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Abstract: Azalea is a general designation of Rhododendron in the Ericaceae family. Rhododendron not only has high
ornamental value but also has application value in ecological protection, medicine, and scientific research. In this
study, we used Illumina and PacBio sequencing to assemble and annotate the entire chloroplast genomes (cp
genomes) of four Rhododendron species. The chloroplast genomes of R. concinnum, R. henanense subsp. lingbaoense,
R. micranthum, and R. simsii were assembled into 207,236, 208,015, 207,233, and 206,912 bp, respectively. All
chloroplast genomes contain eight rRNA genes, with either 88 or 89 protein-coding genes. The four cp genomes were
compared and analyzed by bioinformatics, and the phylogenetic analysis based on chloroplast genomes of 26 species
of Ericaceae, Actinidiaceae, and Primulaceae under Ericales was conducted. A comparison of the linear structure of cp
genomes of four Rhododendron showed that there were substantial sequence similarities in coding regions, but high
differences in non-coding regions. A phylogenetic analysis, based on chloroplast whole genome sequences, showed
that all Rhododendron species are in the clade Ericaceae. This study provides valuable genetic information for the

study of population genetics and evolutionary relationships in Rhododendron and other azalea species.

Introduction

Azalea, one of China’s top ten most famous flowers, is a general
name of Rhododendron plants in the Ericaceae family of
flowering plants. Rhododendron is not only of high
ornamental value but is also used in ecological protection,
medicine, and scientific research (Liang et al., 2016; Li et al,
2018). There are about 1025 species worldwide, and more
than 580 are distributed in China, of which 420 are endemic.
Due to frequent interspecific hybridization and introgression,
the interspecific phylogenetic relationship within the genus
has long been suspected (Kurashige et al., 2001; Gao et al,
2002; Goetsch et al., 2005; Yan et al., 2017; Xia et al., 2022;
Fu et al, 2022). Although the germplasm resources of
Rhododendron are rich, with the development of society and
economic activities, some populations and wild species with a
small number of individuals and little attention have been
seriously disturbed and have even become extinct or
endangered (Ma et al., 2014; Ma et al., 2017).

The chloroplast is an important organelle with autonomous
genetic information for photosynthesis. It is commonly found in
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terrestrial plants, algae, and protozoa (Dobrogojski et al., 2020).
The chloroplast genome is a typical double-stranded circular
multi-copy DNA molecule in cells. Plant chloroplast (cp)
genomes are very conserved and can be divided into four
segments, namely two inverted repeat (IRa and IRb) regions, a
large single copy (LSC) region, and a small single copy (SSC)
region separating IR regions (Wicke ef al, 2011; Cui et al,
2021). The expansion or contraction of the IR regions often
results in the variation in length of the chloroplast genome
(Chung et al., 2006). Compared with the nuclear genome, most
chloroplast genomes are characterized by highly conserved
sequences, compact size, lack of recombination, and maternal
inheritance (Zhu ef al, 2017). The characteristic of maternal
inheritance enables it to stably retain its characteristics without
being affected by the environment. Its structure and sequence
information are valuable for revealing species’ origin, evolution,
and genetic relationship (Wang et al., 2012; Brock et al., 2022).
According to the published data, eight chloroplast genomes
of Rhododendron species have been reported. The published
Rhododendron spp. are as follows: R. pulchrum (MN182619,
146,941 bp), R simsii (MWO030509, 152,214 bp), R. delavayi
(MN413198, 193,798 bp), R. mole (MZ073672, 197,877 bp),
R. platypodum (MT985162, 201,047 bp), R. griersonianum
(MT533181, 206,467 bp), R. datiandingense (MW381788,
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207,311 bp), and R. kawakamii (MW762686, 230,777 bp)
(Shen et al.,, 2020; Xu et al., 2021; Liu et al., 2020b; Liu
et al., 2021; Ma et al., 2021; Liu et al., 2020a; Wang et al.,
2021b; Wang et al., 2021a). Considering the numerous
Rhododendron species, the cp genome data of Rhododendron
spp. are still insufficient. In this study, we combined Illumina
and PacBio sequencing technology to assemble and annotate
the cp genomes of four Rhododendron species (R. concinnum,
R. henanense subsp. lingbaoense, R. micranthum, and R
simsii). These genomes were compared, and phylogenetic
analysis of 26 species (18 species of Ericaceae, 5 species of
Actinidiaceae, and 3 species of Primulaceae) based on cp
genomes was conducted. Our study provides more sequence
resources for the phylogenetic research on Rhododendron and
a theoretical basis for further clarifying the genetic protection
and cp genome evolution of Rhododendron.

Materials and Methods

Plant material and DNA extraction
Samples of R. concinnum and R. henanense subsp. lingbaoense
were collected from the Xiaoqinling National Nature Reserve,
Lingbao County, Henan Province, China (110°35'45"E, 34°24'
32"N). R. micranthum and R. simsii were collected in the
Funiu Mountain District, Luanchuan County, Henan Province
(111°50'12"E, 33°41'48"N). The plant specimens in this study
have been compared and identified with the National Plant
Specimen Resource Center of China and deposited in the
herbarium of Luoyang Normal University under accession
numbers BOT20200613-BOT20200616.

Total genomic DNA was extracted from fresh leaves using
a modified cetyltrimethylammonium bromide (CTAB) method
(Liet al., 2013a). The integrity and concentration of DNA were
assessed by agarose gel electrophoresis and spectrophotometer,
and qualified DNA was used for library construction.

Library construction and sequencing

After DNA isolation, 1 pg of purified DNA was randomly
fragmented to 300~500 bp by ultrasound with Covaris M220.
The paired-end (PE) libraries were prepared from total
genomic DNA using Illumina TruSeq™ Nano DNA Sample
Prep Kit. First, the fragmented DNAs were purified, end-
repaired, dA-tailed, and index connector ligated with TruSeq™
Kit. Next, PCR amplification was performed to enrich the
library. Then, the target band was recovered with 2% Certified
Low Range Ultra Agarose. Finally, the resulting libraries were
sequenced using Illumina Hiseq 4000 (Borgstrom et al, 2011),
and the sequencing read was 2 x 150 bp. The raw data were
filtered to get clean data by removing the joint, low-quality, and
error sequences. The process was as follows: Polymerase reads
with lengths less than 100 bp and mass less than 0.80 were
filtered out, and the subreads were further extracted from the
polymerase reads. The adapter sequences and subreads less
than 500 bp in length were filtered out. For PacBio single-
molecule real-time (SMRT) sequencing, 20-kb DNA inserts
libraries were created and sequenced on a PacBio Sequel RSII
platform. The PacBio reads were adjusted in accordance with
clean Ilumina reads using LoRDEC v0.9 (Salmela and Rivals,
2014). The specific parameters and experimental procedures are
described in the Li ef al. (2020).
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Chloroplast genome assembly and annotation
To improve the reliability of assembly, we used two strategies
to assemble the cp genomes. In the first strategy, the short
clean reads were de novo assembled with GetOrganelle
v1.6.4, and potential chloroplast contigs were extracted by
aligning against the chloroplast protein-coding genes from
the plant chloroplast database of NCBI with BLAST (Jin et
al., 2020). Then, the putative long chloroplast reads were
baited by mapping the Pacbio long reads to the potential
chloroplast contigs using BLASR v5.1 (Chaisson and Tesler,
2012). Finally, the putative long chloroplast reads were
assembled by Canu v2.1.1 (Koren et al, 2017). In the
second strategy, all Pacbio long reads were assembled de
novo by using Canu directly. Subsequently, we used BWA to
map the short clean reads to the draft contigs and improved
the draft contigs with Pilon v1.22 (https://github.com/
broadinstitute/pilon/) (Li and Durbin, 2009). Then,
MUMmer 3.23 was used to check whether these contigs
were circular (Kurtz et al, 2004). Finally, the corrected
contigs obtained from the above two strategies were aligned
using MUMmer, and the results show that the two contigs
were identical. Through the above steps, the total length and
GC content of the genome assembly results were obtained.
The chloroplast genes were annotated using the online
GeSeq tool to predict protein-coding genes, transfer RNA
(tRNA) genes, and ribosome RNA (rRNA) genes (Tillich et
al., 2017). After the amino acid sequence of the sample was
predicted, it was compared with the known protein
databases KEGG (Kanehisa et al., 2006), COG (Tatusov et
al., 2003), NR, Swiss-Prot (Magrane, 2011), and GO
(Ashburner et al., 2000). The annotation result was obtained
by combining the gene with the corresponding functional
annotation information. Since there may be more than one
alignment result for each sequence, the optimal alignment
result is retained as the annotation of the gene to ensure its
biological significance. The circular cp genome maps were
drawn using OrganellarGenomeDRAW (Greiner et al., 2019).
The relative probability for a specific codon between the
synonymous codons encoding the corresponding amino acid
reflects the degree of preference for codon usage. We used
the software cusp (EMBOSS v6.6.0.0) to calculate Relative
Synonymous Codon Usage (RSCU) to obtain the codon
preference values. The ratio (w) of the non-synonymous
substitution rate (Ka) to the synonymous substitutions rate
(Ks) was used to measure the selective pressure. Pairwise
Ka/Ks ratios of the four Rhododendron species were
calculated using the concatenated single-CDS alignments
with KaKs Calculator 2.0 (Wang et al., 2010).

Repeat sequences and comparative analysis of the cp genomes
The software REPuter was used for long repeat analysis, with
parameters set to minimal repeat size of 30 bp and edit
distance of 3. The following four repeat types were found: F
(Forward), R (Reverse), C (Complement), and P
(Palindromic) (Kurtz et al., 2001). Simple sequence repeats
(SSRs), also known as microsatellites, are abundant across
the genome and are generally composed of 1-6 bp motif as
the main repeating unit. SSR analysis was performed on the
sequences obtained from the sample assembly using the
MIcroSAtellite identification tool (MISA) with the following
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parameters: 4 repeat units for hexa-, penta-, and
tetranucleotides, 5 for tri-, dinucleotides, and 8 for
mononucleotides (Beier ef al., 2017). The minimum distance
between the two SSRs is 100 bp. Finally, the Primer3
software was used to design primers for SSR sequences
obtained from MISA recognition (Untergasser et al., 2012).

Comparative analysis was done using the mVISTA
program in the Shuffle-LAGAN mode to align the cp
sequences (Frazer et al., 2004). The software DnaSP V5.10 was
used to analyze the nucleotide variability (Pi) of coding genes
and non-coding regions to reveal divergent hotspot regions of
the cp genomes (Librado and Rozas, 2009). The parameters
were set as window length = 300 bp, step size = 200 bp.

IR/SC boundaries analysis

The annotated information (boundaries of LSC, SSC, IRs
regions, and the genes near each boundary) were mapped
on the simplified chloroplast genome structure maps by
Adobe Tlustrator CS5 software (Adobe Systems, San Jose,
CA) to compare the cp genomes, and to show the extent of
the degree of IR expansion and contraction.

Phylogenetic analysis

A total of 26 complete chloroplast genome sequences
(including the four species we sequenced) under Ericales
were downloaded from the National Center for
Biotechnology Information (NCBI) for the phylogenetic
analysis. Nucleotide sequences of the 26 cp genomes were
aligned using MAFFT (v7.313) software (Katoh ef al., 2019),
and the results were used to construct a phylogenetic tree
using MEGA 11 (Tamura ef al, 2021). The phylogeny was
examined by the Bootstrap method with 1000 replications.

Results

Characteristics of the chloroplast genomes
The Illumina sequencing clean data of the four Rhododendron
species (R. concinnum, R. henanense subsp. lingbaoense, R.
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micranthum, and R. simsii) were 4.6, 6.0, 6.0, 43 Gb
respectively, and PacBio sequencing data were 6.7, 6.5, 6.9
and 7.3 Gb, respectively, of which the maximum read length
is 118,991 bp (Table 1). The total cp genome sizes of the
four Rhododendron plants were 207,236, 208,015, 207,233,
and 206,912 bp, respectively. The resulting cp genomes of
the four Rhododendron plants, R. concinnum (MT239366),
R. henanense subsp. lingbaoense (MT239363) (Zhou et al.,
2021), R. micranthum (MT239365), and R. simsii
(MT239364) have been deposited in the NCBIL. As with
most flowering plants, the cp genomes of the four
Rhododendron species all have a circular and quadripartite
structure, consisting of a pair of IRs (47154, 47408, 47118,
47036 bp) and two single-copy regions (LSC: 110326,
110593, 110376, 110234 bp; SSC: 2602, 2606, 2621, 2606
bp), as shown in Fig. 1 and Table 2. The GC content of the
four genomes ranges from 35.81% to 35.91%.

There were few differences in the number and types of
genes in the four Rhododendron cp genomes. There were 93
genes in the R. concinnum cp genome, consisting of 59
protein-coding genes and 30 tRNA genes. There were 58
protein-coding genes in the cp genomes of R. henanense
subsp. lingbaoense and R. micranthum, and 59 protein-
coding genes in the cp genome of the R. simsii. There were
four rRNA genes (rrnl6, rrn23, rrn4.5, and rrn5) in all three
genomes. Out of these genes, the protein coding sequence
(CDS) region of the rpoC2 gene was the largest, while that
of the trnK-UUU gene was the smallest.

The number of codons of the four Rhododendron species
was 21,133, 21,184, 21,108, and 20,906, respectively. Out of
these codons, ATT (972/977/972/964) encoding isoleucine
(Ile) and TAG (18/17/20/19) encoding termination codons
were the most and the least used in the four species,
respectively. Except for methionine (Met, codon: ATG) and
tryptophan (Trp, codon: TGG), all the amino acids are
compiled by multiple codons, as shown in Fig. 2. There are
six synonymous codons for serine (Ser), leucine (Leu), and
arginine (Arg); four synonymous codons for each of alanine

TABLE 1

Sequencing data of the four Rhododendron cp genomes

Ilumina-  Sample Insert Raw data Clean data Clean data Clean data Clean data
Seq data size (bp)  (x 10° bp) (x 10° bp) GC (%) Q20 (%) Q30 (%)

R. concinnum 450 4.6 4.3 42.98 97.85 93.19

R. henanense subsp. 450 6.0 5.6 42.26 97.87 93.17

lingbaoense

R. micranthum 450 6.0 5.6 40.09 97.24 91.45

R. simsii 450 4.3 4.1 40.96 97.43 92.01
PacBio- Sample Subreads Subreads Subreads largest Subreads N50  Subreads N90  Subreads average
Seq data number bases length (bp) length (bp) length (bp) length (bp)

(x 10° bp)

R. concinnum 326901 6.7 118991 26884 13012 20579

R. henanense subsp. 313016 6.5 118991 26859 13119 20806

lingbaoense

R. micranthum 334678 6.9 118991 26934 13013 20554

R. simsii 363952 7.3 118991 26656 12522 20033
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FIGURE 1. Genetic map of four Rhododendron cp genomes. RH-L6, RH-C5, RM, and RS were R. henanense subsp. lingbaoense, R. concinnum,
R. micranthum, and R. simsii respectively. Genes outside and inside the outer circle are transcribed in the direction of the gray arrows. Genes
are divided into 14 groups according to their biological functions and are shown by different colored boxes. In the inner circle, dark gray

denotes GC content and light gray denotes AT content.

(Ala), proline (Pro), glycine (Gly), threonine (Thr), and valine
(Val); three synonymous codons for each of isoleucine (Ile) and
stop codons. The remaining nine amino acids all have two
synonymous codons. Except that the synonymous codon of
leucine and serine is mutated at both the first and third sites,
the synonymous codons of other amino acids are usually
mutated at the third position for reducing harmful mutations.

Introns can increase the exogenous gene expression
levels at plant sites and play a vital part in the regulation of
gene expression. A total of 20 genes containing introns were
observed in the four Rhododendron cp genomes, among
which 18 contained one intron and 2 (yc¢f3 and rpsi2)

contained two introns. The intron of the rpsi2 gene was the
longest, and rpsi2 is a trans-spliced gene. Specifically, in the
cp genomes of the four Rhododendron species, both 5 and
3" end of the rpsI2 gene were in the LSC region.

Repeat sequences and SSR analysis

Long and complex repeats may play an important role in the
rearrangement and recombination of cp genomes (Ogihara
et al, 1988; Weng ef al., 2014). The results showed that
there were no reverse repeats and complement repeats
among these four Rhododendron plants. There were 341
forward repeats and 299 palindromic repeats, consisting of
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TABLE 2
Comparison of cp genomes among the four Rhododendron species
Genome feature R. concinnum R. henanense subsp. R. micranthum R. simsii
lingbaoense
GenBank numbers MT239366 MT239363 MT239365 MT239364
Size (bp)/G + C (%) 207,236/35.87 208,015/35.81 207,233/35.91 206,912/35.84
LSC (bp)/G + C (%) 110,326/35.36 110593/35.27 110376/35.4 110234/35.35
SSC (bp)/G + C (%) 2,602/30.17 2606/29.97 2621/29.87 2606/30.01
IR (bp)/G + C (%) 47,154/36.63 47408/36.59 47118/36.67 47036/36.57
Protein coding genes (bp)/G + C (%) 63324/37.78 62880/37.77 63691/37.68 63399/37.73
First position (bp)/G + C (%) 21108/46.22 20960/46.36 21230/44.05 21133/46.27
Second position (bp)/G + C (%) 21108/38.93 20960/38.88 21230/39.65 21133/38.94
Third position (bp)/G + C (%) 21108/28.18 20960/28.08 21230/29.35 21133/27.99
tRNA (bp)/G + C (%) 2999/51.88 3075/51.8 3147/51.41 3029/51.47
rRNA (bp)/G + C (%) 4238/55.97 4322/55.95 3718/54.28 6842/55.92
RSCU value
7.00

6.00
5.00
4.00
3.00

|
2.00 l
|
. I"IH“'“I"“ "“ "“'“l““l“l ‘“‘ ‘ IHI"“
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T 11

83/77, 89/71, 86/74, and 89/71 forwarding repeats and
palindromic repeats, respectively. The details of the different
sizes of the repeat areas are shown in Fig. 3. Most of the
repeats were found in the non-coding region, some in the
trnI-CAU coding region, and a few in the interval between
ndhl and trnl-CAU. Tandem repeats were also observed in
the four cp genomes (45 in R. concinnum, 48 in R. henanense
subsp. lingbaoense, 46 in R. micranthum, and 51 in R. simsii).
The detailed cp genomes’ repeat sequences of the four
Rhododendron species are presented in Suppl. Table S1.

Repeat sequences and SSR analysis
Long and complex repeats may play an important role in the
rearrangement and recombination of cp genomes (Ogihara et al,

Met Asn Pro Gln Arg Ser Stop Thr Val Trp Tyr
Amino acid

\CG GTG
Ack 1 100 Tac

FIGURE 2. Codon content for the CDS in the four Rhododendron cp genomes. The X-scale axis denotes the 20 amino acids and terminators, and
the Y-scale axis denotes the RSCU value. For each amino acid, the corresponding species from left to right are as follows: R. simnsii, R. henanense
subsp. lingbaoense, R. micranthum and R. concinnum. The different color of each amino acid corresponds to the codon of the same color below.

1988; Weng et al, 2014). The results showed that there were
no reverse repeats and complement repeats among these four
Rhododendron plants. There were 341 forward repeats and
299 palindromic repeats, consisting of 83/77, 89/71, 86/74,
and 89/71 forwarding repeats and palindromic repeats,
respectively. The details of the different sizes of the repeat
areas are shown in Fig. 3. Most of the repeats were found in
the non-coding region, some in the trnl-CAU coding region,
and a few in the interval between ndhl and trnl-CAU.
Tandem repeats were also observed in the four cp genomes
(45 in R. concinnum, 48 in R. henanense subsp. lingbaoense,
46 in R. micranthum, and 51 in R. simsii). The detailed cp
genomes’ repeat sequences of the four Rhododendron species
are presented in Suppl. Table S1.
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A total of 338, 351, 331, and 325 SSRs were observed in
the R. concinnum, R. henanense subsp. lingbaoense, R.
micranthum, and R. simsii cp genomes, respectively. The
number of different repeat units of different SSR types in
the four Rhododendron cp genomes is given in Suppl
Table S2. In the four cp genomes, the number of mono-,
di-, tri-, tetra-, penta- and hexa-nucleotide SSRs were 232/
17/70/16/2/1, 245/18/68/16/3/1, 229/18/64/19/0/1, and 226/
13/65/16/4/1, respectively.

Comparative analysis of the cp genomes

Analysis of the chloroplast genomic polymorphisms showed
that the SSC region had the highest nucleotide
polymorphism (0.10), followed by the IR region (0.083), as
shown in Fig. 4. The Pi values also proved that there was
moderate sequence differentiation in the cp genomes of
Rhododendron. Polymorphic analysis of the four cp
genomes showed that the IR region was more conservative
than the LSC and SSC regions, and there were more
variations in the latter two regions. Highly divergent regions
appear in the IGSs (intergenic spacers) of these cp genomes,
including ycf3-matK, atpE-rpoB, psbK-psaA, trnT(GGU)-
rpll16, rpoA-psb], rpl23-trnL(CAA) and rps7-ndhB in the LSC
region; and ndhl-psal, rps16-trnl(CAU), rpsl6-psal, trnM
(CAU)-ndhl, rps15-trnR(ACG) and trnV(GAC)-rrnl6 in the
IR region (Suppl. Fig. S1). Some divergences were also
observed in the coding regions of the ndhF gene located in
the SSC region in the four cp genomes.

IR contraction and expansion
The contraction and expansion of the IRs is a common
evolutionary phenomenon in plants (Henriquez et al., 2020).

To explore the potential contraction and expansion of IR
boundaries, the IR and SC boundaries of Rhododendron
plants were compared. The results show that the IR length,
the gene content, and the structure of the IR/SC boundary
remained distinct and different (Fig. 5). The IR region
of Rhododendron spp. was highly variable, ranging from
951 -47,467 bp, with the smallest being R. pulchrum
and the largest being R. griersonianum. Among the 12
Rhododendron spp., seven had SSC regions of approximately
2,600 bp in size. The R. molle had the shortest SSC region of
26 bp, and R. simsii (MW030509) had the largest of
69,783 bp. The position of rps12 and rpl32 is relatively fixed,
and the rpsI2 gene spacers extend into the LSC region by
different lengths depending on the genome (R. micranthum
1011 bp, R. henanense subsp. lingbaoense 1005 bp, and R.
concinnum 1013 bp). The psbA gene is 543, 547, 553,
and 556 bp away from JLA junction toward the LSC side
in R concinnum, R. micranthum, R. henanense subsp.
lingbaoense, and R. simsii (MT239364) respectively. The
ndhF gene is 309, 311, 309, and 306 bp away from JSB
junction toward the SSC side and 53, 66, 53, and 52 bp
away from JSA junction toward the SSC side in R. simsii,
R. micranthum, R. henanense subsp. lingbaoense and R.
concinnum, respectively. However, in R. kawakamii and
R. mole, the ndhF gene is located exclusively in the IR region.

Selective pressure analysis

The w = dN/dS (Ka/Ks), the ratio of non-synonymous (Ka) to
the synonymous (Ks) mutation, is used to describe whether
there is selection pressure on a protein-coding gene. Ka/Ks
ratios (w) are categorized with 0 < w < 1, w =1, and w > 1
denoting negative or purifying selection, neutral evolution,
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FIGURE 4. The distribution curve of Nucleotide variability (Pi) values. The X-scale axis represents the genomic coordinate, and the Y-scale axis
represents the value of Pi. The red dotted line indicates the threshold boundary, and regions above the dotted line are genomic variation hotspots.

and positive selection, respectively. Positive selection (w > 1)
means some favorable mutations are being selected. When
0 < w < 1, the smaller the w value is, the greater the negative
selection pressure is, and the more conservative the amino
acid sequence is. Ka/Ks values of 70 common protein-coding
genes in the four species of Rhododendron were calculated
between two species, 152 effective values were obtained
(Suppl. Table S3), and the rest were invalid due to Ks = 0.
The results showed that the w-values of atpF, cemA, ndhG,
rpli4, rpll6, rpl22, and rps14 were all greater than 1 in each
species pair, and they were all positively selected. One or two
species pairs of w > 1 were found in ccsA, ndhD, ndh], ndhK,
rpli4, rpsll, rpsl5, rpsl6, rpsl9, rps2, rpl2, and rpoB,
suggesting that these genes were positively selected in
Rhododendron. The w values of ndhD in R. concinnum-R.
henanense subsp. lingbaoense and R. concinnum-R. simsii
were 50 and 1.151, respectively. The w values of rpl2 in R
concinnum-R. micranthum and R. concinnum-R. simsii were
1.092 and 1.087, respectively. The w value of rpoB was 1.297
(>1) only in R. concinnum-R. henanense subsp. lingbaoense.

Phylogenetic analysis

A phylogenetic tree based on 18 Ericaceae, 5 Actinidiaceae, and 3
Primulaceae cp genomes was conducted using the maximum
likelihood (ML) method, with three Primulaceae species
(Maesa Montana, Aegiceras corniculatum, and Embelia vestita)
as the outgroup, as shown in Fig. 6. The number above any
given branch of the tree indicates confidence, and the closer
the value is to 100, the higher the confidence. As the
Figure shows, R. delavayi and R. henanense subsp. lingbaoense,
R kawakamii, and R. datiandingense, and two R. simsii
(MT239364 and MW030509) are clustered together separately.
The twelve Rhododendron species are clustered with
Vaccinium, Gaultheria, and Arbutus to represent the Ericaceae.

Discussion

As with most flowering plants, the cp genomes of the four
Rhododendron species all have circular and quadripartite

structures. Due to four rRNA genes distributed in IRs, the
GC content in the IR regions (36.57%-36.67%) was higher
than that in the LSC region (35.27%-35.4%) and SSC
regions (29.87%-30.17%). Like other terrestrial plants, AT
content in the four cp genomes is higher than that of GC
(Li et al., 2013b; Vining et al., 2017; Liang et al., 2019). In
the CDS region of the chloroplast genome, the GC contents
of the four species of Rhododendron are 46.22%/
46.36%/44.05%/46.27%, 38.93%/38.88%/39.65%/38.94%, and
28.18%/28.08%/29.35%/27.99% at the first, second, and third
codon positions, respectively (Table 2). AT preference at the
third codon position in these cp genomes also appears in
other angiosperms (Guo et al., 2017; Lu et al., 2016).

SSRs are extensively distributed in different locations of
the genome (Zhou et al.,, 2015; Asaf et al., 2017; Zhou et al.,
2022). The cp genome is uniparental inheritance, and SSRs
have a high level of variation within the same species.
Therefore, cp SSRs have a broad range of applications as
molecular markers in the study of mapping, target gene
calibration, and genetic map construction (Yin et al, 2017;
Zhou et al., 2018; Yu et al., 2020). The results showed that
the main SSR type of Rhododendron was mononucleotide.
The vast majority of SSRs were A/T type, and the polymeric
A/T was far more than the polymeric G/C, which was also
reported in Rehmannia, Primula, and Salvia (Zeng et al,
2017; Zhou et al., 2016; Liang et al, 2019). The cp SSRs
found in the four Rhododendron species are more than have
been reported for other Ericaceae species (Shen ef al., 2020).
These cpSSR markers offer an alternative to nuclear DNA
markers and morphological features in  defining
Rhododendron subsections. The cpSSRs obtained in this
study can be applied to genetic structure determination, as
well as the diversity, differentiation, and maternity studies of
Rhododendron and related species.

Identity plot comparing the chloroplast genomes of the
12 Rhododendron species was obtained using mVISTA. As
shown in the Figure (Suppl. Fig. S1), these cp genomes
exhibited moderate differentiation, with the coding regions
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FIGURE 5. Comparison of the LSC, IR, and SSC border regions among the 12 Rhododendron chloroplast genomes.

being more conserved than the non-coding regions. It is worth
noting that the R. simsii cp genome (MW030509, 152,214 bp)
previously published is not consistent with our study
(MT239364, 206,912 bp). The comparison by mVISTA
revealed that the two differed significantly in the IR region
as well as the non-coding region. Previous studies have
shown that the plastid genome sizes of rhododendrons vary
greatly even among closely related species (Li et al., 2020).
These findings further confirm the complexity of Ericaceae
plastid genomes. Comparative analysis indicated that there
was no rearrangement in the four Rhododendron cp
genomes, showing a collinear relationship. The non-coding

and SC regions exhibited more variation than the coding
regions and IR regions. The result that coding regions are
more conserved than non-coding regions has also been
shown in the studies of Acanthoideae, Symplocos, Phaseolus,
and Calycophyllum (Alzahrani et al., 2020; Kim et al., 2021;
Tian et al., 2021; Saldana et al., 2022).

The phylogenetic tree is used to describe the evolutionary
relationships among species that share a common ancestor. It
has been reported that, R. delavayi and R. henanense subsp.
lingbaoense belong to the Subgen. Hymenanthes and Sect.
Ponticum; R. concinnum and R. micranthum belong to the
Subgen. Rhododendron and Sect. Rhododendron; R.
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FIGURE 6. Phylogenetic tree reconstruction containing the cp genomes of 26 species.

pulchrum and R. simsii belong to the Subgen. Tsutsusi and
Sect. Tsutsusi (Fang et al., 2005). This is consistent with our
findings and validates the reliability of the chloroplast
genomes sequencing results.

Conclusions

In this study, four Rhododendron species (R. henanense subsp.
lingbaoense, R. simsii, R. concinnum, and R. micranthum) cp
genomes were reported. Comparative analysis indicated that
the non-coding and SC regions exhibited more variation than
the coding regions and IR regions. The variation in genome
size is mainly due to the contraction of the IR/SC boundaries.
The data obtained in this study can provide insight into the
phylogenetic relationships among Rhododendron species at
the genomic scale, and these cp genomes may inform future
genetic breeding and further biological discoveries.
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