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Abstract
Background  Longer branches in phylogenetic trees usually correspond to accelerated evolutionary rates. However, 
little is known about the potential correlation between accelerated evolution rates of organisms and their adapation 
to novel environments. Here, we sampled representative species of Ranunculeae in different habitats, including two 
xerophytic Ceratocephala species, two hydrophytic Myosurus species, and six mesophytic species from other four 
genera within the tribe. By an integration of phylogenomic, comparative genomic, and evolutionary rate analyses, 
we identified fast-evolving genes (FSGs) of organelle genomes in Ceratocephala and Myosurus and explored their 
relationships with adaptation to dry and aquatic habitats, respectively.

Results  The Ceratocephala-Myosurus clade originated at 33.01 Ma and began to diversify at 24.43 Ma. A total of 
nine plastid FSGs (ndhB, ndhD, rpoB, rpoC1, rps3, rps7, rps11, ycf1, ycf4) and two mitochondrial FSGs (ccmFC, nad6) 
were identified as shared by Ceratocephala and Myosurus. Ceratocephala has four unique plastid FSGs (rps4, petD, 
psbH, rpl22) and two unique mitochondrial FSGs (ccmB, nad4); Myosurus has three unique plastid FSGs (ndhA, psbC, 
rpl32) and one unique mitochondrial FSG (atp1). The predicted protein structure of ycf1 is obviously different among 
Ceratocephala, Myosurus, and Ranunculus. The predicted protein structures of rps4 and ccmFC in Ceratocephala 
markedly differ from those in Ranunculus.

Conclusions  Plastid (rpo-, rps-, rpl-) and mitochondrial (nad-, ccm-) genes constitute the predominant functional 
categories within the FSGs, implying that they may play an important role in adaptation to specific habitats. The 
Ceratocephala-specific six FSGs and predicted protein structural changes of ycf1, rps4 and ccmFC may be related to the 
adaptation of this genus to dry habitats in the late Oligocene. The Myosurus-specific four FSGs and predicted protein 
structural change of ycf1 may be associated with the adaptation of this genus to aquatic habitats. These findings 
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Background
Adaptive evolution is a major biological theme in the 
genomics era, and evolutionary rate represents one of 
its core research topics [1, 2]. Molecular evolutionary 
rates are extremely heterogeneous across lineages, even 
among closely related taxa [3, 4]. Faster molecular evo-
lutionary rates may enable organisms to invade novel 
habitats. Fast-evolving organisms can exhibit greater 
environmental tolerances [5]. Therefore, the differences 
in evolutionary rates are particularly pronounced among 
taxa occupying distinct habitats [5, 6]. For example, 
cold-responsive genes in Cardamine resedifolia (Bras-
sicaceae) at high altitudes have accelerated evolutionary 
rates compared to those in C. impatiens at low altitudes 
[7]. However, few studies have been devoted to explore 
the evolutionary rates of angiosperms inhabiting dry and 
aquatic habitats in a phylogenetic framework.

Organelle genomes are the most frequently used 
sources of genetic data for reconstructing the phylog-
eny of plant groups and studying molecular evolutionary 
rates [8–10]. Organelle genomes, including the plastid 
genome (plastome) and mitochondrial genome (mitoge-
nome), originated from endosymbiotic events, and are 
independent genetic elements located in the cytoplasm, 
which are generally smaller and more accessible than 
nuclear genomes [11]. Plastome plays an essential role in 
the photosynthesis of green plants, and its protein-coding 
genes can be categorized into seven functional groups: 
plastid NADH dehydrogenase-like complex (nad), photo-
synthesis-related (psa, psb), plastid-encoded RNA poly-
merase genes (rpo), plastid ATP synthase genes (atp), 
cytochrome b6f (Cytb6f) complex (pet), ribosomal protein 
genes (rps, rpl), and others [12]. Mitogenome encodes 
essential components of the electron transport chain, 
playing an important role in cellular respiration and ATP 
production, and its protein-coding genes can be catego-
rized into six functional groups: mitochondrial NADH 
dehydrogenase-like complex genes (nad), mitochon-
drial ATP synthase genes (atp), cytochrome b6f (Cytb6f) 
complex genes (ccm), ribosomal protein genes (rps, rpl), 
mitochondrial cytochrome coxidase genes (cox), and oth-
ers [13]. For organelle genomes, molecular evolutionary 
rates exhibit functional heterogeneity among genes. For 
example, in Geraniaceae plastomes, rpo-, rps-, and rpl-
genes have faster evolutionary rates than other plastid 
genes [8]; for mitochondrial genes in Ajugoideae (Lamia-
ceae), nad2 shows a typically slow rate, while atp6, ccmC 
and rps12 exhibit accelerated rates [14]. Due to the func-
tional characteristics of plastid and mitochondrial genes, 

the genes with fast evolutionary rates may be related to 
the adaptation of angiosperms to specific habitats. How-
ever, whether fast-evolving genes (FSGs) of organelle 
genomes in angiosperms adapting to different habitat 
exhibit universal or specific function remains unknown.

Ranunculeae, the largest tribe in the angiosperm family 
Ranunculaceae, consists of 19 genera and ca. 650 species 
[15, 16]. Most genera of this tribe grow in mesophytic 
habitats except Ceratocephala, Myosurus and some spe-
cies of Ranunculus [15]. Ceratocephala is mainly dis-
tributed in the dry areas of Central Asia (three or four 
species) and New Zealand (one species; Fig. S1). Myo-
surus contains ca. 15 species and is mainly distributed 
in wet or seasonally wet areas of all continents (Fig. S1). 
Phylogenetic analyses indicate that within the Ranuncu-
leae, xerophytic Ceratocephala and hydrophytic Myosu-
rus formed a clade, which is sister to the clade containing 
Laccopetalum, Krapfia, and Ranunculus [16–19]. The 
phylogram of the plastomic data shows the branches 
of Ceratocephala and Myosurus was longer than other 
Ranunculeae [19], suggesting that these two genera might 
have faster molecular evolution rates [20, 21]. Thus, 
Ranunculeae provides an opportunity to study the rela-
tionship between fast molecular evolution of organelle 
genes and the adaptation to dry and aquatic habitats.

In this study, we sequenced plastid and mitochondrial 
genes of 11 species of Ranunculeae and one species of 
Anemoneae using the genome-skimming technique. 
We performed phylogenetic analyses and estimated 
molecular evolutionary rates using mitochondrial and 
plastid genomic data separately. Within the dated phy-
logenetic framework, we then identified FSGs of organ-
elle genomes and predicted their protein structures of 
xerophytic Ceratocephala, hydrophytic Myosurus, and 
mesophytic Ranunculus. These analyses will advance our 
understanding about the potential relationships between 
the accelerated evolution of organelle genes of organisms 
and their adaptation to arid and aquatic environments.

Results
Phylogenetic analysis
We performed high-quality gene annotation for the 
11 plastomes of Ranunculeae (Table S1), and identi-
fied 78 plastid (pt) protein-coding genes. Ceratocephala 
plastome has all 78-pt genes, while Myosurus plastome 
has 76-pt genes owing to lacking clpP and rps16 (Fig. 
S2; Table S2). In 40 mitochondrial (mt) protein-coding 
genes of Ranunculeae, we only obtained 25-mt genes for 

suggest that the increases in evolutionary rates and predicted protein structural changes of organelle genes may 
facilitate organisms to adapt specific habitats.
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Ceratocephala and 27-mt genes for Myosurus, respec-
tively (Fig. S2; Table S3).

We performed phylogenetic analyses using 78-pt gene 
dataset and 40-mt gene dataset, separately. The topology 
of Ranunculeae phylogeny generated based on 78-pt gene 
dataset is nearly identical with the 40-mt gene dataset, 
but the former received higher support (Figs. 1a and b). 
Based on the two datasets, Ceratocephala and Myosurus 
formed a clade with strong support (BS = 100%), sister to 
Ranunculus (BS = 100%). The monophyly of each of Cera-
tocephala and Myosurus is strongly support.

Divergence time estimation
Molecular dating was performed based on the 78-pt 
gene dataset (Fig. S3). The stem and crown group ages 
of Ranunculeae were estimated at 67.79 Ma [95% highest 
posterior density (HPD): 60.53–70.36  Ma] and 48.6  Ma 
(95% HPD: 42.03–55.59  Ma), respectively. The stem 
group age of Ceratocephala-Myosurus clade was esti-
mated at 33.01 Ma (95% HPD: 25.26–42.6 Ma). The split 
between Ceratocephala and Myosurus was at 24.43  Ma 
(95% HPD: 23.06–31.08  Ma). Ceratocephala and Myo-
surus became differentiated at 0.48  Ma (95% HPD: 
0.21–4.87  Ma) and 1.35  Ma (95% HPD: 0.04–1.6  Ma), 
respectively.

Ancestral habitat reconstruction
Based on species occurrence records, as well as annual 
precipitation variable and aridity index that we extracted 
(Table S1), Ceratocephala grows in arid environments, 
while Myosurus inhabits in humid environments. Our 

ancestral habitat reconstruction indicates that meso-
phytic habitat is the ancestral state in Ranunculeae (Fig.
S4). The most recent common ancestor of Ceratocephala 
and Myosurus also occurred in mesophytic environ-
ments. The most recent common ancestors of Cerato-
cephala and Myosurus are xerophytic and hydrophytic, 
respectively.

Evolutionary rate analysis
To identify organelle FSGs in Ceratocephala and Myo-
surus, we used the likelihood ratio test to calculated the 
ω values (dN/dS, non-synonymous substitution rates/
synonymous substitution rates) of organelle genes in 
Ceratocephala, Myosurus, and other Ranunculus. For 
77 of 78-pt genes, the two-ratio model (m2), assuming 
that the foreground branch has evolved under a differ-
ent rate (alternative hypothesis), was identified as best-
fit to Ceratocephala, Myosurus, and other Ranunculeae. 
For the photosystem II factor gene (psbJ), the one-ratio 
model (m0), assuming that all branches have been evolv-
ing at the same rate (null hypothesis), was identified as 
best-fit (Table S4). The ω values of 31-pt genes in Cera-
tocephala and 32-pt genes in Myosurus were higher than 
those in Ranunculus (Fig.  2; Table S4). Moreover, nine 
plastid genes, including two NADH dehydrogenase-like 
complex genes (ndhB, ndhD), two plastid-encoded RNA 
polymerase genes (rpoB, rpoC1), three ribosome small 
subunit genes (rps3, rps7, rps11), an unknown function 
gene (ycf1), and a photosystem assembly factor gene 
(ycf4), evolved faster in both Ceratocephala and Myo-
surus with p-value < 0.05 (Figs. 2 and 3; Table S4). Four 
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FSGs, including a ribosome small subunit gene (rps4), a 
Cytochrome b6f complex gene (petD), a photosynthesis-
related gene (psbH), and a ribosome large subunit gene 
(rpl22), were identified in Ceratocephala. Three FSGs, 
including a NADH dehydrogenase-like complex gene 

(ndhA), a photosynthesis-related gene (psbC), and a ribo-
some large subunit gene (rpl32), were identified in Myo-
surus (Figs. 2 and 3; Table S4).

We excluded 10 mt-genes that were missing in both 
Ceratocephala and Myosurus. For 28 of 30 mt-genes, the 

Fig. 2  Plot of ranked log P-values for selected genes from the likelihood ratio test. The vertical line shows a P-value cut-off, and genes appearing to the 
left of the vertical line have a significantly higher ω value. a Ranked log P-values of plastid genes with significantly higher ω values in Ceratocephala against 
Ranunculus. b Ranked log P-values of plastid genes with significantly higher ω values in Myosurus against Ranunculus. c Ranked log P-values of mitochon-
drial genes with significantly higher ω values in Ceratocephala against Ranunculus. d Ranked log P-values of mitochondrial genes with significantly higher 
ω values in Myosurus than in Ranunculus
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Fig. 3  Chronogram of Ranunculeae and the adaptive evolution of organelle genes. a Combined chronogram and evolutionary rate analysis. Dating 
analysis was performed using BEAST based on the 78-pt gene dataset. The grey bars represent 95% highest posterior density intervals. Plastid and mi-
tochondrial FSGs that were identified were labeled above and below branches, respectively. The depictions of temperature and sea level changes are 
modified from Scotese et al. [22] and Haq et al. [23], respectively. b The predicted protein tertiary models obtained for two FSGs shared by Ceratocephala 
and Myosurus, plastid ycf1 and mitochondrial ccmFC, and one FSG in Ceratocephala, plastid rps4. M2, first major glacial event in the NH; FSGs, fast evolving 
genes. Cre., Cretaceous; P., Pliocene; Q., Quaternary
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two-ratio model (m2) was identified as best-fit. For the 
cytochrome c oxidase gene (cox1) and the ribosome large 
subunit gene (rpl5), the one-ratio model (m0) was identi-
fied as best-fit (Table S5). The ω values of 6 mt-genes in 
Ceratocephala and 6 mt-genes in Myosurus were higher 
than those in Ranunculus (Fig. 2; Table S4). Compared to 
Ranunculus, two genes, i.e. the Cytochrome b6f complex 
gene (ccmFC) and the NADH dehydrogenase-like com-
plex gene (nad6), evolved faster in both Ceratocephala 
and Myosurus. Two FSGs, i.e., the Cytochrome b6f com-
plex gene (ccmB) and the NADH dehydrogenase-like 
complex gene (nad4), were identified in Ceratocephala. 
The ATP-Synthase complex gene (atp1) was identified to 
be a FSG in Myosurus.

Protein structure model analysis
To structurally characterize the FSGs, we predicted and 
compared the protein structure of each of the identified 
FSGs among Ceratocephala, Myosurus, and Ranunculus. 
For the 8 pt-FSGs shared by Ceratocephala and Myosu-
rus, sequence identity was generally high among Cerato-
cephala, Myosurus, and Ranunculus, except for ycf1 with 
low sequence identity (< 70%; Table S6; Fig. S5). For the 
4 pt-FSGs in Ceratocephala and 3 pt-FSGs in Myosurus, 
sequence identity was generally high between Cerato-
cephala and Ranunculus, and between Myosurus and 
Ranunculus, respectively. Based on template modeling 
score (TM-score), the predicted protein structure of ycf1 
is markedly different among Ceratocephala, Myosurus, 
and Ranunculus (< 0.17; Fig. 3; Table S6). The predicted 
protein structure of rps4, a FSG in Ceratocephala, is 
obviously different between Ceratocephala and Ranuncu-
lus (TM-scores < 0.17; Fig. 3; Table S6).

For the 2 mt-FSGs shared by Ceratocephala and Myo-
surus, sequence identity was generally high among Cer-
atocephala, Myosurus, and Ranunculus (> 70%; Fig. S6; 
Table S7;). For the 2 mt-FSGs in Ceratocephala and 1 mt-
FSG in Myosurus, sequence identity was generally high 
between Ceratocephala and Ranunculus, and between 
Myosurus and Ranunculus, respectively. Based on TM-
scores, the predicted protein structure of ccmFC, a FSG 
shared by Ceratocephala and Myosurus, is markedly dif-
ferent between Ceratocephala and Myosurus (< 0.17; 
Fig. 3; Table S7), and between Ceratocephala and Ranun-
culus (< 0.17; Fig. 3; Table S7).

Discussion
Evolutionary rate of organelle genomes in Ceratocephala 
and Myosurus lineages
Longer branches in phylogenies usually indicate faster 
evolutionary rates [20, 21]. Variations in evolutionary 
rates among lineages (heterotachy) have been widely 
documented throughout the tree of life [24–26]. The 
plastomes of maize and rice have faster evolutionary 

rates than that of tobacco [27]. The plastomes of Poales 
have faster evolutionary rates than of other commelinid 
groups [28–30]. The mitogenomes of Pelargonium (Gera-
niaceae) and Plantago (Plantaginaceae) have faster evolu-
tionary rates than that of Silene (Caryophyllaceae) [31]. 
The plastome and mitogenome of Eleocharis have faster 
evolutionary rates than those of Kobresia in Cyperaceae 
[27]. All our phylogenomic analyses based on pt- and mt-
gene data show that Ceratocephala and Myosurus formed 
a clade, sister to Ranunculus (Fig. 1), consistent with our 
previous studies [17–19]. In the pt- and mt-gene trees, 
the branch lengths of xerophytic Ceratocephala and 
hydrophytic Myosurus are longer than the other meso-
phytic genera of Ranunculeae (Fig.  1), suggesting that 
the organelle genomes of the two genera may have been 
evolving at accelerated rates.

The increases in evolutionary rates are probably associ-
ated with the specific environment [28]. In Dendrodoridi-
dae (Mollusca), the mitogenome of smooth Dendrodoris 
under rocks 0–5 m sea level has faster evolutionary rates 
than that of warted Dendrodoris at 20 m below sea level 
[29]. In Cardamine (Brassicaceae), cold responsive genes 
in C. resedifolia in a high altitude exhibit faster evolution-
ary rates than C. impatiens at a low altitude [7]. Smaller 
tree ferns living in warmer environments have faster evo-
lutionary rates than other tree ferns [30]. Gillman and 
Wright [31] proposed that dry and wet environments can 
affect the evolutionary rates of species. In Ranunculeae, 
Ceratocephala grows in dry habitats, Myosurus inhabits 
wet habitats, whereas other genera of the tribe are mainly 
distributed in mesophytic habitats. Thus, the accelerated 
evolutionary rates of Ceratocephala and Myosurus might 
be related to their respective adaptation to dry and wet 
habitats.

FSGs in Ceratocephala and Myosurus
By comparing two branch models, we identified the 
two-ratio model as best-fit for 77 pt-genes and 28 mt-
genes (Tables S4, S5), which suggests that the majority 
of organelle genes tend to evolve under a different rate 
between Ceratocephala and Ranunculus and between 
Myosurus and Ranunculus. The ω values of 37 and 38 
organelle protein-coding genes in Ceratocephala and 
Myosurus are higher than those in Ranunculus, respec-
tively (Fig.  2), implying these genes underwent accel-
erated evolution. Among the 16 identified FSGs of 
plastomes in Ceratocephala and Myosurus, rps- and rpl-
genes are account for a relatively large proportion, and 
two of the four rpo-genes are FSGs. Similar patterns have 
been found in some taxa. For example, in Geraniaceae 
rps- and rpl-genes are highly accelerated [8, 32]; and rpo-
genes in Annonaceae, Passifloraceae and Geraniaceae are 
higher evolutionary rates [33, 34]. The rps- and rpl-genes 
play a role in light-dependent regulation of transcription/
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translation processes [35]. The rpo-genes encode plastid-
encoded RNA polymerase (PEP), which plays a major 
role in rRNA synthesis [36]. The mt-FSGs mainly belong 
to nad-genes and ccm-genes. In plants, ccm-genes acts as 
a redox sensing hub, pivotal to the regulation of light har-
vesting and cyclic electron transfer that protect against 
metabolic and environmental stresses [37].

Nine FSGs in plastome (ndhB, ndhD, rpoB, rpoC1, 
rps3, rps7, rps11, ycf1, and ycf4) and two FSGs in mitoge-
nome (ccmFC and nad6) are shared by Ceratocephala 
and Myosurus (Fig.  3). Thus, these eleven genes might 
have been involved in the colonization of new environ-
ments by the most recent common ancestor of the two 
genera, and thereby led to the divergence from the meso-
phytic sister lineage. Among eleven FSGs, two genes 
(ycf1, ccmFC) display genus-specific variations in pre-
dicted protein structural features. The plastid gene ycf1 
shows low TM-score in intergeneric comparisons, indi-
cating difference protein structures of this gene among 
these three genera (Fig. 3; Table S6). The role of ycf1 has 
not yet been unambiguously defined [38], but it has been 
hypothesized to involve the structural remodeling and/or 
linkage of plastid chromosomes to protein and/or mem-
brane structures [39, 40]. Thus, the structural variation 
of the predicted protein coded by ycf1 may be associated 
with the differentiation of Ceratocephala and Myosurus 
to adapt to dry and wet environments, respectively. The 
mitochondrial gene ccmFC shows low TM score in Cera-
tocephala compared to the other two genera, indicating 
the genus-specific predicted protein structural diver-
gence in Ceratocephala (Fig.  3; Tables S7). The ccmFC 
involves in the biogenesis of mitochondrial respiratory 
complexes III and IV in plants, its protein possesses some 
conserved domains, especially in the N- and C-terminal 
parts, and the variation of its structure will have a cru-
cial impact on its function [41]. Thus, the ccmFC might 
have played a significant role in promoting the adapta-
tion of Ceratocephala to dry habitats. Whether the struc-
tural differences of ycf1 and ccmFC are explicitly linked to 
adaptation to arid or aquatic environments will be vali-
dated by functional experiment in the future.

Our divergence time estimates show that the Cerato-
cephala-Myosurus clade originated in the early Oligocene 
(33.01  Ma, 95% HPD: 25.26–42.6; Fig.  3). Around the 
Eocene–Oligocene Transition (EOT, ca. 34  Ma), a mas-
sive drop in global temperature and a major increase in 
continental ice volume occurred [42, 43]. Rohde [44] pro-
posed that temperature may change the evolutionary rate 
of organisms via an influence on the rate of mutagenesis 
and/or via an indirect influence on rates of selection. The 
EOT temperature drop might drove both the genus-spe-
cific predicted structural divergences in ycf1 and ccmFC 
proteins and the accelerated evolution of the 11 FSGs 
shared by Ceratocephala and Myosurus.

Among the FSGs unique to Ceratocephala, the plastid 
gene rps4 exhibits distinct predicted protein structural 
configurations between Ceratocephala and Ranunculus 
(Fig.  3; Table S6), suggesting that this gene might have 
played a potential role in enhancing drought tolerance 
in Ceratocephala. Ceratocephala is mainly distributed in 
Central Asian dry areas with one in New Zealand. The 
estimated age for the split of Ceratocephala and Myo-
surus was at 24.43  Ma (95% HPD: 23.06–31.08; Fig.  3). 
During this period, the aridification of inland Asia was 
markedly intensified [45–49]. The uplifts of the Pamir-
Tian Shan and the Qinghai-Tibet Plateau [50–53] and 
the continued retreat of the Paratethys Sea [54–56] might 
have been main triggers for the climatic change, which 
led to the expansion of Asian arid ecosystems and con-
sequently drove possibly the evolutionary origin of Cera-
tocephala. Our evolutionary rate analyses identified four 
pt-FSGs (petD, psbH, rpl22, and rps4) and two mt-FSGs 
(ccmB and nad4) that were only found in Ceratocephala 
(Fig. 3). Thus, we suggest that these six FSGs and the pre-
dicted protein structural difference of rps4 may be related 
to the adaptation of Ceratocephala to dry habitats in the 
late Oligocene.

Three pt-FSGs (ndhA, psbC, and rpl32) and one mt-
FSG (atp1) was only found in Myosurus (Fig. 3). Myosu-
rus is mainly distributed in wet or seasonally wet areas 
of all continents. In the late Oligocene (ca. 25 Ma), there 
was a significant rise in global sea level (Fig.  3) [22, 23, 
57]. The rise of global sea level may provide wet habi-
tats for Myosurus. Thus, we suggest that significant rise 
in global sea level during the late Oligocene might have 
promoted the accelerated evolution of the four organelle 
FSGs in Myosurus.

Conclusion
Our integration of phylogenomic, comparative genomic, 
evolutionary rate, and predicted protein structure varia-
tion analyses can be used to explore adaptive evolution 
of organelle genomes of other plant groups to specific 
habitats. We show that eleven organelle genes shared 
by Ceratocephala and Myosurus underwent accelerated 
evolution. Ceratocephala and Myosurus have six and 
four unique organelle FSGs, respectively. Among these 
FSGs, the plastid rpo-, rps- and rpl-genes and mitochon-
drial nad- and ccm-genes are account for a relatively 
large proportion, suggesting that they might have played 
important roles in Ceratocephala and Myosurus to adapt 
arid and aquatic habitats, respectively. Additionally, the 
predicted protein structures of ycf1, rps4 and ccmFC in 
Ceratocephala and Myosurus were changed, which might 
have been associated with habitat shifts in the late Oli-
gocene. These findings suggest that FSGs may exhibit 
habitat-specific functional traits in plant adaptation to 
arid and aquatic environments. To better understand 
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the correlation between accelerated evolution rates of 
these two genera and their adaptation to specific envi-
ronments, evolutionary rates of nuclear genes need to 
be investigated in the future since the nuclear genome 
contains the vast majority of functional genes. In par-
ticular, other omics data with larger sample sizes (e.g., 
transcriptomics and genomics) can be used to validate 
whether the identified FSGs and predicted protein struc-
ture changes drove environmental adaptation of Cerato-
cephala and Myosurus.

Materials and methods
Sample sequencing, data assembly, and annotation
We sampled two species of Ceratocephala and Myosu-
rus, respectively (Fig. S1). Following Wang et al. [16–18, 
58], Ranunculeae contains two major clades. For the 
clade containing Ceratocephala and Myosurus, we also 
sampled four mesophytic species of Ranunculus and 
one mesophytic species of Ficaria. For the other clade, 
two mesophytic species from Halerpestes and Oxygra-
phis were also included (Table S1). Based on the results 
of previous studies [18, 59], Anemone of Anemoneae, sis-
ter to Ranunculeae, was selected as outgroup. Vouchers 
were deposited in Herbarium, Institute of Botany, Chi-
nese Academy of Sciences, Beijing (PE). Wei Wang and 
Andrey S. Erst undertook their formal identification. No 
specific permissions or licenses were required for our 
collections and experiments. Voucher information and 
GenBank accession number of plastomes are listed in 
Table S1. The plastid and mitochondrial gene sequence 
alignments that were used to generate phylogenetic trees 
were deposited in the FigShare database (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​6​0​8​4​​/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​9​5​7​1​4​2).

Genomic DNA of the 12 sampled species were 
extracted from silica gel-dried leaves or herbarium speci-
mens and purified using the Tiangen Isolation/Extrac-
tion/Purification Kit (Tiangen Biotech (Beijing) Co., 
Ltd.). Short insert of 300–500 bp libraries were prepared 
for sequencing on the Illumina HiSeq X-Ten platform.

The plastome was de novo assembled using GetOr-
ganelle v1.7.6.1 [60] and was annotated by PGA [61] 
and OGDRAW v1.3.1 (Table S1) [60]. We preliminary 
extracted 40-mt genes using hybpiper v2.1.6 [62], Mito-
Finder v1.4.1 [63], and SPAdes v3.15.2 [64]. The amino 
acid sequences of 78-pt and 40-mt genes were separately 
aligned in MAFFT v7 [65]. DNA sequences were then 
aligned using PAL2NAL v14 [66]. We analyzed the values 
of GC and length of 78-pt and 40-mt genes, then we used 
the median value to represent each genus.

Phylogenetic analyses and divergence time estimation
The 78-pt genes and 40-mt genes were concatenated 
separately, and then performed ML analysis using 
RAxML v8.2.12 [67] with 1,000 replicates under the 

GTRGAMMA model. Following the suggestion by Wang 
et al. [17], the thresholds BS ≥ 70% was used as an indica-
tion of strongly supported incongruence.

Due to the limited number of mitochondrial genes 
obtained, divergence times were estimated based on the 
concatenated 78-pt gene dataset using BEAST v2.1.3 
[68]. Fossil achenes of Myosurus sp. were found from the 
Oligocene [69]. The split of Ceratocephala and Myosurus 
was thus set at 23.03 Ma, with a lognormal distribution 
(Fig. S3). The offset (minimum age constraint) was set to 
be equal to the age of the fossil. The 95% upper bound of 
the distribution (soft maximum) was set by adjusting the 
standard deviation with 1.25. The 95% upper bound of the 
distribution (soft maximum) was determined by adjust-
ing the standard deviation to 1.25. We also used two sec-
ond calibration points, based on the ages estimated in 
the recent study [18]: the crown group age of Ranuncu-
leae was constrained at 49.4 Ma (95% HPD: 42.71–55.60) 
and the root age was constrained at 68.95 Ma (95% HPD: 
60.01–74.64; Fig. S3). The standard deviations for these 
two calibrations are 3.5 and 3.7, respectively, based on 
a prior normal distribution. An uncorrelated lognormal 
relaxed clock model of rate variation across branches 
was used to estimate the divergence time, together with a 
Yule prior, and the GTR substitution model for each gene 
partition separately.

The Markov chain Monte Carlo (MCMC) ran for 
100,000,000 generations, with sampling every 2,000 gen-
erations. We evaluated the convergence using Tracer 
v1.7.1 [70]. After 25% burn-in, we used TreeAnnotator 
v1.7.2 [68] to generate the maximum clade credibility 
(MCC) tree with mean ages and 95% HPD intervals on 
nodes. We used FigTree v1.4.0 (​h​t​t​p​​:​/​/​​t​r​e​e​​.​b​​i​o​.​​e​d​.​​a​s​.​u​​k​/​​s​o​
f​t​w​a​r​e​/​f​i​g​t​r​e​e​/) to generate the chronogram.

Ancestral habitat reconstruction
We first downloaded georeferenced specimen occurrence 
data of Ceratocephala and Myosurus from Global Biodi-
versity Information Facility (GBIF; ​h​t​t​p​:​/​/​w​w​w​.​g​b​i​f​.​o​r​g​​​​​)​
. After removing the localities without accurate coordi-
nates, we then dotted the obtained occurrence records 
into the annual precipitation map that was generated 
by the WorldClim (www.worldclim.org) at 30-s resolu-
tion. We designated each species as xerophytic, meso-
phytic, or hydrophytic based on aridity index (AI) that 
was obtained from the Global Aridity Index and Poten-
tial Evapo-Transpiration Database v3.1 [71]. Following 
the criterion of the World Atlas drylands [72], we defined 
areas with AI of less than 0.20 (encompassing hyper-arid 
and arid environments) as xerophytic, with AI of more 
than 0.65 (humid environments) as hydrophytic, and 
with AI of 0.2–0.65 as mesophytic. Our results show that 
Ceratocephala is xerophytic, Myosurus is hydrophytic, 
and the sampled species from other Ranunculeae and 

https://doi.org/10.6084/m9.figshare.28957142
https://doi.org/10.6084/m9.figshare.28957142
http://tree.bio.ed.as.uk/software/figtree/
http://tree.bio.ed.as.uk/software/figtree/
http://www.gbif.org
http://www.worldclim.org
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Anemoneae are mesophytic (Table S1), which are consis-
tent with the descriptions of Tamura [15].

To infer the habitat evolution in Ranunculeae, we opti-
mized habitat type onto the ML tree recovered from the 
78-pt gene data using ML approach in Mesquite v2.75 
[73]. The Markov k-state one-parameter model of evolu-
tion for discrete unordered characters [74] was used.

Evolutionary rate estimation
We ran the one-ratio branch model and two-ratio branch 
model with CODEML program in PAML v4.9 [75] to 
estimate the ω, respectively. Partial genes lacking Cerato-
cephala and Myosurus were excluded.

We compared two branch models, H0: the one-ratio 
model (m0) that assumes all branches have been evolving 
at the same rate (null hypothesis), and HA: the two-ratio 
model (m2) allows the foreground branch to evolve under 
a different rate (alternative hypothesis). Ceratocephala 
and Myosurus were designated as foreground branches. 
We used a likelihood ratio test (LRT) to test each model’s 
fit and compare the one-ratio branch and the two-ratio 
branch models. If a gene had a higher ω in the fore-
ground branch than in the background branch and also 
had a p-value < 0.05, it was considered as a FSG in the 
foreground branch. The abnormal ω values (ω < 0.001 or 
ω > 5) were excluded from our analysis [76, 77].

Protein structure models prediction
For FSGs, we predicted and compared their pro-
tein structures in Ceratocephala and Myosurus using 
SWISSMODEL [78], with Ranunculus as homolog pro-
tein template. For each sequence, we kept the structure 
with the best Global Model Quality Estimate (GMQE) 
score as reference for our protein structure model [78]. 
To evaluate the predicted protein structural differences, 
we evaluated the percentage of sequence similarity, and 
the topological similarity of the predicted protein struc-
tures, known as template modeling TM-score. TM-score 
is a metric for assessing the topological similarity of pro-
tein structures. TM-score has the value in (0,1), where 1 
indicates a perfect match between two structures, scores 
below 0.17 correspond to randomly chosen unrelated 
proteins, whereas structures with a score higher than 0.5 
assume generally the same fold in SCOP/CATH [79, 80].
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