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Abstract Cannabaceae are a relatively small family of angiosperms, but they include several species of huge
economic and cultural significance: marijuana or hemp (Cannabis sativa) and hops (Humulus lupulus). Previous
phylogenetic studies have clarified the most deep relationships in Cannabaceae, but relationships remain
ambiguous among several major lineages. Here, we sampled 82 species representing all genera of Cannabaceae
and utilized a new dataset of 90 nuclear genes and 82 chloroplast loci from Hyb-Seq to investigate the
phylogenomics of Cannabaceae. Nuclear phylogenetic analyses revealed a robust and consistent backbone for
Cannabaceae. We observed nuclear gene-tree conflict at several deep nodes in inferred species trees, also cyto-
nuclear discordance concerning the relationship between Gironniera and Lozanella and the relationships among
Trema s.I. (including Parasponia), Cannabis + Humulus, and Chaetachme + Pteroceltis. Coalescent simulations and
network analyses suggest that observed deep cyto-nuclear discordances were most likely to stem from
incomplete lineage sorting (ILS); nuclear gene-tree conflict might be caused by both ILS and gene flow between
species. All genera of Cannabaceae were recovered as monophyletic, except for Celtis, which consisted of two
distinct clades: Celtis | (including most Celtis species) and Celtis 11 (including Celtis gomphophylla and Celtis schippii).
We suggest that Celtis Il should be recognized as the independent genus Sparrea based on both molecular and
morphological evidence. Our work provides the most comprehensive and reliable phylogeny to date for
Cannabaceae, enabling further exploration of evolutionary patterns across this family and highlighting the
necessity of comparing nuclear with chloroplast data to examine the evolutionary history of plant groups.

Key words: ancient hybridization, Cannabaceae, Celtis, classification, cyto-nuclear discordance, incomplete lineage sorting,
phylogenomics, Sparrea.

(Yang et al.,, 2013). The two most economically important
plants in this family are marijuana or hemp (Cannabis sativa
L.) and hops (Humulus lupulus L.). Hemp was one of the first
plants to be domesticated, probably during early Neolithic
times in China, and has been used for thousands of years as a

1 Introduction

Cannabaceae comprise ca. 117 species distributed in tropical,
subtropical, and temperate regions of the world (Jin
et al,, 2020). Members of Cannabaceae are mostly trees or

shrubs, rarely vines (Humulus) or erect herbs (Cannabis), and
show considerable diversity in morphology and habitat
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source of fiber, food, and medicine (Zlas et al., 1993;
Pringle, 1997; Kovalchuk et al., 2020; Ren et al., 2021). The
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female inflorescences of hops have been an essential
ingredient in beer brewing since the early Middle Ages
(Behre, 1999; Biendl & Pinzl, 2007; Zanoli & Zavatti, 2008).
Another economic species is wingceltis (Pteroceltis tatar-
inowii Maxim.), whose bark fiber represents the key material
for making traditional Chinese Xuan paper (Li et al., 2012).

The phylogenetic placement and circumscription of
Cannabaceae have changed considerably following molecular
studies. This family is a member of the “urticalean rosid”
clade, a morphologically well defined group now included in
a more broadly circumscribed Rosales (Sytsma et al., 2002;
Soltis et al., 2011; Zhang et al,, 2011; Sun et al., 2016). The
circumscription and classification of Cannabaceae have long
been controversial (see Table S1). Originally including only
Cannabis and Humulus (Rendle, 1925), this family now
comprises eight additional genera (Aphananthe, Celtis,
Chaetachme, Gironniera, Lozanella, Parasponia, Pteroceltis,
and Trema) formerly classified as Celtidaceae or Celtidoideae
within Ulmaceae (Link, 1831; Engler & Prantl, 1893). This
expanded concept of Cannabaceae, first proposed by
Wiegrefe et al. (1998), is supported by multiple molecular
studies (i.e., Song et al, 2001; Sytsma et al, 2002
Sattarian, 2006; Yang et al., 2013; Sun et al., 2016; van Velzen
et al.,, 2018; Zhang et al., 2018b; Jin et al., 2020). Several
studies have also shown that Parasponia is nested within
Trema sensu stricto (s.s.) with weak support (i.e., Yesson
et al., 2004; Sattarian, 2006; Yang et al., 2013; Sun et al., 2016;
Jin et al, 2020) or with limited sampling (i.e., Zhang
et al,, 2018b). Accordingly, species of the former genus
were recently subsumed into the latter (Christenhusz
et al., 2018).

Relationships within Cannabaceae have been greatly
clarified by phylogenetic studies over the last 30 years using
chloroplast, mitochondrial, and/or nuclear ribosomal DNA
sequences (Fig. S1). Aphananthe has been consistently
recovered as sister to the rest of the family, with Gironniera
and Lozanella either being successive sisters or forming a
clade that is sister to the remaining genera, which together
form a quadripartite clade including Celtis, Cannabis +
Humulus, Chaetachme + Pteroceltis, and Trema sensu lato
(s.I.) (Song et al., 2001; Song & Li, 2002; Sytsma et al., 2002;
Sattarian, 2006; Yang et al., 2013; Sun et al., 2016; van Velzen
et al., 2018; Zhang et al., 2018b; Jin et al.,, 2020). However,
previous phylogenetic studies of the family have included
limited sampling of either DNA markers (i.e., Sattarian, 2006;
Yang et al., 2013; Sun et al., 2016; Jin et al., 2020) or species
(i.e., Zhang et al., 2018b), with a relatively limited perspective
overall from the nuclear genome. Despite continued
progress, major outstanding questions remain, including
the positions of Gironniera and Lozanella, major relationships
within the quadripartite clade, and the overall congruence of
phylogenetic relationships inferred from plastid vs. nuclear
datasets.

To address these questions, we generated a new
phylogenomic dataset for the family including 90 nuclear
genes (for 82 ingroup species) and 82 chloroplast loci (for 9o
ingroup species), to resolve both deep and shallow relation-
ships in Cannabaceae. We obtained a well resolved nuclear
phylogenetic framework and clarified several contentious
relationships in Cannabaceae. We also explored patterns
of gene-tree and cyto-nuclear (i.e., chloroplast-nuclear)

J. Syst. Evol. 0o (0): 1-21, 2022

discordance across Cannabaceae phylogeny to identify the
potential biological sources—for example, ancient hybrid-
ization vs. incomplete lineage sorting (ILS)—of the observed
phylogenomic conflict. Based on our robust phylogenetic
framework and a survey of relevant morphological traits,
we propose a revised generic classification of the family,
including the renewed recognition of Sparrea.

2 Material and Methods

2.1 Taxon sampling and target enrichment sequencing
We sampled 83 species of Cannabaceae (ca. 70% of accepted
species according to Jin et al, 2020), representing all
genera of Cannabaceae with 67%-100% species sampling for
each genus. Two species from families closely related to
Cannabaceae (Zhang et al, 2011; Jin et al., 2020) were
selected as the outgroups: Broussonetia papyrifera (L.) L'Hér.
ex Vent. from Moraceae and Debregeasia saeneb (Forssk.)
Hepper & J.R..Wood from Urticaceae. Leaf material for the
86 samples was obtained from the San Francisco Botanical
Garden and the following herbaria: A, CAS, K, KUN, L, MO,
NY, OS, RSA, and TEX (acronyms following Index Herbar-
iorum). Detailed sampling information is listed in Table S2.
Total genomic DNA was extracted from herbarium or
silica-dried material with a modified cetyl trimethyl ammo-
nium bromide (CTAB) protocol (Doyle & Doyle, 1987; Folk
et al,, 2021). For target enrichment sequencing (hereafter
Hyb-Seq), we used an exonic bait set for 100 single-copy or
low-copy genes (133 433 bp in total) developed for phyloge-
netic analyses across the rosid clade (Folk et al., 2021), which
includes Cannabaceae. This bait set was developed using 78
rosid transcriptomes and Arabidopsis thaliana (L.) Heynh. as a
genome reference. In addition to the 100 nuclear loci, we
obtained 82 off-target chloroplast loci from the Hyb-Seq data
(see more details below). Genomic DNA quantification,
library preparation, target enrichment, and Illumina se-
quencing with 150-bp paired-end reads were conducted by
Rapid Genomics (Gainesville, Florida, USA).

2.2 Read filtering, assembly, and processing

2.2.1 Nuclear dataset

The raw paired-end reads obtained from Hyb-Seq were
filtered using Trimmomatic version 0.36 (Bolger et al., 2014)
to remove adapters and low-quality bases (Phred score = 33;
ILLUMINACLIP: TruSeq3-PE-adapters.fa:2:30:10:8:TRUE; SLI-
DINGWINDOW:20:20). We used HybPiper version 1.3.1
(Johnson et al., 2016) to assemble the cleaned reads
and for post-processing (https://github.com/mossmatters/
HybPiper/), using as a reference 100 protein sequences
from A. thaliana, which correspond to the gene sequences
for probe design. More specifically, we used the wrapper
script “reads_first.py” to map reads to each reference
protein sequence using BLASTX version 2.7.1 (Camacho
et al.,, 2009). The binned reads were assembled separately
for each gene using SPAdes version 3.12.0 (Bankevich
et al.,, 2012). Then the assembled contigs were aligned to
the reference protein sequences using Exonerate version
2.4.0 (Slater & Birney, 2005). We generated a heatmap
to show the recovery efficiency for each targeted gene
and sample using the scripts ‘“get_seq_lengths.py” and
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“gene_recovery_heatmap_ggplot.R.” An average of 81 (4—92)
targeted nuclear sequences was recovered for each sample.
One sample with poor assembly results (Celtis balansae
Planch., with <10 recovered sequences, sequence lengths
<25% the length of the complete targeted gene, and aberrant
sequences compared with those of its relatives) was excluded
from subsequent analyses, while another sample (i.e., Celtis
rubrovenia Elmer) with four assembled genes was retained to
include as many species as possible in this study.

For orthology inference, we first used the HybPiper scripts
“paralog_investigator.py” and “paralog retriever.py” to
retrieve all assembled exons (>85% of the target length)
for each gene of each species. Based on this approach, only a
small number of genes showed possible evidence of
paralogues (i.e., two or more sequences per gene for any
particular species), but automated scripts were not always
successful at identifying the correct orthologue upon
inspection. Accordingly, two strategies were applied to
paralogue processing. First, we directly excluded from each
gene any species/sample with two or more copies, which
might be the most certain way to exclude paralogues,
without resulting in too much missing data (due to two
species per gene and two genes per species on average with
possible paralogues; see Supplementary Materials for this
statistical result). Second, we aligned each gene sequence
with potential paralogues using MAFFT version 7.305b
(Katoh & Standley, 2013) under default parameters and
inspected results in GENEIOUS version 8.0.2 (Kearse
et al.,, 2012). Specifically, we visualized this gene alignment
(containing possible paralogues), compared sequences of
samples with those of their respective closely related
species, and for each sample finally retained as the putative
orthologue the sequence having the highest percentage
identity with the sequences of its relatives.

After paralogue processing, each gene alignment was
further pruned to remove poorly aligned columns using
trimAl version 1.2 (Capella-Gutiérrez et al., 2009) with the -
automated1” option. Additionally, alignments missing >75%
of the sampled species were excluded from subsequent
analyses. This resulted in two final nuclear datasets
(corresponding to the two strategies of paralogue proc-
essing described above), both of which included 90 genes
and 84 species. Given congruent phylogenetic results of both
concatenation and coalescent-based methods (except for
several infrageneric relationships) based on these two
nuclear datasets, only the dataset from the second strategy
of paralogue processing were used for subsequent analyses
(see Table S3 for further information on each gene).

2.2.2 Chloroplast dataset

Chloroplast DNA sequences were assembled from off-target
reads following the same methods described above for the
nuclear dataset except that BWA version 0.7.15 (Li &
Durbin, 2009) was used for read mapping. We assembled 78
chloroplast protein-coding gene sequences and four non-
coding sequences (atpB-rbcL, psbA-trnH, trnL-trnF, and rps16
intron), using extracted loci from Celtis biondii Pamp. as the
reference. We also extracted these regions from another 23
annotated plastomes of Cannabaceae species available in
GenBank (see Table S4 for the accession numbers) using the
python script “get_annotated_regions_from_gb.py” in Zhang
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et al. (2020) (https://github.com/Kinggerm/PersonalUtilities).
Sequences from these different data sources—that is,
assembled from Hyb-Seq data, extracted from annotated
plastomes, and directly downloaded from GenBank (all
accession numbers listed in Table S5)—were then combined
by locus, and each locus was independently aligned and
filtered using the same method as applied to the nuclear
genes. This resulted in a dataset of 82 chloroplast loci and 92
species for subsequent phylogenetic analyses (Table S6).

2.3 Nuclear phylogenetic analysis
We reconstructed nuclear phylogenies of Cannabaceae using
concatenation and coalescent-based approaches. We first
concatenated the cleaned nuclear gene alignments into a
supermatrix using the script “concatenate_fasta.py” in Zhang
et al. (2020) (https://github.com/Kinggerm/PersonalUtilities) for
ML analyses. The concatenated ML tree was inferred with the
edge-linked partition model (i.e., branch lengths linked between
different partitions; see Supplementary Materials for the
partitions and substitution models) using IQ-TREE version
1.6.12 (Nguyen et al., 2015); branch support was estimated using
the SH-like approximate likelihood ratio test (SH-aLRT) (Guindon
et al.,, 2010) as well as ultrafast bootstrapping (UFBoot) with
1000 replicates (Hoang et al., 2018). We also inferred a
concatenated ML tree using RAXML version 8.2.12 (Stama-
takis, 2014) under (A) an unpartitioned GTR-GAMMA model and
(B) a GTR-GAMMA model partitioned according to the best-
fitting partitioning scheme (with 43 partitions provided in
Supplementary Materials) inferred by PartitionFinder version
2.1.1 (Lanfear et al., 2017). The latter ML inference from RAXML
was used for subsequent molecular dating and network
analyses. To examine the effect of missing data on our
phylogenetic results, we also conducted RAXML analyses under
the GTR-GAMMA model with 27 partitions determined by
PartionFinder, based on a concatenated supermatrix of 49
nuclear gene alignments with >90% of the sampled species (see
Supplementary Materials for this optimal partitioning scheme on
this reduced supermatrix). Branch support in all concatenated
RAXML analyses was estimated with 1000 bootstrap replicates.
Coalescent-based species-tree analyses were performed in
ASTRAL-II version 5.6.3 (Zhang et al., 2018a) including gene
trees of the 90 nuclear loci inferred by RAXML with the GTR-
GAMMA model and 200 rapid bootstraps. Branch support
values were estimated with local posterior probabilities
(LPPs; Sayyari & Mirarab, 2016). To accommodate poorly
supported branches in the gene trees, ASTRAL analyses were
performed in two ways: (A) by directly using gene trees
inferred by RAXML and (B) by using gene trees with poorly
supported branches (i.e., BS support <10%) collapsed prior to
the analysis using the “nw_ed” program in Newick Utilities
(Junier & Zdobnov, 2010), which was shown to improve the
accuracy of tree inference (Zhang et al., 2017). Results from
the latter ASTRAL analysis were used in subsequent conflict
analyses, coalescent simulations, and network analyses. All
nuclear species trees were visualized using FigTree version
1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) and Adobe
lllustrator (Al) 2020 software.

2.4 Chloroplast phylogenetic analysis

We inferred the chloroplast ML tree for Cannabaceae based
on the concatenated alignment of 82 chloroplast loci using
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RAXML under a partitioned GTR-GAMMA model. The optimal
partitioning scheme across the concatenated chloroplast
alignment was inferred using the corrected Akaike Informa-
tion Criterion (AICc) in PartitionFinder (with 32 partitions
provided in Supplementary Materials). Branch support values
were estimated through 1000 fast bootstrap replicates with
the option “-f a.” We also inferred the chloroplast ML tree
with a concatenated alignment using IQ-TREE following the
same approach used for the nuclear dataset (see Supple-
mentary Materials for the partitions and substitution
models). ASTRAL was not applied to the chloroplast dataset,
given that the entire chloroplast genome is usually
considered a single locus sharing the same genealogy
(Doyle, 1992; Gitzendanner et al., 2018; Doyle, 2022; but see
Walker et al., 2019). The chloroplast ML trees were visualized
using FigTree and Al

2.5 Divergence time estimation

To establish a timeframe for ILS and/or gene flow events
responsible for the observed deep cyto-nuclear and gene-
tree discordances, we conducted dating analyses using
penalized likelihood implemented in treePL (Smith &
O'Meara, 2012), with the best RAXML tree inferred by the
nuclear dataset as input. We used the same five well vetted
fossils used by Jin et al. (2020) (Table S7) for calibration. The
optimal smoothing value of the final treePL analysis was
determined by the lowest x* value through cross-validation
tests. Following the empirical guide by Maurin (2020), we
performed treePL analyses on 1000 bootstrap replicates
(with the topology fixed to the best RAXML tree obtained in
our nuclear gene analyses, but with branch lengths allowed
to vary) to estimate confidence intervals on the inferred
ages. We used TreeAnnotator version 2.6.3 (Bouckaert
et al,, 2014) to map confidence intervals for all node ages
on the dated nuclear ML tree.

We additionally conducted a Bayesian dating analysis using
BEAST version 2.6.4 (Bouckaert et al, 2014) under an
uncorrelated lognormal relaxed clock. Given the extensive
computational demands of BEAST analyses and the possible
impact of nuclear gene conflict on divergence time estimation
(Mendes & Hahn, 2016), we identified the 20 most clock-like
nuclear genes using SortaDate (Smith et al., 2018) based on
three criteria (less topological conflict with the best nuclear
RAXML tree, lower root-to-tip variance [i.e.,, more clock-
likeness], and more discernible informative sites). The BEAST
analysis was performed under a birth—-death process and GTR-
GAMMA substitution model. We fixed the topology to the
best nuclear RAXML tree and employed the same five fossil
calibrations used in the treePL analysis. The Monte Carlo
Markov chain was run for 2000 million generations sampling
every 1000 generations. The first 25% of posterior trees were
discarded as burn-in, and each parameter was checked to
assure an effective sample size greater than 200 for
convergence using Tracer version 1.7.1 (Rambaut et al., 2018).
Finally, a maximum clade credibility tree with median heights
was generated using post-burn-in posterior trees in TreeAn-
notator.

2.6 Conflict analyses

We investigated topological concordance and conflict among
the nuclear gene trees using phyparts version 0.0.1 (Smith
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et al, 2015). Given a main input topology, this method
summarizes for each branch the numbers of genes
supporting this bipartition, the number of genes supporting
a main alternative bipartition, the number of genes
supporting other alternative bipartitions, and the number
of genes with no information (due to low support or
insufficient sampling). We conducted two analyses, mapping
the 90 nuclear genes against (A) the nuclear ASTRAL species
tree and (B) the chloroplast ML tree. The latter was done to
determine whether clades recovered in the chloroplast
topology are supported by subsets of the nuclear genome
in cases of deep conflict between the main chloroplast and
nuclear phylogenies. Before conducting the conflict analyses,
all trees were rooted with Broussonetia papyrifera and
Debregeasia saeneb as outgroups using the “pxrr” program
in Phyx (Brown et al, 2017). For gene trees with the
outgroups missing, we used Aphananthe species for rooting
(as this genus is strongly supported as sister to the rest
of the family). To focus on well supported gene-tree conflict
in Cannabaceae, we considered all branches with BS < 70%
to be uninformative, following previous studies (i.e.,
Stubbs et al., 2020; Stull et al,, 2020). The phyparts results
were visualized with the script “phypartspiecharts.py”
(https://github.com/mossmatters/phyloscripts/tree/master/
phypartspiecharts).

2.7 Coalescent simulations and network analysis

We used a coalescent simulation strategy to explore whether
ILS alone could generate observed instances of cyto-nuclear
discordance in Cannabaceae, following several studies (i.e., Folk
et al., 2017; Stull et al,, 2020; Wang et al., 2021). Specifically,
we simulated 1000 chloroplast trees under the coalescent
model using the modified script “generateCoalescentTrees.py”
(https://github.com/yongzhiyang2012/Chloranthus-sessilifolius-
genome) based on the library DendroPy version 4.1.0
(Sukumaran & Holder, 2010). The nuclear ASTRAL species
tree was used as the guide tree, with branch lengths rescaled
by a factor of two and four to account for organellar
inheritance (McCauley, 1994). We then mapped all simulated
chloroplast trees to the inferred chloroplast tree using
phyparts. The number of simulated trees supporting or in
conflict with each branch of the chloroplast topology was
visualized using the script “phypartspiecharts.py.” At branches
with cyto-nuclear discordance, large numbers of simulated
trees supporting the chloroplast topology indicate that ILS
alone is likely sufficient to explain the observed conflict. In
contrast, if relatively few or no simulated organellar trees
support the chloroplast topology, this suggests that the
observed chloroplast topology is not expected given the
distribution of simulated chloroplast trees and that another
explanation (in particular, gene flow or chloroplast capture) is
necessary to explain the observed cyto-nuclear discordance
(Garcfa et al.,, 2017; Wang et al., 2021).

We also inferred phylogenetic networks using PhyloNet
version 3.8.0 (Than et al., 2008; Yu et al., 2012; Wen
et al,, 2018) to explore the possibility of reticulation in the
evolutionary history of Cannabaceae. Network approaches
are advantageous in that they can account for both gene
flow and ILS (Cao et al., 2019), but their computational
complexity limits the number of species or individuals that
can be included in a single analysis. Because our main focus
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here is on possible deep reticulation in Cannabaceae (due to
the observed cyto-nuclear discordances involving the
phylogenetic placement of genera of Cannabaceae), we
reduced our taxon sampling for these analyses to 11 ingroup
species representing all nine genera of Cannabaceae (one
representative per genus except for Celtis, for which we used
a representative for each of the three clades recovered by
our study) and two outgroup species. The representatives
selected for each genus (or clade) were those with the
greatest gene occupancy. The resulting dataset for network
analyses (hereafter referred to as the “11-taxon dataset”)
included 85 nuclear genes (as we excluded five genes with
fewer than seven representative species). We conducted
network searches allowing one to five reticulation events
using the “InferNetwork_MPL” command, with a 50% BS
threshold for the gene-tree branches following several
studies (i.e., Wang et al, 2021; Morales-Briones &
Kadereit, 2022; Sun et al., 2022). To test whether a bifurcating
tree can better fit the gene trees, the log likelihood scores of
strictly bifurcating trees (the nuclear RAXML tree, the nuclear
ASTRAL tree, and the chloroplast ML tree, all pruned to
match these representative species) were also computed
with the same set of gene trees using the “CalGTProb”
command. The optimal network was finally determined by
the AIC, the AlCc, and the Bayesian Information Criterion
(BIC), following the calculation method of Morales-Briones
et al. (2021). To assess the impact of taxon sampling, we
additionally performed the same PhyloNet analysis using two
additional datasets that included 82 and 83 pruned nuclear
gene trees, respectively. These gene trees were generated by
randomly sampling one representative per genus except for
Celtis, for which we included three representatives, as noted
above. These additional datasets are hereafter referred to as
the ‘“Randomi-11-taxon dataset” and “Random2-11-taxon
dataset.” All phylogenetic networks were visualized using
the Julia package PhyloPlots (https://github.com/cecileane/
PhyloPlots.jl).

2.8 Data accessibility

The resulting nuclear and chloroplast gene alignments,
phylogenetic trees, and major results from all analyses can
be found in Dryad: https://doi.org/10.5061/dryad.hmggnkgmc.

3 Results

3.1 Data assembly

The recovery efficiencies for the 100 targeted nuclear genes
and the 82 chloroplast loci from the Hyb-Seq data are shown
using heatmaps (Figs. S2A, S2B). The number of assembled
nuclear genes for each sample ranged from four in C
rubrovenia to 92 in Trema guineensis (Schumach. & Thonn.)

Ficalho and Trema tomentosa (Roxb.) H. Hara, with an
average of 81 nuclear genes recovered (Table S8). We found
that only 36 of the 100 nuclear genes showed paralogy
warnings. For each of these genes, possible paralogues were
only observed in ca. two samples on average (see
Supplementary Materials for this statistical result). Our final
concatenated nuclear matrix (after cleaning) had an aligned
length of 99 954 bp. From the off-target reads, we assembled
chloroplast loci for 80 species. More information on the
assembled chloroplast loci is available in Table S9. The final
concatenated chloroplast matrix (after cleaning) had an
aligned length of 74 912 bp (Table 1).

3.2 Phylogenetic analyses

The nuclear phylogenies inferred from concatenation and
coalescent-based approaches were strongly supported and
overwhelmingly congruent with each other, except for some
infrageneric relationships (Figs. 1, S3, S4). Notably, the
different levels of missing data, partitioning strategies, and
tree inference methods (Figs. 1, S5, S6, S7) had little effect on
inferred relationships in Cannabaceae. The monophyly of
each genus in Cannabaceae was fully supported (BS =100%;
UFBoot =100%; LPP=1.00) except for Celtis, which was
resolved into two separate clades across all nuclear analyses:
Celtis | (including most Celtis species) immediately sister to all
other genera of the quadripartite clade, and Celtis I
(including Celtis gomphophylla and Celtis schippii) sister to
Celtis |+ the remainder of the quadripartite clade. More
broadly in Cannabaceae, Aphananthe was recovered as sister
to the rest of the family without exception. Gironniera,
Lozanella, and Celtis Il were successive sisters to the
quadripartite clade comprising the remaining Cannabaceae
genera (Celtis 1, Cannabis + Humulus, Chaetachme + Ptero-
celtis, and Trema s..). Within the quadripartite clade,
Cannabis + Humulus was supported as sister to Chaetachme +
Pteroceltis (hereafter the CHCP subclade) (BS=92%; UF-
Boot=97% LPP=0.57). The CHCP subclade was sister to
Trema s.l., and they together formed a clade sister to Celtis |
(BS =100%; UFBoot =100%; LPP =1.00). The Parasponia clade
was nested in Trema s.. with weak to moderate support
(BS =53% UFBoot = 89%; LPP =0.87).

The topologies of the chloroplast ML trees inferred using
RAXML and IQ-TREE (Fig. 2) were generally consistent with
those of the nuclear trees (including the two separate clades
of Celtis), but two deep nodes with cyto-nuclear discordance
were observed (Fig. 3). In our chloroplast ML tree, Gironniera
was recovered as sister to Lozanella (BS =53% UFBoot=
92%). Within the quadripartite clade, Trema s.I. was recovered
as sister to Cannabis + Humulus (BS =100%; UFBoot =100%),
and they together formed a clade sister to Chaetachme +
Pteroceltis (BS = 82%; UFBoot = 94%).

Table 1 A summary of the nuclear and chloroplast datasets used in this study

Number of Number Length of concatenated Percentage of gaps in Substitution model
Dataset species of loci alignment (bp) concatenated alignment used in ML analysis
Nuclear 84 90 99 954 20.86 GTR-GAMMA
Chloroplast 90 82 74 912 51.30 GTR-GAMMA
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3.3 Divergence time estimation

The results of our treePL (Fig. 4; Table S10) and BEAST (Fig. S8;
Table S11) analyses show similar divergence time in Cannabaceae;
for brevity, only results from the treePL analysis are presented
and discussed below. The optimal smoothing value for the
treePL analysis (as indicated by the cross-validation tests) was
1077 (Table S12). The stem age of Cannabaceae was estimated to
be in the Late Cretaceous (~88.6 million years ago [Ma]; 95%
HPD =~87.8-89.8 Ma). The main lineages of Cannabaceae,
Aphananthe (~76.9 Ma; 95% HPD =~74.2-79.1 Ma), Gironniera
(~68.8 Ma; 95% HPD = ~66.0—70.8 Ma), Lozanella (~65.9 Ma; 95%
HPD = ~62.8-67.8 Ma), Celtis 1l, and the quadripartite clade
(~63.9Ma; 95% HPD=~61.1-65.7 Ma), successively diverged
during a period of ca. 25 million years (Late Cretaceous to Early
Paleocene). Within the quadripartite clade, Celtis | originated
~57.9 Ma (95% HPD=~56.0-59.5 Ma), followed by Trema s.l
(~56.0 Ma; 95% HPD = ~54.0-57.6 Ma), and the CHCP subclade
(~53.6 Ma; 95% HPD = ~51.6-55.2 Ma).

3.4 Conflict analyses

Our two phyparts analyses showed that nearly all nuclear
gene trees (BS>70%) supported the monophyly of
Cannabaceae and the major clades within the family
(Figs. 5, 6). The individual nuclear gene trees were also
largely concordant with the intergeneric and higher level
relationships in the nuclear species and chloroplast trees.
However, we found high levels of gene-tree conflict at four
deep nodes in the nuclear species tree with mostly low LPP
support values (0.96, 0.75, 0.77, and 0.57) and very short
subtending branches as measured in coalescent units: the
stem node of Lozanella (with 6/90 supporting nuclear genes),
the stem node of Celtis Il (with 6/90 supporting nuclear
genes), the crown node of the CHCP subclade (with 3/90
supporting nuclear genes), and the crown node of the clade
of CHCP+ Trema s.l. (with no supporting nuclear genes)
(Fig. 5). Concerning the phylogenetic position of Gironniera,
the nuclear topology of Gironniera (as sister to a clade
comprising Lozanella, Celtis Il, and the quadripartite clade)
was supported by 28/90 nuclear gene trees; the chloroplast
topology of Gironniera (as sister to Lozanella) was supported
by 4/90 nuclear gene trees. Although the sister relationship
between Celtis Il and the quadripartite clade was consistently
supported in both the nuclear species and chloroplast trees,
this topology was supported by only 6/90 nuclear genes.
Within the quadripartite clade, the sister relationship
between Trema s.I. and the CHCP subclade in the nuclear
species tree was not supported by any nuclear genes (Fig. 5),
whereas the sister relationship between Trema s.. and
Cannabis + Humulus in the chloroplast tree was supported by
three nuclear genes (Fig. 6).

3.5 Coalescent simulations and network analysis

Coalescent simulations results using guide trees with branch
lengths rescaled by a factor of two (Fig. S9) and four (Fig. 7)
were largely congruent. Only results with a factor of four are
presented and discussed in detail below. We found that the
topologies of the chloroplast tree that were in conflict with
those of the nuclear species tree were present in a
considerable proportion of 1000 simulated trees, indicating
the chloroplast topologies were within ILS predictions. For
example, 45.2% of the simulated trees supported the
chloroplast topology of Chaetachme + Pteroceltis sister to a
clade comprising Cannabis + Humulus and Trema s.l. The sister
relationship between Cannabis + Humulus and Trema s.l. in the
chloroplast tree was supported by 25.6% of the simulated
trees, whereas the sister relationship between Cannabis +
Humulus and Chaetachme + Pteroceltis (from the nuclear
species tree) was supported by 48.1% of the simulated trees.
Additionally, 10.2% of the simulated trees supported Gironniera
as sister to Lozanella (the chloroplast topology), while most of
the simulated trees (~63.9%) supported Gironniera as sister to
a clade comprising Lozanella, Celtis 1l, and the quadripartite
clade (the nuclear species-tree topology).

In PhyloNet analyses based on the “11-taxon dataset,” a
phylogenetic network with three reticulation events (Fig. 8)
was inferred as the best fit model, with the highest log
likelihood probability (—877.1451) and the lowest AIC, AlCc,
and BIC scores (1806.290, 1830.497, and 1869.799, respec-
tively) (Table 2). This best network suggested gene flow
between the Celtis Il clade and the ancestor of the
quadripartite clade, with an inheritance probability of 0.11.
Within the quadripartite clade, we inferred possible gene
flow between an extinct lineage and the ancestor of
CHCP + Trema s.l., with an inheritance probability of 0.0912.
Furthermore, the optimal networks based on the random
taxon datasets (i.e., ‘“Randomi-11-taxon dataset” and
“Random2-11-taxon dataset”) all showed the same retic-
ulation scheme with two of the three reticulation events
detected using “11-taxon dataset.” This suggests relatively
consistent PhyloNet results with different taxon sampling in
Cannabaceae. All results from PhyloNet analyses (with one to
five reticulations) are shown in Figs. S10 and S11.

4 Discussion

4.1 New insights into the phylogeny of Cannabaceae

Our phylogenetic analyses based on many nuclear and
chloroplast loci and including broad taxonomic sampling
provide new insights into relationships among the main
clades of Cannabaceae (Figs. 1, 2). Integrating our
phylogenetic results with previous morphological and

Fig. 1. The phylogeny of Cannabaceae inferred from maximum likelihood (ML) analysis in RAXML, based on an optimal
partition scheme of the concatenated supermatrix of 9o nuclear genes. Bootstrap support (BS) values (%) from the RAXML
analysis, ultrafast bootstrap (UFBoot) values (%) from the IQ-TREE analysis, and local posterior probability (LPP) values from
the ASTRAL analysis (using gene trees with nodes of low bootstrap support (BS < 10%) collapsed) are shown (BS/UFBoot/LPP),
whereas a hyphen denotes that this relationship is not recovered by the species tree from the ASTRAL analysis (and
phylogenetic relationships from the RAXML and IQ-TREE analyses are entirely identical). All nodes received 100% bootstrap
support values and 1.00 posterior probabilities unless otherwise indicated.
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Fig. 2. The phylogeny of Cannabaceae based on the concatenated alignment of 82 chloroplast loci using RAXML. Bootstrap
support values (%) from the RAXML analysis and ultrafast bootstrap values (%) from the IQ-TREE analysis are shown above
branches (BS/UFBoot), whereas a hyphen denotes that this relationship is not recovered by the IQ-TREE analysis. All nodes
received 100% bootstrap support values unless otherwise indicated.
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Fig. 3. Tanglegram showing the incongruence between the nuclear (left) and chloroplast (right) trees of Cannabaceae both inferred
by partitioned RAXML analyses. Black lines connect the same taxa between the two trees. The colored branches indicate the major
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molecular studies, we discuss below the evolutionary and
morphological significance of our inferred topologies.

4.1.1 Aphananthe

Based on morphology and anatomy, Manchester (1989)
highlighted that Aphananthe appeared to bridge Ulmaceae to
Cannabaceae. Aphananthe species indeed share some traits
with Ulmaceae (i.e., asymmetric ovules and the presence of
flavonols), but in terms of pollen structure, leaf vernation
pattern, and gynoecial vasculature, they are consistent with
other members of Cannabaceae (Yang et al., 2013). Both our
nuclear and chloroplast trees fully support Aphananthe as
sister to all other genera of Cannabaceae (Figs. 1, 2), which is
consistent with previous molecular phylogenetic studies (i.e.,
Sytsma et al., 2002; Sattarian, 2006; Yang et al., 2013; Sun
et al., 2016; van Velzen et al., 2018; Zhang et al., 2018b; Jin
et al.,, 2020) and suggests that similarities with Ulmaceae
might be symplesiomorphies.

4.1.2 Gironniera and Lozanella

The phylogenetic positions of Gironniera and Lozanella have
long been controversial. Several previous studies based on
chloroplast DNA (Sattarian, 2006; van Velzen et al., 2018)
suggested that Lozanella and Gironniera were successive
sisters to the quadripartite clade—that is, (Lozanella,
(Gironniera, the quadripartite clade)). However, Yang et al.
(2013) and Sun et al. (2016) argued that Gironniera was
instead sister to Lozanella + the quadripartite clade—that is,
(Gironniera, (Lozanella, the quadripartite clade))—based on
several chloroplast and mitochondrial genes. Overall, our
results from nuclear phylogenetic analyses showed a slightly
different yet fully supported topology, not recovered before,
with Gironniera, Lozanella, and Celtis Il as successively sister
to the quadripartite clade, that is, (Gironniera, (Lozanella,
(Celtis 11, the quadripartite clade))) (BS=100%; UFBoot=
100%; LPP = 1.00) (Fig. 1). Nevertheless, our chloroplast-based
tree suggested that Gironniera and Lozanella formed a sister
relationship with low support (BS=53% UFBoot=92%)
(Fig. 2), consistent with the study of Zhang et al. (2018b)
based on plastome data yet with full support (BS =100%).
This suggests that the chloroplast-based relationship of
Gironniera and Lozanella is unlikely to be a product of
systematic errors, and the noise in our chloroplast dataset
may explain the low support recovered here. Gironniera
species have alternate leaves and persistent sepals, traits
regarded as plesiomorphic for Cannabaceae based on
previous ancestral character reconstruction (Yang et al., 2013).
In contrast, Lozanella species have opposite leaves, which is a
morphological autapomorphy for the genus, as suggested by
Yang et al. (2013). Moreover, the endocarp body of Lozanella
is more similar to those of the quadripartite clade (i.e., Trema
s.l.) than to that found in Gironniera (Kravtsova & Wilmot-

Dear, 2013). These lines of morphological evidence lend
support to our nuclear topology, with Gironniera and
Lozanella successively sister to the remaining genera.
Additionally, phyparts analyses showed that 28/90 informa-
tive nuclear genes (i.e., those with BS > 70% for the relevant
branch) support the nuclear topology (Fig. 5), whereas only 4/
90 nuclear genes support a sister relationship between
Gironniera and Lozanella (i.e., the chloroplast topology,
Fig. 6). Our coalescent simulations yielded 10.2% of trees in
support of the chloroplast topology (Fig. 7), supporting ILS as
an explanation for the observed chloroplast conflict.
Furthermore, we did not detect any possible hybridization
between Gironniera and Lozanella in the phylogenetic net-
works despite their conflicting chloroplast placement
(Figs. 8, S11), and to date no current and past geographical
overlap is known between Gironniera (tropical and subtropical
Asia) and Lozanella (Mexico to Venezuela and Peru). We
therefore argue that ILS might have occurred during the rapid
divergence of these two lineages in the late Upper Cretaceous
(~68.8 to ~65.9 Ma) (Figs. 4, 7) and that this is the most
plausible source of the observed cyto-nuclear discordance.

4.1.3 Celtis Il clade
Celtis, the most species-rich genus in Cannabaceae, has long
been regarded as a monophyletic group (Wiegrefe et al., 1998;
Song et al., 2001; Sytsma et al., 2002; Yang et al., 2013; Sun
et al., 2016; Jin et al., 2020; Liu et al., 2021). Celtis has been
reported to include two sister clades corresponding to a
tropical evergreen clade and a temperate deciduous clade
(Jin et al., 2020), but the study by Jin et al. (2020) only
included species from our Celtis | clade (i.e., Celtis
gomphophylla Baker and Celtis schippii Standl were not
sampled). However, several earlier phylogenetic studies
including C. gomphophylla andfor C. schippii (based on a
few molecular loci or phenotypic traits) found that these two
species formed a clade (named Celtis Il here) positioned
either sister to the remaining Celtis species (i.e., Celtis I;
Sattarian, 2006; Liu et al., 2021) or sister to the quadripartite
clade (including Celtis I; Yang et al., 2013), suggesting the
possibility of a non-monophyletic Celtis. With our expanded
sampling of Celtis (i.e., 48/73 and 50/73 Celtis species in the
nuclear and chloroplast datasets, respectively), our nuclear
and chloroplast species trees both fully support a sister
relationship between C. gomphophylla and C. schippii, with
this clade strongly supported as sister to the quadripartite
clade (BS=99%; UFBoot=100% LPP=o0.75 in the nuclear
species trees, and BS/UFBoot =100% in the chloroplast tree)
(Figs. 1, 2), thus supporting the non-monophyly of Celtis.
Although the sister relationship between Celtis 1l and the
quadripartite clade was only supported by 6/90 informative
nuclear genes (Fig. 5), the remaining informative genes
(19/90) supported various conflicting topologies and no main
alternative. The optimal network of Cannabaceae suggested

Fig. 5. Nuclear species tree of Cannabaceae inferred by ASTRAL-Ill based on the gene trees with nodes of low bootstrap
support (BS < 10%) collapsed, showing gene-tree concordance and conflict of 90 nuclear genes based on the phyparts results.
Pie charts at each node present the proportion of gene trees in concordance (blue), conflict (green, a common alternative;
red, the remaining alternatives), and uninformative (gray) with that bipartition. Numbers above and below the branches
indicate the numbers of concordant and conflicting genes at that bipartition, respectively.
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possible gene flow (with an inheritance probability of 0.11,  the quadripartite clade in the early Paleocene (~65.9 to
indicating asymmetric gene flow) between the ancestor of  ~63.9 Ma) (Figs. 4, 8).

the quadripartite clade and the Celtis Il clade (Fig. 8).

Accordingly, we argue that the considerable gene-tree 4.1.4 The quadripartite clade

conflict observed at the crown node of the clade comprising  The phylogenetic relationships among the four main lineages
the Celtis Il clade and the quadripartite clade may be a  of the quadripartite clade (i.e., Cannabis + Humulus, Chae-
product of both ILS and gene flow during the rapid  tachme + Pteroceltis, Trema s.l., and Celtis 1) were conten-
divergence that took place between the Celtis Il clade and  tious in previous studies (Fig. S1). For instance, Yang et al.
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Fig. 7. A summary of 1000 chloroplast trees simulated under the coalescent and using the nuclear ASTRAL species tree (with
branch lengths rescaled by four) as the guide tree, obtained by mapping the simulated trees to the chloroplast tree using
phyparts. Pie charts at each node denote the proportion of simulated trees in concordance (blue) and conflict (green, a

common alternative; red, the remaining alternatives) with that bipartition. Numbers above and below the branches indicate
the number of concordant and conflicting simulated trees, respectively.
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Fig. 6. Chloroplast tree of Cannabaceae, showing gene-tree concordance and the conflict of 90 nuclear genes with the
chloroplast relationships, based on the phyparts results. Pie charts at each node present the proportion of gene trees in
concordance (blue), conflict (green, a common alternative; red, the remaining alternatives), and uninformative (gray) with that
bipartition. Numbers above and below the branches indicate the numbers of concordant and conflicting genes at that
bipartition, respectively.
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(2013) recovered Cannabis + Humulus as sister to the clade
(Celtis I, ( Trema s.l., Chaetachme + Pteroceltis)) (BS = 100%)
based on four chloroplast genes. Sun et al. (2016) moderately
supported a sister relationship between the clade (Celtis |,
Trema s..) and the clade (Chaetachme + Pteroceltis, Can-
nabis + Humulus) (BS = 82%) using three chloroplast genes
and one mitochondrial gene. Jin et al. (2020) fully supported
(BS =100%) Chaetachme + Pteroceltis as sister to the clade
(Celtis 1, (Trema s.l., Cannabis+Humulus)) using five
chloroplast and three nuclear ribosomal loci. Based on
extensive sampling of both taxa and loci, all our nuclear
trees (based on concatenation and coalescent-based
approaches) revealed a topology not recovered previously
for the quadripartite clade, with Celtis | strongly supported as
sister to the remainder of the clade: (Trema s.l., (Chae-
tachme + Pteroceltis, Cannabis + Humulus)) (Fig. 1). However,
we observed clear cyto-nuclear discordance with respect to
relationships among Trema s.l., Chaetachme + Pteroceltis, and
Cannabis + Humulus (Fig. 3). Our chloroplast tree (Fig. 2)
placed Trema s.l. sister to Cannabis + Humulus, with these
together sister to the clade of Chaetachme + Pteroceltis—
that is, (Chaetachme + Pteroceltis, (Trema s.l., Cannabis +
Humulus))—which is consistent with the results of Zhang
et al. (2018b) based on complete plastome. From the
perspective of phenotypic data, Pteroceltis, Humulus, and
Cannabis have been considered closely related because they
all possess sieve tube plastids with starch grains
(Behnke, 1989). Coalescent simulations (Fig. 7) showed that
the chloroplast topology of Trema s.l. sister to Cannabis +
Humulus was frequent in the simulated trees (25.6%),
suggesting that this relationship in the chloroplast tree
could be a product of ILS. Given that gene flow was not
detected between Trema s.I. and the Cannabis + Humulus
clade in the PhyloNet analyses (Figs. 8, S11), we suggest that
ILS occurred during rapid speciation events in the late
Paleocene and early Eocene (i.e., ~57.9 to ~53.6 Ma; Fig. 4)
and might be the primary cause of cyto-nuclear discordance
concerning the position of Trema s.I.

4.2 The merger of Trema s.s. and Parasponia

Recent molecular phylogenetic studies have consistently
indicated that, as originally circumscribed, Trema s.s. is
paraphyletic, with Parasponia embedded within it (Sytsma
et al, 2002; Yesson et al, 2004; Sattarian, 2006;
Yang et al., 2013; Sun et al., 2016; van Velzen et al., 2018; Jin
et al,, 2020). Based on molecular and morphological evidence,
Yang et al. (2013) suggested that Parasponia should be
subsumed into Trema s.s. However, because the type species
(Parasponia parviflora Miq.) was not sampled in their study,
Yang et al. (2013) refrained from making formal name changes
to the species of Parasponia. Nevertheless, Christenhusz et al.
(2018) formally transferred all species of Parasponia to Trema
in “GLOVAP Nomenclature Part 1, The Global Flora,”
referencing the study of Yang et al. (2013). This nomenclatural
change was not immediately adopted in subsequent studies
(i.e., van Velzen et al., 2018, 2019; Bu et al., 2020; Rutten
et al., 2020; Shen et al., 2021; Soyano et al., 2021), possibly
because the latest taxonomic changes were not widely
known. Species of Trema s.s. occur across the tropics; those
of Parasponia are narrowly distributed in Southeast Asia and
some Pacific islands. Species of both Trema s.s. and Parasponia
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are pioneer plants of early secondary forests or volcanic ash
zones (Soepadmo & Lumpur, 1977). Species of Parasponia are
morphologically very similar to those of Trema s.s. regarding
leaf shape, secondary venation (pinnate), leaf cystolith
structure (pegged), flower sexuality, pollen aperture number
(diporate), and embryo shape (curved) (Akkermans et al., 1978;
Zavada & Kim, 1996). However, several features distinguish
these taxa: the latter has connate intrapetiolar stipules rather
than free extrapetiolar stipules (Fig. S12) and imbricate
perianth lobes on male flowers rather than induplicate valvate
perianth lobes (Fig. S13) (Soepadmo & Lumpur, 1977; Yesson
et al, 2004). Perhaps the most well known difference
between Parasponia and Trema s.s. is that Parasponia is the
only non-legume plant lineage to have evolved a N,-fixation
mutualism with rhizobia, providing a novel system for the
study of this ecologically important mutualism (Akkermans
et al., 1978; Behm et al., 2014; van Velzen et al., 2018).

In our study, phylogenetic analyses based on both nuclear
data (with 3/10 Parasponia species and 13/15 Trema s.s.
sampled) and chloroplast data (with 6/10 Parasponia species
including the type species and 15/15 species of Trema s.s.
sampled) all fully support a clade comprising Parasponia and
Trema s.s. (Figs. 1, 2). Our results therefore support the
formal merger of Parasponia and Trema s.s. by Christenhusz
et al. (2018). We suggest that Parasponia should be treated as
a synonym of Trema s.l. and that the species formerly treated
as Parasponia should collectively be referred to as “the
Parasponia clade” in future studies. Current names for the
species of the Parasponia clade are listed in Table 3.

4.3 Reinstitution of Sparrea Hunziker & Dottori as a
phylogenetically and morphologically distinct genus in
Cannabaceae

Our phylogenies of Cannabaceae based on both nuclear and
chloroplast data show that Celtis, as currently circumscribed, is
non-monophyletic, with two distinct clades: (A) Celtis |
(including most Celtis species), sister to the rest of the
quadripartite clade; and (B) Celtis Il (including C. gomphophylla
and C. schippii), sister to the entire quadripartite clade
(Figs. 1, 2). Celtis | species are commonly monoecious trees
with serrate leaf margins, caducous sepals, one short style
(with 2-lobed stigma) on mature fruit, and rough and light color
endocarps. In contrast to species of Celtis I, those of Celtis Il
commonly have entire leaf margins, persistent sepals on the
mature fruit, and smooth and dark brown/black endocarps.
Celtis gomphophylla, in particular, is usually a dioecious
deciduous tree with unarmed branch and nearly entire leaf
margin, persistent sepals, two styles (with unlobed stigma) on
the mature fruit (as shown by the following specimen: https://
science.mnhn.fr; herbarium collection number: P00562034) and
brown endocarps, with distribution in tropical and southern
Africa, Comoros, and Madagascar (Rendle, 1916; Leroy, 1952;
Polhill, 1966; Sattarian, 2006; https://[powo.science.kew.org/
taxon/urn:lsid:ipni.org:names:851066-1). Celtis schippii occurs in
the Neotropics (specifically, central and western South
America) but differs from other Celtis species in the region in
having unarmed branches, persistent sepals on the mature
fruit, and membranaceous and black endocarps (Berg &
Dahlberg, 2001; Zamengo, 2019; Zamengo et al., 2020). In
1978, Argentinian scientists documented the remarkable
morphological differences between the embryos of C. schippii
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Table 3 Revised names of species in the Parasponia clade according to Christenhusz et al. (2018)

Combinatio nova

Basionym Original publication

Trema andersonii (Planch.) Byng & Christenh.
Trema aspera (Blume) Byng & Christenh.
Trema eurhyncha (Miq.) Byng & Christenh.
Trema melastomatifolia (J.J.Sm.)
Byng & Christenh.
Trema parviflora (Miq.) Byng & Christenh.
Trema paucinervia (Merr. & L.M.Perry)
Byng & Christenh.
Trema rigida (Merr. & L.M.Perry) Byng &
Christenh.
Trema rugosa (Blume) Byng & Christenh.
Trema similis (Blume) Byng & Christenh.
Trema simulans (Merr. & L.M.Perry)
Byng & Christenh.

Parasponia andersonii Planch.
Parasponia aspera Blume
Parasponia eurhyncha Migq.
Parasponia melastomatifolia J.J.Sm.

Parasponia parviflora Miq.
Parasponia paucinervia Merr. &

Parasponia rigida Merr. & L.M.Perry
Parasponia rugosa Blume

Parasponia similis Blume
Parasponia simulans Merr. &

Prodr. 17: 195 1873.
Mus. Bot. 2: 66 1856.
Fl. Ned. Ind., Eerste Bijv. 411 1861.
Nova Guinea 8: 891 1912.

Pl. Jungh. 69 1851.
J. Arnold Arbor. 20: 324 1939.
L.M.Perry
J. Arnold Arbor. 22: 254 1941.

Mus. Bot. 2: 66 1856.
Mus. Bot. 2: 66 1856.
J. Arnold Arbor. 22: 255 1941.
L.M.Perry

and those of other extant species and genera of Cannabaceae
and Ulmaceae, prompting them to name a new genus, Sparrea
Hunziker & Dottori, for this unique species (Hunziker &
Dottori, 1978). In light of this morphological evidence and our
phylogenetic results, we suggest that the generic name Sparrea
should be applied to both species of the Celtis Il clade.

5 Conclusions

This work presents the most comprehensive phylogenetic
framework for Cannabaceae to date and offers new insights
into previously controversial relationships among several
major lineages. However, we also observed deep cyto-
nuclear discordances concerning the positions of Lozanella
and Trema s.I. and high levels of gene-tree conflict at several
deep nodes in Cannabaceae. Our coalescent simulations and
network analyses suggested that ILS is the more plausible
source of the observed cyto-nuclear discordances. At the
same time, a combination of both ILS and gene flow might
explain the gene-tree heterogeneity associated with the
rapid diversification of clades recognized at the generic level.
However, our genomic sampling (including 90 nuclear genes)
was insufficient to detect past gene flow with certainty in
PhyloNet analyses. Future studies leveraging more complete
nuclear genomic datasets will be necessary to evaluate more
fully the presence and/or extent of past hybridization events
in Cannabaceae. In light of both morphological data and our
phylogenetic results, we support the recent merger of
Parasponia into Trema s.l.; we also call for the reinstatement
of Sparrea Hunziker & Dottori (i.e., Celtis IlI) as a distinct
genus and expand its circumscription to include a second
species: Sparrea gomphophylla (Baker) X.G.Fu & T.S.Yi, comb.
nov. Basionym: Celtis gomphophylla Baker, J. Linn. Soc., Bot.
22: 521. 1887. These changes form the basis of a revised
generic classification of Cannabaceae comprising 10 mono-
phyletic genera: Aphananthe, Cannabis, Celtis, Chaetachme,
Gironniera, Humulus, Lozanella, Pteroceltis, Sparrea, and
Trema. The phylogenetic framework and revised classifica-
tion of Cannabaceae presented here should offer a solid
foundation for future evolutionary studies of the family.
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The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
12920/suppinfo:

Fig. S1. Schematic diagrams of the phylogenetic relationships
among genera of Cannabaceae recovered by previous
molecular studies.

Fig. S2. Heatmaps showing the recovery efficiency for (A) 100
nuclear genes and (B) 82 chloroplast loci in Hyb-Seq data,
assembled by HybPiper. Each row denotes a sample, and
each column denotes a gene.

Fig. S3. The species tree inferred by ASTRAL-III based on the
gene trees with nodes of low bootstrap support (BS < 10%)
collapsed. The local posterior probability (LPP) values are
shown on nodes. All nodes received 1.00 LPP values unless
otherwise indicated.

Fig. S4. Tanglegram showing incongruence between the
nuclear concatenated maximum likelihood (ML) tree (left)
inferred by partitioned RAXML analyses and the nuclear
ASTRAL species tree (right).

Fig. S5. Tanglegram showing the concordance between two
ASTRAL species trees, based on nuclear gene trees that are
directly from RAXML analyses (right), and with nodes of low
bootstrap support (BS < 10%) collapsed (left).

Fig. S6. Tanglegram showing the incongruence between two
concatenated ML trees, based on 90 nuclear genes (left)
with more missing data and 49 nuclear genes (right) that all
have more than 90% of the sampled species. Both
concatenated ML trees were inferred by RAXML under the
partitioned GTR-GAMMA model.

Fig. S7. Tanglegram showing the concordance between two
concatenated ML trees inferred by RAXML, under a partitioned
(left) GTR-GAMMA model and an unpartitioned (right) GTR-
GAMMA model. Both concatenated ML trees were inferred
from the concatenated alignment of 90 nuclear genes.

Fig. S8. A time-calibrated tree of Cannabaceae inferred by
BEAST with five fossil calibrations (red circles). The estimates
of the median age and the 95% highest posterior densities
(HPD) (blue node bars) (Ma) for each node are shown.

Fig. S9. A summary of 1,000 chloroplast trees simulated
under the coalescent model and using the nuclear ASTRAL
species tree (with branch lengths rescaled by two) as the
guide tree, obtained by mapping the simulated trees to the
chloroplast tree using phyparts.

Fig. S10. Phylogenetic networks of Cannabaceae inferred by
PhyloNet based on the “11-taxon dataset.”

Fig. S11. Phylogenetic networks of Cannabaceae inferred by
PhyloNet based on another two different taxon datasets
(“Randomi-11-taxon dataset” and “Randomz-11-taxon dataset”).
Fig. S12. Stipule photographs of Trema s.s. and Parasponia.
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Fig. S13. Male flower photographs of Trema s.s. and Parasponia.
Table S1. Main classification history of Cannabaceae.

Table S2. Sampling information of 83 Cannabaceae species
and two outgroup species used in Hyb-Seq.

Table S3. The statistic information of nuclear gene align-
ments with ambiguously aligned regions removed by trimAl.
Table S4. Sampling information for 24 complete chloroplast
genomes of Cannabaceae obtained from GenBank.

Table S5. Accession numbers of the chloroplast DNA loci of
Cannabaceae obtained from GenBank.

Table S6. The statistic information of 82 chloroplast DNA loci
used for phylogenetic analysis.
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Table S7. Five fossil calibrations used for the molecular
dating of Cannabaceae.

Table S8. The summary of HybPiper assembly results for
nuclear genes.

Table S9. The summary of HybPiper assembly results for
chloroplast DNA loci.

Table S10. Estimated divergence times of Cannabaceae and
its major clades using treePL.

Table S11. Estimated divergence times of Cannabaceae and
its major clades using BEAST.

Table S12. The result of 10 repeated cross-validation analyses
for smoothing value in treePL.
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