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Abstract

Background Angiosperms are the largest plant group and play an essential role in the biosphere. Phylogenetic
relationships of many families and orders remain contentious, and, in an attempt to address these, we performed
the most extensive sampling of mitochondrial genes to date.

Results We reconstructed a seed plant phylogenetic framework based on 41 mitochondrial protein-coding
sequences (mtCDSs), representing 335 families and 63 orders with 481 angiosperm species. The results for major
clades of angiosperms produced moderate to strong support (> 70% bootstrap) for more than 80% of nodes

and strong support for most orders. Eight major nodes were supported, including the three paraphyletic ANA orders
(Amborellales, Nymphaeales, and Austrobaileyales) and five major core-angiosperm clades. Chloranthales and Cera-
tophyllales are sister to the eudicots, whereas the monocots are sister to the magnoliids. Although well-supported,
relationships within the asterids and rosids were in some cases unresolved or weakly supported, due to the low levels
of variability detected in these genes.

Conclusions Our results indicated that mitochondrial genomic data were effective at resolving deep node relation-
ships of angiosperm phylogeny and thus represent an important resource for phylogenetics and evolutionary studies
of angiosperm.
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Background

Angiosperms are the largest plant group, with complex
morphologies and ecologies, and occupy almost all eco-
systems, terrestrial and marine [1]. They play an essential
role in the biosphere. Knowledge of angiosperm phy-
logenetics can provide a framework for understanding
the history and composition of major terrestrial ecosys-
tems and deciphering the general patterns of biodiversity
[1-3].

To resolve angiosperm phylogenetic relationships, doz-
ens of studies have focused on large-scale genomic data-
sets and broad taxonomic sampling, including plastome
data, low-copy, homologous nuclear genes [4-7], and
transcriptomes [8]. These studies have greatly improved
our understanding of phylogenetic relationships for angi-
osperms, created a phylogenetic framework for other
kinds of studies, and contributed significantly to the
overall understanding of extant angiosperm diversity.
Nevertheless, some relationships have been inconsistent
among these studies [3, 6, 9-26], and it has been sug-
gested that systematic errors (e.g., substitutional satura-
tion) are an important factor influencing nucleus-plastid
conflicts [3, 6, 9, 27-29]. Moreover, plastid genes exhibit
codon-usage biases and the highest heterogeneity in GC
content [6, 28, 30—32].

Based on the inferred phylogenetic relationships, it
was often unclear whether the sister clade of extant
angiosperms is Amborellales alone (e.g., [5, 6, 33—36]) or
Amborellales + Nymphaeales (e.g., [20, 30, 32, 37-40]).
Recent studies have identified Amborellales as the sister
group to all other angiosperms and placed Nymphaeales
and Austrobaileyales as successive sisters to the remain-
ing extant angiosperms (3, 7, 22, 27, 41]. The remaining
angiosperms, referred to as the mesangiosperms, a highly
supported clade, were resolved into five clades: eudicots
(Eud), monocots (Mon), magnoliids (Mag), Chloran-
thales (Chl), and Ceratophyllales (Cer). The relationships
among these five clades of mesangiosperms has remained
problematic and unsettled. Different topologies have
been proposed based on different datasets (Additional
file 1: Table S1, Additional file 2: Fig. S1): (Mag-Chl)-
(Mon-(Eud-Cer)) [30, 31, 37, 42, 43]; Chl-(Mag-(Mon-
(Eud-Cer)), Li et al. [3] based on 2881 plastid genomes;
(Cer-Chl)-(Mag-(Mon-Eud)), Qiu et al. [20] based on
four mitochondrial genes; Mon-(Mag-(Eud-(Cer-Chl)))
and Mon-((Mag-Chl)-(Eud-Cer)) [22] based on tran-
scriptomic data from 1124 species; and (Chl-Mag)-(Cer-
(Mon-Eud)), Zuntini et al. [26] based on multiple nuclear
genes in the Angiosperms353 probe set.

Early diversification of angiosperms occurred over
a short geological period, leading to a rapid increase
in angiosperms during the Early Cretaceous and their
gradual emergence as a major component of terrestrial
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ecosystems [1, 44, 45], a phenomenon often referred to
as Darwin’s ‘abominable mystery’ [46, 47]. According to
recent molecular dating studies, angiosperms arose in the
Upper Triassic (ca. 237.0-201.3 million years ago [Ma])
[3, 6, 48-50], and the Mesangiospermae in the Jurassic
(201.3-145 Ma)) [3, 6, 50]. Alternatively, other estimates
have been reported for the origin of angiosperms: 242—
241 Ma, 194 Ma [51], 170 Ma [32], and 137-135 Ma [52].

The mitochondrial genome (mitogenome) is one of the
three genomes in plants, and mitochondrial protein-cod-
ing genes are characterized by a slow evolutionary rate
[53-55]. Mitogenomes are a rich source of evolution-
ary data for well-sampled phylogenetic analyses [28]. In
addition, because of rare duplications [56] and slow evo-
lutionary rate, mitochondrial genes exhibit clear orthol-
ogous relationships [20, 28, 56]. Yet, the phylogenomic
analysis of mitochondrial data has rarely been included in
plant studies, possibly because the mitochondrial genome
has a complex structure, and is more challenging to
assemble than the relatively simple structure of the plas-
tid genome. Only a few mitochondrial genes/sequences,
e.g., matR, atpl, mtSSU, mtLSU, nad5, and rps3, have
been used for phylogenetic studies to date [13, 20, 40, 57,
58]. The use of mitochondrial DNA in angiosperm phy-
logenetic analyses has been gradually increasing [28, 56,
59]. In this study, we analyzed 41 mitochondrial protein-
coding sequences (mtCDSs) for 481 species representing
355 families and 63 orders of angiosperms, sensu APG
IV (2016), representing the largest sampling of angio-
sperm mitochondrial genes dataset to date. We aimed to
(1) reconstruct angiosperm phylogenetic relationships,
(2) determine if there is conflict between the plastid and
mitochondrial datasets, and (3) improve our understand-
ing of the temporal evolution of angiosperms.

Results

MTCDS datasets

A total of 481 mitochondrial genomic data of angio-
sperms, representing 335 families and 63 orders of angio-
sperms, were included in this study, covering the three
ANA and five major core angiosperm clades and almost
all angiosperm orders. Additionally, five mitochondrial
genomic data from five families representing five major
clades of gymnosperms had been included as outgroups
[60]. This represents the largest sampling of angio-
sperm mitochondrial genes dataset to date. We newly
sequenced 91 species from 87 families (Additional file 1:
Tables S2, S3) and assembled the mtCDSs, and we assem-
bled those of 203 species in 176 families based on data
downloaded from NCBI (http://www.ncbinlm.nih.gov)
(Additional file 1: Table S2). The mtCDSs of 192 species
(77 families, including five species of gymnosperms) were
collected from the mitochondrial genome sequences
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available at NCBI (Additional file 1:Table S2). A total of
17,338 mtCDSs were obtained, with approximately 13%
gaps/missing data.

Phylogenetic analyses

Phylogenetic analyses yielded well-supported and largely
congruent results across the two datasets and methods
(Fig. 1; Additional file 2: Figs. S2-S§7). With IQ-TREE,
support was medium to high (BP > 70%) for more than
80% of the nodes in the 41-MTCDS concatenation
analysis (Additional file 2: Fig. S7) and was higher in
RAxML tree for most nodes. Support also increased in
the 24-MTCDS analysis (Additional file 2: Figs. S2, S5).
Fifty-seven orders were monophyletic with high support
(BP >80%). Five orders (Proteales, Saxifragales, Bruniales,
Geraniales, and Oxalidales) were not monophyletic in
the 41-MTCDS tree, but Proteales and Saxifragales were
monophyletic in the 24-MTCDS tree (Additional file 2:
Fig. S2). Here, we show the 41-mtCDS tree (Fig. 1; Addi-
tional file 2: Fig. S3) and illustrate the conflicts between
41-mtCDS and 24-MTCDS trees (Fig. 2).

Amborellales were sister to all other extant angio-
sperms, followed successively by Nymphaeales and
Austrobaileyales (the ANA grade; Fig. 1). A different
outcome was observed in the relative positions of Nym-
phaeales and Amborellales in 24-MTCDS tree (Fig. 2;
Additional file 2: Fig. S2), but these positions were only
weakly supported. The remaining angiosperms (known
as mesangiosperms) were monophyletic with high sup-
port and divided into five major clades. The 41-MTCDS
trees and the ASTRAL tree (Fig. 1; Additional file 2: Fig.
S6) consistently placed Ceratophyllales as sister to Chlo-
ranthales, whereas the monocots were sister to the mag-
noliids in the 41-MTCDS tree (Additional file 2: Fig. S3).
The monocots and magnoliids were successively sister
to Ceratophyllales + Chloranthales in the ASTRAL tree
(Additional file 2: Fig. S4). Ceratophyllales and Chloran-
thales formed a sister clade to magnoliids, which together
were sister to monocots (Additional file 2: Fig. S4).

In magnoliids, Piperales, Canellales, and Laurales were
successively sister to Magnoliales in the 41-MTCDS
(RAxML) and ASTRAL trees (Fig. 1, Additional file 2:
Figs. S3, S4), consistent with the results of previous stud-
ies [8]. Inconsistently, Piperales and Canellales were sis-
ter to Laurales+ Magnoliales with high support in the
24-MTCDS tree (Additional file 2: Figs. S2, S7).

In monocots, Acorales, Alismatales, and Petrosaviales
were successively sister to the remaining monocots along
the monocot backbone (Fig. 1). Pandanales and Diosco-
reales were sister groups with high support, followed suc-
cessively by Asparagales, Liliales, and commelinids along
the monocot spine. Among the commelinids, Arecales
and Poales were successive sisters to the clade formed by
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Commelinales and Zingiberales (Fig. 1). By contrast, Are-
cales were resolved as sister to Poales with weak support
in the 24-MTCDS tree (Fig. 2).

Among eudicots, Ranuncunales, Proteales, Trochoden-
drales, and Buxales were successive sisters to the remain-
ing eudicots (known as core eudicots). In the 41-MTCDS
tree (by both RAXML and IQ-TREE), Proteales were not
supported as monophyletic (Fig. 1; Additional file 2: Figs.
S3, S7). Nelumbonaceae formed an isolated clade with
low support (BP=26% by RAXxML or 65% by IQ-TREE)
along the angiosperm backbone (Additional file 2: Figs.
S3, S7). In contrast, Proteales were monophyletic in the
24-MTCDS and ASTRAL trees (Fig. 2; Additional file 2:
Figs. S2, S4). Circaeasteraceae were separated from
Ranunculales as a clade along the angiosperm back-
bone in the ASTRAL tree (Additional file 2: Figs. S4, S6).
Among the core eudicots, Berberidopsidales and Dille-
niales + Gunnerales were the first and second successive
branches, respectively, along the backbone, with moder-
ate to strong support (Additional file 2: Fig. S3). Santa-
lales were resolved as a third branch of core eudicots in
the 41-MTCDS (RAxML) tree with weak support (Addi-
tional file 2: Fig. S3) and with increased support by 1Q-
TREE (Additional file 2: Fig. S7). However, Francoaceae
were resolved as the third branch (with medium support)
and Santalales as the fourth branch (with weak support)
in the 24-MTCDS tree (Fig. 2; Additional file 2: Figs. S2).
The ASTRAL tree differed and placed Circaeasteraceae
and Berberidopsidales as the first and second branches,
respectively (Additional file 2: Figs. S4, S6). Vitales were
sister to Saxifragales, and together they were sister to the
remaining core eudicots, which were divided into two
major groups: rosids (17 orders) and asterids (16 orders).

In asterids, Cornales and Ericales were resolved as
the first and second successive clades, respectively, with
moderate support (Fig. 1). Dipsacales-Apiales-Paracryph-
iales-Escalloniales-Columelliaceae-Bruniales-Asterales
together formed the third branch with moderate sup-
port, and Icacinales, Garryales, and Aquifoliales formed
the fourth successive branch with low support. Metteniu-
sales, Solanales, Boraginales, and Gentianales were suc-
cessive sisters to Lamiales with high support (Fig. 1).

In rosids, phylogenetic relationships among orders
generally received low support (Additional file 2: Figs.
S2-S4). The Celastrales-Oxalidales-Malpighiales (COM)
clade was recovered as monophyletic (Additional file 2:
Fig. S3). Inconsistently, Oxalidales were paraphyletic,
with Huaceae placed in various isolated positions away
from other Oxalidales with strong support (Fig. 1; Addi-
tional file 2: Figs. S2, S3, S5). Caryophyllales were sister to
Geraniales away from the asterids with weak support and
were an early branching asterid clade in the 24-MTCDS
and ASTRAL analyses.
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Fig. 1 Time-calibrated tree of angiosperms based on 41 mitochondrial protein-coding sequences (MTCDSs) from 486 sampling. Diamonds

under the nodes represent the range of maximum-likelihood (ML) bootstrap percentages (BP). Taxa that separated from the orders recognized

by the APG IV classification system are indicated in red font. Values above the branches represent node ages (million years ago [Ma]). Horizontal
bars represent the 95% confidence intervals of node ages, with red bars indicating the node ages of orders and cyan bars indicating the node ages

of the backbone
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24-MTCDS concatenation tree 41-MTCDS concatenation tree

Fig. 2 Discordance at family level in 41 MTCDSs and 24 MTCDSs from 486 sampling. Curved lines between tip labels from in the two trees
phylogenies link the same families. Families are represented by a randomly chosen sample from each family

Phylogenetic conflict the internode certainty (ICA) metric for all nodes in each
To detect phylogenetic conflicts in phylogenetic analy-  result. ICA measures the degree of certainty based on the
sis, especially for nodes with low support, we calculated  frequency of all conflicting bipartitions, and ICA values
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of—1, 0, and 1 indicate bipartition with no concordance,
equal support, and strong concordance, respectively, with
one or more conflicting bipartitions. Monophyly of most
orders in 41-MTCDS concatenation tree was supported by
ICA (Fig. 3; Additional file 2: Figs. S9-S15). Columelliaceae
were highly supported (ICA =1) as distinct from Bruniales
as sister to Escalloniales, Huaceae was distinct from Oxali-
dales with ICA >0.5. Few nodes had ICA values near zero,
which implies equal support for one or more conflict-
ing bipartitions among these nodes; for example, the ICA
values for the positions of Circaeasteraceae, Francoaceae,
Cynomoriaceae, and Nelumbonaceae were close to zero.
The proportion of informative quartets was high (mean
QI=0.93; range=0.89-1.0) and that of concordant quar-
tets was also high (mean QC=0.54; interquartile range
[IQR)=0.16-1.0) (Additional file 2: Fig. S12). Additionally,
the mean QD was low (0.37; IQR=0.01-0.68), while the
mean QF (Quartet Fidelity) was high (0.72; IQR=0.66—
0.8). Like the ICA results, the nodes connecting sev-
eral major mesangiosperm clades along the backbone
received low support (Fig. 3); notably, QC values less than
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—0.05 occurred in 17.6% (63) of nodes (such as magnoli-
ids+monocots), indicating conflicts.

Discordance between PPA tree and 41-MTCDS concat-
enation tree was shown by topological differences (Fig. 4).
The topological incongruence was 0.212 with informa-
tion-based generalized Robinson—Foulds distances (from
full concordance to full discordance express as infor-
mation-based generalized Robinson-Foulds distances
from 0 to 1). Six major phylogenetic inconsistencies were
identified between PPA tree and 41-MTCDS concatena-
tion tree, including relative position of five clades (espe-
cially Chl and Cer), early branches of core eudicots, and
phylogenetic positions of Caryophyllales, Columelliaceae,
Nelumbonaceae, and Huaceae (Fig. 4). Phylogenetic
inconsistencies of two orders in monocots and 13 orders
in core eudicots were also identified (Fig. 4).

Divergence time estimates

Estimation of angiosperm divergence times is based on
the phylogenetic tree of 41 MTCDSs (Fig. 1; Additional
file 2: Fig. S16). Our results indicated that the crown
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Fig. 3 ASTRAL phylogram based on 41 single gene trees. A Backbone of angiosperms inferred by ASTRAL using 41 single gene trees. Roman
numerals denote the serial number of nodes. Numbers on the right side of the nodes represent posterior probability (PP) values. On the left side
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Curved lines between tip labels of the two trees link the same families. Families are represented by a randomly chosen sample from each family
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angiosperms arose at the boundary of Anisina and Ole-
nekian in the Lower to Middle Triassic (ca. 247.17 Ma),
with a 95% confidence interval (CI) of 227.2—-247.2 Ma.
Crown mesangiosperm divergence originated 237.87 Ma
(95% Cl:226.72—-245.32 Ma), with the five major clades of
mesangiosperms diverging over the following approxi-
mately 30 million years (Myr) (Figs. 1; Additional file 2:
Figs. S16, S17). Magnoliids diverged from monocots
approximately 236.82 Ma (95% CI: 226.40-243.45 Ma),
with crown cluster divergence times of 149.71 Ma (95%
CI: 140.28-163.14 Ma) for magnoliids and 226.48 Ma
(95% CI: 222.26-229.81 Ma) for monocots. We inferred
the time of divergence between [Ceratophyllales-Chlo-
ranthales] and eudicots as 236.65 Ma (95% CI: 235.12—
238.29 Ma), followed by the onset of divergence of crown
eudicots (229.68 Ma; 95% CI: 227.18-232.10 Ma) and the
separation of Ceratophyllales and Chloranthales (213.05
Ma; 95% CI: 185.02-230.02 Ma). The crown monocots
diverged in the Upper Triassic (266.85 Ma), which was fol-
lowed by the monocot orders Alismatales (213.72 Ma; 95%
CI: 209.85-217.73 Ma) and Petrosaviales (199.0 Ma; 95% CI:
194.47-203.81 Ma). Diversification of stem groups of orders
of monocots was largely completed in the Lower Jurassic.
The crown-eudicots diverged at 229.97 Ma (95% CI: 227.18—
232.10 Ma), with Ranunculales, Proteales, Trochodendrales,
and Buxales diverging at 205.0 Ma (95% CI: 197.02-213.40
Ma), 202.55 Ma (95% CI: 195.65-209.39 Ma), 197.63 Ma
(95% CIL: 191.52-204.10 Ma), and 187.28 Ma (95% CL
181.68-193.31 Ma), respectively. The crown group of core
eudicots diverged at 174.45 Ma (95% CI: 169.96-175.47 Ma)
in the Middle Jurassic. The first and second diverging clades
of core eudicots and the rosids and asterids all diverged at
roughly the same time,161.08 Ma (95% CI: 157.92—164.90
Ma), during the Middle to Upper Jurassic (Fig. 1).

Discussion

With dense sampling across angiosperms, we obtained well-
supported deep-node relationships of the angiosperms,
which generally agreed with previous studies employing
mitochondrial data (see [20, 29]) but also provided insights
at deep nodes. Our results indicated that mitochondrial
genomic data are effective at resolving deep-node relation-
ships, provided insights into angiosperm phylogenetic rela-
tionships, and are an important resource for phylogenetic
and evolutionary studies. We reconstructed the phylogenetic
relationship among major clades of mesangiosperms with
medium to high support along the backbone of the phylo-
genetic tree, largely supporting the existing phylogenetic
framework of monocot orders with minor inconsistencies
relative to previous studies [3, 6, 7, 22, 23, 61-63] (Additional
file 2: Fig. S18). In addition, we obtained well-supported trees
of some eudicot orders (Fig. 1; Additional file 2: Figs. S2, S6).
Discrepancies of support and phylograms between 24- and
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41-MTCDS may be due to the substitution rate of mito-
chondrial genes and the number of genes used in these
analyses (Fig. 2). These 24 mitochondrial genes are often
considered as conservative, core mitochondrial protein
coding genes [64—66]. Many factors may lead to phyloge-
netic inconsistencies between PPA tree and 41-MTCDS
concatenation tree, including horizontal gene transfer,
hybridization, substitution rate, plastid genome capture,
inheritance patterns and rapid radiation of angiosperms [9,
29, 53-55].

Three clades, including Ceratophyllales, Chloran-
thales, and [Chloranthales+ Ceratophyllales] + eudicots,
were strongly supported in this study (Fig. 1; Additional
file 2: Figs. S2, $6). The magnoliids have often been pro-
posed as the sister of the rest of the mesangiosperms, and
Ceratophyllales have been more closely associated with
the eudicots [3, 9, 20, 22, 26, 28, 31]. Our results place
magnoliids sister to monocots with low support, agree-
ing with Qiu et al. and Endress et al. [16, 67]. Chloran-
thales and Ceratophyllales were sister groups, agreeing
with previous studies [6, 20, 21, 28] and a morphological
study of Chloranthales and Ceratophyllales [67]. How-
ever, Ceratophyllales are sister to the remaining of angio-
sperm (excluding ANA grade) and Chloranthales sister
to magnoliids in a large-scale nuclear gene analysis [25].
This would appear to be a case of incongruence between
nuclear and mitochondrial genes.

Our mtDNA trees largely support the existing phylo-
genetic framework of monocot orders (such as [9, 29]),
although there are minor inconsistencies relative to pre-
vious studies. Three hypotheses have been proposed for
the positions of Asparagales and Liliales: sister groups [7,
8, 61, 68], Asparagales diverging before Liliales, and the
reverse [9, 22, 63]. Our results indicated that Asparagales
and Liliales diverged successively along the monocot
backbone with low to high support. Among commelin-
ids, Arecales and Poales diverged successively, which
agrees with plastome studies [9, 22, 63] but contrasts
with nuclear-based studies with the opposite order [6, 7,
23, 61] (Additional file 2: Fig. S18). It is noteworthy that
differences in the sampling in Petrosaviales (mycoheter-
otrophic Petrosavia [3] vs. autotrophic Japonolirion [9])
in the plastome-based results have led to their conflict-
ing phylogenetic positions. Petrosaviales were monophy-
letic here, and the phylogenetic position of Petrosaviales
was consistent with most previous studies [6-9, 22, 63].
Heterotrophic species often suffer from extremely diver-
gent plastid and nuclear genes, the former perhaps
associated with loss of photosynthesis, whereas mito-
chondrial genes have resolved phylogenetic positions of
mycoheterotrophic taxa [56, 69]. In this study, the phy-
logenetic positions of Corsiaceae, Mitrastemonaceae,
and Rafflesiaceae were well supported. This implies that



Lin et al. BMC Biology (2025) 23:45

mitochondrial phylogenomics can play an important role
in resolving phylogenetic placements for heterotrophic
groups, although, like the plastome, uniparental inher-
itance of mitogenomes makes them liable to conflicts
generated by hybridization and incomplete lineage sort-
ing (ILS; also referred to as hemiplasy, deep coalescence,
retention of ancestral polymorphisms, or trans-species
polymorphisms).

Although differing from most previous analyses (see
[9, 22, 25, 29]), the position of Berberidopsidales as sister
to the rest of the core eudicots (Fig. 1; Additional file 2:
Fig. S2; with moderate support) would be supported by
the floral development of Berberidopsis corallina (Ber-
beridopsidales), which is transitional from basal to the
core eudicots [70]. The alternative position, as a member
of the superasterids (sensu APG IV, 2016), would also be
compatible with its floral features. Although relationships
among the orders of asterids were resolved with low sup-
port, Columelliaceae were closely related to Escalloniales
rather than Bruniales [3, 9, 22] with high support. Phy-
logenetic relationships among rosids also generally had
low support, with a few exceptions such as the nitrogen-
fixing and COM clades (Fig. 1; Additional file 2: Figs.
S2-S6). The systematic position of Huaceae has been vari-
ably estimated in Malvales, Malpighiales, or Oxalidales
[12, 18, 22, 71, 72]. Huaceae is characterized by its basal
placentation, glandular leaves and anthers opening only
apically [72]. Li et al. [9] recognized Huales, but this is
premature, given that the position of Huaceae has been
either weakly supported or unresolved. The well-sup-
ported topology in the COM clade here, Malpighiales-
[Huaceae-[Oxalidales-Celastrales]] is consistent with
the results of Ruhfel et al. [42]. Relationships among four
orders in the COM clade have previously been inconsist-
ent among plastid, mitochondrial and nuclear studies,
possibly due to ILS and/or ancient hybridization [73].
Moreover, most clades of rosids had short internodes
(Additional file 2: Figs. S2-5S4), suggesting rapid radiation
[73, 74] approximately 14 Myr as estimated in our diver-
gence time study (Fig. 1). Short divergence time of these
clades and potential ILS complicates phylogenetic infer-
ence [3, 28]. In addition, gene duplications and losses,
recombination, hybridization, horizontal gene transfer,
and ancient introgressive hybridization could have ren-
dered inferences of relationships among these clades
challenging in previous studies [28].

Recently, there have been numerous publications
on the topic of the age of angiosperms [3, 25, 75-79].
It seems that key questions on this topic remain to be
resolved, with estimates ranging from approximately
140 million years ago (Ma) to 270 Ma [3, 25, 75-79]. The
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scenario of rapid early diversification of angiosperms
found here is consistent with previous studies [25, 44,
45, 77, 80] but provided some insights. The estimates of
crown group node age of major clades, including mono-
cots (226.85 Ma), magnoliids(147.77 Ma), eudicots (205
Ma), rosids (158 Ma), commelinids (175.27 Ma), and
asterids (150 Ma) (Fig. 1), were usually older than those
in PPA [3] but younger than “old tree crown node age” in
Zuntini et al. [25]. The similarity of our results with pre-
vious studies may be related to methods of fossil calibra-
tions of molecular evolution [79].

The early rapid radiation and development of the main
extant angiosperm clades over a period of ~30 Myr dur-
ing the Early and Middle Triassic are supported by some
recent studies [3, 6, 7, 81]. Several rapid radiations have
been recorded, including the early eudicots (ca.30 Myr)
[6, 76] and rosids (ca. 14 Myr). Overall, angiosperm diver-
gence time estimates found here suggest that the major
angiosperm clades diverged in the Triassic to Middle
Jurassic, and the subsequent divergence of orders from
stem groups occurred roughly in the late Jurassic to Early
Cretaceous, with the order-to-family divergences occur-
ring in the Cretaceous. The origin and early diversification
of angiosperms proposed in this study are corroborated
by other recent independent studies [7, 50, 82—85]: pres-
ence of entomophilous traits in early angiosperms [75]
and Diptera and Lepidoptera in the Triassic [86], both
with implications for angiosperm origin and coevolu-
tion with insects. The Permian—Triassic extinction event
[87-90] may have provided open ecological niches for
radiation of angiosperms [91-93]. In addition, the diver-
sification of insects, most of which, especially phytopha-
gous and pollinating insects, provided opportunities for
angiosperm expansion and diversification [86, 94], and
intrinsic innovations offered powerful adaptive mecha-
nisms. A series of events acted together to promote the
dominance of angiosperms in terrestrial ecosystems.

Conclusions

Mitochondrial gene data for 481 angiosperms repre-
senting 335 families and 63 orders were included in this
study. Three clades, including Ceratophyllales, Chlor-
anthales, and [Chloranthales+ Ceratophyllales] + eud-
icots, were strongly supported in this study. Among the
core eudicots, Berberidopsidales and Dilleniales+ Gun-
nerales were the first and second successive branches.
Our results indicated that mitochondrial genomic data
were effective at resolving deep node relationships of
angiosperm phylogeny and thus represent an important
resource for phylogenetics and evolutionary studies of
angiosperm.
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Methods

Taxon sampling

Sampling included 481 species representing 335 families
and 63 orders, accounting for approximately 98.4% of the
orders and 80% of the families of angiosperms recognized
by APG IV [23]. The sampled species represented four
families from three orders of the ANA group, 13 families
from four orders of magnoliids, one family each in Cera-
tophyllaceae and Chloranthaceae, 60 families from eleven
orders of monocots, and 256 families from 42 eudicots
orders. One order (Vahliales) and 61 families (including
Autrobaileyaceae, Hydatellaceae, and Trimeniaceae) were
not included because of the lack of plant material. Five
gymnosperm species, each representing a major clade
of gymnosperms, were used as outgroup, and MTCDSs
were downloaded from the National Center for Biotech-
nology Information (NCBI) (Additional file 1:Table S2).

Mitochondrial genome sequencing

Fresh young leaves were collected, dried using silica gel,
and stored at — 20 °C at the Institute of Botany, Chinese
Academy of Sciences. Total genomic DNA was extracted
using the TIANGEN Plant Genomic DNA Kit, according
to the manufacturer’s instructions. The quality-checked
DNA was sequenced on an Illumina platform by Major-
bio Company (Beijing, China) to generate paired-end
150 bp reads. Quality control of raw data was performed
using FastQC v0.11.8 [95]. Sequence artifacts, includ-
ing reads containing adapter contamination, low-qual-
ity nucleotides, and unrecognizable nucleotides (Ns),
were removed with Trimmomatic [96]. In addition, 203
raw sequence reads and 192 mitochondrial genome
sequences were downloaded from NCBI (Additional
file 1: Table S2).

Assembly and annotation of MTCDSs

High-quality Illumina reads were assembled into mito-
chondrial contigs using BWA [97], SAMtools [98],
Geneious Prime (Biomatters Ltd, Auckland, New Zea-
land), SPAdes v3.13.0, and GetOrganelle v1.7.5.3. [99].
The K-mer value was calculated using KmerGenie
v1.7051 (parameters: -1 15 -k 105 -s 10) and used as a
parameter in SPAdes. Sequencing depth was exam-
ined to avoid contigs with low depth that might have
entrained from the nuclear genome [28]. Contigs
were further extended using NOVOplasty v4.3.1 [100]
and Geneious Prime [101]. Annotation of mtCDSs
were annotated using the blastn program for NCBI-
BLAST +(2.9.0-2) [102], Geneious Prime (Biomat-
ters Ltd, Auckland, New Zealand) with the option
“annotation” with a similarity threshold of 70% and an
online tool MITOFY [103] (https://vcru.wisc.edu/cgi-
bin/mitofy/mitofy.cgi). The annotation results were
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checked and manually adjusted in Geneious Prime, and
41 MTCDSs were extracted using a custom Perl script
[104].

Phylogenetic analysis

Two datasets, one containing 41 mtCDSs and another
containing 24 core mtCDSs, were used for phyloge-
netic analysis. MTCDSs were individually aligned
using MAFFT v7.505 [105] and MUSCLE v5.1.1 [106],
with default parameter settings, and the poorly aligned
regions were removed using Gblocks 0.91b with the
least stringent settings. The 41 single-gene nucleotide
(41-MTCDSs) alignments were combined in a super-
matrix, with a total length of 61,572 bp. Pseudogenes
and missing genes were treated as gaps in the data-
sets. Some poorly aligned regions were removed using
Gblocks 0.91b with the least stringent settings [105].
ModelFinder [107] was used to select the best-fit par-
tition model (Edge-unlinked) for RAxML v8.2.12 [108]
using the AICc criterion, and GTRGAMMA model was
selected, as well as a more fine-grained set of models
(Additional file 1: Table S4) for IQ-TREE v1.6.9 [109]
was chosen. Maximum-likelihood (ML) analysis used
RAxML v8.2.12 [108] and IQ-TREE v1.6.9 [109] under
the GTRGAMMA model and set of models aforesaid
respectively, starting with 1000 random trees to search
for the best tree and obtaining a bootstrap percentage
based on 1000 non-parametric iterations. A subset of
data, which included 24 MTCDSs present in all sam-
ples, often considered as core protein genes [64—66],
was filtered from matrix of 41 MTCDSs. The nucleotide
sequences of these 24 MTCDSs were used to produce
an ML tree with RAxML v8.2.12 [108] as described
previously.

Additionally, a coalescent-based species tree was
inferred from the single gene tree using ASTRAL v5.7.8.
For each single gene of all sampled species, multiple
sequence alignments were constructed using MAFFT
v7.505. As unrooted input files of ASTRAL, the best
ML tree and 100 pseudo-replicate bootstrap trees for
all genes were inferred using RAxML v8.2.12. Finally, an
optimal species tree, with bootstrap support percentages,
was produced.

Assessing phylogenetic conflict

To investigate the phylogenetic conflict between the plas-
tid phylogenomic angiosperm (PPA) and 41-MTCDS
concatenation tree, R package, phytools [110], was uti-
lized to create a cophylogeny plot and visualize the incon-
gruences between them. 41-MTCDS concatenation tree
were first pruned as a family-level tree to include only
families present in PPA trees, and any duplicates were
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removed (after random selection per family); we then
compared the conflicting phylogenetic relationships of
angiosperms inferred in this study with the plastid PPA
inferred by Li et al. [3]. In total, 288 angiosperm families
were sampled in both PPA tree and 41-MTCDS concate-
nation tree and reserved for phylogenetic conflict assess-
ment. Incongruences were quantified at family level
using the R package TreeDist v.2.9.1 based on the infor-
mation-based generalized Robinson-Foulds distances
[111]. 100,000 random pairs of 288-leaf trees were gen-
erated, and the expected distances between them were
calculated as 0.52 according to Allen et al. [112], and the
calculated tree distances can be provided by comparison
with the distance expected for a pair of random trees.

To investigate the phylogenetic conflict between spe-
cies tree and single-gene tree inferred by MTCDSs, the
conflicting and concordant bipartitions were computed
using Phyparts while furnishing the summary statistics
of internode certainty (ICA) scores. The single gene trees
were utilized as input files, with gymnosperms as the out-
group for rerooting purposes. Nodes displaying bootstrap
support values (BS)<50% were excluded. Subsequently,
the input files were individually aligned to the ASTRAL
tree and the 41-MTCDS tree using Phyparts. The single
gene tree corresponding to the 24-MTCDS dataset was
selected and mapped to the 24-MTCDS tree, enabling
the computation of concordant/conflicting bipartitions
as well as ICA values for each tree separately.

The quartet sampling (QS) method, a measure used
to dissect phylogenetic inconsistencies and discriminate
lack of support, was adopted to distinguish the lack of
support from conflicting support in the concatenated
species tree. QS was conducted in Linux with 100 rep-
licates, utilizing both the concatenated 41-MTCDS tree
and the concatenated supermatrix encompassing all
mtCDSs. The outcomes were visualized using R scripts.
Quartet concordance (QC), quartet differential (QD),
quartet informativeness (QI), and quartet fidelity (QF)
scores were assessed using the QS method.

Divergence time estimates

Fossil data were searched in fossil and paleontology
databases, including PBDB (https://www.paleobiodb.
org/), Timetree (http://www.timetree.org/), INTERNA-
TIONAL FOSSIL PLANT NAMES INDEX (http://www.
ifpni.org/index.htm), and Fossil Calibration Database
Reliable [113]. We selected reliable fossil data as cali-
bration points, confirmed by previous studies. In subse-
quent molecular dating analyses, we used 46 calibration
points (Additional file 1: Table S5; Additional file 2: Fig.
S17). Divergence time estimates were determined using
TreePL [114]. Forty smoothing parameter values ranging
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from 10%° to 1072° were tested using TreePL for cross-
validation, resulting in an optimal smoothing param-
eter of 0.0001. Penalized likelihood dating analysis was
performed in TreePL using the best ML tree and 1000
bootstrap replicates. All bootstrap replicates were ana-
lyzed using RAxML to determine branch lengths and
then dated. Confidence intervals for the date estimates
were calculated from the 1000 bootstrap replicates using
TreeAnnotator [115] as implemented in BEAST.

Abbreviations
CDS Coding sequence

mtCDSs Mitochondrial protein-coding sequences

41-MTCDS atpl, atp4, atpé, atp8, atp9, ccmB, ccmC, ccmFc, ccmfn, cob, cox1,
cox2, cox3, matR, mttB, nadl, nad2, nad3, nad4, nad4l, nads,
nadé, nad’, nad9, rpl10, rpl16, rpl2, rpl5, rps1, rpsi10, rpsil, rpsi2,
1ps13, 1ps14, 1ps19, rps2, 1ps3, rpsd, rps7, sdh3, sdh4

24-MTCDS atpl, atp4, atp6, atp8, atp9, ccmB, ccmC, ccmFc, ccmfn, cob, coxT,
cox2, cox3, matR, mttB, nadl, nad2, nad3, nad4, nad4l, nads,
nad6, nad?7, nad9

Eud Eudicots

Mon Monocots

Mag Magnoliids

Chl Chloranthales

Cer Ceratophyllales

Ma Million Years Ago

Myr Million Years

HPD Highest Posterior Density

APG Angiosperm Phylogeny Group

ANA grade  Amborellales, Nymphaeales and Austrobaileyales

NCBI National Center for Biotechnology Information (https://www.
ncbi.nim.nih.gov/)

BP Bootstrap Percentages

PP Posterior Probability

COM Celastrales—Oxalidales—Malpighiales clade

Qs Quartet Sampling

Qc Quartet concordance

QD Quartet Differential

Ql Quartet Informativeness

QF Quartet Fidelity

ML Maximum-likelihood

ICA Internode Certainty

IQR Interquartile Range

PPA Plastid Phylogenomic Angiosperm

ILS Incomplete Lineage Sorting

DNA Deoxyribonucleic Acid

AlCc Second-order Akaike information criterion
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Additional file 1: Table S1. Topologies of five mesangiosperm lineages
recovered by previous studies. Table s2 Accession number and reference
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for IQ-TREE selected by ModelFinder. Table s5 Details of the 46 fossils
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Additional file 2: Fig. S1 Sixteen recently published phylograms of core
eudicots. A-P. Phylograms of core eudicots published by Worberg et al.
(2007) and APG (2016) (A), Gitzendanner et al. (2018) (B), Leebens-Mack
etal. (2019) (C), Moore et al. (2011) (D), Barniske et al. (2012) (E), Smith
etal. (2010) (F, G), Zeng et al. (2017) (H), Yang et al. (2020b) (I), Li et al.
(2019, 2021a) (J), Wikstrom et al. (2001) (K), Bremer et al. (2009) (L), Soltis



https://www.paleobiodb.org/
https://www.paleobiodb.org/
http://www.timetree.org/
http://www.ifpni.org/index.htm
http://www.ifpni.org/index.htm
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1186/s12915-025-02135-9
https://doi.org/10.1186/s12915-025-02135-9

Lin et al. BMC Biology (2025) 23:45

Page 12 of 15

etal. (2011) (M), Moore et al. (2011) (N), Worberg et al. (2007) (O), and
Barniske et al. (2012) (P). Fig. S2 Phylogram of angiosperms based on 24
MTCDSs from 486 sampling. A. Tree of angiosperms orders inferred by
RAXML. B. Inlet indicating the relationships among the main lineages
of angiosperms. Numbers above the branches represent BP values,

and taxa that separated from the APG IV orders are indicated in red.

Fig. S3 Phylogram based on the maximum-likelihood (ML) partition-
ing analysis of the 41-MTCDS concatenation matrix and 486 sampling
concatenation matrix. Numbers above the branches represent the ML
bootstrap percentages (BP), and taxa that separated from the APG IV
orders are indicated in red. Fig. 54 Phylogram of angiosperms based on
coalescence methods inferred by ASTRAL. Numbers associated with the
nodes represent posterior probability (PP) support values, and taxa that
separated from the APG IV orders are indicated in red. Branch length is
indicated on the right. Fig. S5 Phylogram of angiosperms based on the
24-MTCDS concatenation matrix of 486 sampling. The branches on the
left indicate the topological relationship, a and different colors indicate the
different branches of the clade. Numbers above the branches represent
BP values, and taxa that separated from the APG IV orders are indicated in
red. Fig. S6 Phylogram of angiosperms based on the ASTRAL analysis of

41 single gene trees from 486 sampling. A. The tree of angiosperm orders
inferred using ASTRAL. The detailed phylogeny of 486 species is presented
in Supplemental Fig. 7. B. An inlet showing the relationship of the main lin-
eages of angiosperms. Numbers above the branches represent PP values,
and taxa that separated from the APG IV orders are indicated in red. Fig.

S7 Phylogram of angiosperms based on the IQ-TREE analysis of 41-MTCDS
concatenation matrix from 486 sampling. A. The tree of angiosperm orders
inferred using IQ-TREE, and taxa that separated from the APG IV orders are
indicated in red. B. An inlet showing the relationship of the main lineages
of angiosperms. Numbers above the branches represent BP values. Fig. S8
Phylogram of the main lineages of mesangiosperms based on 41 mito-
chondrial protein-coding sequences (MTCDSs) and recently published
datasets. A. Phylogram constructed in the present study, based on 41
MTCDSs. B-G. Phylograms published by Moore et al. (2010), Soltis et al.
(2011), APG (2016), and Gitzendanner et al. (2018) (B) and Li et al. (2019,
2021) (C), based on plastid gene datasets; published by Yang et al. (2020)
(D) and Leebens-Mack et al. (2019) (E), based on nuclear gene datasets;
and published by Xue et al. (2022) (F) and Qiu et al. (2010) (G), based on
mitochondrial gene datasets. Fig. S9 Tree showing the internode cer-
tainty (ICA) scores based on 41 MTCDSs. Numbers associated with nodes
represent ICA values, and taxa that separated from the APG IV orders

are indicated in red. Fig. S10 Summary of conflicting and concordant for
each mitochondrial gene tree on the phylogram based on 41 MTCDSs.
The pie charts at each node present the proportion of single gene that
support that clade (blue), and two alternative (main and remaining)
relationship (green and red), and missing information for nodes (less than
50% bootstrap support, gray). The taxa that separated from the APG IV
orders are indicated in red. Fig. S11 Tree showing the ICA scores based on
24 MTCDSs. Numbers associated with nodes represent ICA values, and
taxa name that separated from the APG IV orders are indicated in red. Fig.
S12 Phylogram of 41 MTCDSs with Quartet Concordance (QC) scores. Full
phylogeny with heat map coloration of nodes, based on Quartet Con-
cordance (QC) scores for internal branches: dark green (QC>0.2), light
green (0.2>QC>0), light orange (0>QC> —0.05), or dark orange (QC<
—0.05). QC/Quartet Differential (QD)/Quartet Informativeness (Ql) scores
are shown with numbers in the middle of the branch. Fig. S13 Detailed
24-MTCDS tree. Summary of the conflicting and concordant MTCDSs of
phylogram based on 24 MTCDSs. The pie charts at each node present
the proportion of single gene that support that clade (blue), and two
alternative (main and remaining) relationship (green and red), and miss-
ing information for nodes (less than 50% bootstrap support, gray). The
taxa that separated from the APG IV orders are indicated in red. Fig. S14
ICA scores computed for the ASTRAL tree. Numbers associated with
nodes represent ICA values; different colors represent the branches of
a clade; and taxa that separated from the APG IV orders are indicated

in red. Fig. S15 Summary of the conflicting and concordant for each
MTCDSs of the ASTRAL phylogram. The pie charts at each node present
the proportion of single gene that support that clade (blue), and two
alternative (main and remaining) relationship (green and red), and miss-
ing information for nodes (less than 50% bootstrap support,

gray). The taxa that separated from the APG IV orders are indicated in red.
Fig. S16 Chronogram of angiosperms inferred using treePL, based on the
ML partitioned analysis of 41 MTCDs from 486 sampling. Numbers next
to the nodes represent the node ages (million years ago [Mal), and hori-
zontal bars represent 95% confidence intervals of the node ages. Fig. S17
Chronogram of angiosperms based on the analysis of 41 MTCDSs using
the penalized likelihood (PL) method. Branch colors indicate divergence
time. Black dots indicate the fossil calibration points selected for this study.
Fig. S18 Phylograms of monocots based on different datasets. Green lines
represent the phylogram inferred from 41-MTCDS concatenation matrix;
red lines represent phylograms inferred from nuclear datasets (Zeng et al.,
2014; Leebens-Mack et al,, 2019; Yang et al., 2020; Baker et al.,, 2022; and
blue lines represent phylograms based on plastid datasets (APG, 2016;
Givnish et al, 2018; Li et al,, 2021).
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