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Abstract 

Background Expansion and contraction of inverted repeats can cause considerable variation of plastid genomes 
(plastomes) in angiosperms. However, little is known about whether structural variations of plastomes are associated 
with adaptation to or occupancy of new environments. Moreover, adaptive evolution of angiosperm plastid genes 
remains poorly understood. Here, we sequenced the complete plastomes for four species of xerophytic Cerato-
cephala and hydrophytic Myosurus, as well as Ficaria verna. By an integration of phylogenomic, comparative genomic, 
and selection pressure analyses, we investigated evolutionary patterns of plastomes in Ranunculeae and their rela‑
tionships with adaptation to dry and aquatic habitats.

Results Owing to the significant contraction of the boundary of  IRA/LSC towards the  IRA, plastome sizes and IR 
lengths of Myosurus and Ceratocephala are smaller within Ranunculeae. Compared to other Ranunculeae, the Myosu-
rus plastome lost clpP and rps16, one copy of rpl2 and rpl23, and one intron of rpoC1 and rpl16, and the Ceratocephala 
plastome added an infA gene and lost one copy of rpl2 and two introns of clpP. A total of 11 plastid genes (14%) 
showed positive selection, two genes common to Myosurus and Ceratocephala, seven in Ceratocephala only, and two 
in Myosurus only. Four genes showed strong signals of episodic positive selection. The rps7 gene of Ceratocephala 
and the rpl32 and ycf4 genes of Myosurus showed an increase in the rate of variation close to 3.3 Ma.

Conclusions The plastomic structure variations as well as the positive selection of two plastid genes might be 
related to the colonization of new environments by the common ancestor of Ceratocephala and Myosurus. The seven 
and two genes under positive selection might be related to the adaptation to dry and aquatic habitats in Cerato-
cephala and Myosurus, respectively. Moreover, intensified aridity and frequent sea‑level fluctuations, as well as global 
cooling, might have favored an increased rate of change in some genes at about 3.3 Ma, associated with adaptation 
to dry and aquatic environments, respectively. These findings suggest that changing environments might have influ‑
enced structural variations of plastomes and fixed new mutations arising on some plastid genes owing to adaptation 
to specific habitats.
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Background
The plastid is an organelle with an essential role in the 
photosynthesis of green plants [1]. Typically, angio-
sperm plastid genomes (plastomes) display a quadripar-
tite circular structure with sequences ranging from 130 
to 170 kb in length [2]. The complete plastome consists 
of one large single copy (LSC) and one small single copy 
(SSC) regions, flanked by two inverted repeats  (IRA and 
 IRB) [2, 3]. Generally, the plastomes of angiosperms are 
highly conserved in terms of gene content and struc-
ture, but there is considerable variation resulting from 
the expansion and contraction of IRs [4], the addition, 
loss and pseudogenization of genes [5], the inversion of 
genes and regions [6], and polymorphic simple sequence 
repeats (SSRs) [7]. Some studies have indicated that 
plastomic variations of heterotrophic plants (parasites 
or mycoheterotrophs) are correlated with their unique 
lifestyle [8]. For example, mycoheterotrophic Neottieae 
(Orchidaceae) have lost plastid NADH dehydrogenase-
like complex and photosynthesis-related genes [9]. To 
date, we know little about whether plastomic variations 
of an angiosperm group are associated with adaptation or 
occupancy of new environments, such as dry and aquatic 
habitats.

Protein-coding genes of a complete angiosperm plas-
tome can be divided into five functional groups, i.e., 
plastid NADH dehydrogenase-like complex, photosyn-
thesis-related, plastid-encoded RNA polymerase, plas-
tid ATP synthase, and housekeeping [8, 9]. Some plastid 
protein-coding genes have been reported under positive 
selection in different taxa, such as seven NADH dehy-
drogenase-like complex genes (ndhA, ndhB, ndhE, ndhD, 
ndhF, ndhG, and ndhK) in Allium (Amaryllidaceae) [10], 
four phyotosynthesis-related genes (psaA, psbB, psbD, 
and psbH) in Oryza (Poaceae) [11], one plastid-encoded 
RNA polymerase gene (rpoC2) in Cardamine resedifo-
lia (Brassicaceae) [12], three ATP synthase genes (atpA, 
atpB, and atpI) in Dipsacales [13], and three housekeep-
ing genes (clpP, ycf2 and rps14) in Euphrasia (Oroban-
chaceae) [14]. The identification of positively selected 
genes has been a powerful tool for investigating organ-
ismal adaptation to climate changes [10, 15, 16]. In par-
ticular, identifying episodic positive selection can be used 
to determine when adaptation to a specifically environ-
mental condition occurred. As an example, Zecca et  al. 
[17] show that the psbK, rpl20, rpoB, and rps11 genes 
in Vitaceae had episodic signatures of positive selection 
and experienced an increase in the rate of variation close 
to the Cretaceous–Palaeogene transition, which might 
be influenced by intense environmental perturbations 
during the transition. It is well-known that extant angi-
osperms occupy various environments. To gain a bet-
ter understanding of adaptive evolution of angiosperm 

plastid genes to environmental changes, we need to 
examine more taxa growing in diverse environments in a 
phylogenetic context.

The angiosperm family Ranunculaceae, well known 
as the buttercup family, is an important herbaceous ele-
ment of mountain ecosystems in the Northern Hemi-
sphere [18]. Ranunculeae is the largest tribe in this family 
and consists of 19 genera with approximately 650 spe-
cies [19, 20]. Within Ranunculeae, most of genera grow 
in mesophytic habitats except Ceratocephala, Myosurus 
and some species of Ranunculus [19]. Ceratocephala 
contains three or four species that are mainly distributed 
in dry regions of Central Asia with one in New Zealand, 
and Myosurus has about fifteen species that inhabit wet 
or seasonally wet regions of all continents. Phyloge-
netic analyses support the sister relationship between 
xerophytic Ceratocephala and hydrophytic Myosurus 
[20–22]. Molecular clock estimates suggest a stem age 
of 31–42 Ma for the Ceratocephala-Myosurus clade, and 
the split time of these two genera as 25–35 Ma [22]. From 
the late Eocene onwards, global climate has been altered 
dramatically [23]. Hence, Ceratocephala and Myosurus 
provide a good opportunity to explore evolutionary adap-
tation of plastomes to arid and aquatic environments.

In this study, we first sequenced the complete plasto-
mes for two species of Ceratocephala and two species of 
Myosurus, as well as one of Ficaria verna. Then, we per-
formed phylogenetic analyses and estimated divergence 
times for Ranunculeae in combination with the plastomic 
data of seven other species of Ranunculeae. Within the 
dated phylogenetic framework, we finally inferred the 
patterns of structural variations of the plastomes, identi-
fied genes that are under positive selection, and explored 
the changes through time in the rates of variation of plas-
tid genes of Ceratocephala and Myosurus under episodic 
positive selection. These analyses will contribute to a bet-
ter understanding of how angiosperm plastomes have 
evolved and adapted to arid and aquatic environments 
through large-scale environmental changes.

Results
Genome feature
The complete plastomes of five species of Ranunculeae 
were de novo assembled. Combining them with seven 
previously published plastomes (Table S1), we performed 
comparative analysis of 12 Ranunculeae plastomes with 
a genome size ranging from 150.4  kb in Myosurus to 
157.3  kb in Halerpestes (Figs.  1, S1, S2; Table S1). All 
plastomes exhibited the typical angiosperm quadripar-
tite structure, which comprises a LSC (83.6–86.7  kb) 
and a SSC (18.4–22.0  kb) region, separated by two IR 
regions (23.3–25.8 kb). The plastome sizes of Ceratoceph-
ala (150.8–151.4  kb) and Myosurus (ca.150.4  kb) were 
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smaller than that of other Ranunculeae genera (154.2–
157.3  kb). The GC content of the plastomes in Cerato-
cephala (38.4%) and Myosurus (39.8%) was higher than 
that of other Ranunculeae genera, similar trends in GC 
content variations were found in the LSC, SSC, and IR 
regions in Ranunculeae.

We performed high-quality gene annotation for the 12 
plastomes, and identified 76–79 plastid protein-coding 
genes, 29–30 tRNA genes, and 4 rRNA genes (Table S1). 
Within Ranunculeae, Ceratocephala contains the highest 
number of plastid protein-coding genes (79), and Myo-
surus has the lowest number of plastid protein-coding 
genes (76). The GC3s value of protein-coding genes in 
Myosurus and Ceratocephala was generally higher than 
that of other Ranunculeae genera (Fig. S3).

Phylogenetic analysis and divergence time estimation
Phylogenetic relationships within Ranunculeae were 
reconstructed based on the 78 plastid protein-coding 
gene data (Figs. 2a and S4). Halerpestes and Oxygraphis 
formed a clade, sister to the other Ranunculeae. Cera-
tocephala and Myosurus formed a clade with strong 
support (bootstrap support (BS) = 100%), sister to 
Ranunculus. The monophyly of each of Ceratocephala, 
Myosurus and Ranunculus is strongly supported.

Divergence time estimates for Ranunculeae are shown 
in Fig.  3. The stem and crown group ages of Ranuncu-
leae are 67.69 Ma (95% highest posterior density (HPD): 
60.01–74.64) and 49.13  Ma (95% HPD: 42.71–55.6), 
respectively. The Ceratocephala-Myosurus clade origi-
nated at 35.53  Ma (95% HPD: 25.44–44.99). The split 
of Ceratocephala and Myosurus occurred at 28.27  Ma 
(95% HPD: 23.08–37.28). Ceratocephala and Myosurus 
began to diversify at 1.34 Ma (95% HPD: 0.06–3.72) and 
2.46 Ma (95% HPD: 0.15–7.58), respectively.

Plastome structural variations
To assess the plastomic synteny among the Ranuncu-
leae species distributed in different habitats, structural 
variations of Ranunculeae plastomes were investigated 
(Figs.  2 and S5; Table S2). A total of 88,069 nucleotide 
variations were detected in all sampled Ranunculeae 
species, in which the majority of variants (92.85%) were 
found in non-coding regions. For the coding regions, 
38.94% of the nucleotide variants were functionally mis-
sense variations distributed in 56 protein-coding genes. 
Extensive functional variations were identified among the 
plastomes of Ceratocephala, Myosurus, and Ranunculus, 
including 3,156 missense variants in 71 genes between 
Ceratocephala and Myosurus, 2,533 missense variants 
in 71 genes between Ceratocephala and Ranunculus, 

Fig. 1 Plastomes of Ceratocephalus (a) and Myosurus (b). The genes inside and outside of the circle are transcribed in clockwise 
and counterclockwise directions, respectively. Genes belonging to different functional groups are shown in different colors. The thick lines indicate 
the extent of  IRA and  IRB that separate the genomes into SSC and LSC regions. IR, inverted repeats; SSC, small single‑copy; LSC, large single‑copy
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and 3,351 missense variants in 70 genes between Myosu-
rus and Ranunculus (Table S2). Accordingly, these three 
genera possessed distinct plastid gene components, i.e., 
the Ceratocephala plastome added an infA and lost two 
introns of clpP, the Myosurus plastome lost clpP, infA, 
rps16, one copy of rpl2 and rpl23, and one intron of rpl16 
and rpoC1, and the Ranunculus plastomes presents a 
more diverse variations in different species (Fig. 2a; Table 
S3).

To investigate the contraction and expansion events 
of the Ranunculeae plastomes, we compared the exact 
borders of the IR/SC regions (Figs.  2 and S5; Table S1). 

For the LSC/IRA region, rpl2 spanned the region while a 
pseudogene fragment, namely ψrpl2 was located at the 
 IRB region in Ceratocephala with 590  bp and in Oxyg-
raphis with 1,036  bp; rps19 spanned the same region 
while a pseudogene fragment (ψrps19) was located at 
the  IRB region in Ficaria with 78 bp and Halerpestes with 
174 bp. For the SSC/IRB region, ycf1 spanned the region 
while a pseudogene fragment (ψycf1) was located at the 
 IRA region with a length range of 57–988  bp in Myosu-
rus, Oxygraphis, and three species of Ranunculus (i.e., 
R. cantoniensis, R. macranthus, and R. repens). In the 
Ficaria plastome, ycf1 was located in trnNGUU -ndhF at 

Fig. 2 Comparison of plastomic structures in Ranunculeae. a Scenarios of gene losses, additions, pseudogenizations, and relocations 
along the phylogenomic tree of Ranunculeae. The tree was generated based on the 78 protein‑coding plastid genes (see Fig. S4 for the whole tree). 
b Variations of the LSC, IRs, and SSC region boundaries (see details in Fig. S5). The ψ‑symbol shows putative pseudogenes. IR, inverted repeats; SSC, 
small single‑copy; LSC, large single‑copy
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Fig. 3 Combined chronogram and positive selection analyses of Ranunculeae. Dating analysis was performed using BEAST based on the 78 
plastid protein‑coding gene data. The grey bars represent 95% highest posterior density intervals. The 11 genes identified under positive selection 
are shown in the tree. The depiction of temperature changes is modified from Westerhold et al. [23]. The dashed lines represent the five periods 
investigated in this study: 34, 23.03, 17, 13.9, and 3.3 Ma; and the colored line indicates the period when the rate of variation significantly increased. 
Genes positively selected in Ceratocephala and Myosurus are in red; genes positively selected in Ceratocephala are in blue; genes positively 
selected in Myosurus are in green. Changes through time plots generated from sampled stochastic character maps for the three genes found 
to be under episodic positive selection is present in the upper left (see Fig. S7 and Table S8 for details). SH, Southern Hemisphere; NH, Northern 
Hemisphere; EOT, Eocene–Oligocene Transition; OMB, Oligogocene‑Miocene boundary; oMCO, onset of Miocene Climate Optimum; mMCT, middle 
Miocene Climate Transition; M2, first major glacial event in the NH; Cret., Cretaceous; M., Middle; P., Pliocene; Q., Quaternary
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the SSC region, which was unique in the Ranunculeae. 
Meanwhile, ψycf1 was lost in the plastomes of Ficaria, 
Halerpestes, and Ceratocephala. For the LSC/IRB region, 
trnHGUG  spanned the region while a pseudogene frag-
ment (ψtrnHGUG ) was located at the  IRA region with 23 
and 61 bp in R. cantoniensis and R. repens, respectively. 
Additionally, in the LSC region, there was a difference 
among Myosurus and other genera, the former having 
the ψclpP and rpl20 relocated to the region of psaI-rps12 
(Fig. 1).

Selection pressure analysis
To determine potential genes that could show signals of 
adaptive evolution to different habitats, we used the like-
lihood ratio test to search the optimal model in selection 
pressure analysis. For all 78 plastid protein-coding genes, 
the free-ratio model (m2), assuming three independent ω 
(the ratio of dN/dS), was identified as best-fit to Cerato-
cephala, Myosurus, and other Ranunculeae (Tables S4–
S6). In the Ceratocephala plastome, we identified nine 
positively selected genes (ω > 1), including a photosystem 
II factor gene (psbJ), a protein-modifying enzyme gene 
(clpP), six ribosome small subunit genes (rps7, rps12, 
rps14, rps16, rps18, and rps19), and an unknown function 
gene (ycf2). In the Myosurus plastome, four genes showed 
signatures of positive selection (ω > 1), including a pho-
tosystem II factor gene (psbJ), a ribosome small subunit 
gene (rps18), a ribosome large subunit gene (rpl32) and a 
photosystem assembly factor gene (ycf4).

Investigating trait changes through time
To determine the period when the gene underwent posi-
tive selection, we coded the different amino acid sites 
as character states for Ceratocephala, Myosurus, and 
Ranunculus (Fig. S6; Table S7). All eleven genes under 
positive selection fitted the all-rates-different (ARD) like-
lihood model for discrete character evolution. Changes 
through time plots generated from sampled stochastic 
character maps for each gene are shown in Fig. S7.

As obviously temperature and/or precipitation 
changes occurred at 34 Ma, 23.03 Ma, 17 Ma, 13.9 Ma, 
and 3.3 Ma, we chose these five periods to generate and 
fit models in which the rate of change of the compos-
ite trait varied between different times on the reference 
chronogram (Fig. 3; Table S8). By comparing the equal-
rates (ER), the symmetrical (SYM), and ARD likelihood 
models at five periods, we selected the periods in which 
the rate variation of genes was most likely to change. The 
ARD model was identified as best-fit for all genes except 
clpP and rps16 (for which no best-fit model was identi-
fied); and the rpl32, rps7, rps18, and ycf4 genes showed 
strong signals of episodic positive selection (P < 0.05; 
Table S8). The changes through time plots indicate that 

the rpl32, rps7, and ycf4 genes showed an increase in the 
rate of variation at about 3.3 Ma, whereas the increases 
of rate of the rps18 gene did not occur in any of the five 
periods (Fig. 3; Fig. S7).

Discussion
Structural variations of plastomes in Ceratocephala 
and Myosurus
Our results show that Ceratocephala and Myosurus 
formed a clade, sister to Ranunculus (Figs.  2a and S4), 
consistent with previous studies [21, 22, 24]. Within 
Ranunculeae, the plastome size of Myosurus is the small-
est, followed by Ceratocephala. Similarly, the IR regions 
of Myosurus and Ceratocephala are shorter than that of 
other Ranunculeae (Table S1). The rpl2 gene is located 
in the LSC/IRA region in Ceratocephala and in the 
LSC region in Myosurus, respectively, whereas in other 
Ranunculeae genera, this gene is located in the IR region. 
In most angiosperms, the rpl2 gene is located in the IR 
region, such as in Bletilla (Orchidaceae) [25], Piper 
(Piperaceae) [26], and Mahonia (Berberidaceae) [27]. 
Thus, the contraction of the  IRA towards the LSC resulted 
in the smaller plastome size and shorter IR length of 
Ceratocephala and Myosurus (Fig. 2b).

The expansion or contraction of the IR-LSC bound-
ary regions is considered as a primary mechanism caus-
ing the length variation of angiosperm plastomes [28]. 
The expansions or contractions of the IRs into or out of 
adjacent single-copy regions are frequently observed in 
angiosperm plastomes [29], which may be related to the 
colonization of particular habitats. The species of Cory-
dalis (Papaveraceae) occur from sea level to more than 
6,000  m altitude, often in forest understoreys, alpine 
meadows and screes, deserts, and steppes, and the expan-
sion of IR region were reported widely in this genus [30]. 
Among the four species of Echinacanthus (Acanthaceae), 
the one distributed in the western Himalaya has the plas-
tome with the contraction of the IR region, compared to 
the other three restricted to the Sino-Vietnamese karst 
region [31]. Thus, the contraction of IR regions might 
have occurred in the most recent common ancestor 
(MRCA) of Ceratocephala and Myosurus, in association 
with the colonization of new habitats and the divergence 
from the mesophytic Ranunculeae.

Although the IR regions became smaller in Cerato-
cephala and Myosurus, their GC average contents are 
higher than in other Ranunculeae genera (Table S1). We 
also find that the GC3s values of 78 protein-coding genes 
in Ceratocephala and Myosurus were higher than that of 
other Ranunculeae genera (Fig. S3). Generally, high GC 
content imparts more stability to the genome [32]. Com-
pared to mesophytic Ranunculeae, the plastome of xero-
phytic Ceratocephala has a higher GC content. Genomic 
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DNA with high GC content is considered to be more 
thermostable in Welwitschia, a unique desert xerophytic 
genus [33]. The plastome of hydrophytic Myosurus also 
has a relatively higher GC content than that of meso-
phytic Ranunculeae. Thus, the higher GC content may 
have facilitated Ceratocephala and Myosurus to adapt 
to new environments, such as dry and aquatic habitats. 
Similarly, Jabbari and Bernardi [34] have suggested that 
the larger amount of GC base pairs in the genome of ver-
tebrates has an important role in their adaptations to var-
ious environments.

Ceratocephala and Myosurus are sister to each other, 
and contain 79 and 76 plastid protein-coding genes, 
respectively (Table S1). Compared to other Ranuncu-
leae genera, Ceratocephala added one infA and lost two 
introns of clpP and ψycf1, whereas in the Myosurus plas-
tome, rps16 was lacking, rpoC1 and rpl16 each lost an 
intron, and clpP was changed into ψclpP (Fig.  2; Table 
S3). Variations of plastomic gene contents, including 
loss, addition, and pseudogenization are often related to 
environmental selection pressure. For example, in the 
plastome of Azadirachta indica (Meliaceae), the ten ndh 
genes (ndhA, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, 
ndhI, ndhJ, and ndhK) were lost and ndhB became a 
pseudogene, which might be correlated with holopara-
sitic habit and lower light habitats [35]. Whether the vari-
ations of plastomic gene contents in Ceratocephala and 
Myosurus are associated with their respective dry and 
aquatic habitats need to be studied in the future.

Plastomic genes under positive selection in Ceratocephala 
and Myosurus
A total of eleven genes are under positive selection in 
the plastomes of Ceratocephala and Myosurus (Fig. 3). 
Among them, the psbJ and rps18 genes are positively 
selected both in Ceratocephala and Myosurus, suggest-
ing that these two genes might have been related to the 
colonization of new environments by the MRCA of 
these two genera, and thereby to the divergence from 
their mesophytic ancestor. In particular, the seven 
genes (clpP, rps7, rps12, rps14, rps16, rps19, and ycf2) 
are only found to have signals of positive selection in 
the Ceratocephala plastome, implying that these seven 
genes might have been associated with the adaptation 
of Ceratocephala to arid environments. Zhong et  al. 
[36] also found that the ycf2 was gene under positive 
selection in Helianthus tuberosus (Asteraceae), which 
grows in saline, alkaline and dry conditions as a widely 
cultivated plant in Northwest China. The two genes 
(rpl32 and ycf4) are only found to have signals of posi-
tive selection in the Myosurus plastome, implying that 
they might have been associated with the adaptation 
of Myosurus to aquatic environments. In Nicotiana 

tabacum (Solanaceae), the ycf4 gene has been docu-
ment to be essential for transcriptional gene regulation 
and plant photoautotrophic growth [37].

Our divergence time estimation shows that Cerato-
cephala and Myosurus originated in the late Eocene 
(35.53  Ma, 95% HPD: 25.44–44.99) and diverged in the 
late Oligocene (28.27 Ma, 95% HPD: 23.08–37.28; Fig. 3). 
Since the late Eocene, dramatic changes in global tem-
perature and/or precipitation occurred at least during 
five periods (Fig. 3) [23, 38]: the Eocene–Oligocene Tran-
sition (EOT; ca. 34  Ma) [39], the Oligocene–Miocene 
boundary (OMB; ca. 23.03  Ma) [40], the onset of the 
Miocene Climatic Optimum (oMCO; ca. 17 Ma) [41], the 
mid Miocene Climate Transition (mMCT; ca. 13.9  Ma) 
[42], and the first major glacial event in the Northern 
Hemisphere (M2; ca. 3.3  Ma) [23]. Our results indicate 
that among the eleven genes under positive selection, the 
four genes (rpl32, rps7, rps18, and ycf4) showed strong 
signals of episodic positive selection (P < 0.05; Table S8). 
Importantly, we identified the three genes (rpl32, rps7, 
and ycf4) showing an increase in the rate of variation at 
about 3.3  Ma, a timing coinciding with one of the five 
periods (Fig. 3). These three genes belong to housekeep-
ing genes: rpl32 is a ribosome large subunit gene, rps7 is 
a ribosome small subunit gene, and ycf4 is a photosystem 
assembly factor.

The change through time plot indicates that for Cera-
tocephala, the rate of variation of the rps7 gene increased 
around 3.3  Ma (Fig.  3), a timing when the first major 
glacial event in the Northern Hemisphere occurred and 
accordingly global temperature dropped drastically [23]. 
During this period, the northeastern and southeastern 
Tibet Plateau experienced a rapid uplift and outward 
growth [43, 44]. These events might have resulted in 
the increasing aridification in central Eurasia. Paleocli-
mate modeling indicates that the precipitation markedly 
decreased at 4 Ma [38]. Moreover, the Central Asian arid 
region was beyond the scope of the Asian monsoon pre-
cipitation [45]. Thus, the cooling and aridification in Cen-
tral Asia during the M2 might have promoted the rps7 
gene to arise new favorable mutations in xerophytic and 
annual Ceratocephala, which could further be fixed by 
natural selection in arid environments.

For Myosurus, both the rpl32 and ycf4 genes showed 
an increase in the rate of variation also probably at about 
3.3 Ma (Fig. 3). In the last 5 Ma, highly frequent oscilla-
tions in sea-level occurred [46], including at least 58 rapid 
rises over 40 m [47, 48]. Frequent sea-level fluctuations, 
as well as global cooling (Fig. 3), might have led to annual 
Myosurus to adapt to changing aquatic habitats. Thus, 
the rpl32 and ycf4 genes could have evolved rapidly in the 
Pliocene and further fixed favorable mutations, possibly 
in association with the adaptation to wet environments.
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Conclusions
In this study, we de novo assembled the complete plas-
tome sequences of five species from Ceratocephala, 
Ficaria, and Myosurus, and updated the annotation of 
plastomes for seven other Ranunculeae species. Plastid 
phylogenomic analysis strongly supports a sister rela-
tionship between xerophytic Ceratocephala and hydro-
phytic Myosurus. We discover that the plastome sizes 
of Ceratocephala and Myosurus are smaller than that of 
other mesophytic Ranunculeae, mainly due to the con-
traction of the IR region. The addition, loss and pseu-
dogenization of plastid genes were found in these two 
genera. Eleven plastid genes showed positive selection 
in Ceratocephala and Myosurus. Among them, four 
genes showed strong signals of episodic positive selec-
tion. Importantly, the rate of variation of the rps7 gene 
in Ceratocephala increased around 3.3  Ma, possibly 
associated with the adaptation to dry habitats owing to 
the cooling and aridification in Central Asia; the rpl32 
and ycf4 genes in Myosurus showed an increase in the 
rate of variation at about 3.3  Ma, possibly associated 
with the adaptation to aquatic habitats resulting from 
sea-level fluctuations and global cooling. Our integra-
tion of phylogenomic, comparative genomic, and selec-
tion pressure analyses can be used to explore adaptive 
evolution of plastomes of other plant groups to specific 
habitats.

Materials and methods
Sample sequencing, data assembly and annotation
We sampled three species of Ceratocephala and two of 
Myosurus. The other three mesophytic genera (Ficaria, 
Halerpestes, Oxygraphis) and four mesophytic species 
of Ranunculus in Ranunculeae were also included (Table 
S1). Based on the results of previous studies [22, 24], we 
selected Anemone tomentosa of Anemoneae, sister to 
Ranunculeae, as outgroup. The samples of Ceratocephala 
orthoceras, C. testiculata, Myosurus apetalus, M. mini-
mus, and F. verna were newly collected from Altay (Xinji-
ang, China), Huocheng (Xinjiang, China), Nevada (USA), 
Malkow (Poland), Wieliczka (Poland), respectively, and 
were deposited in Herbarium, Institute of Botany, Chi-
nese Academy of Sciences, Beijing (PE). Their formal 
identification was undertaken by Wei Wang and Andrey 
S. Erst. No specific permissions or licenses were required 
for our collections and experiments.

Genomic DNA of the five species was extracted from 
silica gel-dried leaves or herbarium specimens and puri-
fied using the Tiangen Isolation/Extraction/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 GetOrga-
nelle v1.7.6.1 [49] and was annotated by PGA [50] with 
the plastomes of Ceratocephala, Halerpestes, Oxygraphis, 
and R. macranthus as references. We used OGDRAW 
v1.3.1 [51] to visualize the circular plastome map with 
subsequent manual editing. The amino acid sequences 
of 78 plastid protein-coding gene regions were extracted 
and each was aligned in MAFFT v7 [52]. DNA sequences 
were then aligned using PAL2NAL v14 [53]. We also 
updated the annotation of plastomes for the other seven 
species sampled in the study. We used the program 
DNAsp v6.12.03 [54] to analyze the synonymous codon 
usage of 78 protein-coding genes by calculating the val-
ues of GC3s.

Phylogenetic analyses and divergence time estimation
The maximum likelihood (ML) analysis was performed 
using RAxML v8.2.12 [55] with 1,000 replicates under the 
GTRGAMMA model. The analysis was carried out based 
on the concatenation of coding regions of 78 protein-
coding genes.

Divergence times were estimated in BEAST v2.1.3 [56]. 
Fossil achenes of Myosurus sp. were found from the Oli-
gocene [57]. We set a 23.03  Ma constraint for the split 
between Ceratocephala and Myosurus, with a lognormal 
distribution. 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 adjust-
ing the standard deviation with 1.25. We also used two 
calibration points, taking ages estimated in the recent 
broader study of Ranunculeae [22]: 49.4 Ma (95% HPD: 
42.71–55.60) for the crown group age of Ranunculeae and 
68.95 Ma (95% HPD: 60.01–74.64) for the root age. Prior 
normal distributions were assigned for these two calibra-
tions with standard deviations of 3.5 and 3.7, respectively. 
We used an uncorrelated lognormal relaxed clock model 
of rate variation across branches, a Yule prior, and the 
GTR model for each gene partition separately.

Parameters were estimated using four independent 
runs of 100,000,000 Markov chain Monte Carlo (MCMC) 
generations each, with sampling every 2,000 generations. 
Convergence was evaluated in Tracer v1.7.1 [58]. After 
a burn-in of 25%, we used TreeAnnotator v2.1.2 [56] to 
generate the maximum clade credibility (MCC) tree with 
mean ages and 95% HPD intervals on nodes.

Plastomic variation analysis
To assess the expansion/contraction of the IR regions, we 
compared the boundaries between the SC/IR and their 
adjacent genes by IRscope [59], and then used the results 
to further manually modify the annotations. To fur-
ther detect the location of structural variation, we used 
snpEff v4.3 [60] to conduct functional annotations for the 
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nucleotide variations in different genera distributed in 
different habitats.

Positive selection analyses
We used the CODEML program in PAML v4.9 [61] to 
infer positive selection for 78 protein-coding genes. Pseu-
dogenes and partial genes were excluded. Changes in the 
selective regime can be detected by calculating the ratio 
of nonsynonymous (dN) substitutions to synonymous 
(dS) substitutions of each plastid protein-coding gene, 
ω (dN/dS). We compared two branch models, H0: the 
one-ratio model (m0) that assumes to evolve under the 
same ω ratio for all branches in the phylogeny, and HA: 
the free-ratio model (m2) for the alternative model that 
assumes three independent ω ratio in different habitats. 
We used likelihood ratio tests to test each model’s fit.

Investigating trait changes through time
We selected the 11 genes that were under positive selec-
tion (ω > 1) under the optimal model [62]. We coded the 
different amino acid sequences as characteristic states 
for Ceratocephala and Myosurus to infer when the 
genes were positively selected. To avoid the high num-
ber of species in Ranunculus to have an influence on the 
changes through time plots, a single species only was 
coded in Ranunculus as outgroup. We applied the fit-
Discrete function in the R package ‘geiger’ [63] to decide 
which likelihood models (ER, SYM, or ARD) should be 
used. Simulated stochastic character maps were obtained 
using the make.simmap function in the R package ‘phy-
tools’ under the optimal likelihood model [64]. Then we 
used sampled stochastic map character histories to gen-
erate ‘changes through time’ plots showing the mean 
number of changes and the mean rate of changes per 
time unit.

We further applied the ‘phytools’ function make.era.
map to generate and fit models in which the rate of 
change of the composite trait varied between different 
times on the reference tree. Based on Westerhold et  al. 
[23], temporal boundaries were chosen: (1) the EOT 
(ca. 34 Ma), (2) the OMB (ca. 23.03 Ma), (3) the oMCO 
(ca. 17  Ma), (4) the mMCT (ca. 13.9  Ma), (5) the first 
major glacial event in the Northern Hemisphere (M2; ca. 
3.3 Ma). By examining the three models (ARD, ER, SYM) 
and analyzing the significant differences, we selected 
when the rate of variation in genes changed. The likeli-
hood ratio test (LRT) was used to compare different 
heterogeneous rate models for each of the genes under 
positive selection.
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