3.2. Ka/Ks Analysis of Base Variation

To test whether the remaining cp genes in R. pulchrum have undergone selection, we estimated
the synonymous (Ks) and nonsynonymous (Ka) substitution rates (Table S2). The Ka/Ks ratios were
then categorized, with Ka/Ks < 1, Ka/Ks = 1, and Ka/Ks > 1 denoting purifying, neutral, and positive
selections, respectively, in the context of a codon substitution model. According to our results, only two
genes, rps15 and psbZ, underwent positive selection compared with the eight Ericaceae species (Table
S2). By contrast, most remaining genes were shown to have undergone purifying selection, which was
evidenced by a Ka/Ks ratio below 1 and the presence of negatively selected sites within some genes.
During the transformation of Ericaceae from exclusively autotrophic (R. pulchrum, V. macrocarpon and V.
oldhamii) to heterotrophic (Monotropeae, six species). We found signs of purifying selection in rpl32,
which is the only gene annotated in this transformation, in four heterotrophic species (Allotropa virgata,
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Hemitomes congestum, Monotropsis odorata, and Pityopus californicus); whereas the rpl32 gene was absent
from two heterotrophic species, Monotropa hypopitys and Monotropa uniflora.

3.3. Long-Repeat and SSR Analysis

A total of 576 long repeats were identified in the R. pulchrum cp genome, including 382 forward (F)
and 259 inverted repeats (I) (Table S3). The long repeats exhibited substantial variation in length—we
found 460 (79.86%), 98 (17.01%), and 18 (3.13%) repeats of 15–30 bp, 30–100 bp and 100–1000 bp,
respectively. The longest forward repeat was 951 bp in length and was identified in one spot involved
the sequence of ycf3 gene and the intergenic space.

We also identified 221 SSRs from the R. pulchrum cp genome, including 140 mononucleotide
(63.35%), six dinucleotide (2.71%), 58 trinucleotide (26.24%), nine tetranucleotide (4.07%), one
pentanucleotide (0.45%), two hexanucleotide (0.90%), and five compound SSRs (2.26%) (Table S4).
Fifty-two SSRs contained guanine (G) or cytosine (C), of which two were composed of tandem G or C
repeats; whereas the remaining 169 SSRs had either polyadenine (poly A) or polythymine (poly T).
Further, 34 SSRs were found in intragenic regions, and the rest were identified in intergenic regions.

3.4. Nucleotide Variability (pi) Values of Genes

Gene nucleotide variability (pi) values of R. pulchrum were compared with the eight Ericaceae
species (Figure 3). The values of ndhK, rpl32, trnM-CAU, trnF-GAA, tRNA-CAA, trnC-GCA, trnN-GUU
and trnL-UAG were between 0.03 and 0.05, while the values of trnfM-CAU, rrn23, trnS-GCU, trnV-GAC,
rrn5 and rps19 were higher than 0.05. The results indicate that, in general, the nucleotide diversity
among the nine Ericaceae species is high.
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3.5. Comparative Analysis of Gene Content and Genome Structure

Differences in cp sequences can help to infer the gene flow between species [41]. Thus, the complete
R. pulchrum cp genome was compared with those of exclusively autotrophic and mycoheterotrophic
species of Ericaceae, respectively. As shown in Table S5, gene content of R. pulchrum is quite distinct
from the other eight Ericaceae species. We determined that while 9–12 (rps) genes were found among the
other eight species, only two (rps15 and rps 19) were found in R. pulchrum. rps15 was only annotated
in the three exclusively autotrophic species (R. pulchrum, V. macrocarpon and V. oldhamii); rps19 was
annotated in all nine Ericaceae species. There have 5-8 (rpl) genes were found among the other eight
species, only one gene (rpl32) were found in R. pulchrum. There have 4 (rrn) genes were found among
the other eight species, only two gene (rrn23 and rrn5) were found in R. pulchrum. However, gene
content of R. pulchrum has common characteristics with the other eight species. For example, no rpo
genes coding RNA polymerase subunits were found in R. pulchrum and six species of Monotropeae,
while 4 genes were found in two species of Vaccinieae; 28-30 (trn) genes coding Transfer RNA were
found in three exclusively autotrophic species (R. pulchrum, V. macrocarpon and V. oldhamii), while only
15–18 genes were found in six species of Monotropeae. Photosynthesis-related genes (psb, psa, pet, atp,
rbc, ndh) were lost in the cp genomes of the six nonphotosynthetic species of Monotropeae. Moreover,
37, 41 and 44 photosynthesis-related genes were found in genome of R. pulchrum, V. macrocarpon and
V. oldhamii, respectively, with 34 of these genes in common. Four genes (atpF, ndhG, ndhK and PsbZ)
were lost in V. macrocarpon, and seven genes (atpF, ndhB, ndhD, ndhF, PetA, psal and psaJ) were lost in R.
pulchrum. Besides self-replication and photosynthesis related genes, there have eight other genes (accD,
ccsA, cemA, clpP, infA, lhbA, matK and rp3) were found in the other eight Ericaceae species. Among
which, only one gene (ccsA) were found in genome of R. pulchrum, and three genes (accD, clpP and
infA) were only found in six nonphotosynthetic species of Monotropeae.

As shown in (Figure 4, Figure 5 and Figure S1, the R. pulchrum cp genome is quite distinct
from the eight Ericaceae species. Specifically, the R. pulchrum cp genome is more divergent than
mycoheterotrophic Ericaceae species; sequence diversity is higher in the noncoding than coding regions
(Figures 4 and 5). Only one gene (trnL-CAU) in R. pulchrum exhibited higher similarity to that in the six
mycoheterotrophic Ericaceae species (Figure 4A). By contrast, twenty R. pulchrum cp genes showed
relatively higher similarity to those of exclusively autotrophic species of Ericaceae (Figure 4B). Together,
these data revealed a high level of genetic variation among species of different genera within Ericaceae,
especially between mycoheterotrophic (Monotropeae) and exclusively autotrophic species (Vaccinieae
and Rhododendron).
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Figure 4. Comparison of the eight complete cp genomes of Ericaceae species. The grey arrows and thick
black lines above the alignment denote gene orientations. The Y-axis represents sequence similarity.
A. Comparison between the complete cp genomes of R. pulchrum and Monotropeae (Monotropa hypopitys,
NC_029704.1; Allotropa virgata, NC_035580.1; Hemitomes congestum, NC_035581.1; Monotropa uniflora,
NC_035582.1; Monotropsis odorata, NC_035583.1; and Pityopus californicus, NC_035584.1). B. Comparison
between the complete R. pulchrum and Vaccinieae (Vaccinium macrocarpon, NC_019616.1 and Vaccinium
oldhamii, NC_042713.1) cp genomes. The cp genome of Rhododendron pulchrum was used as the reference.
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3.6. The Phylogenetic Tree of Ericaceae

Phylogenetic analysis was performed based on an alignment of concatenated nucleotide sequences
of all ten angiosperm cp genomes (Figure 6). A phylogenetic tree was built by using the Gtrgamma
model and the Bayesian inference (BI) method based on RAxML, with Actinidia deliciosa and Actinidia
chinensis as outgroups. All relationships inferred from these cp genomes received high supports with
the support values ranging between 83 and 100. It is worth noticing that the nine species from family
Ericaceae did not form a clade. Six heterotrophic species in genera Monotropeae clustered into one clade,
and the three exclusively autotrophic Ericaceae species (R. pulchrum, V. oldhamii and V. macrocarpon)
formed another (Figure 6).
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4. Discussion

The complete cp genome of R. pulchrum differs significantly from those of the other eight Ericaceae
species with regard to genome size, structure, GC content, genes structure, but was similar to those of
the two Vaccinieae species. Compared with exclusively autotrophic Ericaceae species (photosynthetic,
Vaccinieae and Rhododendron), the cp genomes of mycoheterotrophic species (nonphotosynthetic,
Monotropeae) are substantially smaller in size (ca. 33–41 kb) and gene content [10,11,42]. The R. pulchrum
cp genome was found to have 73 functional genes, 110 and 133 genes were annotated in those of
Vaccinium macrocarpon and Vaccinium oldhamii, whereas 40–45 genes were annotated in species of
Monotropeae respectively—suggesting that Ericaceae cp genomes are highly variable. Gene content
of R. pulchrum is quite distinct from the eight Ericaceae species, such as most of the self-replication
related genes (rps, rpl, rrn) being missing compared to the other eight species, but similar as it has
maintained most of the trn self-replicating genes. Interestingly, both R. pulchrum and six Monotropeae
species are missing the rpo genes that are present in the two Vaccinieae species. Photosynthesis-related
genes (psb, psa, pet, atp, rbc, ndh) were lost in the cp genomes of nonphotosynthetic Ericaceae species [10],
while 37, 41 and 44 photosynthesis-related genes were found in genome of R. pulchrum, V. macrocarpon
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and V. oldhamii, respectively. Thus, supporting the position of Rhododendron between Vaccinieae
and Monotropeae during evolution. According to the published data, the plastid genomes of most
photosynthetic land plants are conserved in size (140–160 kb) and display the typical quadripartite
structure by showing the LSC, LSC, and two IRs [14,19,20]. However, our results indicate that the
R. pulchrum cp genome lacks the IRs, which has also been reported in Monotropeae [10], Medicago [43,44]
and Erodium plants (Erodium carvifolium HQ713469.1).

The R. pulchrum cp genome has an overall GC content of 35.98%, which is lower than exclusively
autotrophic Ericaceae species including Vaccinium oldhamii (36.75%) and Vaccinium macrocarpon (36.80%)
but higher than heterotrophic Ericaceae species (Monotropeae), including Pityopus californicus (34.37%),
Monotropa hypopitys (34.31%), Hemitomes congestum (33.71%), Allotropa virgata (33.09%), Monotropsis
odorata (31.20%), and Monotropa uniflora (28.47%). In plants, GC content is often associated with the
degree of primitiveness of a taxon [45], whereas in MH species, it is often related to plastome degradation
level [7]. Further, consistent with that observed with Q. acutissima [46], the ycf 3 and trnL-UAA genes
in R. pulchrum have the largest intron and the smallest intron, respectively. The ycf 3 gene has been
reported to be necessary for stabilizing the accumulation of photosystem I complexes [47], and the
gain of intron is usually considered have closely relationship with the evolution of photosynthesis [46].
This result indicates that ycf 3 is likely a key player in photosynthesis in R. pulchrum. Thus, the
complete cp genomes of genera Vaccinieae, Monotropeae, and Rhododendron are useful for studying
Ericaceae species evolution, photosynthetic gene degradation, and the phylogenetic relationships among
Ericaceae species.

In this study, a total of 221 cp SSRs were identified in R. pulchrum, more than that has been
reported for other Ericaceae species (62) [11]. This may be a result of the complex genetic background
of Rhododendron. Meanwhile, the cpSSRs identified here rarely contain tandem G or C repeats, which
is in line with the published data [48]. These cpSSR markers offer an alternative to morphological
features and nuclear DNA markers in defining Rhododendron subsections. The cpSSRs yielded from
this study can be employed for genetic structure determination, as well as the diversity, differentiation,
and maternity studies of R. pulchrum and its related species.

Compared with the eight Ericaceae species, only two genes rps15 and psbZ—which encode the
small subunit of ribosome and the core complex of photosystem II protein, respectively—showed
signs of positive selection. Co-annotated genes were found in all the eight Ericaceae species during the
transformation of Ericaceae from exclusively autotrophic (Rhododendron, R. pulchrum) to heterotrophic
(Monotropeae, six species). In addition, we observed a high level of genetic diversity among Ericaceae
genera, especially between mycoheterotrophic (Monotropeae) and exclusively autotrophic species
(Vaccinieae and Rhododendron), which is consistent with the genomic rearrangement events in Ericaceae
plants reported by previous studies [11]. In general, the cp genomes of species from the same family
are conserved [23], and cp sequences have been successfully applied to the phylogenetic studies
of angiosperms [49,50]. Our phylogenetic analysis clustered the nine Ericaceae species (from three
genera) and two outgroup species into three distinct phylogenetic groups, including one outgroup
(Actinidia deliciosa and Actinidia chinensis), one exclusively autotrophic group (R. pulchrum, Vaccinium
macrocarpon, and V. oldhamii), and one heterotrophic group (Monotropa hypopitys, Allotropa virgata,
Hemitomes congestum, Monotropa uniflora, Monotropsis odorata, and Pityopus californicus). In addition, the
cp genome of R. pulchrum is closely related to those of Vaccinium oldhamii and Vaccinium macrocarpon
species. Taken together, our results revealed the potential of Ericaceae family as suitable materials for
studying plastid genome development and evolution.

5. Conclusions

In this study, we report the characterization of the complete cp genome of R. pulchrum,
a horticultural and medicinal species cultivated worldwide. The R. pulchrum cp genome displays unique
characteristics compared with species from other genera in Ericaceae, especially genus Monotropeae.
The phylogenetic analysis revealed that R. pulchrum was closely related to species of Vaccinium oldhamii
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and Vaccinium macrocarpon. The complete cp genome assembly of R. pulchrum provided in this research
is valuable for future population genomic and phylogenomic studies, and will benefit Rhododendron
conservation and utilization.
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