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Abstract
Background  The genomes within organelles are crucial for physiological functions such as respiration and 
photosynthesis and may also contribute to environmental adaptation. However, the limited availability of genetic 
resources, particularly mitochondrial genomes, poses significant challenges for in-depth investigations.

Results  Here, we explored various assembly methodologies and successfully reconstructed the complex 
organelle genomes of two Rhododendron species: Rhododendron nivale subsp. boreale and Rhododendron vialii. The 
mitogenomes of these species exhibit various conformations, as evidenced by long-reads mapping. Notably, only 
the mitogenome of R. vialii can be depicted as a singular circular molecule. The plastomes of both species conform 
to the typical quadripartite structure but exhibit elongated inverted repeat (IR) regions. Compared to the high 
similarity between plastomes, the mitogenomes display more obvious differences in structure, repeat sequences, 
and codon usage. Based on the analysis of 58 organelle genomes from angiosperms inhabiting various altitudes, we 
inferred the genetic adaptations associated with high-altitude environments. Phylogenetic analysis revealed partial 
inconsistencies between plastome- and mitogenome-derived phylogenies. Additionally, evolutionary lineage was 
determined to exert a greater influence on codon usage than altitude. Importantly, genes such as atp4, atp9, mttB, 
and clpP exhibited signs of positive selection in several high-altitude species, suggesting a potential link to alpine 
adaptation.

Conclusions  We tested the effectiveness of different organelle assembly methods for dealing with complex 
genomes, while also providing and validating high-quality organelle genomes of two Rhododendron species. 
Additionally, we hypothesized potential strategies for high-altitude adaptation of organelles. These findings offer a 
reference for the assembly of complex organelle genomes, while also providing new insights and valuable resources 
for understanding their adaptive evolution patterns.

Keywords  Organelle genome, Assembly methodology, Phylogeny, High-altitude adaptation

Deciphering the complex organelle genomes 
of two Rhododendron species and insights 
into adaptive evolution patterns in high-
altitude
Zhen-Yu Lyu1, Gao-Ming Yang1, Xiong-Li Zhou1, Si-Qi Wang1, Rui Zhang1 and Shi-Kang Shen1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-0611-6763
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-05761-7&domain=pdf&date_stamp=2024-11-6


Page 2 of 15Lyu et al. BMC Plant Biology         (2024) 24:1054 

Background
Mitochondria and plastids, organelles with genomes of 
endosymbiotic origin, are key to regulating photosyn-
thesis and respiration [1]. They possess their own inde-
pendent genomes, namely mitogenome and plastome, 
which are crucial for organelle function and overall life 
processes [2]. Since their emergence, mitochondria have 
undergone rapid diversification [3]. The mitogenomes 
of most land plants exhibit significant variation due to 
recombination events mediated by repetitive sequences, 
allowing them to exist in various structural forms, 
including circular, linear, branched, multichromosomal, 
or combinations thereof [4]. In contrast, plastomes 
in angiosperms are simpler and more conserved [5]. 
Plastomes are typically smaller and most exhibit a quad-
ripartite circular structure, consisting of a large single 
copy (LSC) region and a small single copy (SSC) region, 
separated by a pair of inverted repeats (IRs) [6]. This sta-
ble structure makes plastomes relatively easy to obtain, 
resulting in a greater number of published plastomes 
compared to mitogenomes. Currently, about 13,000 com-
plete plastomes have been sequenced, compared to only 
673 mitogenomes, with only 285 species having both 
organelle genomes sequenced [1]. This extreme imbal-
ance in sequencing abundance limits our understanding 
of the evolution and function of plant organelles. With 
the rapid advancement of sequencing technologies and 
a growing understanding of plant evolution, it is impera-
tive to swiftly address the quantitative gaps.

As plant adaptation to environmental changes becomes 
an increasingly critical area of focus in plant science, 
emerging evidence underscores the significant role of 
organelles in facilitating this adaptation. In high-altitude 
environments, plants encounter unique stressors such 
as low temperatures, high UV radiation, and reduced 
oxygen levels [7]. Organelles play a crucial role in these 
adaptations by adjusting their functions to optimize pho-
tosynthesis, respiration, and stress responses under such 
extreme conditions. For example, during cooling phases, 
cold-tolerant plants exhibit ultrastructural modifications 
within their organelles as a strategic adaptation to miti-
gate these stressors [8]. Moreover, molecular variations 
within plant cytoplasmic genomes often exhibit adaptive 
significance, as evidenced by phenomena such as positive 
selection, plastid capture, and nucleocytoplasmic interac-
tions, which contribute to the evolutionary fitness of the 
species [9]. However, the limited number of protein-cod-
ing genes (PCGs) in organelles often leads to the under-
estimation of significance in plant adaptation [10].

Rhododendron L., the largest genus in the Ericaceae 
family with over 1,000 species, is a key representative 
of the highly diverse Sino-Himalayan flora in East Asia, 
shaped by the heterogeneous topography and climate fol-
lowing the uplift of the Qinghai-Tibet Plateau [11]. It has 

a wide vertical distribution range, ranging from 300 m to 
5400 m above sea level. Additionally, due to its remark-
able adaptability and colorful corolla, Rhododendron pos-
sesses high horticultural value. Although phylogenetic 
studies of plastome PCGs across 161 species have been 
performed, the structural variations in the plastome of 
Rhododendron remain unclear, mainly due to challenges 
in genome assembly [12, 13]. At present, only two mito-
chondrial scaffolds have been published, R. × pulchrum 
and R. simsii [14, 15]. For plastome, about 30 complete 
genomes have been published on NCBI ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​
n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​​​​​)​, ranging in length from 146,941  bp 
to 230,777 bp. In the face of a large genus of more than 
1,000 species, this is far from sufficient. Therefore, pro-
viding more complete and accurate organelle genomes is 
of great significance for understanding the adaptive evo-
lution of Rhododendron and revealing the uplifting his-
tory of the Qinghai-Tibet Plateau.

Organelles hold a significant position in the biological 
activities of life, and exploring their evolutionary pat-
terns and adaptive strategies enhances our understand-
ing of the driving forces behind organelle differentiation 
[16]. In addition, the Rhododendron genus, known for its 
extreme adaptability and genomic diversity, is ideal for 
comparative genomic research. However, the complex 
organelle genomes of Rhododendron species present sig-
nificant challenges. Here, we evaluated various assembly 
methods to identify the best strategies for reconstruct-
ing Rhododendron organelle genomes. Based on the gap-
free genomes for R. nivale subsp. boreale and R. vialii, we 
conducted a comprehensive analysis of their structures, 
repetitive sequences, RNA editing sites, codon usage, and 
homologous sequences. To investigate the adaptive evo-
lution of organelle genomes across altitudes, we collected 
organelle genomes from 58 species at different altitudes. 
These genomes were used to explore phylogenetic rela-
tionships, altitude-associated codon usage patterns, and 
positive selection genes in high-altitude environments. 
These findings will serve as a reference for assembling 
complex organelle genomes and provide a foundation for 
further research into the adaptive evolution of organelles.

Materials and methods
Plant materials and sequencing
Fresh leaves of R. nivale subsp. boreale were collected 
from Baima Mountain, Dêqên County, Yunnan Province, 
China (99°4′13′′E, 28°20′24′′N, alt. 4287.5 m). The plant 
sample was identified by Zhen-Yu Lyu. The voucher spec-
imens were preserved in the Herbarium, Yunnan Univer-
sity (YUKU). Long-read libraries were constructed and 
sequenced using the PacBio Sequel II sequencing plat-
form. For short reads, DNA libraries were constructed 
and sequenced on the BGI DNBseq sequencing platform. 
In addition, details of other genome data used are listed 
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in Table S1. The raw data used for the genome reassem-
bly of R. vialii and R. molle were obtained from existing 
studies (Table S2) [17, 18].

Organelle genome assembly and annotation
To obtain the complete organelle genome of Rhododen-
dron, we tested several organelle assembly software to 
test their assembly efficiency organelle genome. Three 
species were tested, R. nivale subsp. boreale, R. vialii and 
R. molle. The data sets for R. nivale subsp. boreale and 
R. vialii contained HiFi reads, DNB reads, while those 
for R. molle were Nanopore (ONT) reads, and Illumina 
reads. Firstly, 10 ~ 20× short-read datasets were randomly 
extracted. Then we tested GetOrganelle, NOVOPlasty, 
ptGAUL, Flye + Unicycler, PMAT, Oatk respectively. (1) 
GetOrganelle v1.7.7.0 [19]. We ran based on next-gener-
ation sequencing (NGS) data (DNB and Illumina) from 
three Rhododendron species using recommended param-
eters for the plastome and mitogenome. (2) NOVOPlasty 
v4.3.1 [20]. NOVOPlasty was employed to assemble 
plastomes using short reads from Illumina and DNB 
sequencing. The complete plastome sequence of R. grier-
sonianum was used as a seed. (3) Flye v2.9.3 [21] + Uni-
cycler v0.5.0 [22]. Flye and Unicycler were commonly 
used plant mitogenome assembly pipeline. First, we used 
Flye for initial assembly based on HIFI reads and ONT 
reads. Next, BLASTn program was used to search for 
mitochondrial contigs based on the mitogenome of R. × 
pulchrum [14]. Then, we filtered short reads by mapping 
to the mitochondrial contigs with BWA v0.7.17-r1188 
[23]. Finally, Unicycler was used for hybrid assembly 
based on short reads and long reads. (4) PMAT v1.5.1 
[24]. Based on long reads, PMAT was used to assemble 
plastomes and mitogenomes with default parameters. (5) 
ptGAUL v1.0.5 [25]. ptGAUL was used for assembly of 
the plastome and we set coverage at 150. (6) Oatk v1.0 
(https:/​/github​.com/c-​zhou​/oatk). Oatk was a tool ​s​p​e​c​i​f​
i​c​a​l​l​y crafted for the de novo assembly of intricate plant 
organelle genomes using PacBio HiFi data. We assembled 
two organelle genomes using Oatk, with coverage set at 
150. Detailed assembly information was provided in the 
Table S3. The final organelle genomes were generated 
after adjustment using Bandage v0.8.1 [26]. Geseq [27] 
was used to annotate organelle genomes. Manually check 
and correct gene boundaries using the Apollo v2.7.0 
[28]. The organelle genome maps were created using 
OGDRAW [29].

Structure analysis
Our assembly results in a multi-branch structure, espe-
cially R. nivale subsp. boreale, which cannot be restored 
to a circle. We hypothesize that the mitogenome may 
have a complex conformation mediated by repeated 
sequences, like Abelmoschus esculentus [30]. To detect 

these configurations, we mapped long-read reads back 
to all paths using minimap2 v2.26-r1175 [31]. About 
1,000 bp is taken from each side of the multipath overlap 
region, and only when at least one read length completely 
covers the region, we consider it a possible conformation. 
The Integrative Genomics Viewer (IGV) v2.17.0 [32] is 
used to visualize genome comparison results. The same 
strategy was used to verify plastome structure.

RNA editing site prediction
We used Deepred-Mt [33] to predict RNA editing sites of 
mitogenome. Deepred-Mt was a neural network able to 
predict C-to-U editing sites in angiosperm mitochondria. 
Sites with scores greater than 0.9 were considered to be 
trusted RNA editing sites.

Repeat sequence analysis
Simple sequence repeats (SSRs) were identified using 
MISA v2.1 [34] with the following parameters: “1–10 2–5 
3–4 4 − 3 5 − 3 6 − 3”. Tandem Repeats Finder (TRF) v4.09 
[35] program was used to detect tandem repeats. Dis-
persed_repeats were identified using REPuter [36] with 
the minimum repeat size was set to 30 bp and hamming 
distance to 3, and four duplicate types were detected, 
including F (forward), P (palindrome), R (reverse), and C 
(complement).

Homologous fragment and collinearity analysis
To identify chloroplast DNA fragments in the mitoge-
nome. We employed BLASTn to search the mitochon-
drial and plastomes of R. nivale subsp. boreale and R. 
vialii, respectively. The collinear analysis compared the 
mitogenomes of three species (two Rhododendron spe-
cies and Vaccinium macrocarpon) with BLASTn. The E 
set to 1e-5 and the identity threshold of 70. The result 
was visualized using NGenomeSyn v1.41 [37] and Circos 
v0.69 [38].

Phylogenetic analysis
In order to understand the high-altitude adaptation 
mechanism of organelle genome. We screened 106 angio-
sperm families for potential altitudinal variation and 
selected 58 species from 11 families, each possessing 
both plastomes and mitogenomes, that exhibit significant 
differences in altitude. They almost represent all available 
organelle genomes from published data that can be used 
to explore adaptation to altitudinal differences. Oryza 
sativa was selected as the outgroup. In total, 59 species 
were used to construct the phylogenetic tree. In total, 32 
shared mitochondrial PCGs (24 core genes and 8 vari-
able genes) and 77 shared plastome PCGs were extracted 
using Phylosuite v1.2.2 (Table S4) [39] and aligned using 
MAFFT v7.520 [40]. Additionally, trimAl v1.4 [41] was 
used for the automated removal of spurious sequences 
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or poorly aligned regions. The concatenation methods 
were used to reconstruct phylogeny. The IQtree v.2.2.2.6 
[42] was used to was used to construct plastome- and 
mitogenome-based phylogenetic trees, respectively. The 
parameters were set to “-bb 1000 -m MFP”. The iTOL 
(Interactive Tree Of Life) v6.9 [43] was used to visualize 
phylogenetic trees.

Codon usage analysis
Codon usage was influenced by multiple factors: muta-
tional bias, selection, and GC-biased gene diversity. We 
aimed to explore the impact of high-altitude plants on 
codon usage. CodonW v1.4.4 ​(​​​h​t​​t​p​s​​:​/​/​c​​o​d​​o​n​w​.​s​o​u​r​c​e​f​o​r​g​
e​.​n​e​t​/​​​​​) was used to calculate relative synonymous codon 
usage (RSCU) values, effective number of codons (ENc), 
and GC content at the third position of codons (GC3s). 
We used the Wilcoxon Signed-Rank Test to assess dif-
ferences in median values among multiple independent 
samples. The level of significance was set at P value < 0.05. 
Moreover, we also explored the frequency of codon usage 
from different habitats and evolutionary lineages, based 
on analysis using EMBOSS v6.6.0 [44]. Codon frequen-
cies are divided into absolute codon usage frequency 
(absCUFs) and synonymous codon usage frequency 
(synCUFs) [45]. The absCUFs were normalized based 
on the total number of codons used, while synCUFs was 
normalized based on the synonymous codons. Princi-
pal Component Analysis (PCA) analysis was performed 
using “prcomp” fuction and visualized using the ggplot2 
package [46] in R v4.3.2 [47].

Positive selection analysis
We used MACSE pipeline v2.07 [48] to perform the 
codon-aware alignment of CDSs. Next, we construct phy-
logenetic trees for each CDS matrix using IQtree v.2.2.2.6 
[42] with 1,000 repetitions. These gene trees, along with 
matrices, were used to perform positive selection analy-
sis via HyPhy v1.2.13 [49] with adaptive Branch-Site Ran-
dom Effects Likelihood (aBSREL) [50]. Genes with a Ka/
Ks ratio > 1 and a P-adjust value < 0.05 were considered to 
have undergone positive selection on specific branches. 
Genes that experience positive selection in multiple high-
altitude species were defined as potential high-altitude 
adaptation genes.

Result
Organelle genome assembly and structure analysis of 
Rhododendron
We tested and assembled the mitochondrial and chloro-
plast genomes of three Rhododendron species: R. nivale 
subsp. boreale, R. vialii, and R. molle. To achieve this, 
we used three types of sequencing data: NGS (DNB-
seq and illumina), and long-read sequencing (ONT and 
PacBio HiFi) (Table S3). Six approaches were used to 

test: GetOrganelle (NGS data), NOVOPlasty (NGS data), 
Unicycler (NGS + long-read sequencing data), ptGAUL 
(long-read sequencing data), PMAT (long-read sequenc-
ing data) and Oatk (HiFi data). Most of the software 
tested failed to yield correct assembly results (Table S3). 
Ultimately, we successfully assemble the genomes of R. 
nivale subsp. boreale and R. vialii, but not R. molle. Spe-
cifically, PMAT was effective only for R. nivale subsp. 
boreale (Fig. S1), while Oatk successfully completed the 
organelle assemblies for both R. nivale subsp. boreale and 
R. vialii, providing high-quality sequence graphs. After 
manually correcting the annotation, we achieved gap-free 
mitogenomes and plastomes for these two Rhododendron 
species, which were further confirmed by the uniformity 
coverage (Figs. 1, S2–S5).

Characters of organelle genomes
The mitogenome of R. nivale subsp. boreale was divided 
into three chromosomes: two circular and one linear, 
with lengths of 342,791  bp, 88,293  bp, and 79,526  bp, 
respectively, totaling 510,610  bp (Figs.  2  and S6). The 
average GC content was 46.1%. In contrast, the mitoge-
nome of R. vialii mitogenome was organized into a single 
circular chromosome with a length of 761,073 bp and an 
average GC content of 45.9%. We annotated a total of 
50 unique genes in the mitogenome of R. nivale subsp. 
boreale, comprising 30 PCGs, 17 tRNA genes, and three 
rRNA genes (Table S5). Similarly, the mitogenome of R. 
vialii contained 51 unique genes, including 31 PCGs, 17 
tRNA genes, and three rRNA genes (Table S6).

For the plastome, both R. nivale subsp. boreale and 
R. vialii featured circular genomes and had the tetrad 
structure, with lengths of 202,882  bp and 195,319  bp, 
respectively (Figs.  2 and S6). Notably, the plastomes of 
Rhododendron species had longer inverted repeat (IR) 
sequences than most angiosperms, with each IR exceed-
ing 43,000 bp. The GC content was 36% for both R. nivale 
subsp. boreale and R. vialii. Both species were annotated 
with 111 unique genes, containing 77 PCGs, 30 tRNAs, 
and four rRNAs (Tables S7-S8).

Structure analysis
Although both R. nivale subsp. boreale and R. vialii 
belong to the Rhododendron genus, there are significant 
differences in the structure of their organelle genomes. 
For the mitogenome, the genomes of these two spe-
cies may contain multiple potential configurations. To 
verify these configurations, we extracted sequences of 
approximately 1,000  bp from each side of various over-
lapping regions in R. nivale subsp. boreale and R. vialii, 
encompassing 16 paths (R1-R16; Fig. 1). HiFi reads were 
used to filter out possible configurations, and a path 
was considered valid if fully covered by at least one long 
read. Ultimately, all paths were verified, suggesting that 

https://codonw.sourceforge.net/
https://codonw.sourceforge.net/
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the mitogenomes of both Rhododendron species pos-
sess complex structures (Figs. S7-S8). For demonstration 
purposes, we attempted to restore the mitogenome to a 
closed loop molecule without branches. However, we 
only succeeded in R. vialii, while R. nivale subsp. boreale 
could not be reduced to a circular form (Fig. 1).

An equivalent validation strategy was applied to the 
plastomes. Verification of the six paths (R17-R22) con-
firmed the accuracy of our assembly (Figs. S9-S10). The 
structural variation of the plastome is mainly reflected 
in the contraction and expansion of IR regions. In the 
R. nivale subsp. boreale plastome, the length of the IR 
region was 46,750  bp (Fig. S11). The IRa/LSC junction 
was located between trnH and trnT, 123  bp from trnH. 
The IR/SSC junctions were located between rpl32 and 

ndhF. For R. vialii, the IR region was 43,619  bp in size. 
The IRa/LSC junction was located within the trnT. 
Additionally, ndhF was included in the IR region, result-
ing in an additional copy of ndhF compared to R. nivale 
subsp. boreale. The complex movement of the IR region 
boundaries resulted in the SSC region length of R. vialii 
being only 73 bp, which is significantly smaller than the 
2,616  bp of R. nivale subsp. boreale, and devoid of any 
genes.

Prediction of RNA editing sites
To provide information on possible C-to-U RNA edit-
ing in the mitogenomes of Rhododendron species, we 
predicted potential C-to-U RNA editing sites for R. 
nivale subsp. boreale and R. vialii. Both species had 358 

Fig. 1  The organelle genome structures were visualized by Bandage of R. nivale subsp. boreale (A) and R. vialii (B). The left black box represents a potential 
region of multiple conformations. R1-R22 represent different hypothetical paths of the mitogenome and plastome. The middle shows drafts of the organ-
elle genome assemblies. The right are the recombination structures of the organelle genomes. Color bands represent contigs
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predicted C-to-U RNA editing sites (Tables S9–S10). 
Among these, ccmB, ccmC, and mttB contained the most 
C-to-U RNA editing sites. In contrast, no potential C-to-
U RNA editing sites were detected in the genes atp1, cob, 
cox3, nad3, rpl5, and rps12 in either species (Fig. 3).

Repeat sequence analysis
Repetitive sequence analysis was performed for both the 
mitogenomes and plastomes of R. nivale subsp. boreale 
and R. vialii. In the mitogenome, SSRs were identified, 
with R. nivale subsp. boreale having 116 SSRs and R. 

vialii having 149 SSRs (Tables S11–S12). Six types of SSR 
were detected, including monomer, dimer, trimer, tetra-
mer, pentamer, and hexamer repeats SSRs, each varying 
in number. Both species possessed 34 monomeric SSRs 
and one hexameric SSRs. R. vialii had more dimeric SSRs 
(28 vs. 22), trimeric SSRs (18 vs. 12), tetrameric SSRs (57 
vs. 38), and pentameric SSRs (11 vs. 9) (Fig. 4). We identi-
fied 17 tandem repeats in R. nivale subsp. boreale and 27 
in R. vialii (Tables S13–S14). These repeats had a simi-
larity of over 81% and lengths ranging from 12 to 42 bp. 
Additionally, dispersed repeats were detected in both 

Fig. 2  Circos plot represents the organelle genomes of R. nivale subsp. boreale and R. vialii. (a) The length of the organelle genomes; (b) GC density; (c) 
Genes locations. Blue shows protein-coding genes (PCGs), red shows tRNAs, and yellow shows rRNAs; (d) PCG names and locations. The internal lines 
represent collinear sequences. The gray lines are homologous fragments between the mitogenomes of the two species. The red lines are homologous 
fragments between the mitogenome and plastome of R. nivale subsp. boreale. The green lines are homologous fragments between the mitogenome and 
plastome of R. vialii. The dark green blocks represent the inverted repeat (IR) regions of the plasmid genome
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Fig. 4  The character of repeats in organelle genomes of R. nivale subsp. boreale and R. vialii. (A) The types and numbers of repeats in the mitogenome; 
(B) The types and numbers of repeats in the plastome

 

Fig. 3  The distribution of C-to-U RNA editing prediction sites on PCGs for R. nivale subsp. boreale and R. vialii

 



Page 8 of 15Lyu et al. BMC Plant Biology         (2024) 24:1054 

mitogenomes, including palindromic repeats (P), forward 
repeats (F), and reverse repeats (R) (Tables S15–S16). 
Notably, 16 R were detected in R. nivale subsp. boreale 
and none in R. vialii (Fig. 4A).

For the plastomes, R. nivale subsp. boreale possessed 
116 SSRs, 86 tandem repeats, and 50 dispersed repeats; 
while R. vialii had 153 SSRs, 81 tandem repeats, and 50 
dispersed repeats (Tables S17–S22). Unlike mitogenome, 
pentameric SSRs and reverse repeats were not identified 
in the plastomes (Fig. 4B).

Homologous analysis of mitogenomes and plastomes
Based on the BLAST search, we explored homologous 
sequences between the mitogenomes and plastomes of R. 
nivale subsp. boreale and R. vialii. Due to the presence 
of repeat sequences, the homologous sequences in the 
mitogenome and plastome do not correspond on a one-
to-one basis. In mitogenome of R. nivale subsp. boreale, 
55 homologous sequences were identified, with a total 
length of 12,078 bp, constituting 2.37%. These sequences 
matched 79 fragments of the plastome, with a total 
length of 19,269  bp, constituting 9.50%. The sequence 
identity of these fragments was more than 70%, ranging 
in length from 31 to 4,162 bp (Table S23). Furthermore, 
one intact plastome PCG (petL) and eight tRNAs (trnW-
CCA, trnN-GUU, trnM-CAU, trnI-GAU, trnI-CAU, 
trnH-GUG, trnD-GUC, and trnA-UGC) were completely 
shared between the plastome and mitogenome. Partial 
shared sequences of 14 additional genes (trnT-GGU, trnI-
GAU, trnF-GAA, rrn23, rrn16, rps12, psbL, psbF, psbB, 
psbA, ndhF, ndhA, atpA, and accD) were also identified.

In the organelle genome of R. vialii, 105 and 92 homol-
ogous sequences were identified in the mitogenome and 
plastome, respectively. The homologous sequence length 
of the mitogenome was 24,794  bp (3.26%), correspond-
ing to 22,651 bp in the plastome (11.58%). These homol-
ogous sequences ranged in length from 32 to 4,150  bp 
(Table S24). In total, eight genes (petL, trnW-CCA, trnN-
GUU, trnM-CAU, trnI-GAU, trnH-GUG, trnD-GUC, 

and trnA-UGC) were fully shared between the organelle 
genomes. Additionally, 21 genes (trnI-GAU, trnI-CAU, 
trnF-GAA, rrn23, rrn16, ycf3, rps12, rpoC2, rbcL, psbL, 
psbF, psbC, psbB, psbA, ndhF, ndhE, ndhD, ndhA, atpB, 
atpA, and accD) were partially shared.

Collinearity analysis
To better elucidate the conservatism and diversity of 
mitogenome evolution in the Ericaceae, we performed 
a collinearity analysis of the mitogenome sequences 
between Rhododendron and Vaccinium, excluding col-
linear fragments shorter than 300 bp. The results showed 
that 65 collinear fragments were identified between R. 
nivale subsp. boreale and R. vialii, spanning 403,872  bp 
(79.1%) and 476,594  bp (62.6%) of their respective 
mitogenomes (Fig. 2). The largest collinear fragment was 
39,412  bp, with more than half of the fragments were 
greater than 5,000  bp in length. Additionally, 66 frag-
ments were detected between R. vialii and V. macrocar-
pon, covering 305,580  bp (40.2%) and 257,541  bp (56%) 
of their respective mitogenomes. Moreover, 52 collin-
ear fragments were identified between R. nivale subsp. 
boreale and V. macrocarpon, spanning 258,763 bp (50.7%) 
and 260,243 bp (56.6%) of their respective mitogenomes 
(Fig. 5). Notably, the mitogenome structure of Rhododen-
dron was highly variability, as evidenced by the extensive 
rearrangements in the mitogenomes of R. nivale subsp. 
boreale and R. vialii.

Phylogenetic analysis
We assembled and annotated the organelle genomes of 
two Rhododendron species, which inhabit significantly 
different environments. R. nivale subsp. boreale occupied 
mountaintop regions above an altitude of 4,000 m, while 
R. vialii was distributed in areas below 1,800 m. To inves-
tigate the potential role of organelle genomes in plant 
adaptation to different altitudes, we collected a total of 
58 angiosperm organelle genomes from various altitudes, 

Fig. 5  Collinearity of the mitogenome among R. nivale subsp. boreale, V. macrocarpon, and R. vialii. Bars indicate the mitogenomes, and the light gray 
ribbons indicate homologous fragments (> 300 bp)
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belonging to 11 families. We first explored the phyloge-
netic relationships based on these genomes.

The best nucleotide substitution model was 
GTR + F + R3 for plastome alignment and GTR + F + I + R4 
for mitogenome alignment. We constructed ML phyloge-
netic trees based on the PCGs of plastome and mitoge-
nome, respectively (Fig.  6). In the mitogenome-based 
results, all the 11 families were monophyletic with the 
high support values (bootstrap = 100), and most nodes 
exhibited strong support (Fig. S12). Low support values 
were found in groups that diversified rapidly over a short 
period, such as Asteraceae. Compared to the mitoge-
nome, the phylogenetic relationships in the plastome 
were more robust, with bootstrap values greater than 
90 for almost all nodes (Fig. S13). This increased robust-
ness may result from the larger number of genes in the 
plastome, providing a more comprehensive and diverse 
evolutionary dataset. In the plastome-based phylogeny, 
three nodes with low support (< 60) were found in Rosa-
ceae and Asteraceae. Both analyses consistently showed 
that Rhododendron and Vaccinium were sister with 100 
bootstrap values and were clustered with Primulaceae.

The topological structure of the mitogenome- and 
plastome-based phylogenetic trees are expected to be 
consistent (Fig. 6). However, our results revealed obvious 

conflicts between the two analyses. At the family level, 
the main conflicts occurred among Rosaceae, Salicaceae, 
Brassicaceae, and Crassulaceae. In the mitochondria-
based results, Crassulaceae was identified as a sister 
group to the other 10 families. In the chloroplast-based 
results, Crassulaceae was clustered with Rosaceae, Salica-
ceae, Brassicaceae, forming a sister group to these fami-
lies. Moreover, the phylogenetic position of Salicaceae 
differed between the two trees: in the mitogenome-based 
tree, Salicaceae was the sister of Brassicaceae, whereas 
in the plastome-based tree, it was the sister of Rosaceae. 
Phylogenetic conflicts at the genus or species level pri-
marily occurred in Asteraceae and Rosaceae. Notably, 
Saussurea was not monophyletic.

PCGs codon usage analysis
We analyzed the relative synonymous codon usage 
(RSCU) values of all PCGs of R. nivale subsp. boreale and 
R. vialii to evaluate the codon usage bias in their organ-
elle genomes (Fig. S14). The range of RSCU values in the 
mitogenome varied from 0.44 (GCU) to 1.81 (CUU), 
whereas in the plastome, the range was from 0.32 (CGC) 
to 2.18 (UUA). The RSCU values of AUG (start codon) 
and UGG were equal to one in all organelle genomes. 
Compared to R. nivale subsp. boreale, the organelle 

Fig. 6  Consistency and conflict between mitogenome-based (left) and plastome-based (right) phylogenetic relationships. The Maximum Likelihood 
(ML) trees were constructed based on concatenation-based analysis of PCGs, including 58 eudicots and 1 outgroup (Oryza sativa). The five-pointed star 
on the branch represents the bootstrap value. The figures in the top left and right represent the phylogram of the same tree showing branch lengths. The 
highlighted blocks represent the altitudinal distribution of the species. Blue blocks represent the high-altitude distribution and orange blocks represent 
the low altitude distribution. The gray stars indicate bootstrap values greater than 95
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genomes of R. vialii exhibited slightly more codon usage 
bias (RSCU value > 1) (R. nivale subsp. boreale: R. vialii, 
mitogenome = 28 : 29, plastome = 30 : 31). Additionally, 
no significant differences were observed in the RSCU val-
ues of the plastomes between the two species. However, 
several codons in the mitogenome, such as AGG, CUU, 
and UAA, displayed species-specific biases.

Codon usage bias is influenced by various factors, 
including mutational bias, selection, and GC-biased 
gene conversion. Therefore, habitat differences due to 
altitude changes may affect plant codon usage. Based 
on our collection of organelle genomes from species 
in 11 plant families, we divided them into high-altitude 
and low-altitude groups to explore the effect of altitude 
on plant codon usage bias (Fig. 6). Two important indi-
cators, ENc and GC3s, were used to preliminarily assess 
the relationship between plant codon usage bias and 
altitude. However, there was no significant difference in 
ENc or GC3s between high and low altitudes (Fig.  7A, 
B). Subsequently, we calculated the RSCU value to detect 
differences in synonymous codon usage preferences at 

different altitudes. The results indicated no preference 
for most synonymous codons between different altitudes 
(Fig.  7C). Only a few codons were found to be related 
to altitude. In mitogenome, codon usage bias for UUG, 
AAA, and AAG differed significantly between high and 
low altitudes, while in the plastome, it was AGU, AGG, 
GCU, GGC, and GGA.

In addition, we evaluated the factors influencing the 
frequencies of codon usage using PCA. Two types of 
codon usage frequency, absCUFs and synCUFs, were 
used for analysis. All genomes were grouped based on 
altitude and evolutionary lineage. Several discernible 
patterns emerged from the analysis of these graphs: (1) 
When grouped based on altitude, there was no clear 
separation between absCUFs and synCUFs at high and 
low altitudes (Fig. S15); (2) When grouped by evolu-
tionary lineages, most samples formed visibly distinct 
clusters based on either their absCUFs or synCUFs, 
although there were substantial overlaps (Fig.  7D-
G); (3) The mitogenomes were not as well separated 
as the plastomes; (4) The codon usage frequencies of 

Fig. 7  Codon usage bias in organelle genomes of 58 species. (A) The effective number of codons (ENc) distribution in high and low altitude species. (B) 
The GC content at the third position of codons (GC3s) distribution in high and low altitude species. (C) Relative synonymous codon usage (RSCU) values 
showing significant differences between high and low altitude species. (D) The PCA plot based on absolute codon usage frequency (absCUFs) of mitoge-
nomes. (E) The PCA plot based on synonymous codon usage frequency (synCUFs) of mitogenomes. (F) The PCA plot based on absolute codon usage 
frequency (absCUFs) of plastomes. (G) The PCA plot based on synonymous codon usage frequency (synCUFs) of plastomes. ns represents no significance. 
P represents P-value from the Wilcoxon Signed-Rank Test
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mitogenome PCGs in Salicaceae showed significant sepa-
ration from other samples; (5) For the plastome PCGs, 
significant separations were observed in Ericaceae and 
Convolvulaceae.

ENc-GC3 scatter plots were frequently used to esti-
mate factors influencing codon usage patterns (Figs. 
S16–S37). We performed ENc plot analysis of organ-
elle genomes from all species to investigate the effects 
of mutation and selection on codon usage patterns. We 
found that all genomes exhibited similar bias patterns: a 
minority of genes were positioned on or near the stan-
dard curve, while the majority showed deviations. This 
suggests that the codon usage bias of most genes was 
influenced by factors beyond mutations. In most species, 
atp9 and rps13 from the mitogenome, and psbI and psbJ 
from the plastome, deviated significantly further from 
the expected curve, indicating that they were subjected 
to intense selection pressure, likely related to environ-
mental adaptation.

Selection analysis
Organelles play an important role in the survival of indi-
viduals. We tested the selective pressure on each organ-
elle PCG using the aBSREL model with an exploratory 
analysis. aBSREL is an improved version of the com-
monly used “branch-site” models, which are designed 
to test if positive selection has occurred on a proportion 
of branches. Our results indicated that atp4, atp9, mttB, 
ccmFN, rpl5, and rpl16 from the mitogenome and clpP, 
ndhA, ndhK, petD, rps3, and rps4 from the plastome 
were positively selected in high-altitude species (Table 
S25). Notably, atp4, atp9, mttB, and clpP were positively 
selected in multiple high-altitude species, suggesting they 
may play a significant role in high-altitude adaptation of 
plants and represent molecular convergent adaptation 
strategies. These genes are mainly involved in ATP pro-
duction, proton transmembrane transfer, protein synthe-
sis, and degradation of misfolded proteins.

Discussion
Plant organelles, including mitochondria and chloro-
plasts, are essential sites for respiration and photosynthe-
sis, driving the accumulation of biomass [1]. Therefore, 
studying organelle genomes is crucial for understanding 
plant heredity, evolution, and adaptation. In this study, 
we evaluated the effectiveness of six mainstream organ-
elle genome assembly approaches on complex genomes 
using diverse data sets from Rhododendron species. The 
results indicate that the use of HiFi data for organelle 
genome assembly is an efficient method. Compared to 
strategies using only NGS data or a combination of NGS 
and ONT data, HiFi reads facilitate faster and more suc-
cessful assembly of organelle genomes.

In organelle genomes, the complex conformation of 
the mitogenome makes it more difficult to assemble 
than plastomes [3]. Through various tests, two complete 
mitogenomes of Rhododendron were eventually obtained, 
specifically R. nivale subsp. boreale and R. vialii. The 
reads mapping shows that our assembly results are gap-
free, high-quality. The mitogenome of R. vialii exhibits a 
typical circular structure, while R. nivale subsp. boreale 
consists of two circular chromosomes and one linear 
chromosome. Compared with the previous two Rho-
dodendron species linear mitochondrial scaffolds (R. × 
pulchrum: 816,410 bp; R. simsii: 802,707 bp) constructed 
using short reads, our assemblies are smaller [14, 15]. 
This size difference may result from the shorter read 
lengths of NGS, which can lead to redundancy in repeti-
tive and complex regions, producing larger assemblies 
and complicating the retrieval of complete genomes. 
In addition, the similar numbers of PCGs, rRNAs and 
tRNAs also indicate the reliability of our assembly. 
Conformational diversity and intricate genomic rear-
rangements occur significantly in plant mitogenomes 
[51]. Based on long-reads mapping validation and col-
linearity analysis, we have confirmed the high diversity 
of mitochondrial genomes in species of the Ericaceae 
family, potentially driven by the presence of long repeat 
sequences. Such mitogenomic reconfigurations are fre-
quently observed in closely related plant species, even 
among different varieties [52, 53].

Plastomes are relatively small and highly conserved 
[5]. In this study, we provide the plastomes for R. nivale 
subsp. boreale and R. vialii. Like most plastomes, they 
exhibit a tetrad structure [54]. Notably, the plastome of 
Rhododendron has IR regions that are twice the size of 
those in most other angiosperms, resulting in a larger 
genome size [55]. The presence of extremely long repeti-
tive sequences in Rhododendron may be a key factor 
contributing to the difficulty in assembling the plastome 
[56]. By using HiFi data, which spans repetitive regions 
and ensures sequence accuracy, we successfully obtained 
the complete plastomes of two Rhododendron species. 
Although our two assemblies have similar gene numbers, 
the boundaries of the IRs in R. vialii have shifted, reduc-
ing the size of the SSC to only 73 bp, a phenomenon also 
observed in the plastomes of Corydalis and Paphiopedi-
lum [57, 58]. These large alterations are associated with 
DNA double-strand breaks and subsequent repair pro-
cesses, likely resulting in variations in genome size, gene 
count, and the emergence of pseudogenes, reflecting the 
evolutionary processes of plants [59].

The mitogenome is frequently inserted with sequences 
from the plastome, typically constituting 1–12% of the 
total mitochondrial size [60]. In our study, plastome 
transfer to mitogenome was more pronounced in R. 
vialii, comprising 3.26% of its mitochondrial genome, 
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compared to 2.37% in R. nivale subsp. boreale. These hor-
izontal gene transfers facilitate gene flow between organ-
elles and act as a significant driving force in evolution 
[61]. Although the proportion is small, it still includes 
several function genes. However, most organelle gene 
transfers are nonfunctional [62]. Whether these genes 
perform specific functions in the mitochondria requires 
further verification.

In angiosperms, the nuclear genome, plastome, and 
mitogenome constitute three distinct sets of hereditary 
material [63]. Nonetheless, the structure of phylogenetic 
trees derived from these genomes is inconsistent, fluctu-
ating with the choice of species, data sets, and the extent 
of the data [64]. To investigate the role of organelles in 
plant adaptation to high altitudes, organelle genomes 
from 58 species across 11 families, representing differ-
ent altitudes, were collected. Phylogenetic relationships 
were reconstructed using the ML method, and the results 
indicated strong support for most clades, with all fami-
lies being monophyletic. The clade comprising R. nivale 
subsp. boreale, R. vialii, and V. macrocarpon is identified 
as part of the Ericaceae, supported by high support. The 
Primulaceae was identified as a sister clade to the Erica-
ceae. This relationship has been verified through phylo-
genetic analyses using two separate organelle genomes 
and is consistent with previous findings [14]. However, 
phylogenetic structures derived from various genomic 
datasets exhibit discrepancies, such as Crassulaceae and 
Salicaceae, reflecting existing phylogenetic patten [65]. 
These topological inconsistencies between independently 
inherited genomic datasets may be attributed to differen-
tial species sampling and incomplete evolutionary lineage 
sorting [66, 67]. In addition, differences in the inferred 
evolutionary model and hybridization events are also 
considered contributing factors [68, 69]. Relationships 
within families are more complex, especially in some spe-
cies-rich groups with a short period of radiation evolu-
tion, such as Asteraceae. To further resolve the complex 
relationships between these species, larger and higher-
resolution datasets are needed [70].

Further, we used these genomes to speculate on pos-
sible high-altitude adaptation strategies in angiosperms. 
Codon usage bias, which refers to the preferential use 
of specific nucleotide triplets (codons) to encode amino 
acids in the PCGs of a species, is influenced by muta-
tional pressure, natural selection, and GC-biased gene 
conversion [71]. Organisms from similar environmental 
background may exhibit common codon usage prefer-
ences due to their shared evolutionary history. Therefore, 
exploring codon usage patterns is instrumental in under-
standing the processes of environmental adaptation and 
the intricate molecular mechanisms contributing to the 
rich diversity of life [72]. Our study found no significant 
differences in codon usage bias (ENc and GC3s) among 

species at different altitudes, suggesting a weak influence 
of altitude on codon usage in angiosperms. To explore 
this subtle effect, we compared the RSCU values between 
high- and low-altitude species. The majority of RSCU 
values showed no differences between altitudes, with 
only 8 exceptions. Although rare, these variations may 
play a pivotal role in facilitating the adaptive success of 
species within their respective environments through the 
modulation of gene expression levels [73].

Codon usage frequencies are considered to potentially 
reveal evolutionary mechanisms underlying biologi-
cal adaptation to various environments [45]. However, 
PCA indicates that codon usage frequency patterns are 
primarily associated with phylogenetic lineages, which 
probably significantly surpass environmental factors. 
Consistent with our hypothesis, the impact of the envi-
ronment on codon usage appears to be limited. ENc-plot 
analysis further supports this view. Similar codon usage 
patterns are more frequently observed among closely 
related species, with consistent features evident in other 
closely related species such as Elaeagnus and Aconi-
tum [74, 75]. Although altitude variation represents an 
important example of environmental differences, addi-
tional evidence from diverse environments is necessary. 
Furthermore, the divergence in codon usage frequen-
cies among different evolutionary lineages within the 
plastome is more pronounced, likely associated with the 
heterogeneous rates of evolution between the plastome 
and mitogenome [76]. Overall, in this study, codon usage 
is not strongly associated with plant survival at high 
and low altitudes. Phylogenetic factors likely play a key 
role in determining the fundamental patterns of codon 
usage, while environmental factors further fine-tune and 
optimize these patterns, like the rare RSCU variations. 
Recent studies have also showed that natural selection is 
only a secondary factor at the synonymous substitution 
[77].

Mitochondria and chloroplasts are crucial for life pro-
cesses, and detecting their molecular adaptation strat-
egies enhances our understanding of evolution [78]. 
Using the aBSREL model, we examined gene selection in 
mitogenome and plastome across 58 species from vari-
ous altitudes to hypothesize about high-altitude adapta-
tion strategies of organelle genes. Four candidate genes 
for high-altitude adaptation were identified: three (atp4, 
atp9, mttB) from the mitogenome and one (clpP) from 
the plastome. The genes atp4 and atp9 are key compo-
nents of ATP synthase synthesis [79, 80]. In addition, 
atp4 may be involved in plant growth and development, 
while the atp9 directly affects pollen development [81, 
82]. High-altitude environments are harsh, with pol-
linators often scarce [83].The positive selection of atp4 
and atp9 likely facilitates rapid ATP synthesis, improves 
plant growth and development, enhances pollen viability, 
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thereby ensuring survival in extreme conditions. The 
mttB gene encodes a membrane transport protein [84]. 
Although its function is not entirely clear, it is consid-
ered indispensable, as it is rarely lost in angiosperms [85]. 
Additionally, in other high-altitude plants like Elymus 
sibiricus, numerous transcriptional elements have been 
identified around mttB, which are likely induced by envi-
ronmental stress related to plateau adaptation, suggest-
ing that mttB may be related to high-altitude adaptation 
[86]. The clpP gene is crucial for protease synthesis and 
plays a major role in degrading misfolded proteins [87]. 
Altitude correlates positively with UV radiation, increas-
ing by 5.1–15% every 1,000 m [88]. Intense UV radiation 
generates reactive oxygen species, damaging biologi-
cal macromolecules and altering protein conformation 
and function [89, 90]. Positive selection on the clpP gene 
likely facilitates efficient removal of conformationally 
altered proteins induced by adverse environmental con-
ditions in high-altitude plants. Therefore, atp4, atp9, 
mttB, and clpP can be considered candidate genes for 
organelle adaptation to high altitudes, warranting further 
verification.

Conclusion
In this study, we tested various mitogenome and plastome 
assembly approaches using different datasets and suc-
cessfully assembled and annotated organelle genomes 
of R. nivale subsp. boreale and R. vialii. HiFi reads were 
used to verify the different conformations of the mitoge-
nome. Based on our assemblies, feature analysis was 
performed, including RNA editing, repeat sequences, 
plastome and mitogenome homologous segments, 
and collinearity analysis. Furthermore, after collect-
ing organelle genomes of 58 species from different alti-
tudes, we explored the consistency and conflict in their 
phylogenetic relationships and investigated the poten-
tial molecular mechanisms of high-altitude adaptation 
of organelles, focusing on PCGs codon usage and gene 
positive selection. Our results indicate that two families 
and several species exhibit conflict between mitogenome 
and plastome-based phylogenetic outcomes. Moreover, 
codon usage is more strongly correlated with evolution-
ary lineage, while the environment may act as a weak 
regulatory factor. Four genes (atp4, atp9, mttB, and clpP) 
have been positively selected in multiple high-altitude 
species, likely playing important roles in high-altitude 
adaptation. Overall, this study evaluated methods suit-
able for the assembly of complex organelle genomes and 
provides insights into the role of organelles in the molec-
ular mechanisms underlying high-altitude adaptation in 
angiosperms.
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