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Abstract

Taxaceae and Cephalotaxaceae are the two economically important conifer families. Over the years there has been much con-
troversy over the issue of merging these families. The position of Amentotaxus and Torreya is also ambiguous. Some authors
consider them closer to Taxaceae while others deemed them to fit within Cephalotaxaceae. Still, others prefer to raise them to
their own tribe. Different morphological, anatomical, embryological and phylogenetic evidence supports one or the other view,
making the precise delineation between them unresolved. Here we used an RNAseq-based approach to obtain orthologous genes
across the selected species to reconstruct a more robust phylogeny of these families. A total of 233.123 million raw reads were
de novo assembled to generate nine different transcript assemblies for the corresponding species. Of the 940 191 assembled tran-
scripts across nine species, we generated 409 734 unigenes, which were clustered into orthologous groups. A total of 331 single-
copy complete orthologous groups were selected for phylogenetic analysis. Maximum-likelihood, maximum-parsimony and
Bayesian phylogenetic trees showed a sister relationship between Taxaceae and Cephalotaxaceae. Our analysis supports their dis-
tinctiveness at the family level and also shows that Amentotaxus and Torreya fit within Cephalotaxaceae.
© The Willi Hennig Society 2018.

Introduction

Gymnosperms are vascular plants that bear naked
ovules. Among the largest gymnosperm groups, pines
stand at the forefront while Ginkgo is the smallest
group represented by just a single species. The Plant
List, a database collaboratively produced by the Royal
Botanic Gardens, Kew, and Missouri Botanical Gar-
den, lists 10 40 426 species of plants belonging to
16 167 genera and 620 families. In this list, the Gym-
nosperms have been divided into 4588 species, 14 fami-
lies and 88 genera (http://www.theplantlist.org).
However, the Gymnosperm database (http://www.
conifers.org) records only 13 families of gymnosperms.
In a broad sense all vascular seed-bearing plants
belong to either of the five lineages, namely angios-
perms, coniferales, cycadales, ginkgoales and gnetales.
Among other important families in the coniferales

lineage, Taxaceae and Cephalotaxaceae are of note
with regard to their economic importance and taxo-
nomic confusion. Both Taxaceae and Cephalotaxaceae
are closely related to each other. Taxaceae includes the
well-known genera Taxus, Pseudotaxus and Austro-
taxus while Cephalotaxaceae constitutes a single genus
Cephalotaxus. The genera Amentotaxus and Torreya
are viewed differently by different authors. They bear
resemblances to as well as differences from both Tax-
aceae and Cephalotaxaceae and also with each other.
This led to varied opinions regarding their taxonomic
position. Due to contradicting proposals by different
studies, a clear-cut delineation between Taxaceae and
Cephalotaxaceae is not fully resolved and the current
debate is whether they should be merged or treated as
separate families.
Cephalotaxus was earlier considered as a member of

Taxaceae (Eichler, 1889; Van Tieghem, 1891). Pilger
(1903) also included the genus Cephalotaxus in the
family Taxaceae. Although given the status of a family
by Neger (1907), Cephalotaxus was merged back
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within Taxaceae by Christenhusz et al. (2011) between
Taxus and Amentotaxus. Both Cephalotaxaceae and
Taxaceae were considered to have no alliance with
each other (Florin, 1948, 1954; Singh, 1961). This
opinion was refuted by Takhtajan (1953), Hart (1987),
Price (1990) and Stefanoviac et al. (1998), who opined
that both are closely related. Phylogenetic analysis
based on nuclear genes, NFY and NLY, revealed
Cephalotaxus as sister to Taxaceae but seemed to be
nested in Taxaceae when only NLY was used (Lu
et al., 2014). A sister relationship was also inferred
between the two by studies utilizing chloroplast matk
and the nuclear rDNA ITS region (Cheng et al., 2000),
chloroplast matk (Wang and Shu, 2000), and chloro-
plast matK, rbcL, trnL-trnF spacer, psbA-trnH spacer
and nuclear ITS (Xiao et al., 2008). However, based
on rbcL and matK, Quinn et al. (2002) suggested that
the two should be merged. Cladistic analysis based on
morphology, leaf and wood anatomy revealed that
Cephalotaxaceae should be merged within Taxaceae
(Ghimire and Heo, 2014). While revisiting the taxo-
nomic position of Cephalotaxaceae, Lang et al. (2013)
agreed with Christenhusz et al. (2011) to retain
Cephalotaxaceae within Taxaceae and followed the
same classification. Thus, different studies seem to pro-
pose different taxonomic classifications of these fami-
lies, and thus their precise delineation remains
unresolved. Amentotaxus was considered as a member
of Cephalotaxaceae (Pilger, 1926; Page, 1990). Based
on their anatomical characteristics, Amentotaxus and
Torreya were found closest to Cephalotaxaceae (Hu
and Wang, 1989). However, phylogenetic analysis by
Chaw et al. (1995, 1997) asserted that they are better
resolved within Taxaceae. Based on fleshy structure in
their reproductive parts, Amentotaxus has been consid-
ered as a link between Taxaceae and Cephalotaxaceae
(Keng, 1969; Wilde, 1976). Whether Amentotaxus is
closer to Cephalotaxaceae or links Taxaceae and
Cephalotaxaceae, Cheng et al. (2000) regarded both
Cephalotaxaceae and Taxaceae as sister groups; Amen-
totaxus and Torreya are closer to Taxaceae than to
Cephalotaxaceae based on chloroplast matk and
nuclear rDNA ITS region. Amentotaxus has also been
suggested to be raised to its own family, Amentotaxac-
eae, due to sufficient distinction from the genera of
Taxaceae (Kudo and Yamamoto, 1931; Chuang and
Hu, 1963; Xi, 1986).
RNA sequencing (RNAseq) has recently emerged as

a revolutionary technology. Besides its immense poten-
tial in diverse applications, its utility in the field of
phylogenetics has recently been recognized, although
the approach is still in its infancy. The constantly
decreasing cost of next-generation sequencing and evo-
lution of sophisticated tools for phylogenetic analysis
have favoured the use of genomic-scale data in phylo-
genetics. Recently, robust phylogenies have been

reconstructed using RNAseq data in mosquitoes
(Hittinger et al., 2010), lice (Johnson et al., 2013) and
ray-finned fish (Zou et al., 2012). The validity of using
RNAseq data to recapitulate previous phylogenies has
been shown for Flaveria (Lyu et al., 2015) and Orchi-
daceae (Deng et al., 2015). Thus, RNAseq data are
becoming a new resource for phylogenetic analysis.
Given the lack of clear taxonomic position between
the genera of Taxaceae and Cephalotaxaceae, here we
used an RNAseq-based approach to recover ortholo-
gous genes between the selected species and subse-
quently utilize them for phylogenetic analysis.

Materials and methods

We used in-house sequenced Illumina-based paired-
end RNAseq raw reads of Taxus wallichiana together
with the raw reads of eight species (Table 1) retrieved
from the NCBI Sequence Read Archive (SRA) data-
base for analysis. A schematic representation of the
pipeline used for the orthology detection and phyloge-
netic analysis is shown in Fig. 1. The raw reads were
cleaned by removing the adaptor sequences and low-
quality bases through Trim Galore v0.4.1. The quality-
trimmed reads were then de novo assembled using
Trinity v1.6 (Grabherr et al., 2011). The completeness
of the assembly was analysed using BUSCO v2 (Sim~ao
et al., 2015). The raw reads were then mapped back to
the assembly using Bowtie2 v2.3.0 (Langmead and
Salzberg, 2012) to assess the read representation for
quality assessment. Quality was also checked by count-
ing full-length transcripts through BLAST against the
SwissProt database. Removal of the redundant
sequences and generation of unigenes was done
through CD-HIT-EST v4.6 at 95% sequence identity
threshold (Li and Godzik, 2006). Non-redundant
assemblies were then compared with each other by
executing reciprocal one-to-one BLAST at an e-value
of 1 9 10–5 for the identification of orthologous
groups across the species through an orthology detec-
tion tool, Proteinortho v5.16b (Lechner et al., 2011).
All degenerate or incomplete orthologous groups were
filtered out to obtain only complete groups which con-
tain no more than one gene from each species. The
sequences of these single copy orthologous groups
were processed to prepare the input files for alignment
using in-house python scripts and then aligned individ-
ually by MAFFT v7.312 (Katoh and Standley, 2013).
The individual aligned sequences were concatenated by
AMAS v0.98 (Borowiec, 2016) to generate a super-
alignment file. Trimming of spurious sequences and
poorly aligned regions from the super-aligned
sequences was performed using TrimAl v1.2 (Capella-
Guti�errez et al., 2009). We used a multiple phyloge-
netic approach in the reconstruction of phylogenetic
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trees. Maximum-parsimony (MP) analysis was run on
MEGA v7.0.26 (Kumar et al., 2008) using the SPR
search method. Support for individual clades was
achieved through bootstrapping with 500 replicates. A
maximum-likelihood (ML) phylogenetic tree was
reconstructed in IQ-TREE v1.5.5 (Nguyen et al., 2014)
with Ultrafast Bootstrap support (Minh et al., 2013;
Hoang et al., 2017) and SH-aLRT branch support for
10 000 replicates. For model testing, we used
ModelFinder (Kalyaanamoorthy et al., 2017) imple-
mented in the IQ-TREE. Bayesian Markov chain
Monte Carlo (MCMC) analysis, which consisted of
two runs for 1 000 000 generations, was performed by
using Mr. Bayes v3.2.6 (Ronquist et al., 2012). A
default 25% burn-in was used to reconstruct the tree
under the 50% majority-rule. Comparison and calcula-
tion of differences between the trees obtained from the
different methods was done by using TOPD/FMTS
v3.3 (Puigb�o et al., 2007).

Results

Assembly and orthology detection

Retrieval of raw reads belonging to eight different
species (Table 1) from the NCBI SRA database together
with in-house sequenced reads of T. wallichiana
resulted in 233.123 million raw reads for processing.
After adaptor removal and cleaning of low-quality
bases, the generation of nine de novo assemblies
yielded a total of 940 191 assembled transcripts. Clus-
tering of these assembled transcripts resulted in
409 734 unigenes across nine species. Quality of the
assemblies was assessed through different approaches.
Read representation using Bowtie2 showed an average
alignment rate of 83.1%. Completeness assessment of
the assemblies showed that of 1440 core genes queried,
the average number of core genes detected was 982
(68.19) with highest number of 1214 (84.31%)
for T. wallichiana and lowest of 824 (57.22%) for
Torreya taxifolia (Table 1). Initially, we also used
Cephalotaxus sinensis in our analysis, but due to the
low quality of the assembly, showing only 56.33% of
reads mapping back to the assembly, we excluded it
from further analysis. Using Proteinortho, 409 734
unigenes were clustered into 47 752 different ortholo-
gous groups. Following filtration of all the degenerate
groups, we obtained a set of 331 complete groups
which contain no more than one gene for each species.

Alignment and phylogenetic analysis

These single-copy orthologous groups were aligned
individually. Concatenation of the individual align-
ment files generated a super-alignment file having an T
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alignment length of 921 206, 463 145 variable sites
and 277 597 parsimony-informative sites. Trimming of
the super-aligned sequences resulted in the alignment
matrix having 100% coverage with no gaps. MP anal-
ysis using MEGA showed that the trimmed sequences
have an alignment length of 240 731, 135 756 parsi-
mony-informative sites, 75 411 constant sites, 165 320
variable sites and 29 564 singleton sites. Model testing
for ML analysis was performed under Bayesian infor-
mation criterion (BIC), Akaike information criterion
(AIC) and corrected Akaike information criterion
(CAIC) for 286 models. The best fit model for con-
struction of the ML phylogenetic tree was found to be
TVM+R2 under BIC. In Bayesian analysis, MCMC
searches at a 95% posterior probability resulted in a
single tree with posterior probability (P) of 1.00 and
cumulative posterior probability (P) of 1.00. The
observation of a single tree after MCMC searching as
the most probable and credible tree shows the topolog-
ical certainty of our data. The MP analysis yielded a
tree with strong statistical support which resolved the

Taxaceae and Cephalotaxaceae as separate clades.
Amentotaxus and Torreya were found closer to
Cephalotaxaceae. The phylogenetic trees obtained
from ML and Bayesian inference (BI) strongly
corroborate the results obtained from MP analysis. All
three methods showed two major clades with
strong statistical support. T. cuspidata, A. spicata,
Pseudotaxus chienii and T. wallichiana resolved into
one clade while A. argotaenia, T. taxifolia, C. haina-
nensis and C. harringtonia segregated into another.
G. biloba was used as the outgroup. Comparison of
the ML, MP and BI trees (Table 2) showed that all
had 100% taxon similarity. Moreover, the split dis-
tance, nodal distance and disagreement between taxa
was found to be zero when calculating differences
between the trees. Because all the trees are similar, for
the sake of non-redundancy, a single tree representing
the values from all methods is shown here (Fig. 2).
Individual trees from the different methods are given
in the Supporting Information (Figs S1–S3).

Discussion

In comparative genomics and molecular phylogenet-
ics, orthology assessment forms a crucial part of data
analysis. The ever increasing rise in generating geno-
mic and transcriptomic sequences has led to rapid
expansion of public databases. Studies on Gym-
nosperms at the whole genome level are rare. The
transcriptomic data generated through RNAseq tech-
nology can provide an efficient alternative source for
large-scale orthology detection. However, even at the
transcriptomic level, the gymnosperms have received
comparatively less attention and transcriptomic
sequences of only limited taxa are available. In the
absence of a reference genome, we developed de novo
assemblies of the selected species for orthology analy-
sis to address the taxonomic position of Taxaceae and
Cephalotaxaceae. RNAseq read representation,
BLAST searches against the SwissProt database and
completeness assessment showed that the quality of
our assemblies is good for orthology analysis. Phyloge-
netic analysis of a set of 331 orthologous groups
showed separate clades for Taxaceae and Cephalotax-
aceae with strong statistical support. As mentioned
above, different studies give different opinions regard-
ing the taxonomic position of the two families. Our
analysis suggests a sister relationship between them
and supports their distinctiveness at the family level.
The validity of our results is strengthened by the
observation that MP, ML and BI methods resolved
the taxa in a similar manner. Our results are corrobo-
rated by evidence from morphological, anatomical,
reproductive and phylogenetic studies. The sister rela-
tionship between them was also observed by Lu et al.

Fig. 1. Schematic representation of the pipeline used for detection
of orthologues and phylogenetic analysis. [Colour figure can be
viewed at wileyonlinelibrary.com]
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(2014), Cheng et al. (2000) and Xiao et al. (2008). Fur-
thermore, morphological studies by Hart (1987) and
Price (1990) support our results of a sister relationship
between them. Our results did not support merging
these families as proposed by Quinn et al. (2002), Ghi-
mire and Heo (2014), Christenhusz et al. (2011) and
Lang et al. (2013). Recently, a sister relationship has
also been established between them using fluorescence
microscopy of leaf anatomy (Elpe et al., 2018).
Although Taxaceae and Cephalotaxaceae show simi-
larity in several morphological features, they differ
widely in others. In Taxaceae the aril of the cone
partly encloses the seed while in Cephalotaxaceae it
encloses the seed fully. Furthermore, maturation of the
cone in Taxaceae takes 6–8 months compared with
18–20 months in Cephalotaxaceae. Moreover, mature

seeds of Taxaceae have an average length of 5–8 mm
compared with 12–40 mm in Cephalotaxaceae (Singh,
2006). They also differ in embryological characters
(Xiao et al., 2008; Singh, 1961). The absence of foliar
resin canals in Taxaceae also distinguishes them from
Cephalotaxaceae. Cephalotaxaceae differ from Taxac-
eae in having several two-ovulate bracts in their seed
cones in contrast to single-ovulate bracts of Taxaceae
(Xiao et al., 2008). Embryological studies also show
differences between Cephalotaxaceae and Taxaceae
(Singh, 1961). These attributes support our analysis
and highlight their distinctiveness at the family level.
Regarding the position of Amentotaxus and Torreya,

it is clear that they resemble Taxaceae but show also
strong likenesses to Cephalotaxaceae. Both show some
similarities as well as differences with both Taxaceae
and Cephalotaxaceae and also with each other mor-
phologically, anatomically, embryologically and phylo-
genetically. Thus, different authors held varied
opinions and placed them in one or the other group.
Our results suggest that they are closer to Cephalotax-
aceae than to Taxaceae. They are corroborated by the
findings of Lu et al. (2014) who also observed Amento-
taxus and Torreya segregating with the Cephalotaxus
clade. Moreover, Cephalotaxus, Amentotaxus and Tor-
reya were found to have foliar resin canals and discon-
tinuous fibrous hypodermis, suggesting they are closely
related to each other. Such resin canals are absent in
extant taxad genera (Lu et al., 2014). Torreya and
Cephalotaxus resemble each other in having bijugate
phyllotaxis (Tomlinson and Zacharias, 2001). Amento-
taxus was considered as a member of Cephalotaxaceae
(Pilger, 1926; Page, 1990). Based on their anatomical
characteristics, Amentotaxus and Torreya were found
closest to Cephalotaxaceae (Hu and Wang, 1989). Tor-
reya and Amentotaxus differ from Taxaceae in having
abaxial microsporangia and an aril adnate to the seed
coat, enclosing the seed tightly in contrast to radial
microsporangia and cup-like aril free from the integu-
ment of the ovule (Price, 1990). While studying leaf
anatomy, Ghimire et al. (2014) found that Torreya,
Amentotaxus and Cephalotaxus have only one resin
canal below the vascular bundle, in contrast to Taxus,
Austrotaxus and Pseudotaxus which do not possess

Table 2
Comparison of trees generated by different methods on the same taxa

S. no Method ML–BI BI–MP ML–MP

1 Proportion of taxa in common 100% 100% 100%
2 Nodal distance 0 0 0
3 Split distance 0 0 0
4 Disagreement 0/9 0/9 0/9

ML, maximum likelihood; MP, maximum parsimony; BI, Bayesian. Disagreement values 0/9 indicate that of 9 taxa there are 0 taxa disagree-
ing between the trees.

Fig. 2. Phylogenetic tree depicting the segregation of Taxaceae and
Cephalotaxaceae with G. biloba as the outgroup. The tree was esti-
mated with MP, ML and BI for a concatenated dataset of 331 uni-
genes. Support values are listed in the order: ML ultrafast bootstrap/
ML SH-aLRT/MP bootstrap/Bayesian posterior probability. [Colour
figure can be viewed at wileyonlinelibrary.com]
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any resin canals. Furthermore, Amentotaxus and Tor-
reya were found to be closer to Cephalotaxus in having
discontinuous fibrous hypodermis. The authors tenta-
tively suggested Cephalotaxaceae neither as a separate
family nor totally merged in Taxaceae. Although the
authors agree on support for minor familial classifica-
tion between them, they favoured Taxaceae containing
Cephalotaxaceae (Ghimire et al., 2014). Our analysis
rejects this and proposes to maintain their distinctive-
ness at the family level. Alliance between Amentotaxus
and Cephalotaxaceae has also been suggested by Hart
(1987) and Keng (1969). Except for the lack of bracts,
the pollen strobilus of Amentotaxus resembles that of
Cephalotaxaceae in being compound. The dorsiventral
symmetry of microsporangia (rarely radial) also resem-
bles that of Cephalotaxaceae (Wilde, 1976). Torreya
shows cleavage polyembryony in contrast to simple
polyembryony and formation of the cell wall at the
four- to eight-celled stage, making it distinct from Tax-
aceae (Doyle and Brennan, 1971; Tang et al., 1986).
The aril completely surrounding the seed, opposite or
sub-opposite branchlets and absence of a prominent
midrib differentiates it from Taxus (Cope, 1998). All
these features bring Amentotaxus and Torreya closer
to Cephalotaxaceae and thus corroborate our results.
Our results did not favour the non-alliance of Amento-
taxus and Torreya with Cephalotaxaceae as pro-
pounded by Cheng et al. (2000) or Janchen’s (1949)
two tribe classification of Taxaceae, Torreyeae (encom-
passing Torreya and Amentotaxus) and Taxeae (con-
taining taxad genera) based on the presence of foliar
resin canals. Furthermore, placing Amentotaxus and
Austrotaxus within the same tribe, Amentotaxeae, on
the basis of having spike-like male strobilus as pro-
posed by Chen and Wang (1984) and Koidzumi
(1932), is not supported by our results.
Thus, phylogenetic studies involving a different set

of loci arrive at different results regarding the position
of these families. This is because different loci tend to
evolve at different rates so will resolve between taxa
differently. Here we used a set of 331 unigenes that
resolved Taxaceae and Cephalotaxaceae as sister
groups and also resolved Amentotaxus and Torreya
within Cephalotaxaceae. This analysis is based on very
large number of loci and sufficiently long alignment
length and its resolving power is greater than for ear-
lier phylogenetic studies involving few loci and a com-
paratively shorter alignment length. Furthermore, the
convergence of the MP, ML and BI methods strength-
ens this observation. The topological credibility of our
data is shown by generation of a single tree as the
most probable tree at 95% credibility in MCMC
searches. The high bootstrap and posterior probability
values obtained for the tree topologies add additional
strength to the results.

Conclusion

The potential for RNAseq in phylogenetics has
recently been recognized. Utilization of RNAseq data
provides the opportunity to incorporate a large num-
ber of loci and sufficiently long alignment length for
construction of a robust phylogeny. Based on this
approach, we provided a set of 331 unigenes that
resolve Taxaceae and Cephalotaxaceae as distinctly
separate clades, suggesting their distinctiveness at the
family level. The phylogenetic methods used here gave
the same segregation of the taxa, strongly supporting
our inference. We believe that our analysis is robust
and powerful due to the incorporation of a large num-
ber of loci, very strong statistical support, topological
certainty for the data and convergence of the different
phylogenetic methods to a similar result.
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