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Abstract
Background  Potentilla L. and Dasiphora L. are predominantly perennial herbs, occasionally manifesting as annuals or 
shrubs, primarily found in the northern temperate zone. However, taxonomic classification within this group remains 
contentious, particularly regarding genus boundaries and species delineation. Therefore, this study sequenced and 
analyzed the complete plastid genomes of 19 species from Potentilla and Dasiphora, comparing them with five 
previously published plastid sequences. Our objectives included reconstructing phylogenetic relationships within 
Potentilla and Dasiphora and investigating cytonuclear discordance among them.

Results  These plastid genomes were highly conserved in structure, GC content, and overall genome composition, 
comprising 84 protein-coding genes, 37 tRNA genes, and 8 rRNA genes. Notably, all Dasiphora plastid genomes 
lacked the unique intron for rpl2. Comparative genomic analyses revealed that variations in plastid genome size 
were due to differences in the lengths of the LSC, SSC, and IR regions. The IR region was predominantly conserved, 
while non-coding regions exhibited higher variability than coding regions. We screened SSR and identified seven 
highly variable loci that serve as potential molecular markers, offering valuable insights into the intergeneric 
relationships between Potentilla and Dasiphora. Phylogenetic analyses based on nuclear (ITS, ETS) and cytoplasmic 
(plastid, mitochondrial) genes confirmed the monophyly of Potentilla and Dasiphora, with results largely consistent 
with previous studies and supported by robust reliability metrics. We identified cytonuclear conflicts within 
Potentilla, which frequently disrupt its monophyly. We hypothesize that these conflicts may result from interspecific 
hybridization or incomplete lineage sorting events during the evolutionary history of the genus.

Conclusions  This study offers a theoretical foundation for advancing molecular identification and phylogenetic 
research on Potentilla and Dasiphora species. However, future work could benefit from greater detail on the criteria for 
selecting mitochondrial gene sequences and nrDNA datasets.
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Background
Potentilla L. and Dasiphora L. are both part of the Rosa-
ceae Juss. family. There are approximately 485 species in 
the Potentilla, primarily found in temperate and frigid 
zones of the Northern Hemisphere, often in alpine or 
arid regions [1–3]. Both Potentilla and Dasiphora are 
widely used as medicinal plants. Initially, Dasiphora was 
classified within the genus Potentilla; however, Dasiph-
ora was initially classified within the Potentilla but was 
later distinguished as its genus, separate from Potentilla, 
based on morphological differences [4]. In recent years, 
DNA molecular markers have enabled more objective 
assessments of the boundaries within the tribe Potentil-
leae, including the separation of Potentilla and Dasiphora 
[1–3, 5–10]. Phylogenetic analyses based on molecular 
evidence have demonstrated that Potentilla and Dasiph-
ora occupy distinct branches on the phylogenetic tree, 
indicating significant genetic differentiation between 
them. This supports the view that they are monophyletic 
relative to each other [1, 11, 12].

The plastid genome typically has a quadripartite struc-
ture consisting of a large single-copy (LSC) region, a 
small single-copy (SSC) region, and two inverted repeats 
(IRa and IRb) within an independent circular genome. 
The plastid genome size ranges from approximately 120 
to 170 kilobase pairs (kb) and usually encodes 120 to 130 
genes [13–15]. Size variations in the plastid genome are 
mainly due to changes in the IR regions, including expan-
sion, contraction, or even loss [16]. The plastid genome 
composition in angiosperms is highly conserved, usu-
ally uniparentally inherited, and most often matrilin-
eally transmitted, with low nucleotide substitution rates 
[17–20]. Consequently, the plastid genome provides rich 
genetic information for phylogenetic studies and is cru-
cial for resolving plant phylogenetic relationships [21, 
22].

In recent years, the continuous development of next-
generation sequencing (NGS) technologies has made 
obtaining plastid genome sequences easier and more 
cost-effective, enabling the resolution of various phylo-
genetic problems across different taxonomic levels [12, 
23–25]. Low-coverage whole-genome sequencing (also 
known as genome skimming) can provide sequence 
information for the plastid genome, mitochondrial 
genome, and nuclear ribosomal regions (rDNA) [26]. This 
method is more straightforward and more efficient than 
RNA-seq and RAD-seq.  It typically yields sequences for 
nuclear ribosomal internal transcribed spacers (nrITS), 
nuclear ribosomal external transcribed spacers (nrETS), 
various plastid markers, and polymorphic nuclear simple 
sequence repeats (nSSRs) [27, 28]. Moreover, this method 
has been utilized in phylogenetic studies at different tax-
onomic levels [29–32]. Increasingly, studies have revealed 
conflicting phylogenetic relationships when comparing 

nuclear and cytoplasmic gene data (chloroplast or mito-
chondrial), a phenomenon known as cytonuclear dis-
cordance [33]. Cytonuclear discordance can arise from 
various biological processes, including gene duplication, 
horizontal gene transfer, incomplete lineage sorting, or 
gene flow [34]. In Potentilla, researchers have identified 
nucleoplasmic conflict using the internal transcribed 
spacer (ITS) region of ribosomal DNA and the trnL-F 
intergenic spacer of chloroplast DNA, confirming the 
monophyly of the genus [35]. However, comprehensive 
analyses of cytonuclear conflicts between Potentilla and 
Dasiphora based on whole plastid genomes and nuclear 
ribosomal DNA (nrDNA) remain limited. Our study aims 
to address this gap, offering new insights into the taxo-
nomic controversy between these genera.

In this study, we conducted de novo sequencing, 
assembly, and annotation of the plastid genomes from 11 
species of Potentilla and 8 species of Dasiphora, and we 
performed comparative analyses of these genomes along-
side other published Potentilla and Dasiphora species 
on a genome-wide scale. Our primary objectives were: 
(1) to enhance our understanding of the plastid genome 
structure in Potentilla and Dasiphora, shedding light on 
evolutionary patterns; (2) to conduct a comprehensive 
comparison of chloroplast genomes to identify structural 
variations among these taxa; (3) to develop and screen 
suitable barcodes for Potentilla and Dasiphora; and (4) to 
acquire plastome data, as well as nuclear ribosomal DNA 
(nrDNA, including nrITS and nrETS) and mitochondrial 
gene data, aiming to elucidate the phylogenetic relation-
ships between Potentilla and Dasiphora.

Materials and methods
Plant materials, DNA extraction and quality control and 
sequencing
Field-collected species were archived at the Qinghai-
Tibetan Plateau Museum of Biology (QTPMB) (Table 
S2). Immediately upon collection, fresh leaves were 
desiccated with silica gel to facilitate DNA extraction. 
The end-repair method, using 150  bp fragments, was 
employed for cBOT clustering and subsequent sequenc-
ing on the NovaSeq 6000 system. Sequencing data under-
went purification with fastp v.0.23.1 [36], targeting (1) 
reads with undefined nucleotides (N) comprising over 
10% of their base count; (2) reads where more than half 
of the bases were of low quality (Q ≤ 5); and (3) reads that 
included adapter sequences. Following these criteria, 
approximately 3.0 Gbp of high-quality, paired-end clean 
reads were generated per sample, laying the groundwork 
for further investigation.
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Genome assembly, annotation, and genome structure 
analysis
In this study, we employed GetOrganelle with specific 
parameters (-k = 21, 45, 65, 85, 105, 121 -t = 128 -R = 15 
-F = embplant_pt) to assemble the raw sequencing data 
derived from Illumina HiSeq [37], facilitating the con-
struction of the circular plastid genome. Subsequently, 
the CPGAVAS2 [38] annotated its CDS, tRNA genes, 
and rRNA genes. The precision of start and stop codons 
[39] and gene locations were enhanced through manual 
adjustments anchored in the reference plastid genome 
sequence. Additionally, the tRNA genes underwent 
further verification via the online annotation resource 
tRNAscan-SE 2.0 [40], ensuring rigorous accuracy in our 
genetic annotations. Finally, the plastid genome was visu-
alized and analyzed using Chloroplot [41].

In this research, we conducted a comprehensive com-
parative analysis of the 24 plastid genomes sequenced. 
Codon usage, including counts and RSCU in protein-
coding genes, was assessed using CodonW v.1.4.4 [42]. 
SSRs were analyzed with MISA v2.1 [43], while long 
repeats (forward, palindromic, reverse, and comple-
mentary) were identified using the REPuter online tool 
under default settings [44]. The IRScope tool facilitated 
the visualization of contractions and expansions across 
LSC, IRb, SSC, and IRa regions [45]. Plastid genome 
alignments were performed using PhyloSuite v1.2.3, and 
nucleotide diversity (Pi) was calculated with DnaSP [46], 
employing a step size of 200 bp and a sliding window of 
800 bp. Additionally, mVISTA was utilized for the com-
parative analysis and visualization of these genomes, 
enabling the detection of highly variable regions [47].

Acquisition of nrITS, nrETS, and mitochondrial gene 
sequences
We analyzed nrITS, nrETS, and mitochondrial gene 
sequences for 19 species. The nrITS sequences from P. 
anserina, D. davurica, Sibbaldianthe bifurca, and nrETS 
sequences from D. fruticosa, D. glabra, P. lignosa, along-
side mitochondrial genome sequences from Malus 
domestica and Rosa chinensis (GenBank accession num-
bers U90788, FJ356159, KP994565 for nrITS; KP875279, 
KP875277 for nrETS; NC018554 NC065236 for mito-
chondrial genomes), served as references. Sequence 
alignment was performed using MAFFT v7.505 [48], fol-
lowed by nrITS and nrETS sequences extraction using 
Easy353 v2.0.2 [49]. Mitochondrial gene sequences were 
extracted based on cob, cox1, and matR gene reference 
sequences.

Positive selection analysis
We extracted non-redundant genes shared among spe-
cies to assess selection pressure on plastid protein-cod-
ing genes and aligned them using MAFFT v7.505. The 

synonymous (Ks) and non-synonymous (Ka) substitution 
rates, along with the Ka/Ks ratios, were subsequently cal-
culated using ParaAT 2.0 integrated with KaKs Calcula-
tor 2.0 [50], employing default parameters.

Phylogenetic analysis
In this study, we sequenced plastid genomes from 11 
Potentilla and 8 Dasiphora species. We incorporated 4 
Potentilla, 1 Dasiphora, and 4 outgroup plastid genomes 
from NCBI (Ampelocera hottlei, Aphananthe aspera, 
Cannabis sativa, and Celtis tetrandra). We performed 
phylogenetic analyses using both ML and BI on 8 dis-
tinct datasets, including plastid genome, nrDNA, LSC, 
SSC, IR, CDS, DNA barcoding (rbcL, matK, and trnH-
psbA), and mitochondrial gene sequences. The consis-
tency of ITS, ETS, mitochondrial gene sequences, and 
other species-specific datasets was maintained, except 
where data were unavailable. Phylogenetic analyses were 
conducted using PhyloSuite v1.2.3 for comprehensive 
bioinformatics analysis and MAFFT v7.505 for initial 
multi-sequence alignment, employing the “auto” strat-
egy to select optimal algorithms for different sequence 
types. Sequence alignments were refined using trimAl 
v.1.2 [51] to remove poorly aligned positions and diver-
gent regions. For PCGs, batch refinement was performed 
using MACSE v2.0.3 [52]. The refined data were concat-
enated into eight matrices for subsequent analysis. Model 
selection and partitioning for each dataset were deter-
mined by ModelFinder [53]. ML analysis was carried 
out using IQ-TREE [54], with 1000 ultrafast bootstrap 
replicates to assess branch support, while BI was con-
ducted using MrBayes v3.2.7a [55], with two independent 
Markov chain Monte Carlo (MCMC) runs of 10 million 
generations, sampling every 1,000 generations until the 
mean standard deviation of split frequencies dropped 
below 0.01. The first 25% of trees from each MCMC run 
were discarded as burn-in. Phylogenetic trees were visu-
alized and edited using the online tool chiplot ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​c​h​i​p​l​o​t​.​o​n​l​i​n​e​/​​​​​)​.​​

Results
Plastome characteristics
The plastid genome lengths of the 24 species ranged from 
152,883  bp (D. parvifolia p158) to 156,461  bp (P. pota-
ninii p5). All species sequenced in this study exhibited 
the typical quadripartite structure (Fig.  1), consisting of 
a large single-copy (LSC) region (84,117 − 85,808  bp), a 
small single-copy (SSC) region (18,128 − 18,709 bp), and 
two inverted repeats (IR) regions (25,291 − 26,276  bp). 
The GC content in the plastid genomes of Potentilla spe-
cies ranged from 36.7% (P. tanacetifolia p99) to 37.3% (D. 
mandshurica p3). The GC content distribution among 
the four regions was uneven, with the IR regions having 
the highest GC content (42.60-42.92%), followed by the 
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LSC region (34.54-35.17%) and the SSC region (30.55-
31.08%) (Table  1). The higher GC content in the IR 
regions is likely related to the presence of all rRNA genes 
within these regions [56].

The genes encoded in the plastid genome of Potentilla 
are mainly composed of self-replication-related, pho-
tosynthesis-related, other, and ycf genes. Statistically, it 
was found that there were 129 coding genes in the plas-
tid genome of Potentilla and Dasiphora, among which 18 
genes existed in double copies, including all rRNA, tRNA 
genes trnV-GAC, trnS-GCU, trnR-ACG, trnN-GUU, trnI-
GAU, trnL-CAA, trnI-CAU, trnA-UGC, and protein-
coding genes rps12, rps7, rpl2, rpl23, ndhB, and ycf2. 
We found that 24 plastid genomes of commensal plants 
were consistent regarding the number (84, 37, 8) and 
type of CDSs, tRNAs, and rRNAs. 8 tRNA genes and 8 
protein-coding genes contained a single intron. clpP and 
ycf3 genes contained two introns (Table 1). By comparing 
the plastid genome sequences of the Potentilla obtained 
in this study, we found that they are highly conserved in 
terms of gene content, number of genes, orientation, and 
number of introns.

The boundaries of inverted repeat (IR) regions are 
hotspots for gene duplication or deletion [57], contrib-
uting to plastid genome size variation [16, 58, 59]. In 
this study, we analyzed the expansion and contraction 
of IR regions in 24 plastid genomes of the Potentilla. 
The results revealed a high degree of sequence simi-
larity and structural conservation among these plastid 
genomes (Fig. 2). The size variation in Potentilla plastid 
genomes was attributed to differences in the lengths of 

the large single-copy (LSC), small single-copy (SSC), and 
IR regions. We further compared the exact IR bound-
ary locations and neighbouring genes between the plas-
tid genomes of P. multicaulis p93 and P. tanacetifolia 
p99. Notably, the ndhF genes in P. multicaulis p93 and 
P. tanacetifolia p99 were within the SSC/IRb bound-
ary region. Additionally, the rpl2 gene in the plastid 
genomes of all Dasiphora lacked one intron compared 
to Potentilla. In Potentilla, the rpl2 gene is 61–75  bp 
from the LSC/IRb boundary, and the ycf1 gene spans 
1,076 − 1,350  bp within the IRa region. Conversely, in 
Dasiphora, the rpl2 gene is 43  bp from the LSC/IRb 
boundary, and the ycf1 gene spans 417-1,098  bp within 
the IRa region (Fig. 2).

Relative synonymous codon usage
Codon usage frequency and relative synonymous codon 
usage (RSCU) were calculated based on protein-coding 
genes from 24 plastid genomes of Potentilla and Dasiph-
ora. A total of 64 codons encoding 20 amino acids were 
identified in this study. This includes six codons each 
for leucine (Leu), serine (Ser), and arginine (Arg); four 
codons each for proline (Pro), threonine (Thr), alanine 
(Ala), valine (Val), and glycine (Gly); and three codons for 
isoleucine (Ile). Methionine (Met) and tryptophan (Trp) 
are each encoded by a single codon, resulting in an RSCU 
value of 1 for these amino acids (Table S3). Leucine (Leu) 
exhibited the highest RSCU values (10.55-10.61%) among 
all protein-coding genes in the plastid genomes, whereas 
cysteine (Cys) had the lowest frequency (1.14-1.15%) 
(Fig.  3), consistent with previous reports on plastid 

Fig. 1  Plastid genome map of Dasiphora (A) and Potentilla (B). Genes located inside the circle are transcribed clockwise, whereas those positioned out-
side are transcribed counterclockwise. Within the inner circle, darker gray represents the GC content, while lighter gray indicates the AT content of the 
genome
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genomes [60]. Generally, codons with RSCU > 1 are pre-
ferred [42, 61]. Notably, nearly half of the codons ana-
lyzed had RSCU > 1 (30/64), and all these codons end in 
the bases A or U (Table S3).

Repeat sequences analysis
Simple sequence repeats (SSRs), which are short tan-
demly repeated DNA sequences composed of repetitive 
units 1–6  bp in length, are widely distributed through-
out the plastid genome and commonly used as molecular 
markers for species identification [62–64]. We detected 
52 (D. mandshurica MW752148) to 113 (P. tanaceti-
folia p99) SSRs in 24 plastid genomes (Fig.  4D). These 
included 39–89 mononucleotides, 6–21 dinucleotides, 
0–5 trinucleotides, 2–9 tetranucleotides, and 0–1 penta-
nucleotide, with no hexanucleotides observed (Fig.  4A). 
Additionally, we found a specific base preference in the 
repeat sequence composition, with A/T being the only 
single-nucleotide SSR type across all 24 species. The 
repeat units of the other four SSR types also primarily 

consist of A or T (Fig. 4B). Using tandem repeat sequence 
detection technology and REPuter, we identified forward 
(F), reverse (R), palindromic (P), and complementary (C) 
repeat sequences in 24 plastid genomes of the Potentilla. 
We identified a total of 31 (P. saundersiana p131) to 48 (P. 
saundersiana NC072931) long repetitive elements, which 
included 12–24 forward repeats, 1–5 reverse repeats, 
15–19 palindromic repeats, and 0–3 complementary 
repeats (Fig.  4C). These findings suggest that SSRs and 
long repetitive sequences vary among species, providing 
opportunities to develop new molecular markers for the 
identification of Potentilla and Dasiphora species.

Comparisons of the plastid genome
We compared the structure of 24 plastid genomes 
from Potentilla and Dasiphora sequenced in this study. 
Genomic divergence and sequence identity were assessed 
using mVISTA with D. fruticosa p1 as a reference. The 
results indicated that the LSC and SSC regions diverged 
more than the IR regions. Variation was primarily con-
centrated in the LSC and SSC regions, whereas the IR 
regions were less divergent. Additionally, coding regions 
were more conserved than non-coding regions. Sig-
nificant differences in the non-coding regions appeared 
in the intergenic spacer (IGS) regions, including 
rps16-trnQ-UUG, rpoB-trnC-GCA, trnT-GGU-psbD, 
rps15-ycf1, rpl32-trnL-UAG, rps4-trnT-UGU, and trnT-
UGU-trnL-UAA (Fig. 5). Only a few variations occurred 
in coding genes, with notable differences in genes such 
as rpl22, ndhA, and psbB (Fig.  5). In contrast, all rRNA 
genes were highly conserved.

Nucleotide diversity
To further understand DNA polymorphism (Pi) in the 
plastid genomes of Potentilla and Dasiphora, we analyzed 
sliding windows of these genomes and observed a high 
degree of variability. Nucleotide variation values were 
calculated for 89 coding genes and 56 IGS regions in the 
plastid genomes of 24 Potentilla and Dasiphora species. 
The IR regions were more conserved than the LSC and 
SSC regions, with almost all divergent regions located 
in the non-coding regions (Fig. 6). The Pi values for cod-
ing genes ranged from 0.00,000 to 0.09,077 (ycf1), with a 
mean value of 0.03. The Pi values for the IGS regions were 
significantly higher, with a maximum value of 0.15,419 
(rpl32-trnL-UAG) and a mean value of 0.08, 2.67 times 
higher than the coding genes. We identified seven highly 
divergent regions (Pi > 0.12): rpl32-trnL-UAG (0.15,419), 
rps4-trnT-UGU (0.15,350), trnH-GUG-psbA (0.14,599), 
rps16-trnQ-UUG (0.14,465), rps15-ycf1 (0.13,714), trnT-
UGU-trnL-UAA (0.12,523), and petA-psbJ (0.12,014) 
(Fig. 6). These findings are consistent with the results of 
the mVISTA analysis. These hotspot regions can serve as 

Table 1  List of genes in the plastid genome of the 24 Potentilla 
and Dasiphora species
Category of 
genes

Function of 
genes

Name of genes

rRNA Self-replication rrn16(2), rrn23(2), rrn4.5(2), 
rrn5(2)

tRNA trnA-UGC(2), trnC-GCA, trnD-
GUC, trnE-UUC, trnF-GAA, 
trnfM-CAU, trnG-GCC, trnG-UCC, 
trnH-GUG, trnI-CAU(2), trnI-
GAU(2), trnK-UUU, trnL-CAA(2), 
trnL-UAA, trnL-UAG, trnM-CAU, 
trnN-GUU(2), trnP-UGG, trnQ-
UUG, trnR-ACG(2), trnR-UCU, 
trnS-GCU, trnS-GGA, trnS-UGA, 
trnT-GGU, trnT-UGU, trnV-GAC(2), 
trnV-UAC, trnW-CCA, trnY-GUA

Small subunit of 
ribosome

rps2(2), 3, 4, 7(2), 8, 11, 12(2), 14, 
15, 16, 18, 19

Large subunit of 
ribosome

rpl2(2), 14, 16, 20, 22, 23(2), 32, 
33, 36

RNA polymerase rpoA, B, C1, C2
NADH 
dehydrogenase

photosynthesis ndhA, B(2), C, D, E, F, G, H, I, K, J

ATP synthase atpA, B, E, F, H, I
Photosystem I 
gene

psaA, B, C, I, J

Photosystem II 
gene

psbA, B, C, E, F, G, H, I, J, K, L, M, 
N, T, Z

Cytochrome b/f 
complex

petA, B, D, G, L, N

RubisCO large 
subunit

rbcL

Other genes Other genes accD, ccsA, cemA, clpP, matK
Hypothetical chlo-
roplast reading 
frames

Unknown Ycf1, 2(2), 3, 4
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molecular markers for future phylogenetic analysis and 
species identification in Potentilla and Dasiphora.

Selective pressure analysis
We computed non-synonymous (Ka) to synonymous (Ks) 
substitution rates for 78 protein-coding genes across 24 
plastid genomes of Potentilla and Dasiphora. A Ka/Ks 
ratio greater than 1 indicates positive selection, 1 indi-
cates neutral selection, and a ratio less than 1 indicates 
purifying selection. Overall, the Ka/Ks ratios for most 
genes were below 1 (Fig.  7), indicating that the plastid 
genes of Potentilla and Dasiphora are conserved dur-
ing evolution and primarily undergo purifying selection, 
consistent with their functional importance in plastids.

Phylogenetic analysis
In this study, we reconstructed the phylogenetic rela-
tionships of 24 Potentilla and Dasiphora species using 
maximum likelihood (ML) and Bayesian interference 
(BI) methods. Our analysis incorporated eight datasets, 
which included plastid genomes, nuclear ribosomal DNA 
(nrITS, nrETS), and mitochondrial genes, all processed 
using PhyloSuite v1.2.3 [24, 65].

In the analysis of the nrDNA data, discrepancies were 
noted between the topologies derived from the maximum 
likelihood (ML) and Bayesian interference (BI) analyses; 

however, the monophyly of Dasiphora was consistently 
supported with the highest confidence (expressed as 
BI posterior probability/ML bootstrap support: BIPP/
MLBS = 1.00/100%) (Fig. S1, S2, S3). Notably, P. multi-
caulis 93 and P. tanacetifolia 99 consistently clustered 
together with very high support across all phylogenetic 
analyses, distinct from clustering within the Potentilla 
clade (Fig. S1, S2, S3).

In the analysis of mitochondrial gene data, both ML 
and BI analyses yielded nearly identical topologies. Spe-
cifically, D. fruticosa p31 formed a distinct clade, while 
the remaining Dasiphora species clustered together with 
robust support (BIPP/MLBS = 1.00/85%). P. tanacetifolia 
p99 was identified as the sister species to this clade with 
high support (BIPP/MLBS = 0.91/85%) (Fig. S4). Phyloge-
netic trees based on mitochondrial genes indicated that 
neither the Potentilla nor the Dasiphora are monophy-
letic, a finding strongly contrasting with the results from 
nrDNA and plastid genomes.

For the analysis of plastid genome data, the phyloge-
netic relationships inferred from the CDS (Fig. S5), LSC 
(Fig. S6), SSC (Fig. S7), IR (Fig. S8), and IGS (Fig. S9) 
datasets were largely consistent with those derived from 
the entire plastid genome (Fig.  8). Both the ML and BI 
methods yielded similar topologies across these datasets. 
Notably, the relationships based on the complete plastid 

Fig. 2  Comparisons of LSC, SSC and IR region borders among 24 Potentilla and Dasiphora species plastid genomes. The numbers above indicate the dis-
tances between gene termini and regional boundaries, while those below represent their respective sizes. Arrows denote the locations of these distances. 
This figure is not drawn to scale
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genome received the strongest support, with consis-
tent topologies evident in both ML and BI trees (Fig. 8). 
Within the ingroup, Potentilla and Dasiphora were bifur-
cated into two major clades: clade I and clade II, achiev-
ing BI posterior probabilities (BIPP) ranging from 0.98 to 
1.00 and ML bootstrap support (MLBS) from 61 to 100%. 
Specifically, clade I (BIPP/MLBS = 1/100%), comprised 
solely of species from the Potentilla, and clade II (BIPP/
MLBS = 1/100%) consisted of species from the Dasiphora 
(Fig.  8). Consequently, our findings corroborate recent 
phylogenetic research on Potentilla and Dasiphora, dem-
onstrating mutual monophyly between the Potentilla and 
Dasiphora [12].

Discussion
Plastids in most angiosperms are typically maternally 
inherited, exhibit rare recombination, and maintain 
highly conserved structures, making them invaluable 

for phylogenetic studies [17, 32, 66, 67]. We sequenced 
and annotated the plastid genomes of 24 Potentilla and 
Dasiphora species. Our analysis revealed that these 
genomes are structurally and genetically uniform, with 
sizes ranging from 152,883  bp to 156,461  bp, contain-
ing 84 protein-coding sequences, 37 tRNA genes, and 
8 rRNA genes (Fig. 1; Table 1), consistent with previous 
findings [12]. The GC content varied across regions, nota-
bly higher in the inverted repeat (IR), likely influenced 
by the presence of rRNA genes (rrn4.5, rrn5, rrn16, and 
rrn23) [68–70]. Plastid genome sizes showed variability 
even within species, exemplified by D. parvifolia p132 
(152,981 bp) and D. parvifolia p158 (152,883 bp), as well 
as P. multifida p103 (152,971  bp) and P. multifida p110 
(156,330  bp) (Table  1), reflecting both IR region expan-
sions/contractions and plant polyploidization events [71].

We observed that the boundary structures of 24 Poten-
tilla and Dasiphora plastid genomes exhibited high 

Fig. 3  Codon content of 20 amino acids and stop codons in all protein-coding genes of the 24 plastid genomes of Potentilla and Dasiphora species. 
The histogram above each amino acid illustrates codon usage specific to Potentilla and Dasiphora. Color in the column graph corresponds to the codons 
depicted below the figure
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similarity across their four IR/SC boundaries (Fig.  2). 
Despite the general stability of these boundary regions, 
variations were noted in the extent of shifts for the four 
genes ycf1, rps19, ndhF, and trnN, which are located at 
these boundaries. These shifts likely result from instabil-
ity in the IR boundaries coupled with varying degrees 
of regional expansion and contraction. Furthermore, 
our analysis revealed that the rpl2 gene in the plastid 
genomes of all species within the genus v contained one 
fewer intron than that in Potentilla, suggesting an intron 
deletion event in the rpl2 gene [72].

SSRs in plastid genomes are notably polymorphic 
and have been extensively utilized as molecular mark-
ers in species identification and phylogenetic analyses 
[62–64]. We identified 1,820 SSRs across 24 species, with 
P. tanacetifolia p99 displaying the highest frequency of 
single-nucleotide repeats (Fig.  4). Predominantly, these 
repetitive sequences were located in the large single copy 
(LSC) region and consisted mainly of single-nucleotide 
repeats, corroborating prior studies [73]. Additionally, 
most SSRs were found in spacer and non-coding regions, 
with a minor presence in the coding areas. Notably, 
repetitive sequences within coding regions were primar-
ily found in exons of genes such as ycf1, ClpP, rpoA, rpoB, 
and rpoC2. SSRs in non-coding regions often exhibit 

intraspecific variability in repeat numbers [74], making 
them effective molecular markers for differentiating spe-
cies within Potentilla and Dasiphora.

mVISTA and sliding window analyses of 24 Potentilla 
and Dasiphora plastid genomes identified high variability 
in three protein-coding genes (rps16, matK, and ycf1) and 
7 non-coding regions (rpl32-trnL-UAG, rps4-trnT-UGU, 
trnH-GUG-psbA, rps16-trnQ-UUG, rps15-ycf1, trnT-
UGU-trnL-UAA, and petA-psbJ) (Figs. 5 and 6). Notably, 
rpl32-trnL-UAG was identified as a specific molecular 
marker for distinguishing asparagus species [75], while 
rps4-trnT-UGU, rps16-trnQ-UUG, and trnH-GUG-psbA 
emerged as potential markers for species identifica-
tion [76–78]. We also observed that the IR regions were 
predominantly conserved, whereas non-coding regions 
exhibited greater variability than coding regions. Stud-
ies suggest that non-coding regions evolve more rapidly 
than coding regions, with their variants providing sig-
nificant insights for phylogenetic analyses across species 
[13]. This heightened variability in non-coding regions 
within the plastid genomes of Potentilla and Dasiphora 
underscores their potential in elucidating intergeneric 
relationships.

Ka/Ks ratios are critical metrics in gene evolution stud-
ies, providing insights into substitution rates, selection 

Fig. 4  Analysis of repeated sequences of the 24 Potentilla and Dasiphora species plastid genomes compared in this study. (A): The number of different 
SSR types; (B): The number of different SSR repeat unit types; (C): The number of long repeat types; (D): The total number of SSR
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Fig. 6  Sliding window analysis of 24 Potentilla and Dasiphora species plastid genomes. (A): Comparison of nucleotide variability (Pi) within protein-
coding regions; (B): Analysis of nucleotide variability across non-coding regions

 

Fig. 5  Nine chloroplast genomes were compared using the D. fruticosa p1 annotation as a reference. The vertical scale, ranging from 50–100%, indicates 
the percentage of sequence identity. Arrows depict the transcriptional direction of each annotated gene
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pressures, and advantageous mutations in selected genes 
[50, 79, 80]. Our analysis revealed that a subset of genes 
is subject to neutral selection. In contrast, another subset 
undergoes purifying selection (Fig. 7). Purifying selection 
diminishes genetic diversity both at directly selected loci 

and at linked neutral sites, a process believed to signifi-
cantly influence genomic diversity within natural popula-
tions [81, 82]. Based on these findings, we propose that 
purifying selection is crucial for preserving complex 
traits in Potentilla and Dasiphora species.

Fig. 8  ML/BI phylogenetic tree of 24 Potentilla and Dasiphora species based on plastid genomes. The numbers above the branches represent ML boot-
strap values (BS)/BI posterior probabilities (PP)

 

Fig. 7  Heatmap of the Ka/Ks values among 24 Potentilla and Dasiphora species. Ka/Ks > 1 indicate positive selection, Ka/Ks = 1 indicate neutral selection, 
and Ka/Ks < 1 indicate purified selection. The darker the color of the square, the larger the value of Ka/Ks, and vice versa
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The taxonomic boundaries between Potentilla and 
Dasiphora are currently under dispute, with unclear 
genus delineations leading to frequent nomenclatural 
revisions, as numerous Dasiphora species have been 
reclassified under Potentilla [1–3, 5–10]. This under-
scores the urgent need to clarify the taxonomic status of 
these genera. Although previous studies using ITS and 
trnL-F sequences have not conclusively demonstrated 
the monophyly of Potentilla [35], more recent research 
has supported its monophyly without fully resolving its 
phylogenetic relationship with Dasiphora [11]. The latest 
phylogenetic analyses within the Potentilleae tribe offer 
a more robust framework [12], suggesting that plastid 
genomes provide superior resolution of angiosperm phy-
logenies at the generic level [32].

Our study revealed significant inconsistencies between 
plastid and nuclear phylogenies within the tribes com-
prising the genera Potentilla and Dasiphora. We recon-
structed the phylogenetic relationships of 24 species 
from these genera using eight datasets derived from 
plastid genomes, nrDNA, and mitochondrial genes. The 
results indicated that phylogenetic trees constructed 
from nuclear genes (ITS, ETS) and cytoplasmic genes 
(plastid and mitochondrial) exhibited conflicting topolo-
gies. The most notable conflict was observed in the place-
ment of P. multicaulis 93 and P. tanacetifolia 99, which 
clustered into a single branch with high support in the 
nuclear gene phylogeny, resulting in the non-monophyly 
of Potentilla (Figs. S1, S2 and S3). Among the eight data-
sets, the phylogenetic tree based on the whole plastid 
genome exhibited the most robust topology and the 
highest support values (Fig. 8). These findings align with 
the most recent phylogenetic framework for Potentilleae 
[12]. Together with previous studies, our results strongly 
support the monophyletic evolution of both Potentilla 
and Dasiphora.

In contrast, Potentilla was identified as a polyphyletic 
group with more derived positions based on nuclear gene 
evidence. Conflicts between nuclear and plastid phylog-
enies likely result from convergent evolution, incomplete 
lineage sorting, and reticulation during evolution [83]. 
Geological and climatic changes have created diverse 
habitats, promoting local adaptation and ecological dif-
ferentiation, and have also driven species formation. In 
alpine plants on the Tibetan Plateau, secondary contact 
due to range shifts often induces interspecific hybrid-
ization or plastid capture, contributing to discordance 
between nuclear and plastid phylogenies [34, 84, 85]. 
Likewise, rapid cooling after the late Pliocene has been 
linked to the radial diversification of Potentilla [86]. Col-
lectively, geographic and climatic changes have played 
a central role in shaping nuclear-plastid conflicts in the 
phylogeny of Potentilla.

Conflicts  between organelle genomic data and nrDNA 
are common in Potentilla. For instance, the positions of 
the Reptans and Fragarioides branches are reversed in 
organelle-based versus nrDNA-based phylogenies. These 
discrepancies suggest hybridization and incomplete 
lineage sorting may be frequent within the genus. We 
hypothesize that the topological inconsistencies between 
nuclear and plastid phylogenetic trees of Potentilla and 
Dasiphora, particularly regarding the monophyly of Poten-
tilla, are likely driven by interspecific hybridization and 
incomplete genealogical sorting. To better resolve species 
boundaries and unravel the evolutionary complexity and 
cytonuclear discordance in this tribe, future studies incor-
porating single-copy nuclear genes and expanded taxon 
sampling will be essential.

Conclusions
In this study, we selected 24 species from the Potentilla 
and Dasiphora and assembled their complete plastid 
genomes, which supplemented nrITS, nrETS, and mito-
chondrial sequences. The plastid genomes across all 
species showed high conservation, with lengths ranging 
from 152,883 to 156,461 base pairs and comprising 84 
protein-coding genes, 37 tRNA genes, and 8 rRNA genes. 
Notably, intron deletions were universally observed in 
the rpl2 genes of the genus Dasiphora. Seven variable 
regions (rpl32-trnL-UAG, rps4-trnT-UGU, trnH-GUG-
psbA, rps16-trnQ-UUG, rps15-ycf1, trnT-UGU-trnL-
UAA, and petA-psbJ) exhibited high variability and show 
promise as molecular markers for differentiating between 
Potentilla and Dasiphora. Phylogenetic analyses based 
on nuclear and plastid data supported the monophyly of 
these genera relative to each other. Our findings suggest 
that interspecific hybridization or incomplete lineage 
sorting events may have influenced the evolutionary tra-
jectory of Potentilla. Future studies should incorporate 
nuclear genomic data to investigate the underlying causes 
of phylogenetic conflicts comprehensively. These insights 
enhance our understanding of the plastid genomes within 
Potentilla and Dasiphora and aid in developing molecu-
lar markers to clarify the intricate relationships among 
species, thereby underpinning further phylogenetic and 
biogeographic research.
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