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A B S T R A C T

The families of the monocot order Liliales exhibit highly contrasting characteristic of photosynthetic and my-
coheterotrophic life histories. Although previous phylogenetic and morphological studies of Liliales have been
conducted, they have not examined molecular evolution associated with this contrasting phenomenon. Here, we
conduct the first comparative plastome study of all ten families of Liliales using 29 newly sequenced plastid
genomes analyzed together with previously published data. We also present a phylogenetic analysis for Liliales
of 78 plastid genes combined with 22 genes from all three genomes (nuclear 18S rDNA and phyC; 17 plastid
genes; and mitochondrial matR, atpA, and cob). Within the newly generated phylogenetic tree of Liliales, we
evaluate the ancestral state changes of selected morphological traits in the order. There are no significant dif-
ferences in plastid genome features among species that show divergent characteristics correlated with family
circumscriptions. However, the results clearly differentiate between photosynthetic and mycoheterotrophic taxa
of Liliales in terms of genome structure, and gene content and order. The newly sequenced plastid genomes and
combined three-genome data revealed Smilacaceae as sister to Liliaceae instead of Philesiaceae and
Ripogonaceae. Additionally, we propose a revised familial classification system of Liliales that consists of nine
families, considering Ripogonaceae a synonym of Philesiaceae. The ancestral state reconstruction indicated
synapomorphies for each family of Liliales, except Liliaceae, Melanthiaceae and Colchicaceae. A taxonomic key
for all nine families of Liliales is also provided.

1. Introduction

Liliales sensu Angiosperm Phylogeny Group (2016) consist of ap-
proximately 1500 species in ten families which had been classified by
various authors. For example, before the molecular era, this order was
differently circumscribed by Cronquist (1981) and Dahlgren et al.
(1985). As molecular phylogenetic studies progressed, Liliales under-
went several revised family circumscriptions (Chase et al., 1995; Rudall
et al., 2000; Vinnersten and Bremer, 2001; Fay et al., 2006; Petersen
et al., 2012; Kim et al., 2013). Also, several studies to estimate the
divergence time of Liliales and component families have been con-
ducted (Vinnersten and Bremer, 2001; Chacón et al., 2012; Mennes
et al., 2015; Givnish et al., 2016; Kim and Kim, 2018; Kim et al., 2019).
These studies revealed that this order separated from its sister group
and was widespread 123 million years ago (Mya) during the breakup of
Gondwana. Recently, a broad phylogenomic study of Liliales was
published by Givnish et al. (2016), which discussed familial

relationships, origins and ages. However, relationships of Smilacaceae
to other families had low support.

Since the plastid genome (ptDNA) was discovered (Chun et al.,
1963; Sager and Ishida, 1966; Tewari and Wildman, 1966), many stu-
dies have been conducted on angiosperm plastomes, characterizing
structure, function and typically maternal inheritance (Bendich, 2004;
Daniell et al., 2016; Cusimano and Wicke, 2016; Barnard-Kubow et al.,
2017). Deletions, inversions, and duplications have been described and
these changes have led to differences in plastid gene organization and
sizes (Haberle et al., 2008, Cosner et al., 2004; Kim et al., 2016; Do
et al., 2014; Knox, 2014; Do and Kim, 2017; Choi and Choi, 2017). For
example, deletion of the inverted repeat (IR) region and inversions and
duplication were found in Fabaceae (Fabales) and Melanthiaceae (Do
et al., 2014; Kim et al., 2016; Do and Kim, 2017; Choi and Choi, 2017).
These structural changes are also informative and reflect infrageneric
relationships. For example, the inversion of the ndhC-rbcL region has
been found in Trillium subgenus Sessilium (Melanthiaceae; Kim et al.,
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2016) and also observed in two additional complete plastomes of the
subgenus (including T. cuneatum (Accession number KR135077) and T.
decumbens (Accession number KR534612); Schilling et al. unpublished).

Plastid genomes have been targets for studying evolution and phy-
logeny due to their distinctive features such as small size and highly
conserved gene content and order. For example, plastid protein-coding
genes were used for resolving relationships in magnoliids, mono-
cotyledons and other angiosperms (Graham and Olmstead, 2000;
Jansen et al., 2007; Ma et al., 2014; Goremykin et al., 2015; Barrett
et al., 2016; Folk et al., 2017). Also, plastome data have been used for
studies of biogeography, molecular evolution, and age estimation
(Christin et al., 2014; Marcussen et al., 2015; Meseguer et al., 2015;
Roalson and Roberts, 2016; Foster et al., 2017; Pouchon et al., 2018).
Previously, several studies have been published on complete plastid
genomes for Liliales (Liu et al., 2012; Kim and Kim 2013; Bodin et al.,
2013; Do et al., 2013; Do et al., 2014; Nguyen et al., 2015; Huang et al.,
2016; Kim et al., 2016; Song et al., 2016; Do and Kim, 2017; Li et al.,
2017; Lu et al., 2017). These studies documented genomic events in-
cluding gene duplications (Paris, Melanthiaceae), inversions (Trillium,
Melanthiaceae) and deletions (Liliaceae, Alstroemeriaceae, and Col-
chicaceae; Kim and Kim, 2013; Do et al., 2014; Nguyen et al., 2015;
Kim et al., 2016). Apart from these findings, gene content of mycohe-
terotrophic species in Corsiaceae has been described (Mennes et al.,
2015); however, complete plastomes of these taxa have not been ex-
plored. Recently, studies on Liliales plastomes focused on certain spe-
cies or groups but did not present an overview of plastome evolutionary
history (Song et al., 2017; Lu et al., 2016; Du et al., 2017; Li et al.,
2017). In addition to containing differently distributed families (i.e.,
Liliaceae in the Northern hemisphere, Corsiaceae in the Southern
hemisphere, and Petermaniaceae only in Australia), Liliales also include
autotrophic and mycoheterotrophic taxa. Different aspects of Liliales
(i.e., classification, biogeography, and plastid genome evolution) have
been addressed though the overall morphological evolution of all ten
families of the Liliales has not been documented, except for pollen
(Furness et al., 2015). Therefore, studying plastome and morphological
character evolution will contribute to the exploration of diversification
in Liliales.

In this study, we present plastid genome sequences of 29 re-
presentative species of Liliales. Based on these new data and previously
published genomes on NCBI, we 1) explore plastome evolution in
Liliales; 2) reconstruct familial relationship in Liliales based on data
from all three genomes; and 3) investigate morphological differentia-
tion and familial classification of Liliales with a key to these families.

2. Materials and methods

2.1. Plant sampling, total DNA extraction, and genome sequencing

Fresh leaves of 29 representative taxa covering nine families of
Liliales were preserved in silica gel until DNA extraction
(Supplementary Table S1). The aerial parts of the mycoheterotrophic
Corsia dispar and Arachnitis uniflora (Corsiaceae) were used. The mod-
ified CTAB method was used to extract total DNA (Doyle and Doyle,
1987). The quality of DNA was tested using gel electrophoresis before
library preparation and sequencing with Hiseq2000 and Miseq Systems
(Illumina, San Diego, California, USA) which generated the reads of
99 bp, 100 bp, and 301 bp. In some cases, the quality of DNA was
insufficient for conducting next-generation sequencing (NGS). For these
samples, we applied the long-range PCR method to amplify plastid DNA
fragments, using previously published plastomes of Liliales as a guide
(i.e., Lilium longiflorum - KC968977; Veratrum patulum – NC_022715;
and Smilax china - HM536959). We used Primer3 (Untergasser et al.,
2012) to design primer pairs, located in coding regions, that flank re-
gions ranging from 6 to 10 kb. Also, an overlap of at least 100 bp was
used to obtain the complete plastid DNA. After amplification, PCR
products were purified and combined for NGS.

2.2. Genome assembly, annotation, and comparison

At least 1 GB of raw data was generated for each sample. The
average length of raw reads was 301 bp. Before assembly, the raw reads
were trimmed to sequences with less than 0.5% chance of error. Two
methods were used to assemble plastomes based on the availability of
reference sequences. In the families for which a plastome was already
available, it was used as the reference for assembly. In the families
without available sequences of plastid genome, the protein-coding re-
gions extracted from published studies of Liliales were used as a tem-
plate for isolating plastid reads from raw data. The isolated reads were
then extracted and reassembled using the De novo Assembly option in
Geneious ver. 7.1.7 (Kearse et al., 2012). The newly generated se-
quences were used as references for reassembling raw reads. These
steps were repeated until complete plastomes were obtained. Gaps in
plastid assemblies were checked and filled by Sanger sequencing using
primers developed in the above method. Assembly information is
shown in Supplementary Table S1. Gene content and order were an-
notated using published plastid DNA sequences of Liliales as references
using a 90% similarity to identify genes in Geneious. All tRNAs were
verified by tRNAScan-SE (Schattner et al., 2005) with default settings.
Because the LSC and SSC regions are flanked by the two IR regions, the
junctions among these regions were identified after calculating the
length of IR regions using REPuter program (Kurtz et al., 2001). Com-
plete plastomes of other species were downloaded from NCBI for
comparative genomic analysis (https://www.ncbi.nlm.nih.gov/;
Table 1). These plastid genome sequences were aligned using Mauve
program embedded in Geneious to locate the indels, inversions, and
point mutations in the interspecific and intraspecific comparison be-
tween mycoheterotrophic and photosynthetic taxa (Darling et al.,
2004). The maps of plastomes were produced with OGDraw (Lohse
et al., 2013). After the protein-coding regions were aligned using
MUSCLE embedded in Geneious, nonsynonymous and synonymous
substitution rates were calculated by the DnaSP program (Edgar, 2004;
Librado and Rozas, 2009).

2.3. Phylogenomic and phylogenetic analysis

From the complete plastomes of Liliales and sequence data in
GenBank, two data sets were created. The first includes 78 protein-
coding genes extracted from 82 plastome sequences of monocots and
other angiosperm species (including 29 new plastid genome sequences
of Liliales, Supplementary Table S2). A second set that includes my-
coheterotrophic Corsia and Arachnitis was made up with 17 protein-
coding genes from plastid DNA, nuclear 18S rDNA and phyC, and mi-
tochondrial matR, atpA, and cob (Supplementary Table S3). Besides the
available data on NCBI, some sequences of two nuclear and three mi-
tochondrial genes were obtained by assembling the NGS data to
available references from NCBI of Liliales with a minimum of 85% si-
milarity using Geneious (Supplementary Table S3). For the second data
set, a total of 26 genera that cover all ten families of Liliales were se-
lected, and Symplocarpus (Araceae), Acorus (Acoraceae), and Amborella
(Amborellaceae) were included as outgroups. For sequence alignment,
we used MUSCLE embedded in Geneious (Edgar, 2004; Kearse et al.,
2012) and then manually adjusted the alignment following the guide-
lines of Kelchner (2000).

Phylogenetic analyses were performed with maximum parsimony
(MP), maximum likelihood (ML), and Bayesian inference (BI). The MP
analyses of two data sets were carried out in PAUP* v4.0b10 (Swofford,
2003) with all characters equally weighted and unordered. Searches of
100 random taxon addition replicates used tree-bisection-reconnection
(TBR) branch swapping and MulTrees. Bootstrap analyses (PBP, parsi-
mony bootstrap percentages, 1000 pseudoreplicates) were conducted
with the same parameters to examine the relative level of clade support
(Felsenstein, 1985).

Before running the ML and BI analyses, jModelTest version 0.1.1
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was used to identify a suitable model with Akaike's information cri-
terion (Posada, 2008). The GTR+ I + G model was found for both data
sets. However, the TIM2 + I + G model was indicated for two nuclear
genes data, whereas the GTR + I + G was calculated for three mi-
tochondrial genes and 17 plastid genes data. Therefore, the incon-
gruence length difference (ILD) test was used to assess data congruency
among three data sets (nuclear, mitochondrial, and plastid genomes;
Farris et al., 1995) by using PAUP v.4.0b10 and 1000 heuristic search
replications. The ILD test indicated significant incongruence
(P = 0.001) between the three data sets. However, although the in-
dividual topologies indicated some incongruences between three data
sets, visual inspection of the separate analyses showed that none of the
strongly supported clades (BP [parsimony bootstrap percentages] >
90) were mutually incompatible (data not shown). Furthermore, when
all molecular data sets were combined, the strict consensus MP tree was
better resolved than either individual analysis. Therefore, we decided to
combine nuclear, mitochondrial, and plastid genome data sets with
their weakly-incongruence trees. The data sets were unpartitioned and
set up with GTR + I + G model. We used the IQ-TREE web server
(http://iqtree.cibiv.univie.ac.at/) to make the ML searches
(Trifinopoulos et al., 2016). Support value was calculated with 1000
replicates of rapid bootstrap (Stamatakis et al., 2008). BI used MrBayes
v3.1.2 (Ronquist and Huelsenbeck, 2003). For the analyses, two si-
multaneous runs were performed starting from random trees for at least

1 × 106 generations. One tree was sampled every 1000 generations. In
total, 25% of trees were discarded as burn-in samples. The running was
only terminated when the standard deviation of split frequencies was
lower than 0.01. Then the effective sample size values (ESS) were
checked for model parameters (at least 200). The phylogenetic trees
were illustrated using the FigTree v1.4.0 program (http://tree.bio.ed.
ac.uk/software/figtree/).

2.4. Morphological data analysis

Morphological data (12 characters) for 60 genera that represent all
ten families of Liliales were used (Supplementary Table S4) with out-
groups including Dioscorea (Dioscoreaceae, Dioscoreales), Narthecium
(Nartheciaceae, Dioscoreales) and Japonolirion (Petrosaviaceae,
Petrosaviales). We used parsimony in Mesquite (Maddison and
Maddison, 2017) to trace character evolution in Liliales on the phylo-
geny inferred from two data sets as the backbone to illustrate patterns
of morphological change.

3. Results

3.1. Differentiation of plastid genomes in Liliales

The 29 newly completed plastid genomes in Liliales exhibited wide

Fig. 1. Map of photosynthetic and mycohe-
terotrophic plastid genomes and their gene
contents. A. Plastid genome of Campynema
lineare (representative of the photosynthetic
taxa). B. Plastid genomes of Arachnitis uni-
flora and Corsia dispar (representative of the
mycoheterotrophic taxa). Genes shown
outside of the outer circle are transcribed
counterclockwise, whereas those shown in-
side are transcribed clockwise. The thick
lines in the small circles indicate the in-
verted repeat regions. The dark gray area in
the inner circle indicates the CG content of
the plastome. The colors represent different
groups of genes. LSC: large single copy; SSC:
small single copy; IRA: inverted repeat re-
gion A; IRB: inverted repeat region B.
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variation in size and gene content. The smallest plastid genome,
24,846 bp, occurred in Arachnitis uniflora. In contrast, Ripogonum
scandens possessed the largest plastid genome, 160,287 bp (Table 1).
Liliales exhibited two groups of plastid genomes due to photosynthetic
and mycoheterotrophic life histories (Fig. 1). In the first group of
photosynthetic taxa, the plastid DNA sequences had the typical quad-
ripartite structure and genes related to photosynthesis (Supplementary
Table S5). However, the length of plastid DNA varied among and within
photosynthetic families, ranging from 150 to 160 kb. The largest range
was found in Liliaceae (15 genera), whereas Smilacaceae (monotypic)
showed the least length variation. Gene content was highly conserved
and comprised 80 protein-coding genes, 30 tRNA genes and four rRNA
genes. Gene deletions were also observed in Liliales (Supplementary
Table S6). In particular, the rps16 gene was exhibited a partial deletion
in some species in Melanthiaceae and Campynemataceae. In Colchicum
autumnale (Colchicaceae), the ycf15 gene was absent. A partial deletion
of ycf15 was found in Gagea trifolia, Tulipa sylvestris, and Erythronium
japonicum though in other species of Liliaceae ycf15 was complete. Si-
milarly, in Alstroemeriaceae, the conserved reading frame of ycf15 was
absent in Alstroemeria aurea and Bomarea edulis whereas an exon of
ycf15 with internal stop codon was found in Luzuriaga radicans. In Li-
liales, the partial deletion of infA was detected in some species of
Smilacaceae, Melanthiaceae (Veratrum), Alstroemeriaceae (Alstroe-
meria), and Liliaceae (Tricyrtis, Streptopus, Erythronium, and Tulipa)
whereas internal stop codons in infA were found in species from other
families (including Colchicaceae and Campynemataceae). However,
putatively functional copies of infA were recorded in species of Pe-
termanniaceae, Philesiaceae, and Ripogonaceae. Notably, Li et al.
(2017) found the absence of infA in the plastid genome of six Amana
species (Liliaceae). Unlike other plastid genes, the cemA start codon has
a polyA sequence (Supplementary Table S6), which ranged from 5 to
17 bp and initially was annotated as a pseudogene in species of Lilia-
ceae, Ripogonaceae, Philesiaceae, Melanthiaceae, and Petermannia-
ceae. However, in Melanthiaceae pseudogenization of cemA was only
found in Paris and Trillium (tribe Parideae).

Unlike the high conservation of plastid genes in the photosynthetic
taxa, there were large rearrangements and gene losses in the mycohe-
terotrophic species, Corsia dispar and Arachnitis uniflora (Corsiaceae;
Fig. 1B), in which there were 58 and 25 exons, respectively (Supple-
mentary Table S5). In these taxa, photosynthesis related genes were
deleted or pseudogenized, whereas genes for ribosomal proteins,
rRNAs, and some tRNAs remained intact (Supplementary Table S5),
notably, matK in Corsia dispar. The number of retained genes was
variable between C. dispar and C. boridiensis. Besides 28 shared coding
regions, the former possessed partial sequences of ycf4, rps16, ndhB,
atpI, atpE, atpB, and psaA, whereas only fragments of psaB, psbC, and
ccsA were recorded in the latter. Although the plastid genome of A.
uniflora is the smallest among Liliales species, it still had the quad-
ripartite structure in contrast to the species of Corsia.

3.2. Intraspecific and interspecific comparative genomic analysis

Due to the availability of many complete plastid genomes and a full
set of protein-coding genes, we conducted detailed comparisons
(Supplementary Table S7, Supplementary Table S8). The results showed
that the total length of these genomes varied, although they were highly
similar (> 99%, Supplementary Table S7). The circular structure was
routinely preserved, but the borders of inverted repeat and large and
small single copy regions (IR-LSC-SSC) varied slightly. Specifically, an
overlap of 1 bp and a gap of 20 bp were found in Cardiocrinum cor-
datum, albeit with the border located at an identical position in ycf1
(1225 bp, Supplementary Table S7). A similar pattern was recorded in
Lilium hansonii and Campynema lineare. In contrast, Lilium tsingtauense
has an identical IR-LSC-SSC borders. However, this species exhibited
the largest number of point mutations in both intergenic spacers (IGS)
and exons and contained the longest indel, 593 bp. Similar to L.

tsingtauense, there were several point mutations and indels in two
plastid genome sequences of Campynema lineare. Additionally, both L.
tsingtauense and C. lineare have small inversions in the IGS regions,
ranging from 5 to 14 bp (Supplementary Table S7). There was also a
small inversion of 10 bp in ycf1 of Campynema lineare. Comparisons
within the monotypic genera were not conducted but the availability of
protein-coding sequences from these taxa revealed several point mu-
tations and indels (Supplementary Table S7). Mycoheterotrophic
Arachnitis uniflora had more point mutations in exons than in those of
photosynthetic species. We also conducted detailed interspecific com-
parison between Smilax nipponica (East Asia)/ S. glyciphilla (eastern
Australia), and Corsia dispar (Queensland, Australia)/ C. boridiensis
(Papua New Guinea, Supplementary Table 8), which showed significant
differences between photosynthetic and mycoheterotrophic taxa. In
contrast to the Corsia species, which exhibited 1610 point mutations
and 101 indels (1–144 bp), only 141 point mutations and nine indels
were detected in two Smilax species. For Ka/Ks ratios (Fig. 2; Supple-
mentary Table S7, Supplementary Table S8), the mycoheterotrophic
species were not consistently higher. For example, the Ka/Ks ratio for
ycf2 of Campynema lineare exceeded those of Corsia dispar and C. bor-
idiensis. Higher rates in C. lineare were also found in rpl2, rpl16, rps18,
rps19, matK, rpl22, and rps15. Among mycoheterotrophic taxa, Ka/Ks
ratios fluctuated across conserved plastid exons (Fig. 2).

3.3. Characterization of LSC-IR junction and SSC-IR boundary

In comparison with IR-LSC junction, IR-SSC boundary was similar
among species of Liliales (Table 1). In fact, the location of IR-SSC
border was found within the coding region of ycf1 except for Arachnitis
uniflora (in which it was found in rps3) and three Trillium species (T.
maculatum, T. decumbens, and T. cuneatum) for which the boundary was
located in the ndhF exon. Additionally, the length of ycf1 varied from
830 to 2779 bp. However, an identical length for ycf1 was found in the
species of Lilium, Fritillaria, Amana, and Paris studied (Table 1). The
boundary between IR and LSC varied among species of Liliales, ranging
from trnH–GUG/rps19 IGS to a part of rps3 (Table 1). However, in the
mycoheterotrophic species, the IR-LSC junction was located in rpl16
exon 2 in Arachnitis uniflora, whereas in Corsia dispar the IR region was
absent.

3.4. Familial relationship in liliales

The alignment matrix of 78 plastid genes for 53 ingroup (Liliales)
and 29 outgroups species contained 68,270 characters, of which 51,841
(75.9%) were variable and 26,717 (39.1%) were potentially parsimony-
informative. The MP analysis produced two equally most-parsimonious
trees (tree length = 152,476 steps; CI = 0.51; RI = 0.64). The MP and
ML trees (not shown) were identical in topology to the BI tree (Fig. 3).
Liliales and all families as currently circumscribed are well supported
except for the nodes of Smilacaceae/Liliaceae and within the genera of
Liliaceae and Colchicaceae which are fairly low for one of the analyses
(Fig. 3). A similar pattern was also found in the three genomes data of
which the nodes of Liliaceae/Smilacaceae, genera of Liliacceae, and
Melanthiaceae/(Liliaceae/Smilacaceae/Philesiaceae/Ripogonaceae)
were not highly supported (Fig. 4). Melanthiaceae/ Corsiaceae (Ara-
chnitis and Corsia) and Campynemataceae were well supported as sister
to the rest Liliales families. Petermanniaceae were sister to the clade of
Alstroemeriaceae/Colchicaceae. For the remaining families, Mel-
anthiaceae are sister to Liliaceae/Smilacaceae/Philesiaceae/Ripogona-
ceae, within which Smilacaceae are sister to Liliaceae and Philesiaceae
are sister to Ripogonaceae. Within Liliaceae, Tricyrtis/Prosartes/Strep-
topus are sister to all other genera, after which Calochortus is sister to
the rest (Fig. 3).

Among the 23,335 characters of the combined three-genome matrix
for 26 ingroup (Liliales) and three outgroups accessions, 3656 (15.7%)
were potentially parsimony-informative. The MP analysis of the
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combined data set resulted in single most-parsimonious tree (tree
length = 15,680; CI = 0.69; RI = 0.58). The MP and ML trees (not
shown) were identical to the BI tree (Fig. 4). Consistent with results
from plastome data set, Liliales and all families were well supported.
Familial relationships were also the same. However, in Liliaceae, Ca-
lochortus and Streptopus formed a clade separate from Tricyrtis, which
was sister to other genera. Although the three-genome data revealed
different relationships in Liliaceae, support for these differing re-
lationships was low (Fig. 4).

3.5. Reconstruction of ancestral characters in Liliales

Patterns of morphological change indicate that extrose anthers and
nectaries are synapomorphies for Liliales (Fig. 5) although introrse
anthers and no nectaries are present in some families (i.e., Liliaceae,
Smilacaceae, Ripogonaceae, Philesiaceae, Colchicaceae, Alstroemer-
iaceae, Melanthiaceae, and Campynemataceae). Rhizomes, capsules,
and parallel venation are pleisiomorphic features in Liliales. In parti-
cular, inflorescences are diverse in Liliales: solitary flowers, racemes,
thyrses, umbels, corymbs, panicles, spikes, and cymes. Colchicaceae
have greater inflorescence variation than the other families. We also
identified synapomorphic characteristics for specific families. For ex-
ample, resupinate (inverted) leaves are found in all Alstroemeriaceae.
Meanwhile, stipules were only recorded in Smilacaceae. Also, petiolate
leaves with reticulate veins are apomorphies of Petermanniaceae.
Corsiaceae have unique features such as leaflessness and tuber-like
roots, presumably due to their association with fungi (Clar-
oideoglomeraceae, Glomeraceae, and Acaulosporaceae; Renny et al.,
2017). Dioecious flowers are found in members of Smilacaceae, Ripo-
gonaceae, Philesiaceae, Melanthiaceae, and Colchicaceae. The ancestral
ovary position was not clearly identified for Liliales. However, a su-
perior ovary is a synapomorphy of Liliaceae, Smilacaceae, Ripogona-
ceae, and Philesiaceae. In contrast, inferior or half inferior is a syna-
pomorphy of Petermanniaceae, Campynemataceae, and Corsiaceae.
Alternate leaves are ancestral but whorled in Liliaceae and Melanthia-
ceae and opposite in Ripogonaceae.

4. Discussion

4.1. Evolution of plastid genomes in Liliales

Plastid genomes of Liliales exhibit two distinct types with respect to
gene content and order linked to being an autotroph or mycohetero-
troph (Fig. 1, Table 1, and Supplementary Table S5). Specifically,
Corsiaceae had a greater number of point mutations and indels in
comparison with the other families (Supplementary Table S7, Supple-
mentary Table S8), indicating higher rate of genomic divergence in
mycoheterotrophic taxa. Previously, this pattern was detected between
autotrophic and mycoheterotrophic species in Orchidaceae
(Schelkunov et al., 2015). Within the photosynthetic group of Liliales,
plastomes were highly conserved in structure, and gene content and
order. In comparison with other Liliales families, Melanthiaceae dis-
played the greatest number of inversions, duplications, pseudogenes
and deletions (Kim et al., 2016; Do and Kim, 2017). Apart from these
events, infA, cemA, rps16, and ycf15 exhibited different stages of
pseudogenization/deletion (Supplementary Table S6, Nguyen et al.,
2015; Do and Kim 2017). The infA gene, a translation initiation factor,
has been deleted several times, mostly in eudicot species due to trans-
location to the nucleus (Millen et al., 2001). This event was also re-
corded in monocot species such as Allium (Asparagaceae, Asparagales),
Cyperus (Cyperaceae, Poales), Lemna minor, Colocasia esculenta (both
Araceae, Alismatales) and others (Millen et al., 2001; Mardanov et al.,
2008; Ahmed et al., 2012). The cemA exon, previously called ycf10,
codes for a protein localized in the inner chloroplast envelope mem-
brane (Sasaki et al., 1993). This gene was recognized to be involved in
the uptake of inorganic carbon into chloroplasts of algae (Rolland et al.,
1997). Furthermore, the homologous gene cotA in cyanobacteria af-
fected CO2 transport and extrusion of protons (Katoh et al., 1996a, b).
Although these studies focused on algae and bacteria, these results
suggest the potential essential role of cemA, but no research on the
function of cemA in angiosperms has been previously conducted except
for sequence comparisons of this gene in plastomes (Yang et al., 2010;
Do et al., 2014). It was also reported that cemA was lost from the plastid
genome of the mycotrophic monocot Petrosavia stellaris (Petrosaviales)

Fig. 2. The comparison of synonymous and nonsynonymous substitutions among genes of photosynthetic and mycoheterotrophic taxa.
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and the unicellular green alga Ostreococus tauri (Robbens et al., 2007;
Logacheva et al., 2014), although in the latter it was present in the
nuclear genome. According to this study, cemA is intact in plastid DNA
with different lengths of homopolymers downstream from its start
codon (Supplementary Table S6). The rps16 gene, encoding ribosomal
protein S16, is commonly detected in plastomes. However, loss of this
gene was also recorded in some taxa such as Connarus, Epifagus, Pinus,
Viola, Fagus, legume species, and the moss Physcomitrella patens subsp.
patens (Downie and Palmer, 1992; Doyle et al., 1995; Sugiura et al.,
2003). To define the underlying cause for loss of this essential gene, it
was proposed that the rps16 gene was transferred to the nucleus and its
protein product was able to target both chloroplast and mitochondria in
the case of Medicago truncatula and Populus alba (Ueda et al., 2008).
These results suggest that the transfer of rps16 in multiple lineages has
apparently occurred independently several times in plants . It was lost
or partly deleted in Campynemataceae and tribes Chionographideae

and Melanthieae of Melanthiaceae; therefore, ribosomal protein S16
was predicted to be untranscribed and untranslated. However, this
deficiency could be compensated by nuclear rps16 products as de-
scribed previously (Ueda et al., 2008). Previously, Kim et al. (2016)
suggested that an inversion of ndhC-rbcL region in ptDNA occurred in
the two subgenera Sessilium and Trillium. Nguyen et al. (2015) char-
acterized the loss of ycf15 only in tribe Colchiceae of Colchicaceae
species. Collectively, the genomic events in Liliales are useful source of
molecular markers for further studies of evolutionary patterns of plas-
tomes, phylogeny, and population genetics. For example, the process of
termination of infA in Liliales was reflected through pseudogenization
followed by partial and then full deletion. In fact, partial deletion of
infA was found in all examined species of Smilacaceae in this study,
suggesting that this event is a synapomorphy for this monogeneric fa-
mily. Previously, Yang et al. (2010) reported the polyA sequences in
cemA among monocots. In this study, it also varied among Liliales.

Fig. 3. The Bayesian tree of Liliales inferred from 78 plastid protein-coding genes. Numbers indicate support (maximum parsimony bootstrap (PBP)/posterior
probability (PP)/ maximum likelihood bootstrap (MBP)). The asterisk indicates a long branch of Arachnitis uniflora compared with other species in this tree. This
branch was reduced by a factor of ten. Only support under PBP = 90/PP = 1.00/ MBP = 100) is shown. The dashes “-” indicate incongruence between MP and ML/
BI trees.
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Therefore, cemA could be a potential region for further population
studies not only in Liliales but also in other angiosperms.

In contrast to the highly conserved of plastid genomes of the pho-
tosynthetic taxa, the mycoheterotrophic species of Liliales exhibited
significant changes in structure and gene content with different patterns
of loss and the order of the retained genes (Fig. 1, Supplementary Table
S5). Previously, Graham et al. (2017) surveyed and summarized the loss
of genes across mycoheterotrophic taxa, but did not include the two
samples Corsiaceae included here. Within the two Corsia species gene
content was different (Supplementary Table S5). Further studies on
plastid DNA should be conducted to further clarify the evolution of this
mycoheterotrophic genus, which was estimated to have diverged ap-
proximately from Arachnitis 53 million years ago (Mya; Mennes et al.,
2015).

Our analyses of the plastome evolution in the Liliales confirmed the
quadripartite plastome structure, the IR expansion and contractions
driving the plastid genome size, changes in the position of the IR-LSC
boundaries, and the extreme reduction of the plastome in non-photo-
synthetic taxa. The quadripartite plastome structure has been hy-
pothesized to be essential for stability (Daniell et al., 2016) and was
highly conserved in the samples studied. The IR expansion and con-
traction affect the total size of plastid genome (Ma et al., 2013). In some
eudicots (i.e., Fabaceae), the IR is lost (Choi and Choi, 2017), which has
been thoroughly characterized across photosynthetic and non-
photosynthetic species (Downie and Jansen, 2015; Wang et al., 2015;
Raman and Park, 2016; Cauz-santos et al., 2017). In this study, various
IR-LSC junctions were recorded; however, some identical boundaries
were also found among the examined species (Table 1). Previously,
Wang et al. (2008) surveyed 123 species of basal angiosperms,

magnoliids, monocots and eudicot groups and suggested three types of
IR-LSC junctions, concluding that the duplication of trnH-rps19 could be
a synapomorphy of extant monocot orders. However, the limited
number of monocots sampled prevented them from concluding this
definitively. For example, duplication of trnH can be found in basal
angiosperms (Nymphaeales) and eudicots (Actinidiaceae and Ericaceae,
both Ericales; Yao et al., 2015). Additionally, the IR region expanded to
include psbB in Berberis bealei (Berberidaceae, Ranunculales; Ma et al.,
2013). Based on our observations here, we propose five types of IR-LSC
junctions (Supplementary Fig. S1A). In type I, the IR-LSC border based
that proposed in the literature (Wang et al., 2008) is located down-
stream of trnH–GUG. We found junctions upstream of rps19, rpl22, and
rps3 in types II, III, and IV, respectively. In type V species, the IR-LSC
border is located in or downstream of the rps3 exon. In Liliales, type III,
the most common, is found in all ten families. Notably, Melanthiaceae
possess four types (I, II, III, and IV), whereas type I was not found in any
Liliales (Supplementary Fig. S1B). The presence of various IR-LSC
junctions in each family of Liliales revealed a high rate of differentia-
tion. For phylogenetic and barcoding studies, trnH-psbA is not a suitable
region in Liliales at familial level (Table 1, Supplementary Fig. S1B).
Further observations of IR-LSC junctions in other species of monocots
and basal angiosperms revealed that the five junction types are present
(Supplementary Table S9). However, some orders have conserved
junctions (i.e., Arecales, and Laurales), whereas others have variable IR-
LSC borders (i.e., Asparagales, Alismatales, and Zingiberales). The IR-
LSC junctions among basal angiosperms and monocot orders reveal
changes from type I to type V (Supplementary Table S9). However, IR-
LSC junctions appear to be randomly distributed in the surveyed taxa,
especially Liliales.

Fig. 4. The Bayesian tree of Liliales inferred from combined data of plastid, mitochondrial and nuclear sequences. Numbers indicate support (maximum parsimony
bootstrap (PBP)/posterior probability (PP)/ maximum likelihood bootstrap (MBP)). The asterisk indicates a long branch of Arachnitis uniflora compared with other
species in this tree. This branch was reduced by a factor of five. Only support under PBP = 90/PP = 1.00/ MBP = 100) is shown. The dashes “-” indicate
incongruence between MP and ML/BI trees.
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4.2. The junction between IR and SSC regions: A new pool of molecular
markers

The observation of IR-SSC borders among Liliales and other mono-
cots revealed that this region could be potential for mining molecular
markers (Table 1, Supplementary Table S9). Most IR-SSC borders in
Liliales were located in the ycf1 exon (> 5000 bp; Table 1). Uniquely,
three Trillium species exhibited a junction in ndhF with ycf1 in the SSC.
Previously, Drescher et al. (2000) attempted to determine the function
of ycf1 and ycf2 and concluded these exons were indispensable for cell
survival. However, plastid genome data revealed that ycf1 and ycf2
were absent in many species of Poales (Katayama and Ogihara, 1996;
Guisinger et al., 2010), implying therefore that they could be replaced
by copies in the nucleus or mitochondria. Losses of rps16 and infA were
recorded in several clades with nuclear replacements hypothesized
(Millen et al., 2001; Choi and Choi, 2017). However, there have no
records of ycf1 and ycf2 copies outside of plastid genomes, which need
further studies to clarify the reason for the loss of these two genes. The
ycf1 exon is not only one of the largest in the plastome but also that
with the highest nucleotide diversity (Morris and Duvall, 2010), making
it a target for mining angiosperm barcodes (Dong et al., 2014; Dong
et al., 2015). Among species with ycf1-located IR-SSC borders, there are
three types across angiosperms (Supplementary Fig. S2, Supplementary
Table S9), making this region promising for development of DNA bar-
codes.

4.3. Familial relationships and a revised classification of Liliales

The plastome and combined three-genome data resulted in identical
estimates of familial relationships in Liliales (Figs. 3, 4), justifying a
combined analysis. Neyland and Hennigan (2003) first revealed a re-
lationship of Corsia with Campynema (Campynemataceae) based on
large subunit ribosome rDNA sequences. Kim et al. (2013) showed that

Corsiaceae was not a member of Liliales, but this outcome might have
been affected by the small number of samples and too little sequence
data (only rbcL of Arachnitis uniflora was used). Recently, Mennes et al.
(2015) and Givnish et al. (2016) analysed all remaining protein-coding
regions in the plastid DNA of A. uniflora and Corsia sp. to produce re-
sults congruent with ours: Corsiaceae (Arachnitis and Corsia) are sister
to Campynemataceae, which together are sister to the rest of Liliales
(Figs. 3, 4).

Although, Givnish et al. (2016) concluded that their study resolved
all uncertainty in relationship within Liliales, the relationships among
Smilacaceae, Philesiaceae and Ripogonaceae were not highly supported
in their study. Additionally, Givnish et al. (2016) found that Calochortus
forms a group with Prosartes, Scoliopus and Streptopus, whereas Tricyrtis
was sister to the rest of Liliaceae. However, Kim and Kim (2018) used
four plastid genes with a greater number of samples from Calochortus,
Tricyrtis, and Streptopus and found Tricyrtis as a sister with strong sup-
port to Streptopus, Prosartes, and Scoliopus rather than Calochortus. Our
study strongly supported the relationships (Fig. 3) found by Kim and
Kim (2018), but the relationships of Calochortus, Tricyrtis, and Strep-
topus are not the same in the 78-gene and three-genome analyses
(Figs. 3, 4). The different relationship among genera of Liliaceae could
be caused by taxonomic gap in this study. In the 78-gene and three-
genome data, there are 11 and 6 genera out of 15 genera of Liliaceae in
comparison to those of Kim and Kim (2018), respectively. Additionally,
the small number of sequence data from nuclear and mitochondrial
genomes might result in the different topologies of two data sets. In this
study, the topology of phylogenetic trees inferred from nuclear and
mitochondrial genomes are different (Data not shown). Previously,
there was incongruence reported among nuclear, mitochondrial and
plastid data in reconstructing of phylogenetic relationship (Petersen
et al., 2006; Seberg et al., 2012; Wang et al., 2014), but although we
observed incongruence within Liliaceae, both our analyses showed a
highly supported relationship of Liliaceae to Smilacaceae (Figs. 3, 4).

Fig. 5. Diagram of morphological characteristics in Liliales. The tree was drawn from familial relationship generated from plastid genome and three-genome data.
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The placement of the families of Liliales has been intensively de-
bated. In our results, Smilacaceae are strongly supported as sister to
Liliaceae (Figs. 3, 4), a result also found in some previous studies
(Patterson and Givnish, 2002; Chase et al., 2006; Fay et al., 2006). In
some previous studies, Smilacaceae, Ripogonaceae, and Philesiaceae
were found to form a clade, but support was weak (Vinnersten and
Bremer, 2001; Kim et al., 2013). In contrast, Givnish et al. (2016)
placed Smilacaceae sister to Liliaceae, but support was also low. Kim
et al. (2013) found that Melanthiaceae-Petermanniaceae formed a clade
that is sister to other families, whereas Petersen et al. (2013) showed a
polytomy of Melanthiaceae, Petermanniaceae, Alstroemeriaceae, Col-
chicaceae, Liliaceae, and Smilacaceae/Ripogonaceae/Philesiaceae. In
the results of this study, Melanthiaceae are sister to Philesiaceae/Ri-
pogonaceae plus Liliaceae/Smilacaceae. Additionally, Petermanniaceae
are sister to Alstroemeriaceae/Colchicaceae, a result also found by Fay
et al. (2006) and Mennes et al. (2015).

Previously, different classifications of Liliales have been suggested
due to the combination of families. For example, Uvulariaceae were
embedded in Colchicaceae and treated as a subfamily Uvularioideae by
Nordenstam (1998), whereas Trilliaceae was considered a tribe (Par-
idae) of Melanthiaceae (Angiosperm Phylogeny Group, 1998). Ad-
ditionally, Scoliopaceae, Tricyrtidaceae, and Calochortaceae were
considered synonyms of Liliaceae (Patterson and Givnish, 2002). The
most recent change within Liliales was the merger of Luzuriagaceae
with Alstroemeriaceae (Angiosperm Phylogeny Group, 2009). Luzuriaga
species have inverted leaves, which are also found in other Alstroe-
mericaceae. Additionally, previous molecular studies revealed close
relationship of Luzuriaga to Alstroemeria, Drymophila and Bomarea spe-
cies (Vinnersten and Bremer, 2001; Patterson and Givnish, 2002; Chase
et al., 2006; Fay et al., 2006; Chacón et al., 2012; Kim et al., 2013;
Givnish et al., 2016). The only monotypic family, Petermanniaceae, has
a close relationship with Alstroemeriaceae and Colchicaceae (Figs. 3,
4). Also, it has unique morphological features (i.e., woody climbers
with fibrous roots, leaf-opposed inflorescences, and reticulate leaf
veins) in comparison to Alstroemeriaceae and Colchicaceae. This family
split from the common ancestor with Colchicaceae and Alstroemer-
iaceae approximately 98.1 Ma (Givnish et al., 2016, Supplementary
Table S10). In this study, Ripogonaceae and Philesiaceae are found to
be a highly supported clade in both the 78-plastid gene and multi-
genome phylogenies. The close relationship of Ripogonaceae and Phi-
lesiaceae was also highly supported in previous studies inferred from
molecular data (Kim et al., 2013; Mennes et al., 2015; Givnish et al.,
2016). These two families also share morphology such as short woody
rhizomes, cuticular wax with parallel platelets, petiolate leaves, cras-
sinucellate ovules, berries, and a disintegrating testa (Kim et al. 2013).
Based on the combined evidence, we propose merging Ripogonaceae
with Philesiaceae.

Key to the genera of Philesiaceae
1. Opposite leaves; inflorescence raceme or spike; small

bisexual/unisexual flower (8 mm); pollen prolate, surface re-
ticulate……………………………….…………………………………
Ripogonum

1. Alternate leaves; solitary flower; bisexual flowers; pollen in-
aperturate, surface echinate; ………………………………………….…….
………..2

2. Erect shrubs; axillary flower; linear leaves; perianth whorls un-
equal (inner much longer than outer); anther dehiscing by
pores…………………..……………….…………………………………
Philesia

2. Vines, terminal flowers, ovate to lanceolate leaves, perianth
whorls equal; anther dehiscing introsely…………………………
…………………………………..Lapageria

Key to the families of Liliales
1. Achlorophyllous, herbs without leaves ……………….Corsiaceae
1. Chlorophyllous, herbs with green leaves,
2. Leaves petiolate

3.Leaves resupinate (twisted/ upside-down), parallel veins…
………………………………………………………….Alstroemericaeae

3. Leaves not twisted or upside-down, reticulate veins
4. Leaves with tendril-like stipules………………………Smilacaceae
4. Leaves without tendril-like stipules
5.Leaves opposed pedunculate inflorescences, tendrils……………

………………………………………………….Petermanniaceae
5.Terminal solitary flower/axillary racemes, no tendrils………

……….…………………………………………………….Philesiaceae
2. Leaves without petiole
6. Greenish tepals; small flowers with inferior ovary and two distinct

phases (male/female phase; filaments recurve and twist counter clockwise
after the abscission of anthers) within the same inflorescence…….
……………….…………………………....Campynemataceae

6. Colorful tepals (white, red, yellow, etc.) ovary superior to in-
ferior, flowers without recurve and twist filaments

7. Perennial herbs with leaves alternate, opposite or verticillate,
cuticular wax with transversally ridged rodlets……………………
………….……………………………………Liliaceae

7. Perennial herbs often with basal sheathing leaves, cuticular wax
with parallel platelets

8. Calcium oxalate crystals lacking, raphides absent, androecial nec-
taries, stigma wet.…………………………………………….Colchicaceae

8. Calcium oxalate crystals present (raphides, cuboidal, and
styloid types), raphides present, stigma dry/wet, tepal nectaries
..….……………………………………………………………………..
Melanthiaceae

4.4. Morphological evolution in Liliales

The evolution of morphology revealed both conserved and derived
features among Liliales which may have enabled dispersal into novel
environments (Fig. 5, Supplementary Table S4). Although only two
(i.e., nectaries on tepals and extrorse anthers) out of twelve features
appear to be ancestral characters, the remaining ten characters revealed
various putatively adaptive histories among members of Liliales. For
example, different rootstock types evolved from a rhizome (i.e., bulbs in
Liliaceae, Melanthiaceae; corms in Colchicaceae; and tuber-like roots in
Corsiaceae, Colchicaceae), which aid plants to tolerance the xeric
condition. Also, the fruit type changed from capsules to berries (i.e., in
Smilacaceae, Petermanniaceae, and Colchicaceae). Therefore, new seed
dispersers for fleshy fruits might be attracted, such as birds, mammals,
and lizards (Schupp, 1993; Schupp et al., 2010; Viana et al., 2016;
Wotton et al., 2016). Although having similar morphological features
such as climbing vines and berry fruits that might help a species to
survive in dense forests, the monotypic family Petermanniaceae con-
trasts with the situation in Smilacaceae. Smilacaceae are one of the
biggest families in Liliales (approximately 200 species) with a cosmo-
politan distribution (Angiosperm Phylogeny Group, 2016). Also corre-
lated is the shift to dioecy in Smilacaceae, which prevents self-polli-
nation and maintains/increases genetic variation, putatively assisting
plants to adapt to new environments. The colorful fruits (orange-red to
blue-black berry) of Smilacaceae that are probably bird-dispersed,
might have contributed to its cosmopolitan. Phylogenetically, Smila-
caceae are sister to Liliaceae (Figs. 3, 4); however, there are not many
shared morphologies among these two families (i.e., trimerous flowers
with nectaries on tepals and extrorse/introrse anthers). Within Lilia-
ceae, various features were defined to support the division into four
subfamilies (Kim and Kim, 2018). There findings revealed a high rate of
morphological evolution of Liliacaceae in comparison with Smilacaceae
and a question on the close relationship between Smilacaceae and Li-
liaceae instead of Philesiaceae. Further studies with new data sources
should be conducted to confirm the relationship between Smilacaceae
and Liliaceae because the support values for these two families were not
always 100% in the present study.

The early split of the mycoheterotrophic Corsiaceae in the Liliales
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resulted in significant gene content and order differentiation in their
plastid genomes and distinct morphologies compared to other families
(Fig. 5, Table 1, Supplementary Table S5). The family includes two
genera and comparative few species which have symbiosis with dif-
ferent fungi (Domínguez and Sérsic, 2004; Domínguez et al., 2009;
Renny et al., 2017). Within the two species of Corsia sampled here, gene
content is divergent, suggesting high plastid genome diversity in 24
species of this genus. Further studies on Corsia should be performed to
enhance understanding of mycoheterotrophy.

5. Conclusions

Based on our comprehensive comparative plastome analysis of
Liliales, we discovered that mycoheterotrophic Corsiaceae have sig-
nificantly different plastid DNA sequences and organization, differing
from each other as well as from their photosynthetic relatives. Plastome
evolution is ongoing in this family, making it an ideal system to study
this phenomenon. Otherwise, the plastid genomes of Liliales are all
highly similar in structure and content among the families. However,
some variations were detected (i.e., different type of LSC-IS-SSC junc-
tions, deletion of coding regions, and inversion), which are useful for
studies of molecular markers, phyogeny, and population genetics. The
mycoheterotrophic Corsiaceae exhibits strong variation in plastome
structure due to the loss or reduction of most photosynthesis related
genes and this is associated with morphology in which plants are re-
duced in size and leafless.
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