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Abstract
Background  The family Hypoxidaceae (order Asparagales) is a predominantly Southern Hemisphere lineage 
comprising approximately 11 genera and 200 species, many of which possess significant medicinal and ornamental 
value. Despite their economic importance, Hypoxidaceae has received limited research attention, leading to 
problematic identification of species and misuse of wild resources in traditional medicine markets. Taxonomically, 
the phylogenetic position of Hypoxidaceae and the intergeneric relationships within this family remain controversial 
and unresolved, particularly concerning the delimitation of Curculigo and Molineria. Previous studies based on 
morphological traits and molecular markers have yielded inconsistent results, highlighting the need for more 
robust genomic evidence. In angiosperms, complete chloroplast genomes have proven highly effective in resolving 
systematic uncertainties considering their conserved structure and high informational content. However, such 
genomic data remain scarce for Hypoxidaceae, limiting phylogenetic clarity. In this research, the complete chloroplast 
genomes of six species representing three key genera (Curculigo, Molineria, and Hypoxis) were sequenced and 
characterized for a comparative and phylogenetic analysis.

Results  The chloroplast genomes of six species exhibited conserved quadripartite structures, measured 157,472 bp 
to 158,550 bp in length. The overall GC content of these genomes ranged between 37.3 and 37.5%. Gene annotations 
identified 132 genes, 19 duplicated in the inverted repeat regions, and had complete ndh gene. Comparative analysis 
of six complete chloroplast genomes revealed highly similarity, but they were varied in repeats sequence, codon 
usage bias, contractions and expansions in the IR region. Five molecular markers showed the highest degree of 
variability between the six cp genomes. Phylgenetic analysis based on cp genomic data confirmed that Hypoxidaceae 
was a monophyly, being a sister to Asteliaceae with higher supports than the previous research. Three main clades 
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Background
The monocot family Hypoxidaceae R. Br. consists of 11 
genera and nearly 200 species, primarily distributed 
across the Southern Hemisphere, with only a limited 
number extending into the Northern Hemisphere [1, 2]. 
In China, four genera — Hypoxis L., Curculigo Gaertn., 
Molineria Colla, and Sinocurculigo Z. J. Liu, L. J. Chen 
& K. Wei Liu — are documented, encompassing a total 
of nine species [2–4]. These include one species from 
Hypoxis (H. aurea Lour.), two from Curculigo (C. orchi-
oides Gaertn. and C. glabrescens (Ridl.) Merr.), five from 
Molineria (M. capitulate (Lour.) Herb., M. breviscapa S. 
C. Chen, M. crassifolia Baker, M. gracilis Kurz, and M. 
sinensis S. C. Chen), and one from the newly described 
genus Sinocurculigo (S. taishanica Z. J. Liu, L. J. Chen & 
K. Wei Liu) [2–4]. Members of Hypoxidaceae are her-
baceous plants, typically under 20 cm in height, though 
some species may exceed one meter. All possess under-
ground storage organs, including tuberous or elongated 
rhizomes or corms [1, 3, 4]. Their floral morphology fol-
lows the classic lily-like monocot pattern, characterized 
by three sepals, three petals, six stamens, and a trimerous 
gynoecium [1, 5]. Several species are valued in traditional 
Chinese medicine, most notably Curculigo orchioides 
(known as ‘Xianmao’) [6], along with Molineria capitu-
lata, M. breviscapa, and Hypoxis aurea [7–9]. However, 
due to limited taxonomic and pharmacological research, 
wild Hypoxidaceae resources in East Asian markets are 
frequently misidentified or misused [9–11], highlighting 
the need for further research.

The phylogenetic position of Hypoxidaceae has histori-
cally been uncertain. Initially, its members were classi-
fied as the tribe Hypoxideae within Amaryllidaceae J. 

St.-Hil. [12], a treatment later followed by other authors 
[13], including Chinese taxonomists [3, 4]. However, 
Hypoxideae differs from the rest of Amaryllidaceae in 
lacking bulbs and umbellate inflorescences, leading to its 
eventual elevation to family rank as Hypoxidaceae [14]. 
Early morphological studies suggested a sister relation-
ship between Hypoxidaceae and Orchidaceae Juss., as 
both families share epigynous flowers, absence of septal 
nectaries, and successive microsporogenesis [15–20]. 
Some researchers even proposed that apostasioid orchids 
(Apostasioideae Rchb.) might have derived from Hypoxi-
daceae, given their strong morphological similarities — 
particularly with Curculigo and Molineria [15, 16, 18]. In 
contrast, molecular phylogenetic analysis places Hypoxi-
daceae within a highly supported Astelioid clade, which 
also includes Asteliaceae Dumort., Blandfordiaceae R. 
Dahlgren & Clifford, Lanariaceae H. Huber ex R. Dahl-
gren, and Boryaceae M. W. Chase, Rudall & Conran, 
which are part of the ‘lower Asparagales’ [19, 21–25]. 
Meanwhile, Amaryllidaceae clusters within the ‘higher 
asparagoid’, whereas Orchidaceae occupies a basal posi-
tion relative to other Asparagales [19, 22, 23, 26, 27].

The intergeneric delimitations within Hypoxidaceae 
remain unresolved and become challenging despite 
extensive study [2, 19, 21, 24, 25, 28–30]. Although 
molecular phylogenetic analyses have consistently iden-
tified three major clades, these lineages lack clear mor-
phological or anatomical synapomorphies, resulting in 
a persistent discordance between molecular and pheno-
typic data [2, 21, 24, 31]. A particularly contentious issue 
involves the delimitation of Curculigo and Molineria, 
which remains poorly supported due to overlapping 
and ambiguous morphological traits. Key diagnostic 

were recognized in Hypoxidaceae, including Curculigo clade, Hypoxis clade, and Pauridia–Empodium clade. And what’s 
more, Curculigo clade could be divided into three subclades, containing Molineria subclade, Curculigo subclade, and 
Seychellean subclade, indicating significantly phylogenetic insights.

Conclusions  The complete cp genomes of six species of three representative genera from Hypoxidaceae were 
sequenced and analyzed in detail, including the general data on the genome length, repeat sequence, codon 
usage, IR expansion and contraction, structural comparison and divergence hotspot identification analyses, and 
phylogenetic analysis. A comparative analysis revealed that the cp genome was highly consistent of four Molineria 
species, but varied greatly at the generic level between Hypoxis, Curculigo, and Molineria, which could be used 
for generic delimitation. Five DNA barcodes (psbK–psbI, rpoB–trnC, ndhF–rpl32, ycf1, and trnE–trnT) were selected 
for authentication of Hypoxidaceae medicinal materials. Hypoxidaceae was a monophyletic lineage, containing 
three major clades, being a sister to Asteliaceae with stronger supports than before. The three main clades in 
Hypboxidaceae were re-confirmed as the three stable lineages for this family. In the Curculigo Clade, three subclades 
were identified with significant phylogenetic insights. The phylogenetic evidence presented here, combined with 
distinct chloroplast genome features, supports Molineria Subclade separated from Curuculigo Subclade, being a 
monophyletic group by transferring Sinocurculigo taishanica and two Borneo Curculigo species into Molineria. Further 
research should provide a better understanding of the intergeneric relationships among Hypoxidaceae, adding more 
genomic data with extensive samplings across the center distribution of Southern Hemisphere.
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characters — such as rhizome structure, presence/
absence of a fruit beak, and anther symmetry—have 
proven unreliable, leading to frequent movement of spe-
cies between the two genera [19, 25, 28, 30]. Molecular 
studies further complicate the matter, as Curculigo and 
Molineria were grouped into a broadly defined Curculigo 
clade [21, 24]. Surprisingly, despite molecular evidence 
suggested a merged Curculigo-Molineria clade, two new 
monotypic genera—Sinocurculigo and Neofriedmannia 
—were recently proposed based on morphological dis-
tinctions. Sinocurculigo was segregated due to its unique 
stigma, ovary, and seed morphology, despite clustering 
within the Molineria-Curculigo subclade in plastid (rbcL 
and matK) phylogeny [2]. Similarly, Curculigo seychellen-
sis was proposed into a monotypic genus of Neofriedma-
nnia based on its exceptionally long fruit beak (~ 12 cm) 
and phylogenetic placement within a Seychellean sub-
clade alongside two endemic Hypoxidia species [31, 32]. 
The recognition of these monotypic genera underscores 
the ongoing taxonomic tension surrounding Curculigo 
and Molineria, highlighting the need for integrative stud-
ies combining morphology, molecular phylogenomics, 
and biogeography to resolve these persistent taxonomic 
issues.

The chloroplast (cp) genome has become a pivotal tool 
in angiosperm phylogenetics due to its conserved struc-
ture, low recombination rate, and predominantly unipa-
rental inheritance [5, 22]. Its utility is well-demonstrated 
in resolving long-standing phylogenetic and intergeneric 
delimitation issues across diverse angiosperm families, 
including Lauraceae Juss. [33], Ranunculaceae Juss. [34], 
Orchidaceae [35, 36], and Amaryllidaceae [37]. Further-
more, cp genomic data have effectively clarified spe-
cies boundaries in taxonomically complex genera of 
medicinal importance, such as Artemisia L. [38], Panax 
L. [39], Physalis L. [40], Paeonia L. [41], and Salvia L. 
[42]. Despite its proven efficacy, cp genomic resources 
for Hypoxidaceae remain strikingly limited, with only a 
single published cp genome—Curculigo orchioides—cur-
rently available [43]. Therefore, we sequenced, character-
ized, and compared the complete chloroplast genomes of 
six species, representing three key genera within Hypoxi-
daceae from China, including Hypoxis aurea, Curculigo 
orchioides, and four Molineria species (M. capitulata, 
M. crassifolia, M. sinensis, and M. breviscapa). This study 
has two primary objectives: to annotate and compare 
the structural features of the six cp genomes, identify-
ing conserved and variable regions; to reconstruct robust 
phylogenetic trees, providing new genomic insights into 
the evolutionary relationships within Hypoxidaceae, 
with particular emphasis on the contentious delimitation 
between Curculigo and Molineria.

Results
General features of the chloroplast genome of 
Hypoxidaceae
The lengthes of six complete cp genomes were varied 
from 157,472  bp (Curculigo orchioides) to 158,550  bp 
(Molineria capitulata), with a typical quadripartite struc-
ture, holding a large single–copy (LSC) region and a small 
single–copy (SSC) region separated by two IR regions 
(Fig. 1 and Table S1). The GC content of six cp genomes 
was highly conserved, with overall GC content (37.3 
to 37.5%) and AT–rich (Table S1). IR regions showed a 
higher GC content (42.5 to 42.6%) than LSC region (35.3 
to 35.5%) and SSC region (31.2 to 31.4%) (Table S1).

Six cp genomes shared 132 gene numbers, including 
86 proteins–coding genes, eight rRNAs, and 38 tRNA–
coding genes (Fig.  1 and Table S1). The 11 ndh (NA(D)
H dehydrogenase) genes (ndh A–K) were identified in 
the six cp genomes (Table S2). Among these genes, there 
were a total of 19 double–copy genes, including eight 
tRNA–encoding genes (trnA–UGC, trnH–GUG, trnI–
CAU, trnI–GAU, trnL–CAA, trnN–GUU, trnR–ACG, 
and trnV–GAC), four rRNA encoding genes (rrn16, 
rrn23, rrn4.5, and rrn5), and seven proteins–encoding 
genes (ndhB, rpl2, rpl23, rps12, rps19, rps7, and ycf2) 
(Table S2). Two introns were detected in each of the 
three protein–coding genes, rps12, clpP1, and ycf3, while 
a single intron was respectively detected in each of nine 
proteins–coding genes (atpF, ndhA, ndhB, petB, petD, 
rpl16, rpl2, rpoC1, and rps16) and six tRNA genes (trnA–
UGC, trnG–UCC, trnI–GAU, trnK–UUU, trnL–UAA, 
and trnV–UAC) (Table S2).

Repeat sequence analysis
The MISA online analysis software was utilized to sta-
tistically analyze the nucleotide repeat type and num-
ber of SSRs (simple sequence repeats) in six cp genomes 
from Hypoxidaceae. Among these, Molineria brevis-
capa exhibited the largest number of SSR with 92, while 
Hypoxis aurea had the smallest at 82 (Table S3). Six types 
of SSRs were screened in six species. Four types of SSRs 
were consistently identified in six cp genomes, including 
mononucleotide (P1), dinucleotide (P2), trinucleotide 
(P3), and tetranucleotide (P4) (Fig.  2, Table S3). Penta-
nucleotide (P5) was present in the five species, but absent 
in M. crassifolia. Conversely, hexanucleotides (P6) was 
only found in M. crassifolia (Fig. 2, Table S3). The SSRs 
identified in cp genome of six species from Hypoxidaceae 
were primarily composed of A and T nucleotides, with 
over half of the SSR sequences consisting solely of A or 
T bases (Table S3). It was revealed that the majority of 
SSR were distributed in the intergenic regions, while the 
number of SSR in the intron and gene regions was similar 
(Fig. 2).
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Four types of LSRs (long sequence repeats) were also 
identified based on six cp genomes from Hypoxidaceae, 
including complement (C), forward (F), palindromic (P), 
and reverse (R) (Fig. 2, Table S4). There were 48 (Hypoxis 
aurea) to 72 (Curculigo orchioides) LSR detected in the 
six cp genomes (Table S4). The length of LSRs was mainly 
in the range of 30 to 40 bp, featured by the smaller num-
ber of the longer LSRs. LSRs were primarily distributed 
in gene regions and least in intron regions (Fig. 2, Table 
S4).

Cluster analysis of the repeat sequence in the six cp 
genomes showed that they were clustered into three 
groups, including I (Hypoxis aurea), II (Curculigo orchi-
oides – Molineria capitulate, and III (the other three 
Molineria species) (Fig. 2).

RSCU analysis
The relative synonymous codon usage (RSCU) of six cp 
genomes from Hypoxidaceae was calculated based on 
all protein–coding genes. It showed that six cp genomes 
contained 64 synonymous codons encoding 21 amino 

Fig. 1  Gene map of the chloroplast genome in six species from Hypoxidaceae. The whole genome length is 157,472–158,550 bp. Colored bars indicate 
different functional gene groups. The sector shading represents the inverted repeat regions (IRa and IRb), dividing cp genomes into small (SSC) and large 
(LSC) single–copy regions. The dark gray inner circle shows GC content

 



Page 5 of 17Ma et al. BMC Plant Biology         (2025) 25:1232 

acids (Fig. 3, Table S5). Among six cp genomes, leucine 
(Leu) possessed the highest number of codons (2,036–
2,086), whereas tryptophan (Trp) had the lowest num-
ber of codons (367–375) (Table S5). According to the 
RSCU value, six cp genomes could be divided into two 
groups (Fig.  3), including 30 codons (RSCU < 1) and 34 
codons (RSCU ≥ 1) found in Hypoxis aurea and Curcu-
ligo orchioides, and 32 codons (RSCU < 1) and 32 codons 
(RSCU ≥ 1) observed in four Molineria species. Almost 
all CDS had the standard ATG start codon in six cp 
genomes (Table S5), and TAA was the most common in 
three stop codons, with TGA and TAG also found (Table 
S5).

IR expansion and contraction
A comparative analysis of IR boundary positions and 
adjacent genes among the six cp genomes showed that 
they had a total of four boundaries (Fig. 4). In the six cp 
genomes, JLB (LSC/IRb) boundary was situated between 
rpl22 gene and rps19 gene, JSB (IRb/SSC) boundary 
between trnN gene and ndhF gene, while ndhF gene 
length has expanded into the IRb region by 2 to 11  bp. 
The JSA (SSC/IRa) boundary was found within ycf1 gene, 
and its length expanded into the IRa region by 1306 to 
1423  bp. The JLA (IRa/LSC) boundaries were located 
between rps19 gene and psbA gene (Fig. 4). It showed that 
cp genome structure was consistent in four Molineria 
species, but distinct from those of other two genera 

Fig. 3  RSCU clustering tree and heat map of six chloroplast genomes from Hypoxidaceae. The color of the color block changes from purple to orange, 
indicating that the synonymous codon usage values are rising

 

Fig. 2  Clustering tree and bubble map of chloroplast genome in six cp genomes from Hypoxidaceae based on Repeat sequence analysis. The color 
indicates the data type, and the size indicates the number. lr: regions with LSRs. ll: length of LSRs. lt: type of LSRs. sr: regions with SSRs. st: type of SSRs
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(Hypoxis aurea and Curculigo orchioides) by differences 
in the distance of the rpl22, rps19, and psbA genes from 
the border, and in the varied length of ndhF versus ycf1 
genes in the IR region.

Identification of divergence hotspot
To examine interspecific variations in six cp genomes 
from Hypoxidaceae by mVISTA Shuffle LANGAN model, 
Hypoxis aurea was designated as the reference sequence. 
It showed that IR regions were more stable than LSC 
and SSC regions which was related with the presence of 
the highly conserved rRNA genes (rrn4.5, rrn5, rrn16, 
rrn23) (Fig.  5). And then, a polymorphism analysis 
showed that Pi value in the coding regions ranged from 
0 to 0.0202, with an average of 0.0061 (Fig. 6A, Table S6). 
There were three coding regions with Pi values exceed-
ing 0.015, containing petG, rpl33, and ycf1 (Fig. 6A, Table 
S6). And what’s more, Pi value in the intergenic regions 
ranged from 0.001 to 0.0898, with an average of 0.0178. 
And there were two intergenic regions, where Pi value 
exceeded 0.04, namely, trnC–GCA–petN and trnE–
UUC–trnT–GGU (Fig. 6B, Table S6).

Phylogenetic analysis
A maximum likelihood (ML) phylogenetic tree was 
reconstructed using complete chloroplast genome cod-
ing sequences (CDS) from 61 samples representing ten 
families of Asparagales (ingroup), including 16 samples 
spanning all 11 genera of Hypoxidaceae, with two taxa 
from Petrosaviales as the outgroup (Table S7). Due to 
the scarcity of complete chloroplast genomes across 
Hypoxidaceae lineages, we supplemented the analysis 
with CDS data from 10 additional taxa within each data-
deficient genus (labeled as ‘genus name + spp’ in the tree; 
Table S7). It was indicated that members from each fam-
ily were grouped into distinct, strongly supported clades 
(UFBoot: 96–100%), and then ten families were clustered 
into the ‘higher asparagoid’ and the ‘lower asparagoid’, 
respectively. The ‘higher asparagoid’, as the two core 
clades, was consisted of Asparagaceae s.l. and Amarylli-
daceae s.l.. And the ‘lower asparagoid’, as the basal clades, 
was comprised by the remaining eight families, namely, 
Xanthorrhoeaceae Dumort. s.l., Xeronemataceae M. W. 
Chase, Rudall & M. F. Fay, Iridaceae Juss., Doryantha-
ceae R. Dahlgren & Clifford + Tecophilaeaceae Leyb., 
Hypoxidaceae + Asteliaceae, and Orchidaceae (Fig.  7). 
The ML phylogeny strongly supported (UFBoot: 100%) 

Fig. 4  A Comparative analysis of LSC, SSC, and IR region boundary among the six cp genomes from Hypoxidaceae. Genes adjacent to the junction were 
indicated as blocks of different colors

 



Page 7 of 17Ma et al. BMC Plant Biology         (2025) 25:1232 

Fig. 5  Sequence alignment of six cp genomes from Hypoxidaceae by mVISTA Shuffle LANGAN model. Annotated genes are displayed along the top. 
The vertical scale represents the percent identity between 50 and 100%. Genome regions are color–coded as exon, intron, and conserved non–coding 
sequences (CNS)
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Orchidaceae as the earliest-diverging lineage and a sis-
ter to all other asparagoids. Within the remaining clades, 
Hypoxidaceae formed a sister relationship with Astelia-
ceae in the ‘lower asparagoids,’ while Amaryllidaceae s.l. 
and Asparagaceae s.l. were resolved as sister lineages in 
the ‘higher asparagoids. Within Hypoxidaceae, all 16 
sampled taxa formed a strongly supported monophyletic 
group (UFBoot: 100%), comprising three well-defined 
clades: a Curculigo clade (100% support), a Hypoxis clade 
(100% support), and a Pauridia-Empodium clade (78% 
support) (Fig. 7).

To further investigate the intergeneric relationships 
between Curculigo and Molineria, we reconstructed 

an additional ML phylogeny using four DNA regions 
(rbcL, matK, trnL-trnF, and trnS-trnG) from 27 samples 
representing 26 species across five Hypoxidaceae gen-
era (ingroup), with two Asteliaceae species as outgroup 
(Table S8). The analysis resolved these taxa into three 
strongly supported clades (Fig.  8): (1) a Curculigo clade 
(UFBoot: 100%), (2) a Hypoxis clade (UFBoot: 100%), and 
(3) a Pauridia-Empodium clade (UFBoot: 88%). The Cur-
culigo clade comprised 21 species from five genera, the 
Hypoxis clade contained two Hypoxis species, and the 
Pauridia-Empodium clade included three species from 
Pauridia Harv. and Empodium Salisb. Within the Cur-
culigo clade, three subclades were identified: a Molineria 

Fig. 6  Nucleotide polymorphism analysis of six cp genomes from Hypoxidaceae. A Comparison of the nucleotide polymorphism (Pi) among CDS re-
gions. B Comparison of the nucleotide polymorphism among IGS regions. X–axis: position of the midpoint of a window; Y–axis: nucleotide polymorphism 
of each window. Highest variation hotspots for six chloroplast genomes were annotated on the graph. The colored blocks at the bottom delineate these 
gene locations in different regions
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subclade (UFBoot: 96%), a Curculigo subclade (UFBoot: 
97%), and a Seychellean subclade (UFBoot: 87%). The 
Seychellean subclade was a sister to the other subclades 
(Molineria and Curculigo). The Curculigo subclade con-
sisted of eight Curculigo species uniformly, and the Sey-
chellean subclade included three Seychelles endemics 
(Neofriedmannia seychellensis, Hypoxidia maheensis F. 
Friedmann, and H. rhizophylla (Baker) F. Friedmann). 
However, the Molineria subclade contained seven 
Molineria species, two Borneo Curculigo species (C. 
erecta Lauterb. and C. racemosa Ridl.), and Sinocurculigo 
taishanica. It was further divided into two groups: Group 
I (UFBoot: 82%) included five Molineria species and S. 
taishanica, while Group II (UFBoot: 53%) comprised two 

East-Asian Molineria species and two Borneo Curculigo 
species.

Discussion
Systematic implication of cp genomic features in 
Hypoxidaceae
Chloroplast genomic data for Hypoxidaceae remain 
remarkably scarce, with only a single published genome 
(Curculigo orchioides) currently available [43]. Here, we 
conducted a comprehensive characterization and com-
parative analyses of six complete chloroplast genomes 
representing three taxonomically important genera 
within Hypoxidaceae from China: Hypoxis (H. aurea), 
Curculigo (C. orchioides), and Molineria (M. capitulata, 
M. crassifolia, M. sinensis, and M. breviscapa). This study 

Fig. 7  A maximum likelihood phylogenetic tree reconstructed based on complete cp CDS sequences from 61 species representing ten families in As-
paragales, with Japonolirion osense Nakai and Petrosavia stellaris Becc. as outgroup. *: only partial molecular fragments were used (see the ‘Materials and 
methods’ section). Numbers at nodes indicating ultrafast bootstrap values
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represents the first systematic investigation of complete 
chloroplast genomes in Hypoxidaceae, providing new 
insights into both genome architecture and phylogenetic 
relationships within this understudied family.

The six cp genomes from Hypoxidaceae were highly 
conserved in the size, structure, and the number and 
content of gene. These six cp genomes displayed a typi-
cal quadripartite structure with the LSC and SSC regions 
partitioned by the IR regions, which were consistent with 
those of most angiosperms [35, 36, 39–42, 44–47]. The 
cp genomes were all AT–rich, and the GC contents in the 
IR region were significantly higher than that in other two 
regions, similar to those of other asparagoids [35, 36, 44–
47]. This occurrence was possibly due to the four rRNA 
genes (rrn16, rrn23, rrn4.5, and rrn5) in the IR regions 
[48]. Gene content was highly conserved across the six cp 
genomes, each containing 132 genes (86 proteins–cod-
ing, 8 rRNA, and 38 tRNA genes), congruent with recent 
records in Astelia [44, 49].

Meanwhile, a complete functional set of ndh genes 
(ndh A/B/C/D/E/F/G/H/I/J/K) was observed in the six cp 
genomes from Hypoxidaceae, characteristic of ndh-com-
plete genomes [50, 51]. While the ndh complex is known 
to play a crucial role in most photoautotrophic plants 
[50, 51], ndh-deleted genomes have been reported in 
certain Asparagales lineages, including Strumaria trun-
cata Jacq. (Amaryllidaceae) [52] and some Orchidaceae 
species [35, 36]. Within Orchidaceae, the distribution of 
ndh genes shows remarkable variation at the subfamily 
level: Apostasioideae maintains ndh-complete genomes, 
Vanilloideae exhibits complete ndh deletions, while Cyp-
ripedioideae Lindl., Orchidoideae, and Epidendroideae 
display both ndh-complete and ndh-deleted patterns [35, 
36, 53–56]. Phylogenetic evidence suggests that the com-
mon ancestor of orchids likely possessed a complete set 
of functional ndh genes [50]. The consistent presence of 
ndh-complete genomes in all six examined Hypoxida-
ceae species (representing three genera) provides impor-
tant phylogenetic insights. This pattern distinguishes 

Fig. 8  A maximum likelihood phylogenetic tree reconstructed based on four DNA sequences (rbcL, matK, trnL–trnF and trnS–trnG intergenic regions) 
from 26 species from Hypoxidaceae, two species from Astelia Banks & Sol. ex R.Br. as outgroup. Numbers at nodes indicating ultrafast bootstrap values
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Hypoxidaceae from both Amaryllidaceae (where it was 
previously classified [3, 4, 12, 13]) and Orchidaceae (with 
which it was once proposed to share close relationships 
[1, 14]).

Intergeneric discrimination of cp genomic features in 
Hypoxidaceae
The taxonomic distinction between Curculigo and 
Molineria has remained problematic, with unclear 
generic boundaries requiring further clarification [21, 
24, 31]. To address this issue, we conducted comparative 
analyses of complete chloroplast genomes from six spe-
cies representing three genera within Hypoxidaceae. Our 
study revealed several distinctive cp genomic features 
that may serve as potential molecular markers for inter-
generic delimitation, including: (1) variations in repeat 
sequence composition and distribution, (2) patterns of 
codon usage bias, and (3) differential contractions and 
expansions in the inverted repeat (IR) regions.

Repeat sequence analyses (SSRs and LSRs) revealed 
their potential utility for generic delimitation among 
Hypoxis, Curculigo, and Molineria within Hypoxidaceae. 
Simple sequence repeats (SSRs), characterized by short 
tandem repeats (1–6 bp units), exhibited several advan-
tageous features for genetic markers: high abundance, 
repetitive nature, structural simplicity, maternal inheri-
tance through chloroplast genomes, and relative con-
servation [57–59]. Our analysis identified 82–92 SSRs 
across the six Hypoxidaceae chloroplast genomes. These 
SSRs were predominantly composed of poly-A or poly-
T repeats, with mononucleotide repeats being the most 
abundant form—a pattern consistent with other aspara-
goid species [36, 46, 47]. Additionally, we detected 48–72 
long sequence repeats (LSRs) that showed intergeneric 
variation. Cluster analysis based on repeat sequences 
clearly separated the six species into three distinct groups 
(Fig.  2): Group I: Hypoxis aurea (single species cluster); 
Group II: Curculigo orchioides and Molineria capitulata; 
Group III: The remaining three Molineria species.

Codon usage bias has proven to be a valuable molec-
ular marker for systematic and evolutionary studies 
across diverse organisms [60, 61]. Our analysis of the six 
Hypoxidaceae chloroplast genomes revealed that: (1) all 
protein-coding sequences (CDS) contained the standard 
ATG start codon, consistent with the highly conserved 
pattern observed in other angiosperms [39–42]; and (2) 
the 64 codons encoding 21 amino acids showed distinct 
patterns of codon usage bias among the three genera. 
Notably, relative synonymous codon usage (RSCU) anal-
ysis revealed clear phylogenetic differentiation, separat-
ing the taxa into two distinct groups, namely, Group I 
(Hypoxis aurea and Curculigo orchioides), Group II (All 
four Molineria species (M. capitulata, M. crassifolia, M. 
sinensis, and M. breviscapa).

The inverted repeat (IR) regions represented the most 
conserved sections of the six Hypoxidaceae chloroplast 
genomes, consistent with patterns observed in most 
angiosperms [35, 36, 39, 40, 44, 45]. However, IR bound-
ary regions exhibited significant expansions and contrac-
tions, which contribute to chloroplast genome evolution, 
serve as primary determinants of genome size varia-
tion [62, 63], and provide valuable genomic markers for 
understanding angiosperm taxonomic relationships [48, 
64]. Our analysis revealed distinct patterns of IR bound-
ary variation among the studied taxa. The four Molineria 
species (M. capitulata, M. crassifolia, M. sinensis, and 
M. breviscapa) shared identical IR boundaries. Both 
Hypoxis aurea and Curculigo orchioides displayed unique 
IR boundary configurations that differed from each other 
and from the Molineria species.

Five DNA barcodes for authentication of medicinal hypoxid 
species
The rhizomes of Hypoxidaceae species, including Cur-
culigo orchioides (known as ‘Xianmao’ in traditional Chi-
nese medicine) [6], Molineria capitulata, M. breviscapa, 
and Hypoxis aurea [7–9], are widely used in traditional 
medicine throughout China and Southeast Asia. How-
ever, inadequate taxonomic characterization has led to 
frequent misidentification and misuse of these medicinal 
resources in commercial markets [9–11]. Our nucleotide 
polymorphism analysis identified three protein-coding 
regions (petG, rpl33, and ycf1) with exceptionally high Pi 
values across the six chloroplast genomes. The ycf1 gene, 
like the established barcode marker matK, has demon-
strated particular utility for both medicinal plant authen-
tication [65–67] and phylogenetic reconstruction [2, 21]. 
Additionally, two intergenic spacer regions (trnC–GCA–
petN & trnE–UUC–trnT–GGU) exhibited substantial 
sequence variability. These findings suggest five promis-
ing molecular markers for authenticating Hypoxidaceae 
medicinal materials, containing Protein-coding genes 
(petG, rpl33, and ycf1) and Intergenic spacers (trnC–
GCA–petN & trnE–UUC–trnT–GGU).

Phylogenetic significance of complete cp genome in 
Hypoxidaceae
The phylogeny of asparagoid families based on complete 
chloroplast genomes was presented here, incorporating 
61 samples representing 42 genera across all ten recog-
nized families. These samples were six newly sequenced 
Hypoxidaceae chloroplast genomes; 45 publicly avail-
able genomes from nine other asparagoid families. The 
resulting topology showed strong congruence with pre-
vious molecular studies [22, 23], but with significantly 
improved nodal support (UFBoot: 96–100%) compared 
to analyses using limited molecular markers. The mono-
phyly of astelioid clade (UFBoot: 100%) was confirmed 
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with a robust support, while received relatively low sup-
port values by limited molecular sequence data analyses 
[22, 24], and by the 77 plastid gene analyses of Givnish 
et al. [23]. These results demonstrate the superior phy-
logenetic resolution provided by complete chloroplast 
genomes compared to traditional molecular markers 
[22–24, 68].

The systematic position of Hypoxidaceae has long been 
debated, with conflicting classifications placing its mem-
bers either as a tribe within Amaryllidaceae [3, 4, 13] or 
as a potential sister group to Orchidaceae based on mor-
phological similarities [15, 16, 18]. Our comprehensive 
phylogenetic analysis of chloroplast coding sequences 
provides conclusive evidence that Hypoxidaceae is a 
strongly supported monophyletic clade (UFBoot: 98%), 
being a sister with Asteliaceae within the ‘lower aspara-
goid’ lineage. These findings definitively confirmed 
Hypoxidaceae as phylogenetically distinct from both 
Amaryllidaceae s.l. (which clusters with Asparagaceae 
s.l.) and Orchidaceae.

Meanwhile, in order to find some clues for the phylo-
genetic implications of cp genome from Hypoxidaceae, 
an ML tree (Fig.  7) was reconstructed based on the six 
complete cp genomes from China and the concatenated 
chloroplast gene sequences (2–70 genes) as complete 
chloroplast genomes from ten taxa representing eight 
genera, with an effort to encompassing main distribution 
of the Southern Hemisphere. The phylogenetic topol-
ogy showed strong congruence with previous molecular 
studies [22, 23], but with significantly improved nodal 
support (UFBoot: 96–100%) compared to analyses 
using limited molecular markers. Three well-supported 
subclades were identified, including a Curculigo clade 
(UFBoot: 100%), a Hypoxis clade (UFBoot: 100%), a Pau-
ridia-Empodium clade (UFBoot: 78%). The Curculigo-
Molineria complex showed topological congruence with 
previous molecular studies [21, 24], and the phylogenetic 
position of Neofriedmannia seychellensis remains ambig-
uous requiring further research. However, a clear generic 
boundary between Curculigo and Molineria could be 
detected (Fig.  8), despite limited taxon sampling (four 
Molineria spp., one Curculigo sp., and an uncertain posi-
tion of Sinocurculigo taishanica) [21–24]. And then, this 
generic delimitation between these two genera is to be 
discussed as below.

Phylogenetic analysis of Curculigo clade
The intergeneric phylogeny among Hypoxidacae has 
been unclear and needed more data for clarification, 
with a focus on the delimitation between Curucligo and 
Monlineria [2, 19, 21, 24, 25, 28–30]. Our comprehensive 
phylogenetic analysis of Hypoxidaceae, incorporating 
four chloroplast DNA markers and expanded taxon sam-
pling, provides significant insights into the intergeneric 

relationships within this family, particularly concerning 
the taxonomically challenging Curculigo clade. It incor-
porated sequence data from five additional species (M. 
breviscapa, C. glabrescens, C. janarthanamii Gore & S. 
P. Gaikwad, C. sabui S. P. Gaikwad & Gore, and C. konk-
anensis Chandore, Mane & Borude) to augment previ-
ous datasets [21, 24]. The robust phylogenetic framework 
presented here (Fig.  8) confirms and extends previous 
findings [2, 21, 22, 30, 31] while revealing new com-
plexities in generic delimitation between Curculigo and 
Molineria [2, 21, 24]. Three major clades identified in our 
study—Curculigo, Hypoxis, and Pauridia-Empodium—
show complete concordance with both our complete 
chloroplast genome data and prior molecular studies [2, 
21, 22, 30, 31]. This consistency across different datasets 
and analytical approaches strongly supports the funda-
mental division of Hypoxidaceae into these three lineages 
[21, 22, 30, 31].

In the Curculigo clade, three distinct subclades with 
strong supports were identified, namely, Molineria sub-
clade (UFBoot: 96%), Curculigo subclade (UFBoot: 
97%), and Seychellean subclade (UFBoot: 87%) (Fig.  8). 
The Seychellean subclade contained three Seychelles 
endemic species (Neofriedmannia seychellensis, Hypox-
idia maheensis, and H. rhizophylla). This subclade was 
supported as a monophyly and adopted by previous 
findings, although Neofriedmannia seychellensis was 
removed from Curculigo and its phylogenetic position 
remains ambiguous [21, 24]. The Curculigo subclade was 
composed eight Curculigo species consistently, while the 
Molineria subclade consisted of seven Molineria species, 
two Borneo Curculigo species (C. erecta Lauterb. and C. 
racemosa Ridl.), and a Chinese endemic Sinocurculigo 
taishanica. The presence of two Borneo Curculigo spe-
cies (C. erecta and C. racemosa) within the Molineria 
Subclade, along with the ambiguous placement of Sino-
curculigo taishanica, highlights persistent challenges in 
generic delimitation.

Our phylogenetic analysis reveals that the taxonomic 
ambiguity primarily stems from the inclusion of two 
Borneo Curculigo species within the Molineria subclade, 
the phylogenetic position of Sinocurculigo taishanica, 
and the moderate supports within the Molineria sub-
clade (Fig.  8, Groups I & II). Group I was consisted of 
five Molineria species and a new species of Sinocurculigo 
taishanica with a strong support (UFBoot: 82%). It was 
noteworthy that Sinocurculigo taishanica was thought 
to be treated as a separated genus, or as a member of 
Molineria, when it was firstly described and to be close 
to Molineria capitulata [2]. According to our phyloge-
netic analysis, Sinocurculigo taishanica could be better 
placed in Molineria than to be in a monotypic genus. 
Meanwhile, two other Molineria species and two Borneo 
Curculigo species were clustered into the group II with 
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a low support (UFBoot: 53%) which was consistent with 
the other studies [21, 24]. And the data on these four taxa 
were scarce and unavailable for further research. These 
results revive the century–old debate regarding: merg-
ing Curculigo and Molineria [21], or alternatively, namely, 
transferring Sinocurculigo taishanica and the two Borneo 
Curculigo species into Molineria Subclade. The latter sug-
gestion follows the same logic applied to the recognition 
of the Seychellean subclade as distinct despite its uncer-
tain position, maintaining parallel standards of generic 
delimitation across comparable clades [21, 24]. What’s 
important is that the cp genome features are conserved 
in the four Molineria speicies, distinct from Curculigo 
and Hypoxis, indicating a generic variation systematically. 
Therefore, the phylogenetic evidence presented herein, 
combined with distinct chloroplast genomic features, 
support Molineria subclade being separated from  Cur-
culigo  subclade. It provides an alternatively robust reso-
lution for clarifying the generic delimitation between 
Curculigo and Molinera by reassigning certain conten-
tious species to Molineria Subclade — thereby maintain-
ing its monophyly.

Our findings also reveal significant issues with current 
species circumscriptions, particularly regarding Curcu-
ligo glabrescens and Molineria villosa. Both of them were 
considered as synonyms of the same species of M. lati-
folia Dryand. ex W.T. Aiton without any reason in some 
records [4, 69, 70]. However, species of the same genus 
(C. glabrescens, M. villosa and M. latifolia), respectively, 
clustered into Curculigo and Molineria subclades (Fig. 8). 
The phylogenetic separation of these taxa, despite previ-
ous treatments as conspecific with M. latifolia [4, 69, 70], 
providing an urgent need for comprehensive taxonomic 
revision incorporating both molecular and morphologi-
cal data.

Conclusion
The complete cp genomes six species of three genera 
from Hypoxidaceae were sequenced and analyzed in 
detail, including the general data on the genome, repeat 
sequence, codon usage, IR expansion and contraction, 
structural comparison and divergence hotspot identifica-
tion analyses, and phylogenetic analysis. A comparative 
analysis showed that cp genomes were highly consistent 
of four Molineria species, while varied at the generic 
level, such as Hypoxis aurea and Curculigo orchioides. 
Five molecular markers (psbK–psbI, rpoB–trnC, ndhF–
rpl32, ycf1, and trnE–trnT) were selected for authentica-
tion of Hypoxidaceae medicinal materials. Hypoxidaceae 
is a monophyletic clade, containing three major clades, 
being a sister to Asteliaceae based on cp genomic data. It 
showed that current generic boundaries in Hypoxidaceae, 
particularly between Curculigo and Molineria, require 
reevaluation. The phylogenetic evidence presented here, 

combined with distinct chloroplast genome features, 
supports the recognition of Molineria subclade distinct 
from Curuculigo subclade and maintaining the mono-
phyly by transferring select species into Molineria. Fur-
ther genomic and morphological data, incorporating 
extensive sampling across the Southern hemisphere, 
would significantly enhance our understanding of phylo-
genetic relationships within Hypoxidaceae.

Materials and methods
Ethical statement
No specific permits were required for the collection of 
specimens for study, and all procedures were conducted 
in compliance with relevant Chinese laws.

Plant materials and chloroplast genome sequencing
Plants of six species investigated were cultivated in 
Botanical Garden of Xishuangbanna South Medicine, 
Chinese Academy of Medical Science, Jinghong, China 
(Fig.  9). Prof. Lu Li (lilu@swfu.edu.cn) identified these 
six species sampled by their habitat, leaf, flower, and fruit 
morphological features. These specimens and samples 
were collected and observed by Wang Yunqiang, Tian 
Qin, and Duan Hanning. Voucher specimens for six spe-
cies (Hypoxis aurea, Curculigo orchioides, Molineria 
capitulata, M. crassifolia, M. sinensis, and M. breviscapa) 
have been deposited at the Herbarium of Southwest 
Forestry University (HSFU) under accession numbers 
Lilu2020001 to Lilu2020006 respectively. Genomic DNA 
of each sample was extracted from the silica gel–dried 
leaf tissues using the modified CTAB method with the 
TiangenDNA kit (TIANGEN, China) [48]. Paired–end 
libraries with an average insert size of approximately 
400  bp were prepared using a TruSeq DNA Sample 
Prep Kit (Illumina, Inc., San Diego, CA, USA) accord-
ing to the manufacturer’s instructions. The libraries were 
sequenced on the Illumina HiSeq 2500 platform at Per-
sonalbio (two times 150 bp; Illumina, Shanghai, China). 
Raw data were filtered using Fastp v0.23.1 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​
b​.​c​​o​m​/​​O​p​e​n​​G​e​​n​e​/​f​a​s​t​p) to obtain high–quality reads by 
the sliding window method to drop the low–quality bases 
of each read’s head and tail [71].

Chloroplast genome assembly and annotation
The six complete cp genomes from the clean reads were 
assembled by the GetOrganelle version 1.7.7.1 (​h​t​t​p​​s​:​/​​/​g​
i​t​​h​u​​b​.​c​​o​m​/​​K​i​n​g​​g​e​​r​m​/​G​e​t​O​r​g​a​n​e​l​l​e) [72]. The assembled 
cp genomes were annotated using the online program 
CPGAVAS2 (​h​t​t​p​​:​/​/​​4​7​.​9​​6​.​​2​4​9​.​1​7​2​:​1​6​0​1​9​/​a​n​a​l​y​z​e​r​/​h​o​m​
e) [73], and further manually adjusted and confirmed 
using Geneious Prime version 2024.0.5 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​
n​e​​i​o​u​​s​.​c​o​​m​/​​f​e​a​t​u​r​e​s​/​p​r​i​m​e). The complete cp genomes 
sequences of six species were submitted to GenBank 
(Accession numbers: NC–052741, NC–053892 and 

https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
https://github.com/Kinggerm/GetOrganelle
https://github.com/Kinggerm/GetOrganelle
http://47.96.249.172:16019/analyzer/home
http://47.96.249.172:16019/analyzer/home
https://www.geneious.com/features/prime
https://www.geneious.com/features/prime
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PV738957 to PV738960). The circular genome maps were 
drawn by the OGDRAW program (​h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​
m​p​​-​g​​o​l​m​.​m​p​g​.​d​e​/​O​G​D​r​a​w) [74].

Comparative analysis
By setting the minimum number of repeats to 10, 5, 4, 
3, 3, and 3 for mononucleotide (P1), dinucleotide (P2), 
trinucleotide (P3), tetranucleotide (P4), pentanucleo-
tide (P5), and hexanucleotide (P6), respectively, simple 
sequence repeats (SSR), a tract of repetitive DNA that 
typically ranges in length from 1 to 6 nucleotides, were 
detected via MISA (​h​t​t​p​​s​:​/​​/​w​e​b​​b​l​​a​s​t​​.​i​p​​k​-​g​a​​t​e​​r​s​l​​e​b​e​​n​.​d​e​​/​
m​​i​s​a​​/​i​n​​d​e​x​.​​p​h​​p​?​a​c​t​i​o​n​=​1) [75]. The repetitive structures, 
repeat sizes, and locations of forward match (F), reverse 
match (R), palindromic match (P), and complementary 

match (C) nucleotide repeat sequences were identified by 
REPuter v2.74 (​h​t​t​p​​s​:​/​​/​b​i​b​​i​s​​e​r​v​​.​c​e​​b​i​t​e​​c​.​​u​n​i​​-​b​i​​e​l​e​f​​e​l​​d​.​d​e​/​r​
e​p​u​t​e​r​/) [76], with minimal repeat size set to 30 bp, ​h​a​m​
m​i​n​g distance set to 3 and maximum computed repeats 
set to 90.

Condon usage was analyzed by MEGA11 software (​h​t​
t​p​​s​:​/​​/​w​w​w​​.​m​​e​g​a​​s​o​f​​t​w​a​r​​e​.​​n​e​t​​/​d​l​​o​a​d​_​​w​i​​n​_​b​e​t​a) [77], and 
the relative synonymous codon usage (RSCU) and amino 
acid frequencies were calculated with default settings 
[78]. RSCU clustering tree and heat map were drawn 
using the R package (pheatmap). The IR region analysis 
was performed using JSHYCloud (​h​t​t​p​​:​/​/​​c​l​o​u​​d​.​​g​e​n​e​p​i​o​
n​e​e​r​.​c​o​m​:​9​9​2​9). The pairwise alignments and sequence 
divergence using the mVISTA with Shuffle–LAGAN 
mode (​h​t​t​p​​s​:​/​​/​g​e​n​​o​m​​e​.​l​b​l​.​g​o​v​/​c​g​i​–​b​i​n​/​V​i​s​t​a​I​n​p​u​t​?​n​u​

Fig. 9  Plant morphology of six species from Hypoxidaceae. A Hypoxis aurea. B, C Curculigo orchioides. D, E Molineria capitulate. F–H M. crassifolia. I, J M. 
sinensis. K, L M. breviscapa

 

https://chlorobox.mpimp-golm.mpg.de/OGDraw
https://chlorobox.mpimp-golm.mpg.de/OGDraw
https://webblast.ipk-gatersleben.de/misa/index.php?action=1
https://webblast.ipk-gatersleben.de/misa/index.php?action=1
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
https://www.megasoftware.net/dload_win_beta
https://www.megasoftware.net/dload_win_beta
http://cloud.genepioneer.com:9929
http://cloud.genepioneer.com:9929
https://genome.lbl.gov/cgi–bin/VistaInput?num_seqs=2
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m​_​s​e​q​s​=​2) [79]. Highly variable sites were identified by 
DnaSP V6 software (​h​t​t​p​​s​:​/​​/​g​i​t​​c​o​​d​e​.​c​o​m​/​o​p​e​n​–​s​o​u​r​c​e​–​t​
o​o​l​k​i​t​/​6​5​8​b​6​/​?​u​t​m​_​s​o​u​r​c​e​=​t​o​o​l​s​_​g​i​t​c​o​d​e​&​i​n​d​e​x​=​t​o​p​&​t​y​
p​e​=​c​a​r​d) [80].

Phylogenetic analysis
For phylogenetic analysis, the complete chloroplast CDS 
sequences of 61 representative species from Asparagales 
were selected (Table S7). Two species from Petrosaviales 
were selected as outgroups because it’s the sister clade of 
Asparagales [70]. Due to the scarcity of complete chlo-
roplast genome data for most Hypoxidaceae taxa, we 
utilized chloroplast coding sequence (CDS) data from 
various species within genus, which are labeled in the 
phylogenetic tree as ‘genus name + spp’ (Table S7). These 
CDS sequences were extracted by PhyloSuite version 
1.2.3 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​d​o​n​g​​z​h​​a​n​g​​0​7​2​​5​/​P​h​​y​l​​o​S​u​i​t​e) 
[81, 82], aligned by MAFFT version 7 [83], trimmed by 
Gblocks, and concatenated by plugins in PhyloSuite ver-
sion 1.2.3 [81, 82]. The Maximum-Likelihood (ML) tree 
was constructed using IQ-TREE 2 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​
/​​i​q​t​r​​e​e​​/​i​q​t​r​e​e​2) with the GTR + F + I + G4 model, which 
was identified as the best-fit substitution model through 
ModelFinder (implemented in IQ-TREE) based on Bayes-
ian Information Criterion (BIC) scores, with 5000 ultra-
fast bootstrap (UFBoot) [84–86].

In order to further explore the phylogenetic relation-
ships of Hypoxidaceae, a phylogenetic tree of Hypoxida-
ceae was constructed based on rbcL, matK, trnL–trnF and 
trnS–trnG intergenic regions of 26 species from Hypoxi-
daceae as ingroup (including all available data from the 
Curculigo clade), with two species from Asteliaceae as 
outgroup (because it’s the sister clade of Hypoxidaceae) 
using ML method (Table S8). The four DNA sequences, 
were trimmed by Gblocks, and concatenated by plugins 
in PhyloSuite version 1.2.3 [81, 82]. The phylogenetic tree 
was constructed by IQ–TREE 2 in K3Pu + F + G4 model, 
which was identified as the best-fit substitution model 
through ModelFinder (implemented in IQ-TREE) based 
on Bayesian Information Criterion (BIC) scores, with 
5000 ultrafast bootstrap (UFBoot) [84–86].
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