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Abstract 

Background  Elatostema, one of the largest genera in Urticaceae, comprises approximately 570 species. The taxo-
nomic delimitation of Elatostema and its closely related genera, Elatostematoides and Procris and the infrageneric 
classification of Elatostema, have historically been challenging. Previous studies have been limited by insufficient 
molecular data, hindering our understanding of species-level relationships and the evolution of plastid genomes 
in this group. To address these limitations, we assembled and analyzed a comprehensive plastome analysis of 42 spe-
cies across Elatostema and its allied genera. Our study focused on plastome structure, sequence diversity, and phylo-
genetic relationships to elucidate the evolutionary history of these taxa.

Results  Our findings reveal that Elatostema plastomes exhibit a typical quadripartite structure, with genome sizes 
ranging from 149,152 bp to 164,019 bp. Comparative analysis of plastome structures across Elatostema and its 
related genera indicates high conservation in genome size, structure, gene content, and inverted repeat bound-
ary configuration. Our findings indicate a strong association between the length of small single-copy (SSC) regions 
and phylogenetic grouping within Elatostema and between Elatostema, Elatostematoides and Procris. The length 
variations in the ndhF-rpl32, rpl32-trnL, and rps15-SSC/IRa regions may account for this observed correlation, highlight-
ing the utility of SSC sequences in resolving phylogenetic relationships within this genus. Furthermore, we identified 
seven highly variable regions with potential as DNA barcodes for species identification and phylogenetic analysis. Our 
phylogenomic analysis provides robust support for the taxonomic delimitation of Elatostema s.l. into three distinct 
genera: Elatostema, Procris, and Elatostematoides. We also reconfirm the infrageneric classification of Elatostema 
into four major clades.

Conclusions  The utilization of plastome sequences has enabled a highly resolved phylogenetic framework, shed-
ding light on the evolutionary history and speciation mechanism within Elatostema, particularly its species-rich core 
Elatostema clade. These findings provide a valuable foundation for future taxonomic revisions and evolutionary stud-
ies within this challenging plant group.
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Background
Elatostema J.R. Forst. & G. Forst. (Urticaceae) is a group 
of approximately 570 species [1–3] of understory herbs, 
subshrubs, and shrubs. Elatostema is most common in 
areas of deep shade, particularly in dense forests, along 
streams, at/near waterfalls, and in caves, where they can 
become a dominant element of the forest understory. 
They are distributed in tropical and subtropical Africa, 
East and Southeast Asia, and Australasia, with centers of 
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species richness in Southeast Asia and Southwest China 
[1, 2].

The taxonomic delineation of Elatostema (abbreviated 
as E.) and its closely related taxa, Elatostematoides C.B. 
Rob. (abbreviated as Eld.), Pellionia Gaudich., and Procris 
Comm. ex Juss. have historically been challenging due to 
the large number of taxa and the reliance on homoplas-
tic morphological characters for identification [1, 4–8]. 
These genera, collectively referred to as Elatostema sensu 
lato, have been the subject of considerable taxonomic 
debate since Weddell’s initial revision in 1869 [9]. While 
numerous regional revisions and flora accounts have con-
tributed to understanding these taxa, the inter- and infra-
generic delimitations have been controversial for a long 
time. Major taxonomic treatments of Elatostema s.l. have 
generally fallen into three categories: 1. recognizing four 
distinct genera: Elatostema, Elatostematoides, Pellio-
nia, and Procris [7–11]; 2. treating Pellionia and Procris 
as subgenera of Elatostema [12, 13]; 3. recognizing Pro-
cris as a distinct genus while treating Pellionia and Ela-
tostematoides as subgenera of Elatostema [14–16].

In the study by Tseng et al. [3], phylogenetic analyses of 
molecular data were conducted to investigate the circum-
scription and relationships of Elatostema s.l. These analy-
ses revealed three well-supported and morphologically 
distinct genera: Elatostema, Elatostematoides, and Pro-
cris. Within the newly defined Elatostema, four strongly 
supported clades were identified: core Elatostema, Pel-
lionia, Weddellia, and an African Elatostema. Despite 
the challenges posed by homoplasy in morphological 
characters, combined character suites enabled the mor-
phological diagnosis of all three genera. Although this 
phylogenetic study [3] has provided sufficient resolution 
at the inter- and infrageneric level of Elatostema, resolu-
tion at the species level within the four major clades of 
Elatostema has proven recalcitrant, probably due to the 
limited molecular markers. Therefore, further research 
with more extensive molecular data is necessary to clarify 
the intraspecific relationships, evolutionary history, and 
drivers of speciation within Elatostema [3].

Plastome structure has emerged as an indispensable 
tool for elucidating the evolutionary history of plants. 
Despite evolving at a rate approximately half that of 
nuclear DNA [17], plastome resources have been exten-
sively utilized across various areas of plant science, 
including phylogenomics, evolutionary biology, com-
parative genomics, population genomics, phylogeogra-
phy, and chloroplast genetic engineering [18–20]. The 
typical structure of a plastome is characterized by a cir-
cular molecule composed of two large rRNA-encoding 
inverted repeats (IRs) separated by a large single copy 
(LSC) region and a small single copy (SSC) region, 

forming a quadripartite structure [17]. The confluence 
of advancements in sequencing technologies, assembly 
techniques, and annotation tools has spurred a rapid 
accumulation of complete plastome sequences. How-
ever, Elatostema, Elatostematoides and Procris remain 
underrepresented in plastome research, with only a few 
being published and analyzed to date [21–26]. Detailed 
comparative genomics and plastome phylogenomics 
studies have yet to be undertaken for these taxa.

While plastome research in Urticaceae remains 
relatively limited, recent studies have demonstrated 
the significant potential of plastomes in this family. 
Comparative plastid genomics of four Pilea species 
(Urticaceae) identified eight hypervariable regions, pro-
viding promising molecular markers for species-level 
identification [27]. Furthermore, comparative plas-
tome analyses of Debregeasia revealed nine genes (clpP, 
ndhF, petB, psbA, psbK, rbcL, rpl23, ycf2, and ycf1) that 
may have undergone positive selection, further suggest-
ing the crucial role of the ycf1 gene in speciation and 
habitat adaptation within Debregeasia [26]. Plastome 
phylogenomics of Boehmeria s.l. inferred the polyphyly 
of this genus, and plastome structural variation further 
corroborated these phylogenetic relationships [28]. Wu 
et  al., [29] reconstructed the plastome phylogenomics 
of Oreocnide, confirming its monophyly and estimat-
ing its diversification time at approximately 6.06  Ma. 
Plastome sequences have also been applied in the tribe 
Urticeae of Urticaceae to resolve deep relationships 
within the tribe and evaluate and update existing clas-
sifications for Urticeae [30].

This study presents an analysis of 42 newly assembled 
and annotated plastomes from the Urticaceae family, 
encompassing 38 species of Elatostema, two species of 
Elatostematoides, and two of Procris. In our initial com-
parative analysis of plastome structure, we observed 
a distinctive pattern: the length of SSC appears to be 
correlated with the phylogenetic groupings. Given the 
critical role of the SSC region in plastome evolution, 
we further investigated the underlying causes of this 
pattern by examining whether specific regions—such 
as coding genes or intergenic spacers—contribute to 
the observed variation in SSC length. Based on these 
observation, the objectives in this study are to: (1) 
characterize and compare plastome structure and gene 
organization, with a specific focus on the relationship 
between SSC length variation and phylogenetic relat-
edness; (2) identify putative repeated sequences; (3) 
detect potential molecular markers to support phylo-
genetic analyses; and (4) reconstruct plastome-based 
phylogenomic relationships to elucidate the character-
istics, structural diversity, and evolutionary history of 
Elatostema, Elatostematoides, and Procris.
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Methods
Sampling
The samples in this study included 38 species of Ela-
tostema, representing four major clades in Elatostema [3] 
(four of African Elatostema, 28 of core Elatostema, four 
of Pellionia and two of Weddellia). To compare the plas-
tome structure to the allied genera of Elatostema, two 
species of Elatostemtoides and two of Procris were also 
included. Fresh samples were collected and deposited 
at HAST, IBK, TAIF, and TNM. Herbarium specimens 
were sampled from BM, K, MO, and KYO. In addition 
to the newly sequenced species, five complete plastome 
sequences of Elatostema (E. dissectum, E. parvum, E. qin-
zhouense, E. scabrum and E. stewardii; accession num-
ber: MK227819, OM761906, MW172521, OL800583, 
MZ292972, respectively) and the plastome sequence of 
Procris crenata (MW114890) were downloaded from 
GenBank for structure comparative, repeat sequence and 
phylogenomic analyses. For phylogenomic analysis, 30 
species of Urticaceae from GenBank were chosen to rep-
resent each major Urticaceae clade [31] and three species 
of Moraceae, Artocarpus altilis, Broussonetia papyrifera, 
and Morus mongolica, were used as outgroups. The sam-
ple and voucher information are provided in Additional 
File 1.

DNA extraction, library preparation and sequencing
Total genomic DNA was extracted from fresh or dried 
leave samples following Li et al., [32]. The DNA concen-
tration was measured by Qubit 3.0 Fluorometer (Thermo 
Scientific, Massachusetts, USA). Approximately 500–1 µg 
per DNA sample was sheared by Bioruptor Pico (Cosmo-
bio Inc., Tokyo, Japan) into fragments of about 350  bp. 
Dual-indexed libraries were made using the NEBNext 
Ultra II DNA Library Prep Kit (New England BioLabs, 
Massachusetts, USA), following the 300–400  bp insert 
size protocol. Libraries for paired-end 150 bp sequencing 
were conducted using an Illumina NovaSeq X Plus plat-
form to generate approximately 2 Gb of data per sample.

Plastome assembly and annotation
The quality of raw reads was assessed in FastQC v0.12.0 
[33] and low-quality reads were filtered in Trimmomatic 
v0.39 [34]. De novo assembling of the plastome used 
GetOrganelle v1.7.3.s with default parameters [35]. The 
draft plastomes were verified assembly errors by using 
“Map to reference” in Geneious Prime v2024.0.4. Com-
plete plastome assemblies were annotated using the 
GeSeq web tool [36]. The annotations were then manually 
reviewed and refined in Geneious Prime to ensure accu-
rate identification of start and stop codons for each gene, 
using the plastome sequence of Elatostema stewardii 
[25] as a reference. Annotated genomes were visualized 

by created in OGDRAW v1.3.1 [37]. The length of open 
reading frames (ORFs) and coding potential of genes was 
verified using Geneious by translating the regions and 
predicting the corresponding CDS lengths.

Genome comparison and analysis
To compare the junction site of LSC-IRa/a and SSC-
IRa/b, we used IRplus [38] to identify IR expansion or 
contraction within the plastome of Elatostema, Ela-
tostematoides and Procis species. The nucleotide diver-
sity (pi) of 38 newly generated plastomes Elatostema 
and five Elatostema plastomes from NCBI was evaluated 
by DnaSP v6.10 [39]. First, all plastome sequences were 
aligned by MAFFT v7.45 [40] and manually adjusted in 
Mesquite v3.7 [41]. To avoid potential biases in the nucle-
otide diversity analysis caused by a ~ 7,000  bp insertion 
located between the ycf15 to rrn16 RNA regions within 
IR observed in five species (see Results for a detailed 
explanation), this region was excluded from alignment 
prior to the following analysis. The sliding window analy-
sis was performed with DnaSP v6.10 [39], utilizing a step 
size of 200 bp and a window length of 600 bp. The vari-
able and parsimony-informative sites of potential DNA 
barcode were calculated by AMAS [42]. To further inves-
tigate the correlation between SSC length and phyloge-
netic relatedness, the SSC regions were divided into gene 
sequences and intergenic spacers based on their annota-
tions. Given the variability in the length of the ycf1 gene 
across different plastomes in SSC, the region extending 
from the end of the rps15 gene to the SSC/IRa boundary 
was separately extracted from the SSC for comparison, 
hereafter referred to as the " rps15 to SSC/IRa" region. 
Chi-square values (χ2), degrees of freedom (df ), and sig-
nificance (p) calculated with the ANOVA function of the 
R package ‘car’ [43] to test the correlation between SSC 
length and phylogenetic grouping.

Simple repeat sequence and long repeat characterization 
of Elatostema plastomes
Repeat sequences were analyzed to calculate the con-
tent of dispersed and tandem repeats in LSC, single IR 
and SSC regions. The simple sequence repeats (SSRs) of 
Elatostema, Elatostematoides and Procris were identified 
by a MISA perl script [44]. Thresholds for the minimum 
number of repeats were set as ten, five, and four repeat 
units for mono-, di- and trinucleotides SSRs, respectively 
and three repeat units for each tetra-, penta- and hexa-
nucleotides SSRs. The results were visualized in the bal-
loon plot generated in R v.4.0.1 using ‘reshape’ [45] and 
‘ggplot2’ [46] packages. The identification of dispersed 
repeats (forward, reverse, complement, and palindromic) 
were analyzed using REPuter [47] with a 20 bp minimum 
repeat size, and 120 bp maximum computed repeated.
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Phylogenomic analysis
A total of 43 plastome sequences, including 38 newly 
generated and five retrieved from NCBI, were used in the 
phylogenomic analysis. These sequences represented four 
major clades of Elatostema, two species of Elatostema-
toides and three species of Procris (two newly generated 
and Procris crenata from NCBI). Furthermore, 30 spe-
cies of Urticaceae available from GenBank were chosen 
to represent four major Urticaceae clades (15 of Clade I, 
four of Clade II, 10 of Clade III and one of Clade IV) [31]. 
Three species of Moraceae, Artocarpus altilis, Brous-
sonetia papyrifera, and Morus mongolica, were used as 
outgroups. The sequences were aligned using MAFFT 
v7.45 [40] and manually adjusted by Mesquite v3.7 [41]. 
The aligned sequence was divided into two datasets for 
phylogenetic analysis. The first, referred to as partitioned 
dataset, included genic region (including rRNA genes, 
tRNA genes and coding sequences (CDS)) and non-
genic regions (including intron and spacers), which were 
treated as different partition. To minimize the potential 
bias from indels in non-genic regions, a second dataset 
consisting only of the CDS regions (referred to as CDS 
dataset) was also analyzed for comparison. Phylogenetic 
reconstructions were conducted using both maximum 
likelihood (ML) and Bayesian inference (BI) approached, 
implemented in IQ-TREE v.2.0.6 [48] and MrBayes 
v3.2.7a [49], respectively. For ML tree of partitioned 
dataset, ModelFinder in IQ-TREE as used to identify the 
best-fit partitioning scheme and substitution models, fol-
lowed by 1,000 ultrafast bootstrap (UFBoot) replicates to 
assess node support. For BI analyses of the partitioned 

dataset, the best models fitting into MrBayes was evalu-
ated by ModelFinder in IQ-TREE (using “-m TEST-
MERGEONLY -mset mrbayes” options). In MrBayes, 
the priors were set according to the results of IQ-TREE 
with models unlinked among each partition and set to 
run the Marko chain Monte Carlo (MCMC) simulation 
of 20,000,000 generations with two independent runs and 
four chains and sampling frequency of every 500 genera-
tions. The first 25% of sampled trees were discarded as 
burn-in and posterior probabilities (PP) were estimated 
from the remaining trees. The effective sample sizes 
(ESS) were also assessed for all parameters and statistics 
using Tracer v1.7.1 [50]. All ESS were obtained with val-
ues higher than 200, indicating that all parameters were 
sampled sufficiently for all chains to converge. For the 
CDS dataset, ML and BI analyses were performed using 
the same settings as for the partitioned dataset, but with-
out applying further partitioning.

Results
Comparison of plastome structure and IR boundaries
All newly generated plastomes of Elatostema in this study 
exhibited the typical quadripartite structure as shown in 
Fig.  1. The genome sizes within the genus ranged from 
149,152  bp (E. monandrum) to 164,019  bp (E. oblongi-
foium). Each plastome included a pair of inverted repeats 
(IRs) ranging from 24,436  bp to 31,509  bp, a large sin-
gle-copy region (LSC) from 83,041  bp to 85,864  bp, 
and a small single-copy region (SSC) from 16,850 bp to 
18,075 bp. A comparative analysis of plastome structures 
revealed no significant differences between Elatostema, 

Fig. 1  Gene maps of plastid genomes for (A) Elatostema hypoglacucum, (B) Elatostematoides filicoides, and (C) Procris frutescens. The outer 
circles highlight the inverted repeats (IRs) with bold lines. The inner circles represent GC content across the genome, with lighter grey denoting 
AT content. The species name and genome size are displayed at the centre of each plot. Genes are colour-coded by functional group, 
and an asterisk (*) indicates genes containing introns
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Elatostematoides, and Procris (Fig. 1). While the lengths 
of the plastome, LSC, IR, and GC content in Elatostema-
toides and Procris fell within the range observed in Ela-
tostema, the SSCs and LSCs of these genera exhibited 
some variations (Table 1). The SSC regions of Elatostema-
toides and Procris were longer than those of Ela-
tostema, ranging between 18,424  bp and 18,435  bp and 
18,079 bp and 18,207 bp, respectively (explained below). 
In addition, the LSC of Elatostematoides (85,353  bp to 
85,864 bp) was slightly larger than that of Elatostema and 
Procris (84,672 bp to 84,764 bp) (Table 1). The GC con-
tent across plastomes Elatostema, Elatostematoides and 
Procris was relatively consistent, ranging from 36.2% to 
36.7% (Table 1).

The length of the SSC exhibited a strong correlation 
with the phylogenetic relatedness among the four clades 
in Elatostema (χ2 = 22.124, df = 3, P < 0.001) (Fig. 2). The 
core Elatostema clade displayed the shortest SSC lengths 
(16,850 bp in E. tianeese to 17,341 bp in E. grandifolium), 
followed by Weddellia clade (17,732 bp in E. parvum to 
17,817 bp in E. sinense var. longicornutum, African Ela-
tostema clade (17,864  bp in E. madagascariense and 
17,894  bp in E. goudotianum) and Pellionia clade with 
the longest SSC lengths (18,018  bp of E. radicans and 
18,075  bp of E. scabrum) (Fig.  2A, Table  1). While the 
lengths of all 12 genes and 8 out of 10 spacers (ccsA-
ndhD, ndhD-psaC, ndhE-ndhG, ndhG-ndhI, ndhH-rps15, 
ndhI-ndhA, psaC-ndhE, trnL-ccsA) within the SSC were 
consistent across all samples (Fig.  2B, C) (χ2 = 0.11062, 
df = 3, P = 0.9905), ndhF-rpl32 spacer, rpl32-trnL spacer 
and rps15 to SSC/IRa region exhibited significant vari-
ation in sequence length, aligning with the phylogenetic 
relatedness (Fig.  2C, D) (χ2 = 19.306, df = 3, P < 0.001). 
The ndhF-rpl32 spacer was, on average, longer in the 
Weddellia clade (average: 713.5 bp, 713 bp–714 bp) com-
pared to the core Elatostema clade (average: 648.6  bp, 
519  bp–758  bp), but still within the range of core Ela-
tostema clade. The African Elatostema and Pellionia 
clades displayed slightly longer ndhF-rpl32 spacers 
(833 bp–842 bp, 847 bp–880 bp, respectively). The rpl32-
trnL spacer was shortest in the core Elatostema clade 
(546  bp–660  bp), followed by African Elatostema clade 
(818 bp to 823 bp), Pellionia clade (913 bp–931 bp) and 
Weddellia clade (921  bp to 943  bp) (Fig.  2C). Similarly, 
the end of rps15 in SSC to SSC/IRa region was shortest 
in the core Elatostema clade (4,123  bp–4,040  bp), fol-
lowed by Weddellia clade (4,146 bp–4,149 bp), Pellionia 
clade (4,491  bp–4497  bp) and African Elatostema clade 
(4,503 bp–4,515 bp) (Fig. 2D).

Among these three genera, Elatostematoides exhib-
ited the longest SSC and Elatostema had the shortest 
(Fig.  2A). The length of SSC showed significant differ-
ences among Elatostema, Elatostematoide and Procris 

(χ2 = 10.632, df = 2, P < 0.005). Consistent with the find-
ings in Elatostema, except for the three variable regions 
(ndhF-rpl32 spacer, rpl32-trnL spacer, and rps15 to SSC/
IRa region) (Fig.  2C, D), all 12 genes and 8 of 10 spac-
ers within the SSC displayed similar lengths across all 
samples (Fig.  2B) (χ2 = 0.013298, df = 2, P = 0.9934). In 
the three variable regions (ndhF-rpl32 spacer, rpl32-trnL 
spacer and rps15 to SSC/IRa region), Elatostematoides 
and Procris had a significantly longer sequence length 
(average length of 948.5 bp, 1112.5 bp and 4513.5 bp in 
Elatostematoides and 980.5 bp, 909.5 bp and 4,531 bp in 
Procris) compared to Elatostema (694.7 bp, 677.3 bp and 
4071.6 bp) (Fig. 2B, C) (χ2 = 8.962, df = 2, P = 0.0113).

Gene order, content, and number of plastomes were 
generally identical in Elatostema, Elatostematoides, and 
Procris (Tables 1, 2 and Fig. 1). The plastomes assembled 
in this study contained 113 unique genes, including 79 
unique protein-coding genes, 30 tRNA genes, and four 
rRNA genes, excluding five species in Elatostema (E. 
huanjiangense, E. hechiense, E. gyrocephalum, E. oblongi-
folium, and E. malacotrichum). These five species of core 
Elatostema clade underwent a deletion of the ycf15 gene 
due to an approximately 7,000 bp insertion in IR region. 
In addition, significant variations of sequence length 
were observed in several genes in other species, includ-
ing matK, ndhF, rps3, ycf1 and ycf2. Compared to the 
typical matK gene length of 1530–1551  bp, E. strigillo-
sum and E. edule had a relatively short truncated matK 
gene (621 and 717 bp, respectively). Similar patterns were 
also found in ndhF gene of E. radicans, E. viridis and Eld. 
filicoides (typical cases with 2,235–2,271 bp vs. expecta-
tions cases with 1569–1572 bp), rps3 of E. gyrocephalum 
(639–648  bp vs. 324  bp), ycf1 of E. malacotrichum and 
E. scabrum (4,587–5,511 bp vs. 2,883 and 3,600 bp) and 
ycf2 of E. strigillosum (1041  bp vs. 5928–6771  bp). The 
detailed sequence variations of these genes are shown in 
Additional File 2. Within the IR regions, we identified 10 
duplicated genes, including eight protein-coding genes 
(ndhB, ndhF, rpl2, rpl23, rps19, rps7, ycf15, ycf2), seven 
tRNA genes (trnA-UGC​, trnI-CAU​, trnI-GAU​, trnL-CAA​
, trnN-GUU​, trnR-ACG​, trnV-GAC​) and three rRNA gene 
(rrn16, rrn23, rrn4.5, rrn5). Of the 113 unique genes, 
gene functions and types in all newly assembled plasto-
mes in this study are shown in Table 2.

The LSC/IRb and IRa/LSC boundaries were highly 
conserved in all newly assembled plastomes in Ela-
tostema, Elatostematoides and Procris (Fig. 3). The LSC/
IRb boundary was located within rps19 gene, extending 
112 bp to IRb, while the IRa/LSC boundary was adjacent 
to trnH in LSC, with 112  bp of rps19 duplicated in the 
IRa (Fig.  3). Two distinct boundary types were identi-
fied for IRb/SSC and SSC/IRa junctions based on the 
sequence length and position of ndhF (Fig.  3). In Type 
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I, IRb/SSC boundary were within the ndhF gene, with a 
93 bp–98 bp ndhF in IRb overlapping with ycf1. The SSC/
IRa boundary was in the ycf1 within ndhF, extending into 
IRa (Fig. 3A). Type II was characterized by the absence of 
ndhF extension into the IRb due to its reduced sequence 
length and variations (Fig.  3B). Among the 38 newly 
assembled plastomes of Elatostema, 30 species were clas-
sified as Type I and eight as Type II. Type I and Type II 
represented Elatostematoides species (Fig.  3A, B), while 
Procris species were exclusively Type I (Fig. 3A).

SSR and long repeat analyses of Elatostema and related 
genera plastomes
The number and type of SSRs are shown in Fig. 4. SSRs 
per species ranged from 68 in E. orientale to 107 in E. 
lutescens of Elatostema, from 86 in Eld. fruticulosa to 89 
in Eld. filicoides of Elatostematoides and from 68 in P. 
frutescens to 83 in P. crenata of Procris. Mononucleotide 
repeats were the most prevalent SSR type across all three 
genera, with 2,954 identified in Elatostema, followed by 

bi-(600), tetra-(126), tri-(89), penta-(67) and hexanu-
cleotide repeats (16). This pattern aligned with the dis-
tribution observed in Elatostematoides (65, 29, 11, 6, 4, 
0) (Fig. 4). Procris exhibited a similar trend, except for a 
higher proportion of pentanucleotide repeats (8) than 
trinucleotide repeats (3). The repeat number in Procris 
was 122, 34, 9, 8, 3, 2, respectively. The mononucleotide 
repeat unit (A/T) was the most abundant SSRs across 
the three genera. In addition, several SSRs were clade-
specific within Elatostema or each genus. For example, 
the AATG/ATTC repeat was also found in Pellionia clade 
of Elatostema, AAGT/ACTT only in Elatostematoides, 
the AAACT/AGTTT repeats in Elatostematoides and 
African Elatostema clade in Elatostema, and the AGAT/
ATCT repeat in all Elatostema clades except the core 
Elatostema clade as well as Elatostematoides and Procris.

The total number of long repeats in each Elatostema 
plastome varied from 24 in E. dissectum to 187 in E. sin-
ense var. longicornutum (Fig.  5). Except for E. grande, 
E. hezhouense, E. lithoneurum and E. sinense var. 

Fig. 2  Sequence length variation in small single copy (SSC) regions of newly generated plastomes from Elatostema, Elatostematoides and Procris. To 
explore the correlation between SSC length and phylogenetic relatedness, the SSC regions are analyzed as (A) whole sequence, (B) gene regions, 
(C) intergenic spacers and (D) rps15 to SSC/IRa region. The letters in parenthesis following the species names correspond to the infrageneric 
classification of Elatostema: African Elatostema (A), core Elatostema (C), Pellionia (P) and Wedellia (W) clades
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longicornutum with relatively abundant long repeats (93 
to 193), more species have a close number of long repeats 
(23–55). In Elatostematoides and Procris, the total num-
ber of long repeats ranged from 32 in Eld. fruticulose to 
41 in Eld. filicoides and from 23 in P. frutescens to 40 in 
P. montana. The majority of repeats in Elatostema spe-
cies fell within the 30–39 bp length range (average num-
ber: 34.3), followed by the range class 40–49  bp (4.0), 

50–59 bp (1.6), ≥ 70 bp (0.6), and 60–69 bp (0.3) (Fig. 5A). 
Elatostematoides and Procris species lacked repeats in 
the ≥ 70 bp and 60–69 bp range; the 30–39 bp range was 
the most abundant in these two genera (Fig. 5A). Regard-
ing repeat types, forward repeats were the most prevalent 
in Elatostema plastomes (average number: 18.4), followed 
by palindromic (15.5), reverse (4.5), and complement 
repeats (3.7) (Fig. 5B). Similar pattern was also found in 

Table 2  List of genes identified in Elatostema, Elatostematoides and Procris plastomes

Gene category Gene names

Photosystem I psaA, psaB, psaC, psaI, psaJ, ycf3

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

Cytochrome b/f complex petA, petB, petD, petG, petL, petN

ATP synthase accD, atpA, atpB, atpE, atpF, atpH, atpI

NADH dehydrogenase ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Rubisco rbcL

Ribosomal RNA genes rrn4.5, rrn5, rrn16, rrn23

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

Small ribosomal subunit rps2, rps3, rps4, rps7, rps7, rps8, rps11, rps12, rps14, rps15, rps16, rps18, rps19

Large ribosomal subunit rpl2, rpl14, rpl16, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36

RNA polymerase rpoA, rpoB, rpoC1, rpoC2

Maturase, Protease matK, clpP

Envelope membrane protein cemA

Subunit of acetyl-CoA-carboxlyase accD

Cytochrome c biogenesis protein ccsA

Hypothetical chloroplast reading frames ycf1, ycf2, ycf4, ycf15

Fig. 3  Comparison of the borders of large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR) regions among representative species 
of Elatostema, Elatostematoides and Procris species. (A) Type I: E. calcareum, Eld. fruticulosa and Procris montana, (B) Type II: E. radicans and Eld. filicoides 
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Elatostematoides and Procris, forward repeats were the 
most abundant type in (21.5 and 14, respectively), by pal-
indromic (11/7), reverse (2.5/3), and complement (1.5/1) 
repeats.

Sequence divergence analyses
The sliding window analysis of the 43 Elatostema plas-
tomes revealed a nucleotide diversity (pi) ranging from 
0.00008 to 0.17431 (Fig.  6). Severn regions (ccsA-ndhD, 
ndhF, rpl32-trnL, rpoB-petN, rps16-trnQ, trnK-rps16 and 
ycf1) were identified as variable regions based on the win-
dows with 95th percentile pi values, which were deter-
mined to be 0.0393 in this study. Among these regions, 
the ycf1 gene exhibited the highest proportion of variable 
and parsimony-informative sites (31.5% and 25.3%), fol-
lowed by the ccsA-ndhD spacer (29.3% and 23.6%) and 
the trnK-rps16 spacer (21.6% and 13.2%) (see Table 3).

Phylogenetic analyses
The total length of the plastome alignment, excluding one 
IR, was 185,451 bp, of which 59,279 bp were variable sites 
(32%) and 39,204  bp were parsimony-informative sites 
(21.1%). The substitution models and best-fit partition 

schemes estimated by ModelFinder for IQ-TREE [48] 
and MrBayes [49] are summarized in Additional File 3. 
Phylogenetic analyses based on the partitioned dataset 
and CDS-only dataset, inferred using ML and BI meth-
ods, showed identical and highly supported topologies 
(Fig.  7, Additional File 4). Urticaceae was confirmed 
as a monophyletic group (ultrafast bootstrap value 
(UFBoot) = 100; posterior probability (PP) = 1 in both 
datasets) (Fig.  7, Additional File 4). Consistent with the 
findings of Wu et  al. [31], Urticaceae was divided into 
four major clades, Clade I, II, III, and IV (designated in 
Wu et al. [31]). Clades I and IV (UFBoot = 100, PP = 1 in 
both datasets), as well as Clades II and III (UFBoot = 100, 
PP = 1 in both datasets), formed sister groups, respec-
tively. The genera Elatostema, Elatostematoides and Pro-
cris formed a strongly supported monophyletic group 
(UFBoot = 100, PP = 1 in both datasets), with Procris sis-
ter to the remaining taxa. Three well-supported clades 
were identified within this clade, corresponding to gen-
era delimitation previously proposed [3] (UFBoot = 100, 
PP = 1 in both datasets). Elatostema was further divided 
into four major clades, African Elatostema, core Ela-
tostema, Pellionia and Weddellia clades, as previously 

Fig. 4  Balloon plot showing the distribution of simple sequence repeat (SSR) patterns across Elatostema, Elatostematoides, and Procris plastomes 
(excluding one IR region). The plot illustrates the detailed counts of each SSR repeat unit pattern for each plastome. The total number of SSRs 
identified in each plastome is indicated in parentheses following the species name. Abbreviated clade names: African E.: African Elatostema clade; 
core E.: core Elatostema clade
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defined by Tseng et al., [3]. These clades were also con-
sistently resolved with full support values in ML and BI 
analyses (UFBoot = 100, PP = 1 in both datasets).

Discussion
Plastome conservation in Elatostema, Elatostematoides, 
and Procris
This study presents the first comprehensive plastome 
analysis of Elatostema, Elatostematoides, and Procris, 
comprising 42 newly assembled plastomes. Our findings 
reveal a high degree of conservation in plastome struc-
ture, genome size, and gene content within these genera. 

Comparative analysis with other Urticaceae species 
demonstrates that the sequence length of Elatostema, 
Elatostematoides, and Procris plastomes (149,152–
164,019 bp) falls within the range observed in Boehmeria 
(142,627–170,958  bp) [28], Debregeasia (155,743–
156,065 bp) [26], Oreocnide (156,663– 157,464 bp) [29], 
Pilea (150,398–152,327  bp) [27], and the tribe Urticeae 
(145,419–161,930 bp) [30]. Moreover, the range of plas-
tome sizes in these three genera is remarkably close to 
the median (154,953 bp) of angiosperms [51]. We further 
observed that the GC content of Elatostema, Elatostema-
toides, and Procris (36.2% to 36.7%) is consistent with the 

Fig. 5  Statistics of long repeat content in Elatostema, Elatostematoides and Procris plastomes (excluding one IR region). (A) Length distribution 
of long repeats categorized into five length classes. (B) The number of four types of long repeats identified in each plastome. The letters 
in parenthesis following the species names correspond to the infrageneric classification of Elatostema: African Elatostema (A), core Elatostema (C), 
Pellionia (P) and Wedellia (W) clades
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Fig. 6  Sliding-window analysis of plastomes from 39 newly generated and 5 NCBI-available Elatostema species (excluding one IR region). The 
red dashed line indicates the nucleotide variability (pi) value threshold (pi = 0.0393), representing the top 5% of all nucleotide diversity values 
in the dataset. Regions with pi values higher than the red dashed line were marked as variable regions

Table 3  Statistics of potential DNA barcode sequence in Elatostema 

Marker Length range (bp) GC content (%) Number of 
variable site (bp)

Proportion of 
variable site (%)

Parsimony- 
informative site 
(bp)

Proportion of 
parsimony-
informative site (%)

ccsA-ndhD 273–311 27.8 103 29.3 83 23.6

ndhF 2170–2262 30.8 370 16.3 242 10.6

rpl32-trnL 714–1102 22.8 266 19.1 166 11.9

rpoB-petN 1992–2117 29.0 462 18.4 297 11.8

rps16-trnQ 927–988 33.7 199 18.3 123 11.3

trnK-rps16 671–802 22.9 229 21.6 140 13.2

ycf1 3753–4314 26.1 1638 31.5 1317 25.3

(See figure on next page.)
Fig. 7  Phylogenomic tree of Urticaceae with three Moraceae species as outgroups, inferred from the coding sequences (CDS) of plastome 
sequences reconstructed by Maximum Likelihood analysis. The tree was constructed with IQ-TREE. Node with full support (ultrafast bootstrap 
values of 100 and Bayesian inference posterior probabilities of 1) are unlabeled. Ultrafast bootstrap values below 95 and posterior probabilities 
below than 1 are shown. Major clades of Urticaceae and Elatostema are annotated following the classifications proposed by Wu et al., [31] and Tseng 
et al., [3], respectively
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Fig. 7  (See legend on previous page.)
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GC content range reported for other Urticaceae plasto-
mes, including Boehmeria (35.32–36.41%), Debregeasia 
(36.2–36.9%), Oreocnide (36.2%), Pilea (36.35–36.69%), 
and the tribe Urticeae (36.3–37.2%) [30]. Furthermore, 
the gene number in Elatostema, Elatostematoides and 
Procris is also congruent with other species in Urti-
caceae [26–29] and identical to the gene number of 
Pilea (79 unique protein-coding genes, 30 tRNA genes, 
and four rRNA genes), a genus also belonging to Clade 
II of Urticaceae [31]. In summary, these results suggest 
that plastome structure, genome size, and gene content 
are conserved within Elatostema, Elatostematoides, and 
Procris and exhibit remarkable consistency compared to 
other Urticaceae species. Besides, we observed signifi-
cant variations in sequence length across several genes 
in Elatostema, including matK, ndhF, rps3, ycf1, and 
ycf2. Some of these genes lack complete ORFs compared 
to their typical counterparts. Further validation, such as 
RNA-seq or qRT-PCR, is required to determine whether 
these truncated genes remain functional.

The plastomes of Elatostema, Elatostematoides, and 
Procris exhibit a high degree of conservation in their 
LSC/IRb and IRa/LSC boundaries, which are consist-
ently located within the rps19 gene and between rps19 
and trnH, respectively. These boundary configurations 
are comparable to those observed in other Urticaceae 
genera, Debregeasia [28], Pilea [27], Urera and Zhengyia 
[30], and in most non-monocot angiosperms [52]. The 
IRb/SSC and SSC/IRa boundaries in Elatostema are also 
highly conserved, with Type I being the predominant 
configuration, characterized by the overlap of the ycf1 
gene with ndhF and as found in Pilea [27]. Type II is cor-
related with the sequence length of ndhF and ycf1. While 
no strong correlation was observed between boundary 
type and phylogenetic grouping, all species of the Wed-
dellia clade exclusively exhibited Type II. These findings 
suggest that Elatostema lineages have not undergone 
significant expansion or contraction of its IR regions. 
More comprehensive studies are required to investigate 
the potential impact of ycf1 and ndhF overlap on gene 
expression and to explore the evolutionary implications 
of the observed boundary variations.

ycf15 loss in a distinct clade
Comparative plastome analyses of Elatostema reveal 
a distinct clade comprising five species (E. huanjian-
gense, E. hechiense, E. huanjiangense, E. malacotrichum 
and E. oblongifolium) characterized by a unique pattern 
of loss of ycf15. These species, forming a monophyletic 
group within the core Elatostema clade, exhibit larger 
plastome size than other Elatostema species, primar-
ily due to an approximately 7,000  bp insertion within 

the IR region. This insertion further results in the com-
plete loss of the ycf15 gene which occurred before the 
divergence of the five-species clade. The functional sig-
nificance of ycf15 remains enigmatic and controversial 
[53]. Transcriptomic analyses of Camellia have indi-
cated that ycf15 is transcribed as a part of precursor 
polycistronic transcript encompassing ycf2, ycf15 and 
antisense trnL-CAA [54]. While ycf15 has been retained 
and potentially functional in some taxa, such as Hydro-
cotyle [55] and Camellia [54], it has been lost or pseu-
dogenized in others, such as Thottea and Verhuellia 
[56], and Tillandsia [57]. The complete loss of ycf15 has 
not been previously reported in the Urticaceae. Further 
studies are necessary to elucidate the functional roles of 
ycf15 in this family, and the correlation between these 
genetic modifications and the unique characteristics of 
the five-species clade.

SSC length variations and their phylogenetic implications 
in Elatostema
The SSC region typically ranges from 16 to 27  kb in 
most land plants [58]. Its size can be significantly influ-
enced by IR expansion, leading to a reduction or even 
the complete loss of the small SSC region, consequently 
altering the overall plastome size [59, 60]. The SSC 
length is generally conservative within the family and 
genus but can exhibit interspecific variation. For exam-
ple, in Arecaceae [61], SSC length varies across species 
between 13,768 and 18,380 bp, but no significant differ-
ences have been detected across subfamilies. A similar 
pattern is observed in a hemiparasitic species, Pedicu-
laris ishidoyanum, where an extensive IR expansion 
results in a drastically reduced SSC region [59]. This 
phenomenon, however, is absent in other Pedicularis 
species, such as P. resupinatum, P. spicatum, and P. ver-
ticillatum [62–64], suggesting independent IR expan-
sion events across different lineages.

To our knowledge, no studies have demonstrated a 
correlation between SSC length and phylogenetic relat-
edness within and between genera. This study presents 
the first evidence of such a correlation in Elatostema, 
especially within infrageneric and intergeneric clas-
sification of Elatostema. This correlation mainly arises 
from the variations in specific fragments, including the 
ndhF-rpl32 spacer, the rpl32-trnL spacer and the region 
of rps15-SSC/IRa boundary. While the SSC region 
exhibits limited variations in other Urticaceae genera 
[26–28], it does not correlate with subclade divisions, 
such as in Boehmeria s.l. [28]. To further validate the 
taxonomic utility of these regions, more comprehen-
sive samplings of Elatostema and related genera is 
necessary.
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Repeat variations and their taxonomic and evolutionary 
significance in Elatostema plastomes
Simple sequence repeats (SSRs) are ubiquitous in plas-
tomes and serve as valuable tools for investigating evo-
lutionary processes, population genetics, and genome 
polymorphism [65, 66]. Most mutations detected in 
spontaneous plastome mutants have been associated 
with repetitive DNA sequences [67], highlighting the 
crucial role of tandem repeats in driving plastome vari-
ation among closely related species [68].

In this study, we identified several SSR elements that 
show clade-specific patterns, suggesting their potential 
utility in taxonomic and evolutionary studies within 
Elatostema, Elatostematoides, and Procris. For exam-
ple, AATG/ATTC found only in the Pellionia clade; 
AAGT/ACTT only in Elatostematoides; AAACT/
AGTTT present in Elatostematoides and the African 
Elatostema clade; and the absence of the AGAT/ATCT 
element in the core Elatostema clade. These group-spe-
cific SSRs highlight their potential as lineage-diagnostic 
markers. Given the observed phylogenetic specificity of 
these SSRs and the limited molecular resources avail-
able for these taxa, the repeats identified here represent 
promising molecular markers for species delimitation, 
population genetics, and biogeographical studies. Fur-
ther research is warranted to explore the underlying 
mechanisms by which these SSRs contribute to plas-
tome evolution and to assess their broader applicability 
in taxonomic resolution across Urticaceae.

Elatostema species typically exhibit long repeat rang-
ing from 22 to 55 per species. However, four specific 
species— E. lithoneurum (93), E. hezhouense (96), E. 
grande (129) and E. sinense var. longicornutum (187)—
display a significantly higher number of long repeats, 
particularly within the 30–39  bp range. For example, 
approximately 90% (89.8%, 168 out of 187) of long 
repeats in E. sinense var. longicornutum fall within 
this range, with 124 being 30 or 31  bp long. Previous 
studies have indicated a positive correlation between 
dispersed repeats and genomic rearrangements [69–
71], suggesting that long repeats (dispersed repeats) 
can drive of plastome rearrangement in land plants. 
However, contrasting findings have been reported in 
Begonia [72] and Daucus [73], where no such correla-
tion was observed. Our analysis of Elatostema plasto-
mes reveals a high degree of conservation in gene order 
and content, and no rearrangements are detected in 
four species with relatively more long repeats. This sug-
gests there may not be a direct correlation between the 
abundance and type of repeats and the propensity for 
genomic rearrangements in Elatostema.

Identification of highly variable regions as DNA barcodes
Despite significant advancements in high-throughput 
sequencing technologies, the generation and analysis of 
large-scale plastome data for species-rich genera, such 
as Elatostema or extensive population sampling, remains 
a resource-intensive task. To address this challenge and 
facilitate efficient species identification, taxonomic revi-
sions, inter- and intraspecific studies, and evolution stud-
ies, the development of phylogenetically informative 
markers is crucial [74, 75]. In this study, we identified 
seven highly variable regions (ccsA-ndhD, ndhF, rpl32-
trnL, rpoB-petN, rps16-trnQ, trnK-rps16, and ycf1) as 
potential DNA barcodes for Elatostema. This finding is 
similar to previous studies in Urticaceae that have high-
lighted the ycf1 gene as a highly variable locus with sig-
nificant taxonomic utility [26, 27, 30]. Moreover, a study 
by Dong et  al. [76] further supports this view, recom-
mending ycf1 as a suitable plastid barcode for land plants, 
corroborating our results.

Phylogenomic insights and taxonomic refinement 
in Elatostema and allied genera
The relationship between the four major clades and gen-
era phylogenetic relatedness within the clade is also con-
gruent with the classification of Wu et  al. [31]. The full 
support values of these major clades in this study suggest 
that plastome sequence could be the significant taxo-
nomic utility in the Urticaceae family. Our phylogenomic 
analysis of the plastome further supports the proposed 
taxonomic delimitation of Elatostema s.l. into three dis-
tinct genera: Elatostema, Procris, and Elatostematoides, 
as suggested by Tseng et al. [3]. Consistent with our find-
ings and Tseng et  al. [3], Elatostematoides is a sister to 
Elatostema, while Procris is sister to the remaining taxa. 
In addition, the plastome phylogenetic tree supports the 
infrageneric classification of Elatostema into four major 
clades (African Elatostema, core Elatostema, Pellionia, 
Weddellia). However, a conflict arises between our cur-
rent plastome analysis and the results of Tseng et al. [3]: 
the basal lineage of Elatostema is identified as a clade 
comprising Pellionia and African Elatostema, rather than 
the Weddellia clade. Tseng et al. [3] utilized a combined 
dataset of one nuclear (nrITS) and two plastid markers 
(psbA-trnH and psbM-trnD), with nrITS contributing 
over 60% of the parsimony-informative sites. Although 
no significant conflict was detected between the nuclear 
and plastid trees (only considering the branches with 
bootstrap support > 80) [3], the lower bootstrap sup-
port values for the relationships among major clades in 
the plastid trees [3] suggest a potential reliance on the 
nuclear signal. To further elucidate these phylogenetic 
relationships and resolve the observed incongruence, 
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a more comprehensive sampling strategy is necessary, 
includes increasing the number of nuclear markers for 
Elatostema and expanding the plastome samplings for 
African Elatostema, Pellionia and Weddellia clades.

Elatostema comprises over 500 species [3], exhibiting a 
notable difference in diversification compared to its sister 
genera, Procris and Elatostematoides, despite their simi-
lar ecological preferences. The evolutionary mechanisms 
underlying this disparity in species richness remain 
unclear. Previous phylogenetic studies [3, 5] based on a 
limited set of molecular markers have yielded low-reso-
lution topologies, with weak bootstrap support for key 
clades—particularly within the core Elatostema group—
due to insufficient phylogenetic signal. In this study, we 
utilize complete plastome sequences to reconstruct a 
well-resolved phylogeny, providing a robust framework 
for future investigations into the speciation processes, 
biogeographical patterns, and evolutionary history of 
Elatostema.

Conclusion
This study presents the first comprehensive plastome 
analysis of Elatostema, Elatostematoides, and Procris, 
involving 42 newly assembled plastomes. Our findings 
demonstrate a high degree of conservation in plastome 
structure, genome size, and gene content within these 
genera. The plastome sizes and GC content of Ela-
tostema, Elatostematoides, and Procris are consistent 
with the range observed in other Urticaceae species. The 
study reveals a significant correlation between the length 
of the small single-copy (SSC) region and phylogenetic 
relationships within Elatostema and between Elatostema 
and related genera. Furthermore, seven highly variable 
regions (ccsA-ndhD, ndhF, rpl32-trnL, rpoB-petN, rps16-
trnQ, trnK-rps16, and ycf1) were identified as potential 
DNA barcodes for Elatostema. Among these regions, 
the ycf1 gene exhibits the highest proportion of variable 
and parsimony-informative sites. Phylogenomic analy-
ses further support the delimitation of Elatostema s.l. 
into three distinct genera: Elatostema, Procris, and Ela-
tostematoides. Within Elatostema, our results reconfirm 
four major clades of this genus: African Elatostema, core 
Elatostema, Pellionia, and Weddellia. In conclusion, this 
study provides a highly resolved phylogenetic framework 
based on plastome sequences, offering valuable insights 
into the speciation, biogeography, and evolutionary his-
tory of Elatostema.
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