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Abstract

Background Species of the genus Rosa are among the commercially important exploited groups of ornamental
plants in the world. Despite its wide application, the phylogenetic placement of many subgenera and sections of

the genus is still unresolved due to hybridization, polyploidization, incomplete lineage sorting, low differentiation
among the genus, and even their complex history of cultivation and breeding. Through more comprehensive taxon
sampling, this study analyzed 18 representative Rosa plastid genomes, including 13 new sequences, to elucidate their
phylogeny within the genus as well as the variation patterns in the plastid genomes.

Results The results revealed that the length of 106 complete Rosa plastomes varied between 156,333 bp

and 157,396 bp, with closed circular tetrad structures of the SSC and LSC regions separated by two IR regions.
Comparative analysis subsequently revealed high similarity in the total GC content, gene order and PCGs (79) of Rosa
plastomes. No significant contraction or expansion of the IR boundary was noted in most Rosa species, except for
the trnH-GUG gene, which is found mainly in the LSC region but crosses the IRa/LSC boundary in basal taxa of the
Rosa phylogenetic tree. Abundant SSRs (73-87) and long repeat sequences (36-52) were detected in Rosa plastomes,
and most of these repeats could be found within the IGS region. Eight IGS regions were identified as highly variable
regions, which provides potential information for developing molecular markers. Nineteen genes were discovered
to have undergone significant positive selection. Phylogenetic analyses based on PCGs and complete plastome
sequences indicated that the genus Rosa was monophyletic well grouped into seven major clades with high
bootstrap support. Most previously-defined subgenera and sections were paraphyletic.

Conclusions By assembling the largest known dataset of Rosa plastomes, the plastid genomic features across the
genus were comprehensively studied before reconstructing a phylogenetic tree with a well-resolved backbone.
However, the current study also shows the limitations of using plastomes to infer the phylogeny of some difficult
taxa, and combining plastome, morphological and nuclear data together is recommended. This work offers valuable
and basic sequence information for phylogenetic studies, species identification, Rosa species breeding and molecular
genetics studies.
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Background

The genus Rosa L. (roses; Rosoideae, Rosaceae) com-
prises approximately 150-200 species [1, 2], with ploidy
levels ranging from diploid (2n=2x=14) to decaploid
(2n=10x=70). These species are spread across the sub-
tropical and temperate areas of the northern hemisphere
[3-5]. Rosa is not only an economically important genus
in ornamental horticulture but also widely known for its
essential oil as well as its applications in perfumes, cos-
metics, food and pharmaceuticals [6-9]. Fossil evidence
indicates that rose species have existed for at least 30 mil-
lion years [8, 10], with cultivation likely originated in
China around 5000 years ago [6, 11, 12]. The taxonomic
classification of Rosa species faces persistent ambiguities.
The most widely adopted framework is the morphologi-
cal system proposed by Rehder in 1940 [3], which was
later revised by Wissemann (2003) [4] to integrate new
phylogenetic data. This system recognizes four subgen-
era, namely R. subg. Rosa (formerly Eurosa), R. subg. Hes-
perhodos Cockerell, R. subg. Hulthemia (Dumort.) Focke,
and R. subg. Platyrhodon (Hurst) Rehder. The latter three
subgenera containing only one section and only one
or two species. In contrast, the subgenus Rosa encom-
passes approximately 95% of the species. Within subge-
nus Rosa, species are further grouped into ten sections:
R. sect. Caninae (DC.) Ser. (~ 50 species), R. sect. Cinna-
momeae (DC.) Ser. (~ 80 species), R. sect. Synstylae DC.
(~36 species), R. sect. Pimpinellifoliae (DC.) Ser. (~15
species), and four sections with fewer than five species,
R. sect. Gallicanae (DC.) Ser. R. sect. Carolinae Crép.,
R. sect. Chinenses (DC.) Ser. = R. sect. Indicae Thory, R.
sect. Bracteatae Thory, R. sect. Laevigatae Thory, R. sect.
Banksianae Lindl. The most recent type of species in the
genus is R. cinnamomea L. (syn. R. majalis Herrm.) in R.
sect. Cinnamomeae [13, 14]; thus, R. sect. Rosa (DC.) Ser.
is used rather than R. sect. Cinnamomeae. Some studies
tend to use R. sect. Microphyllae Crep. to refer to R. subg.
Platyrhodon within R. subg. Rosa [5, 10], but this paper
retains Platyrhodon as a subgeneric status.

Previous studies have employed various molecular
markers in attempts to resolve the genetic relationships
among Rosa species. These include restriction fragment
length polymorphism (RFLP) [15], random-amplified
polymorphic DNA (RAPD) [16-23], amplified fragment
length polymorphism (AFLP) [24-29], simple sequence
repeat or microsatellite (SSR) [30-43], inter simple
sequence repeat (ISSR) [44-47], and single-nucleotide
polymorphism (SNP) [48-50] as well as DNA sequences
such as those of chloroplast DNA (cpDNA; e.g., matk,
rbcL, psbA-trnH), nuclear ribosomal DNA (nrDNA; e.g.,
ITS, GAPDH) or a combination of both [10, 51-74].

Furthermore, phylogenetic studies often integrate DNA
sequences with molecular markers to increase resolu-
tion [75-80]. Despite this extensive research, molecular
data have offered limited support for the current sec-
tions recognized by Rehder and later refined by Wisse-
mann. In some cases, the results even contradict their
frameworks. Furthermore, in some subgenera, sections
or species, low bootstrap support (based on extremely
low sequence divergence levels), poor internal resolu-
tion [57, 60] as well as incongruent phylogenies based on
nuclear and plastid genes [10, 60, 63, 65, 72] still result in
taxonomical and phylogenetic uncertainties. It is gener-
ally believed that small phenotypic variation, incomplete
lineage sorting, extensive hybridization, recent radiation,
low sequence divergence levels, ambiguous species defi-
nitions, chloroplast capture, and polyploidization com-
plicate phylogenetic reconstruction of the genus Rosa
[7-9, 16, 27, 42, 44, 46, 57-61]. Additional complications
also arise from the lack of standardized species names as
well as inadequate or biased sampling, especially when
cultivars are involved or when sampling is limited to spe-
cific geographical areas or groups [10].

With the advent of next-generation sequencing tech-
nologies, increasing attention has turned toward the
whole plastome, an important semiautonomous and
uniparentally (usually maternally)-inherited organelle in
most angiosperm species [81-85]. In angiosperms, typi-
cal cp genomes exhibit highly conserved quadripartite
circular structures that consist of two single-copy regions
(the small single-copy (SSC) and large single-copy (LSC)
regions of sizes 16—27 kb and 80-90 kb, respectively) as
well as a pair of inverted repeat (IR) regions (approxi-
mately 20-28 kb) [86]. These genomes generally ranges
from 120 to 130 genes and 120-160 kb in length and
have an overall GC content of 30-40% [87—-89]. Com-
pared to mitochondrial and nuclear genomes, plastomes
are smaller, have reduced nucleotide substitution rates,
exhibit lower recombination rates, and offer distinct
genetic information for taxonomic and phylogenetic pur-
poses at multiple taxonomic levels, especially for com-
plex evolutionary relationships [90, 91]. Comparative
and phylogenetic analyses of complete Rosa plastomes,
have yielded improvement to a certain extent [92-98].
However, the phylogenetic relationships of Rosa remain
unclear, including the delineation of its three subgen-
era except for R. subg. Rosa, the identity of the earliest
diverging clade, and conflicts between nuclear and plas-
tid data [128].

This study analyzed 18 representative Rosa plastid
genomes, including 13 newly sequenced. The main objec-
tives were: (1) to compare plastome structures within
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the Rosa genus and provide genetic resources for future
research; (2) to use larger datasets for reconstructing a
more comprehensive phylogeny of the genus Rosa, with
better-resolved phylogenetic relationships; and (3) to
identify potential DNA markers within plastid genomes
for phylogenetic analyses and classifying Rosa species.
It is expected that the findings will provide valuable and
basic sequence information for phylogenetic studies, spe-
cies identification, molecular genetics studies and Rosa
species breeding.

chloroplast genome
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Results

General characteristics of Rosa plastomes

All 106 complete Rosa plastid genomes, for which sizes
varied between 156,333 bp (R. laevigata) and 157,396 bp
(R. minutifolia), presented the typical quadripartite
structures (including the pair of IR regions, SSC, and
LSC) of angiosperms (Fig. 1; Table S1), with the lengths
of these four regions being as follows: LSC 85,452—
86,539 bp; SSC 18,657-18,879 bp; IRA and IRB 26,008—
26,082 bp (Table 1; Table S2). The total GC contents of
these plastomes were from 37.15 to 37.30%. Moreover,
the GC content was higher for the IR region (42.69—
42.76%) in comparison with the SSC (30.94-31.37%) and
LSC (35.09-35.31%) ones (Table 1; Table S2).
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Fig. 1 Gene map of Rosa plastomes. Genes for which transcription occurs in a clockwise direction are shown on the inside of the circle, while those on
the outside are transcribed in a counterclockwise direction. Genes assigned to different functional groups are represented by colored bars. For the inner
circle, the lighter gray indicates the AT content of the genome, with the darker gray indicating GC content
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Overall, 113-114 unique genes were annotated in
the 106 Rosa plastomes, including 29-30 transfer RNA
(tRNA) genes, 4 ribosomal RNA (rRNA) genes, 1 pseu-
dogene (yycfl), and 79 protein-coding genes (PCGs)
(Table 1; Table S2). Loss of the trnD-GUC gene (74 bp)
resulting in its unique 29 tRNAs of R. roxburghii f. norma-
lis KY419960. However, this gene was normal in R. rox-
burghii f. normalis MZ261869, R. roxburghii KX768420
and other Rosa plastomes. After careful alignment, the
loss of truD-GUC in R. roxburghii f. normalis KY419960
was due to a sequencing error. Furthermore, the distri-
bution and order of genes in all the Rosa plastomes were
also similar. These genes could be classified into four
types, namely those for genetic systems, photosynthesis
systems, biosynthesis, and those with unknown functions
(Table S3). Although most genes occurred as single cop-
ies within the SSC or LSC, eighteen duplicated ones were
identified in the IRs, and these included all four rRNA
genes, seven tRNA genes and seven PCGs (Table S3).
Seventeen genes presented introns: six tRNA genes and
eight PCGs presented one intron, with two introns in the
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case of three PCGs (Table S4). Additionally, the exons of
these intron-containing genes were the same length, but
the intron lengths were mostly different. The ycfI gene at
the IRb/SSC boundary was annotated as a pseudogene
because incomplete duplication resulted in a premature
stop codon.

Relative synonymous codon usage (RSCU)

Evaluating the codon usage pattern of 85 PCGs in the 18
Rosa germplasms revealed that the PCG sequences, with
a total length of 78,750-78,822 bp, consisted of 26,250—
26,274 codons. Furthermore, 64 types of codons (exclud-
ing stop codons) encoded 20 amino acids (Fig. 2; Table
S5). The average RSCU value of each codon is shown in
Fig. 2 because of the similar codon usage in the 18 Rosa
plastomes. Among the 64 codons, cysteine (Cys, 1.16%)
was the least encoded amino acid, while leucine (Leu,
10.43-10.54%) was the most commonly encoded one
(Table S5). Moreover, except for methionine (Met) and
tryptophan (Trp) (RSCU=1), almost all amino acids had
at least two synonymous codons. Leaving aside the three

2
1
0
Phe Leu Ile Met Val Ser Pro Thr Ala Try Stop His Gln Asn Lys Asp Glu Cys Trp Arg Gly
cuG AGC AGG
cua AGU AGA
cuc GUG UCG CCG ACG  GCG CGG GGG
CUU  AUA GUA UCA CCA ACA GCA UGA CGA  GGA
UUC UUG AUC GUC UCC CCC ACC GCC  UAC UAG CAC CAG AAC AAG GAC  GAG  UGC CGC  GGC
Uuu UUA AUU AUG GUU UCu CCU ACU GCU UAU UAA CAU CAA AAU AAA GAU GAA UGU UGG CGU GGU

Fig. 2 Relative synonymous codon usage (RSCU) values of stop codons and 20 amino acids based on all coding sequences of the 18 representative Rosa
plastomes. The codon usage of Rosa plastome sequences is indicated by a histogram above each amino acid, with the bars'colors corresponding to those
of the codons. Ala (A): alanine; Tyr (Y): tyrosine; Pro (P): proline; His (H): histidine; Trp (A): tryptophan; Gly (G): glycine; Thr (T): threonine; Glu (E): glutamic;
Ser (S): serine; GIn (Q): glutamine; Met (M): methionine; Cys (C): cysteine; Phe (F): phenylalanine; Asp (D): asparagine; Val (V): valine; Asn (N): asparagine; Lys

(K): lysine; Leu (L): leucine; lle (I): isoleucine; Arg (R): arginine
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stop codons, all Rosa plastid genomic sequences had 30
codons RSCU>1 except for the UCC codon RSCU>1
of R. lucidissima, and most of the codons having RSCU
of >1 ended with A/U(T) (except UUG). In addition, the
start codons of almost all PCGs of these Rosa plastomes
were the standard ATG/CAT (RSCU=1), except for
rps19 which started with CAC/GTG.

Repeat sequences

In the 18 Rosa plastomes, a range of 73 (R. omeiensis) to
87 (R. lucidissima) SSRs were detected, which consisted
of 41-56 mononucleotide repeats, 10-15 dinucleotide
repeats, 4—7 trinucleotide repeats, 9-13 tetranucleotide
repeats, 0—2 pentanucleotide repeats as well as 0-3 hexa-
nucleotide repeats (Fig. 3A; Table S6). Most SSRs were
identified within noncoding regions (IGS and introns)
(Fig. 3B). Moreover, most mononucleotides were A and
T repeats, with A and T combinations also detected in
the repeat units of other SSRs (Fig. 3C; Table S6). Addi-
tionally, we observed 36 (R. nitida)-52 (R. bracteata)
long repeat elements, including 25-40 tandem (T),
4-7 forward (F) repeats, 3—6 palindromic (P), and 0-1
reverse (R) repeats (Fig. 3D; Table S7). Only one reverse
repeat sequence was found in R. laevigata, R. brac-
teata, R. minutifolia and R. persica. The length of these
long repeats was variable, ranging from 10 to 138 bp (R.
minutifolia) (Fig. 3E; Table S7). Most long repeats were
found within the IGS region; moreover, long repeated
sequences contained only four coding regions (rpoC2,
infA, ndhF, ycfl and ycf2).

Structural variation

Comparative analysis of the 18 representative Rosa
plastomes revealed that, despite their highly conserved
nature, the LSC/IR/SSC boundaries still exhibited
some structural variations (Fig. 4). Specifically, the IR/
SC boundaries were of two types: Type I, found in 12
plastomes, was the most common one, and it had JLB
(junctions of LSC/IRb) within rpsi9-rpl2, JSA (junc-
tions of SSC/IRa) within ycf1, JSB (junctions of IRb/SSC)
within yycfI as well as JLA (junctions of IRa/LSC) within
rpl2-trnH-GUG (Fig. 4). The type II JLAs within trnH-
GUG and the other three boundaries were similar; this
type was present mainly in R. sect. Pimpinellifoliae, R.
sect. Carolinae and R. subg. Hulthemia. Additionally, col-
linearity analyses based on 18 Rosa plastome alignments
showed the absence of large-scale structural variations,
such as rearrangements or inversions (Fig. S1).

Divergence of plastome sequences

An analysis of sequence divergence revealed very similar
sequence identity plots (Fig. 5) and nucleotide polymor-
phism (Pi) values (Fig. 6). In particular, the protein-cod-
ing and IR regions were more conserved compared with
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the noncoding and SC regions, respectively. All protein-
coding regions also had Pi values in the range of 0 to
0.00946 (rps19), with a mean of 0.00265, and thus were
lower than 0.02. However, in the case of the noncoding
regions, the Pi values were in the range of 0 to 0.02970,
with a mean of 0.00764. Additionally, high Pi values
(20.02) were noted for eight variable regions, six of which
were within the IGS region (trnG-GCC-trufM-CAU,
psbT-psbN, petD-rpoA, rps3-rpl22, ndhl-ndhA, and rpl2-
trnH-GUG) of the SC region, along with one in the IR
region (rps19-rpl2) and another at the LSC/IRa bound-
ary (¢rnH-GUG-psbA). The IGS region trnG-GCC-trnfM-
CAU showed the highest Pi value (0.02970), indicating
it was the most divergent. Comparing analysis with the
complete 106-plastome dataset (Fig. S2) revealed minor
differences in nucleotide diversity (pi values) across the
eight variable regions.

Positive selection analysis

Likelihood ratio tests (LRTs) supported the presence of
positively selected sites in the M8 (beta & w>1) model
(Tables S8 and S9). Using the Bayes empirical Bayes
(BEB) method, 56 significant positive selection sites, cor-
responding to 19 genes, were identified. These included
four genes for the genetic system (rpsi9, rpoA, rpoCl,
rpoC2), 11 genes for the photosynthetic system (atpB,
atpF, psbA, psbB, psbC, and rbcL, psaA, psaB, ndhF,
ndhH, ndhl), two genes for biosynthesis (matK and
accD), and two unknown functional genes (ycfI and ycf2)
(Table 2 and S8). Interestingly, the ycfI gene, found at the
SSC/IRa junction, presented the greatest number (21) of
positive selection sites, followed by rbcL (8), ndhF (5),
and rpoA (4). Beside matK, psaA and psbC, which con-
tained two significant positive selection sites, each of
the other genes harboured a single significant positively
selected site.

Phylogenetic analyses

The two datasets (79 plastid protein-coding sequences
and complete plastome sequences) produced phyloge-
netic trees of similar topologies. In fact, analyzing the
same dataset via the Bayesian inference (BI) and maxi-
mum likelihood (ML) methods yielded similar results
(Figs. 7 and S3), that is a well-resolved phylogenetic tree
of the Rosa genus where most nodes had bootstrap sup-
port of over 90%. All the results strongly supported the
monophyly of the genus Rosa and that the subgenus Rosa
was polyphyletic (PP=1.00, BS=100%). The 106 Rosa
samples were grouped into seven major clades (A-QG),
and the positions of the other six clades were relatively
stable, except for the D clade, which varied slightly in
the phylogeny obtained from the different datasets. The
conflicting nodes presented low node support and short
branch lengths. The D clade based on the 79-CDS matrix
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Fig. 3 Analysis of the repeat sequences of 18 representative Rosa plastomes. (A: Six types of SSRs and their frequency; B: number of SSRs distributed
across different regions; C: Types and frequency of different SSR repeat units; D: Four types of long repeat sequences and their frequency; E: length of four
types of long repeat sequences). * Sequences published by the authors of this article, ** sequences downloaded from NCBI
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Table 2 Positively selected sites identified for the 18 representative Rosa plastomes

M8 Region Gene Name  Selected Sites Pr(w>1) Number
of Se-
lected
Sites

BEB LSC accD 98 K 0.973* 1

LSC atpB 1077 D 0.970* 1
LSC atpF 1727 W 0.977* 1
LSC matK 3006 1,3018 L 0.971%,0.997** 2
SSC ndhF 5230, 5500 M, 5607 N, 5609 T, 5666 W 0.976%,0.973%,0.976% 0.977%,1.000%* 5
SSC ndhH 6204 M 0.972* 1
SSC ndhl 6492 L 0.991** 1
LSC psaA 78175S,7878 G 0.974%,0.974*% 2
LSC psaB 8571 G 0.978* 1
LSC psbA 9470T 0.972% 1
LSC psbB 10,162T 0.998** 1
LSC psbC 10453 A, 10,603 S 0.998**,0.974* 2
LSC rbcl 11,580€E,11,7771,11,780 A, 11,807V, 11,831 T, 0.975% 1.000%*, 0.978%,0.973%,0.978%, 8
11,880 A, 11,892 D, 12,027 L 0.973*,0.974%, 1.000**
LSC rpoA 13,3335,13,3881,13,390K, 13,391 H 0.973%, 1.000**, 1.000**, 1.000** 4
LSC rpoCl1 15,027 Y 0.974* 1
LSC rpoC2 16,147 H 0.973* 1
LSC rps19 17,260 G 0.972* 1
SSC ycfl 18,565 F — 20,040 S (19656 1) 0.970* — 0.998** 21
IR ycf2 21,033 L 0.998** 1

*p<0.05; **: p<0.01

was separated into three strongly-supported indepen-
dent clades (D1-D3) (PP =1.000, BS =100%), which rep-
resented species of R. subg. Platyrhodon (main parts), R.
sect. Banksianae, and R. sect. Bracteatae, respectively
(Fig. 7). They were successive sisters to clades E+F+@,
and all had weak nodal support in addition to the D3
clade. However, the D clade based on the whole plastome
matrix, yielded a polytomy clade with poor node support
(PP=0.668, BS<50%) and was strongly supported as a
sister of clades E+F+G (PP =1.000, BS=100%) (Fig. S3).
In addition, R. sect. Laevigatae, constituting the E clade,
was a sister clade to F and G with weak node support
(PP =0.993 or 0.929, BS=70% or <50%). Along the phy-
logenetic backbone of the genus Rosa, R. sect. Pimpinel-
lifoliae (main parts; A clade) was identified as the most
basal clade. This was then followed by R. subg. Hulthe-
mia, which composed the B clade. The C clade included
all species of R. subg. Hesperhodos, R. sect. Carolinae
and R. sect. Rosa, as well as a few species of R. subg.
Platyrhodon (R. praelucens), R. sect. Pimpinellifoliae (R.
spinosissima and R. kokanica) and R. sect. Synstylae (R.
glomerata). R. subg. Platyrhodon and R. sect. Rosa were
both nonmonophyletic. The F and G clades were the
most recently differentiated, where the F clade consisted
of species from the Caninae and Gallicanae sections
(main parts) as well as R. arvensis from R. sect. Synsty-
lae. R. sect. Caninae was also nonmonophyletic. Fur-
thermore, R. sect. Chinenses and R. sect. Synstylae were

likewise not monophyletic but polyphyletic and formed
the G clade with R. sterilis and R. kweichowensis from R.
subg. Platyrhodon and R. x damascena from R. sect. Gal-
licanae. Interestingly, different individuals or variants of
a species did not cluster together in the phylogenetic tree
but with other species. For example, R. persica, R. canina,
R. lucidissima, and R. chinensis.

Discussion

Plastome structure comparisons and sequence divergence
hotspots

Rosa species exhibit quite conserved plastomes, with sim-
ilar overall genome structures, gene numbers, gene com-
ponents, gene orders and even total length (ranging from
156 kb to 157 kb) (Table 2 and S2). Consistent with previ-
ous analyses on Rosa plastomes [92-98], the GC content
(37.15-37.30%) and codon usage of the Rosa plastomes
remained highly conserved (Tables S2 and S5). However,
the GC content was higher for the IR region compared
to the SC regions, and the majority of codons (>85%)
having RSCU>1 ended in A/U(T). These results were
favourable for the stability of the plastid genome [99].
Plastomes at the long length are mainly concentrated in
the basal taxa of the Rosa genus: the Rosa, Carolinae and
Pimpinellifoliae sections of the subgenus Rosa as well
as the subgenera of Hulthemia and Hesperhodos (Fig. 7;
Table S2). Previous studies have reported that differences
in plastome length are caused mainly by variations in the
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IR regions, variations in noncoding regions (introns and
intergenic regions), and gene loss [90, 100]. In the genus
Rosa, variation in the noncoding regions as well as slight
expansions of the IR regions could largely explain the
variations in plastome length.

Repeated sequences are crucial for genome rearrange-
ments and variations [101, 102], and they are mostly
found in IGSs rather than coding sequences [103]. In this
study, abundant SSRs (73-87) and long repeats (36-52;
including tandem repeats and interspersed repeats) were
detected across 18 representative Rosa species (Fig. 3C;

Table S6). Most SSRs, tandem repeats (T) and inter-
spersed repeats (FPRs), are distributed in noncoding
regions (IGS and intron regions), with most SSRs being
mononucleotide repeats (A or T) and most long repeats
being tandem and forward repeats, respectively. These
findings align with the results of other plastome studies,
although the number of repetitive sequences has varied
across studies [94, 97]. Such repeat sequences can pro-
vide valuable information for developing genetic mark-
ers that can be applied in phylogenetic and population
studies [104]. In Rosa plastomes, we also detected several
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Table 3 Divergent hotspot statistics of Rosa
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Sampling Pithreshold Divergent regions References
Five Rosa samples >0.006 psbl-trnS-GCU-trnG-UCC, 5'matK-trnK-UUU, rps16-trnQ-UUG, rpoB-trnC-GCA, rps4-trnT- Jeon and Kim,
UGU, ycfl 2019 [92]
Five Rosa samples Uncertain psbl-trnS-GCU, psbM-trnD-GUC, trnM-CAU-aptE, trnG-UCC-trnfM-CAU, psbZ-trnG-UCC, Lietal, 2020
trnR-UCU-atpA, trnH-GUG-psbA, trnT-UGU-trnl-UAA, psbE-petL, trnP-UGG-psalJ, trnK-UUU-  [94]
1ps16, rps16-trnQ-UUG, psaJ-rpl33, trnS-GGA-rps4, rps2-rpoC2, aptF-aptH, rpl12-clpP,
rpoB-trnC-GCA, trnD-GUC-trnY-GUA, ndhA
13 Rosa samples >0.007 trnK-UUU, rps 16-trnQ-UUG, ycf1, trnT-UGU-trn-UAA Shen et al,
28 Rosa and 2 Geum samples  >0.010 ycf1, rps16-trnQ-UUG, psbE-petl, trnT-UGU-trnL-UAA 2022 [97]
12 Rosa samples (covered all  >0.021 trnL-=UAA-trnF-GAA, trnT-UGU-trn-=UAA, ndhC-trnV-UAC, psbZ-trnG-GCC, psbE-petL, ycf1 Zhang et al,
subgenera and sections) 2022 [96]
24 Rosa samples >0.013 ycf3-tmS, trnT-trnL, psbE-petlL, ycf1 Gao et al,
2023 [98]
18 Rosa samples (covered all  >0.020 trnH-GUG-psbA, trnG-GCC-trnfM-CAU, psbT-psbN, petD-rpoA, rps3-rpl22, ndhl-ndhA, rpl2- - The current
subgenera and sections) trH-GUG, rps19-rpl2 study

specific SSRs. For instanceSSR (TTTTAT), which was
exclusively found in the R. canina plastome; SSR (ATA-
AAA), which was detected only in the R. nitida plastome;
and SSR (TAGAAG/CTTCTA), which was only absent in
the R. omeiensis plastome. The SSR (AAAAT) was pres-
ent only in R. sect. Carolinae. These special SSRs can
potentially act as molecular markers that help in identify-
ing Rosa species.

IR regions are crucial for maintaining the plastid
genome’s structural stability, and their length varia-
tions are generally recognized as the most significant
factor contributing to variations in plastome size [87,
105]. However, no significant variation in the IR region
was detected in Rosa plastomes- an observation consis-
tent with several previous studies [97, 98]. As in most
dicots, the rps19, rpl2, ndhF, ycfl, truN-GUU and trnH-
GUG genes in Rosa plastomes are consistently located at
the boundaries of the SC and IR [91]. We classified the
boundaries of Rosa plastomes into two types according to
whether the trnuH-GUG gene spanned the IRa/LSC junc-
tion, with type I (the truH-GUG gene was 3—147 bp away
from JLA, mostly 3 bp) being the most prevalent, which
further revealed that the boundary structures of Rosa
plastomes are relatively stable.

In this study, mVISTA analysis revealed that greater
variations in the SSC and LSC regions compared with
the IR ones. Furthermore, the protein-coding regions
had fewer variable sites in comparison with the noncod-
ing ones (Fig. 6). This was consistent with the prevalent
diversity patterns observed in many angiosperms [106,
107]. Eight highly variable regions (Pi=0.020) were ini-
tially identified as divergence hotspots based on 18 repre-
sentative Rosa plastomes, including six in the IGS regions
of the SC regions (trnG-GCC-trnfM-CAU, psbT-psbN,
petD-rpoA, rps3-rpl22, ndhl-ndhA, and rpl2-trnH-GUG),
one in the IGS region of the IR region (rps19-rpl2), and
one at the LSC/IRa junction (trnH-GUG-psbA). Notably,
trnH-GUG-psbA has frequently been used as a molecular

marker for studying the phylogeny of the genus Rosa in
previous studies [2, 10, 71, 74]. To evaluate their robust-
ness across broader taxonomic sampling, we expanded
the analysis to 106 Rosa plastomes. This validation
revealed three consistently variable regions: trnG-GCC-
trnfM-CAU, psbT-psbN, and rpl22-rps19. Among them,
two (trnG-GCC-trnfM-CAU and psbT-psbN) overlapped
with the initially identified hotspots, whereas the remain-
ing highly variable regions from the 18-species subset
showed slightly lower pi values and were not among the
top-ranked in the full dataset (Fig. S2). Among these,
two highly wvariable regions (trnG-GCC-trnfM-CAU
and psbT-psbN) overlapped with the initially identified
hotspots, while the remaining six highly variable regions
from the 18-species subset showed slightly lower pi val-
ues in the full 106-sample dataset, although the differ-
ences were minor. This discrepancy is likely attributed
to differences in sampling strategy. The 18 representa-
tive Rosa plastomes were selected to maximize phy-
logenetic diversity, thereby capturing lineage-specific
polymorphisms that may not persist in broader sam-
pling. In contrast, the full dataset of 106 Rosa plastomes
reflects a more inclusive species spectrum, which can
dilute rare variants and emphasize only the most con-
served hotspots across the genus. These observations
underscore that hotspot identification is sensitive to
dataset composition, alignment strategy, and threshold
selection. Previous Rosa plastome studies have similarly
reported different sets of variable regions depending
on sampling schemes, different threshold selection and
sequence alignment approaches (Table 3), highlighting
the influence of study-specific parameters. In addition,
variation in sequencing strategies - such as the use of
whole genome shotgun sequencing- may also contribute
to differences in polymorphism detection across studies
[92, 94, 96-98]. Although the seven regions identified
from the 18 representative Rosa plastomes offer prom-
ising candidates for DNA barcoding, only two remained
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consistently variable across the full dataset of 106 Rosa
plastomes. This discrepancy emphasizes the need for fur-
ther phylogenetic validation before adopting these mark-
ers universally. A comprehensive approach integrating
large-scale sampling and multi-locus comparisons will be
essential for resolving relationships among closely related
Rosa species and informing breeding and conservation
strategies.

Adaptive evolution

Positive selection plays a crucial role in driving molecu-
lar adaptation and functional divergence of plastid genes
under environmental pressures [108]. In this study, 19
chloroplast genes exhibiting signals of positive selec-
tion were identified. These genes span genetic system
(rps19, rpoA, rpoCl, rpoC2), photosynthesis (atpB, atpF,
psbA, psbB, psbC, rbcL, psaA, psaB, ndhF, ndhH, ndhl),
biosynthesis (matK, accD), and open reading frames of
unknown function (ycf1, ycf2) (Table 2 and S8). Although
the precise functions of ycfl and ycf2 remain unclear,
their high variability made them used in phylogenetic
studies [109]. Notably, ycfI harbors the highest number
of positively selected sites identified in this study, and
it also exhibits significant signatures of adaptive evolu-
tion across various plant lineages [81, 110]. The matK
and accD genes are associated with protein biosynthe-
sis. matK encodes a maturase essential for the splicing
of multiple chloroplast introns, playing a pivotal role in
maintaining chloroplast function, and exhibits adaptive
evolution signals in several lineages [111, 112]. Addition-
ally, matK is frequently employed as an effective molec-
ular marker in phylogenetic studies of the genus Rosa
[57, 65, 77]. The accD gene, which is involved in fatty
acid synthesis, contributes to the stability of the chlo-
roplast membrane and may enhance plant responses to
environmental stresses such as temperature and drought
[113]. Photosynthesis-related genes such as atpB/F,
psaA/B, psbA/B/C, rbcL, and ndhF/H/I are under posi-
tive selection pressure in this study. The atpB and atpF
encode subunits of the ATP synthase complex, integral to
energy conversion [114]. The psaA/B and psbA/B/C are
core components of Photosystem I and II, respectively
and arecrucial for maintaining photosynthetic efficiency
[81, 87, 115]. Their adaptive variations may be linked
to ecological adaptations of Rosa species under vary-
ing light intensities and altitudinal gradients. The ndh
gene cluster encodes subunits of the NADH dehydroge-
nase complex, participating in photosynthetic electron
transport and energy regulation under photo-oxidative
stress [116, 117]. Specifically, ndhF has been shown to
be under positive selection in multiple studies on plant
adaptive evolution [118, 119]. The rbcL gene encodes the
large subunit of Rubisco, central to carbon assimilation,
and is widely reported as a target of adaptive evolution
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in photosynthetic systems, particularly under drought or
low-temperature conditions [81, 120, 121]. Furthermore,
the rps gene family plays significant roles in cell biology,
including participation in protein synthesis, maintenance
of cell growth, regulation of the cell cycle, and involve-
ment in cell signal transduction [122]. The rpoA, rpoCl,
and rpoC2 genes encode chloroplast RNA polymerase
subunits, forming core components in the regulation
of chloroplast gene expression. These genes frequently
appear in lists of positively selected genes in angio-
sperms, while their variations likely supporting dynamic
regulation of gene expression in response to environmen-
tal changes [123, 124]. Rosa species are widely distributed
across temperate to subtropical regions of the Northern
Hemisphere, with some extending into the frigid zone,
inhabiting diverse ecological types including low-altitude
plains, alpine meadows, and forest edges [3-5]. Facing
variable ecological factors such as light, moisture, and
temperature, the positive selection signals observed in
the aforementioned genes may represent molecular man-
ifestations of their adaptive evolution to complex envi-
ronments. Particularly, genes related to photosynthesis
and transcription/translation may play key adaptive roles
under different ecological conditions (e.g., drought, low
temperature, high radiation). Moreover, several of the
positively selected genes identified in our analysis—such
as accD, matK, ndhF, rbcL, and ycfI—have also been fre-
quently reported to be under positive selection in other
angiosperms (including Rosa) [96, 119, 125-126], indicat-
ing that they may represent conserved targets of adaptive
evolution across flowering plants. These results under-
score the importance of integrating these key molecular
markers in studies of phylogeny, germplasm conserva-
tion, and adaptive evolution.

Phylogenetic relationships

Despite its long-standing ornamental and economic
significance, the genus Rosa remains particularly chal-
lenging for taxonomic classification and phylogenetic
reconstruction [4, 10, 15, 25, 27, 57-80, 92-98]. Tradi-
tional classification systems, proposed by Rehder (1940)
and Wissemann (2017) [3, 127], recognize four Rosa sub-
genera, with R. subg. Rosa further classified into 10 sec-
tions. Although support for deeper phylogenetic nodes
remains limited, our study reconstructs a robust phy-
logeny of Rosa based on complete chloroplast genomes.
The plastome phylogenetic framework revealed that
most previously-defined subgenera and sections were
paraphyletic in origin. These aligned with the results
reported previously [95, 96, 128] and could be attrib-
uted to chloroplast capture, introgressive hybridization,
differences between the evolutionary rate of nuclear
and plastid genes, or incomplete lineage sorting. In our
plastid sequence analyses, the three previous subgenera
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(Platyrhodon, Hulthemia and Hesperhodos) seemed to
best sink into R. subg. Rosa as sections, which did not
occur as a sister to R. subg. Rosa [4, 95, 128]. Based on
its morphological similarity and molecular evidence, R.
sect. Carolinae has been resolved as paraphyletic with
the other species in R. sect. Rosa [15, 25, 55, 57, 59, 60,
62, 68, 128, 129] and is now part of R. sect. Rosa, which
was confirmed by our analysis. The species of R. sect.
Chinenses nested within R. sect. Synstylae as previously
described [54, 60, 62, 72, 75, 96, 128, 130, 131]. Interest-
ingly, R. glomerata from R. sect. Synstylae in our study is
the only member emerging in the C Clade, in agreement
with early analyses of single-copy nuclear genes [98, 128],
revealing its putative hybrid origin. Hence, the merging
of R. sect. Chinenses with R. sect. Synstylae is being pro-
posed. The Laevigatae, Banksianae and Bracteatae sec-
tions are all monophyletic in our study [10, 96], located
at the base of the Chinenses-Synstylae Clade with R. subg.
Platyrhodon with moderate support except for the poly-
ploid sections (Gallicanae and Caninae). Furthermore, R.
sect. Pimpinellifoliae from R. subg. Rosa is polyphyletic,
in line with previous observations through chloroplast or
nuclear ITS sequences [54, 55, 60, 62].

However, certain inconsistencies were observed
between our findings and those inferred from nuclear
gene data [128, 131]. Our core Pimpinellifoliae species (A
Clade in Fig. 7) diverged the earliest in the genus Rosa,
with R. subg. Hulthemia as sister to the remaining Rosa
species (excluding R. subg. Hesperhodos). This aligns
with previous plastome-based phylogenies in roses [95],
including the same sequence of R. minutifolia (R. subg.
Hesperhodos) from Zhao et al. [132]. Through analy-
sis of nuclear allele SCOy,, sequences using amplicon
sequencing, Debray et al. [128] proposed that R. subg.
Hesperhodos represents the earliest-diverging lineage in
Rosa, with R. subg. Hulthemia and core sect. Pimpinelli-
foliae forming a monophyletic clade - a finding consistent
with earlier plastome-based phylogenetic analyses [96].
In this study, both sequences of R. minutifolia obtained
from the NCBI GenBank were reportedly collected from
France, suggesting they may represent cultivated rather
than native Californian populations [62]. The place-
ment of R. subg. Hesperhodos outside the most basal
group may reflect taxonomic misclassification rather
than its true evolutionary position. Furthermore, phylo-
genetic analysis based on SNPs from haplotype-resolved
genome assemblies and resequencing data [131] revealed
strong support for a clade comprising sections Laeviga-
tae, Banksianae and Bracteatae positioned basally to
the other Rosa accessions, without representatives of R.
subg. Hulthemia and R. subg. Hesperhodos in the sam-
pling. All three sampled Pimpinellifoliae species formed
a well-supported clade, which was the sisters to sections
Rosa-Carolinae and the other polyploid Pimpinellifoliae
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species [131]. R. sect. Banksianae in our study is mono-
phyletic [10, 96, 131], unlike the results reported previ-
ously [128], regarding R. cymosa as a hybrid from other
sections. The observed phylogenetic discrepancies may
stem from our reliance solely on chloroplast genome
data, as their uniparental inheritance limits detection of
reticulate evolutionary processes involving polyploidiza-
tion or hybridization [10, 58, 62, 96, 128].

Polyploidy is well-documented as a significant phe-
nomenon in evolution and a crucial cytogenetic mecha-
nism in the process of speciation [133], contributing
to the complexity and intrigue of classifying the genus
Rosa. Our analysis of the cp genome revealed that the
polyphyletic nature of several sections, such as R. sect.
Gallicanae and R. sect. Caninae, can be attributed to
certain polyploid accessions, as these sections consist
solely of polyploid species. All of the accessions of R. x
damascena in R. sect. Gallicanae in our plastid phylo-
genetic tree, clustered with R. moschata and R. brunonii
(R. sect. Synstylae), which has been proven to constitute
the maternal lineage of R. x damascena [128]. Further-
more, R. sect. Caninae, consisting of only allopolyploid
species of hybrid origin, clustered with some members
of the Synstylae and Gallicanae sections, in accordance
with previous results [128]. Two members of R. sect. Gal-
licanae, R. gallica and R. centifolia, are sisters to parts of
R. sect. Caninae, which might indicate their origination
by hybridization with R. sect. Caninae as their maternal
progenitor [96, 128, 131]. Rosa kokanica and R. spinosis-
sima from R. sect. Pimpinellifoliae are also allopolyploid,
emerging in C clade, including members of sections Rosa,
Carolinae and Synstylae, which indicates a close rela-
tionship among them. Debray et al. [128] confirmed the
hybrid origin of the R. kokanica and R. spinosissima likely
derived from crosses with species between R. sect. Rosa
(as seed parents) and core Pimpinellifoliae species (as
pollen parents). In addition, R. praelucens (R. subg. Plat-
yrhodon, 10x), the highest naturally occurring ploidy in
the genus Rosa, is a sister to R. glomerata (R. sect. Syn-
stylae), clustering with other species from several sec-
tions (Rosa, Pimpinellifoliae and Carolinae) far from
R. roxburghii in the same subgenera in our study. Prior
cytological study has identified R. praelucens as an allo-
polyploid [2], closely related to R. sect. Rosa according to
combined cpDNA and nrDNA data [10, 65] and possibly
derived from R. sweginzowii in Asia [128]. Therefore, we
propose that R. roxburghii should be retained as the sole
representative of the newly established section Platyrho-
don [10, 128].

Conclusions

This study assembled the most comprehensive plastome
dataset to study plastid genomic features across the Rosa
genus before reconstructing a plastome phylogeny with a
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well-resolved backbone. Comparative analysis of plastid
genomic analyses revealed that gene content, gene order,
collinear structure and codon usage were conserved
within the Rosa plastomes. Additionally, eight highly
diverse hotspots - trnH-GUG-psbA, trnG-GCC-trnfM-
CAU, psbT-psbN, petD-rpoA, rps3-rpl22, ndhl-ndhA,
rps19-rpl2, and rpl2-trnH-GUG - were initially identi-
fied from 18 representative Rosa plastomes as candidate
regions for shallower DNA barcoding and phylogenetic
analyses in Rosa. However, broader sampling is required
to validate their reliability and phylogenetic utility. Selec-
tion pressure analyses revealed 19 positively selected
genes related to genetic, photosynthetic, and biosyn-
thetic functions, indicating adaptive evolution in Rosa
plastomes. Moreover, a plastome phylogeny that resolved
most of the intersection relationships was successfully
established. The phylogenetic backbone is stable except
for that of R. subg. Platyrhodon, sections Banksianae and
Bracteatae, which are not well resolved. The status and
position of R. sect. Pimpinellifoliae and the nonmono-
phyletic R. subg. Rosa, Platyrhodon, R. sect. Synstylae,
and Chinenses, as well as the conflicting relationships of
those with the nuclear phylogeny, suggest that this study
about the phylogeny of Rosa can be further improved in
terms of intrageneric relationships. In addition, the cur-
rent study also shows the limitations of using plastomes
to infer the phylogeny of some difficult taxa, such as R.
praelucens, R. glomerata, R. kokanica, R. acicularis, R.
spinosissima, R. fedtschenkoana, R. arvensis, R. sterilis
and R. kweichowensis, which may be involved in hybrid-
ization and polyploidization. Future Rosa studies can be
based on a combination of plastome, morphological and
nuclear data.

Materials and methods

Taxon sampling and DNA extraction

Overall, 18 Rosa species were selected for comparative
genomic analysis in this study, including 13 sequences
newly sequenced, and the other five retrieved from the
NCBI GenBank database (https://www.ncbi.nlm.nih.gov
/nuccore/) [134, 135]. The 18 materials sampled here rep
resented all four subgenera (Rosa, Hulthemia, Hesperho-
dos and Platyrhodon) of the Rosa genus as well as all ten
sections in the Rosa subgenus according to Reder’s sys-
tem (1940) [3]. This sampling strategy prioritized newly
sequenced plastomes for data consistency, while ensuring
representation of all major taxonomic lineages in Rosa.
Additionally, 64 Rosa plastomes (excluding cultivars)
were obtained from the NCBI GenBank database, while
raw sequences from the NCBI-SRA database (https://w
ww.ncbi.nlm.nih.gov/sra) were also reassembled into 24
Rosa plastomes for phylogenetic analysis. Two plastomes
of Tribe Potentilleae (Rosaceae), a close relative to Rosa
[92, 136-138], were chosen as outgroups, i.e., Fragaria
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vesca subsp. vesca (JF345175) and Potentilla micrantha
(HG931056). Consequently, 108 complete plastomes
(106 Rosa and two outgroups) were obtained for phylo-
genetic analysis, ensuring that each subgenus or section
contained at least two samples. The GenBank accessions,
including detailed sample information, are presented
in Table S1. In this study, the 13 newly sequenced spe-
cies were those of fresh or silica-dried leaves which were
obtained following DNA extraction using a modified cet-
yltrimethylammonium bromide (CTAB) method [139].
The DNA’s integrity was then checked by electrophoresis
on a 1% (w/v) agarose gel, and after assessing its purity
with a NanoDrop spectrophotometer 2000, the concen-
tration was determined via a Qubit 2.0 instrument for
precise quantification.

Plastome sequencing, assembly and annotation

Purified genomic DNA of high-quality was sheared
into short 350-bp fragments to construct paired-end
(PE) libraries. This was followed by sequencing on an
Ilumina HiSeq 2500 platform at Novogene Company
(Tianjin, China) to yield 150-bp paired-end reads. Each
sample generated around 4 Gb of clean data which were
imported into GetOrganelle v1.7.5.3 with the param-
eters suggested by the developers of the software (http
s://github.com/Kinggerm/GetOrganelle) for assembly
into the plastome sequences. This was followed by auto-
matic annotation of the finished plastomes using the
Plastid Genome Annotator (PGA) [140] before manually
adjusting the intron/exon boundaries as well as start/stop
codons in Geneious v8.0.2 based on multiple Rosa com-
plete plastome sequences. All SRA data and plastome
sequences obtained from the NCBI databases were also
subjected to reassembly and reannotation as it was the
case for the newly generated sequences. After drawing
the structural features of the Rosa plastome map online
via Organelle Genome DRAW (OGDRAW) (http://ogd
raw.mpimp-golm.mpg.de/) [141], the newly sequenced
plastid genomes and the plastomes extracted from the
NCBI-SRA data were deposited into NCBI GenBank
under the accession numbers provided in Table 1 and S2.

Genome features and comparative plastid genomic
analysis

The general characteristics (including number of genes,
GC content, length and gene categories) of the complete
Rosa plastomes were analyzed in Geneious v8.0.2 (Table 1
and S2). Table 1 shows the basic characteristics of the 18
complete Rosa plastomes only, and Table S2 presents the
basic characteristics of the whole plastomes of the 108
samples. For an in-depth analysis of plastome features
and divergence, 18 whole plastome sequences, represent-
ing all Rosa subgenera and sections, were selected for
comparative analysis (Table 1 and S1). Firstly, Geneious
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v8.0.2 was used for extracting all protein-coding genes of
each plastome sequence, with their RSCU subsequently
examined with MEGA v7.0 [142]. Additionally, these
plastome sequences were analyzed in the online software
MISA to identify SSRs, especially mono-, di-, tri-, tetra-,
penta-, and hexanucleotides using parameters set to 10,
5,4, 3, 3, and 3, respectively. Additionally, the online pro-
gram REPuter (https://bibiserv.cebitec.uni-bielefeld.de/re
puter) [143] was used, with the parameters set to a mini
mum repeat size of 30 bp as well as a Hamming distance
of 3, to identify long repeat sequences, including reverse
(R), forward (F), and palindromic (P) repeats. Finally, tan-
dem repeats (T) were discovered using Tandem Repeats
Finder v4.07 (https://tandem.bu.edu/trf/trfhtml) [144]
with the default settings.

To determine whether there are structural differences
among these Rosa plastomes, the SC/IR boundaries were
mapped with IRscope [145] to assess IR expansion/con-
traction, with shifts in the IR/SC boundary being attrib-
uted to different causes, i.e., IR expansion/contraction or
gene loss. Genome rearrangement and inversions were
detected via the Mauve [146] plugin in Geneious v8.0.2,
while divergence in the Rosa plastome was plotted in
Shuffle-LAGAN mode using the mVISTA online pro-
gram  (http://genome.lbl.gov/vista/mvista/submit.shtm
1) [147], with the R. minutifolia plastome (MT755634) as
the reference.

Potential hotspots of nucleotide diversity were also
identified in Rosa plastomes using the Perl scripts “2_
extract_bed_CDS_RNA_and_intergenic.pl” and “gener-
ate_gene_matrix_from_one_ fasta_file.pl” (https://githu
b.com/quxiaojian/Bioinformatic_Scripts) to automatica
lly extract noncoding and coding parts from plastomes.
Overall, 79 PCGs and 132 noncoding regions (including
introns and intergenic regions) were extracted and sepa-
rately aligned via the MAFFT v7.471 plugin integrated
into PhyloSuite v1.2.2, after which the nucleotide poly-
morphism (Pi) values of each region were evaluated via
DnaSP v6.12.03 [148].

To detect the positively selected sites of protein-coding
sequences (CDSs) in Rosa plastomes, the ratio of synony-
mous (dS) and nonsynonymous (dN) substitutions was
determined according to the formula w=dN/dS using
the CodeML algorithm in EasyCodeML v1.4 [149], with
ratios of w<1, =1, and w>1 indicating negative, neu-
tral and positive selections, respectively. After aligning
each single-copy CDS in codon mode, it was concat-
enated via PhyloSuite v1.2.2 into one matrix in PAML
format as the input sequence file [150]. Similarly, the ML
tree, generated with IQ-TREE v1.6.8 [151], was used as
an input tree. In preset mode, potential positive selec-
tion was tested with a site model, while the analyses were
performed on the basis of four site models (M1a vs. M2a,
MO vs. M3, M8a vs. M8, and M7 vs. M8). In this case, an
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LRT threshold of p<0.05 signalled adaptation within the
genome. By comparing four pairs of site-specific mod-
els, M7 vs. M8 was used for estimating positive selection
sites based on w and LRT values. BEB [152] analysis was
then implemented in the M8 model for detecting posi-
tively selected sites of specific genes (Table S9).

Phylogenetic analysis

To investigate how members within the genus Rosa
were related, a total of 106 representative Rosa plastid
genomes (13 were newly sequenced) were used to con-
struct phylogenetic trees, with Fragaria vesca subsp.
vesca (JF345175) and Potentilla micrantha (HG931056)
in Potentilleae (Rosaceae) selected as outgroups (Table
S1). The trees, based on 79 CDSs and complete plas-
tid genome sequences, were generated using BI and ML
methods. PhyloSuite v1.2.2 was then used to perform
the subsequent series of analyses. The 79 unique CDSs
and whole plastome sequences were aligned separately
via MAFFT v7.471 [153], and this was followed by an
incongruence length difference test in PAUP v4.0al68
to assess the possibility of combining data from different
genes (P<0.01). The aligned CDS matrices were individu-
ally checked and manually adjusted for small errors in
AliView [154] prior to concatenation in PhyloSuite v1.2.2
to yield a single 68,703 bp supermatrix. DAMBE v 7.0.68
[155] was then used to assess substitutional saturation of
the concatenated matrix. Regarding the phylogenies, IQ-
TREE v1.6.8 was used with the ‘Auto’ option to automati-
cally select the model for 5000 ultrafast bootstraps (the
ultrafast bootstrap option using 5000 replicates) before
constructing the ML tree, with a Shimodaira—Hasegawa-
like approximate likelihood-ratio test (SH-aLRT) also run
for branches. Similarly, BI phylogenies were inferred via
MrBayes v3.2 [156] with ModelFinder used to identify
the best-fitting substitution model [157]. The Markov
chain Monte Carlo algorithm was executed for 2,000,000
generations, with sampling performed every 1000 gen-
erations. Convergence and stationarity were confirmed
when the average standard deviations of split frequen-
cies fell below 0.01. The first 25% of the sampled trees
were discarded as burn-in, and the remaining ones were
used to construct a majority-rule consensus tree. FigTree
v1.44 (https://tree.bio.ed.ac.uk/software/figtree/) and
TreeGraph v2.15.0-887 beta [158] were used to visualize
and annotate the final trees.
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Bl Bayesian inference

ML Maximum likelihood

SSR Simple sequence repeats

Pi DNA polymorphism

RSCU  Relative synonymous codon usage
CDS Coding sequence

IR Inverted repeat

SC Single copy
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