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ABSTRACT

Lycophytes are an ancient clade of the non-flowering vascular plants with chromosome numbers that
vary from tens to hundreds. They are an excellent study system for examining whole-genome duplica-
tions (WGDs), or polyploidization, in spore-dispersed vascular plants. However, a lack of genome
sequence data limits the reliable detection of very ancient WGDs, small-scale duplications (SSDs), and
recent WGDs. Here, we integrated phylogenomic analysis and the distribution of synonymous sub-
stitutions per synonymous sites (Ks) of the transcriptomes of 13 species of lycophytes to identify, locate,
and date multiple WGDs in the lycophyte family Lycopodiaceae. Additionally, we examined the genus
Phlegmariurus for signs of genetic discordance, which can provide valuable insight into the underlying
causes of such conflict (e.g., hybridization, incomplete lineage sorting, or horizontal gene transfer).We
found strong evidence that two WGD events occurred along the phylogenetic backbone of Lycopodia-
ceae, with one occurring in the common ancestor of extant Phlegmariurus (Lycopodiaceae) approximately
22—-23 million years ago (Mya) and the other occurring in the common ancestor of Lycopodiaceae around
206—214 Mya. Interestingly, we found significant genetic discordance in the genus Phlegmariurus,
indicating that the genus has a complex evolutionary history. This study provides molecular evidence for
multiple WGDs in Lycopodiaceae and offers phylogenetic clues to the evolutionary history of

Lycopodiaceae.
Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

dramatically throughout major clades of green plants (Vir-
idiplantae), it has occurred most frequently in ferns and angio-

Whole-genome duplication (WGD) is a ubiquitous feature of
vascular plant genomes (Leitch and Leitch, 2013; Panchy et al., 2016;
Soltis and Soltis, 2016). Although the occurrence of WGDs has varied
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sperms (Gao et al., 2020; Huang et al., 2020; Zhang et al., 2020a). In
several lineages, major WGDs have occurred during the same period,
such as the Cretaceous-Paleogene boundary (Vanneste et al., 2014;
Zhang et al., 2020b), possibly because WGDs lead to new function-
alization, sub-functionalization and de-functionalization of dupli-
cated genes, which allow plants to adapt to various biotic and abiotic
stresses inherent to extreme climates (Panchy et al., 2016; Sattler
et al, 2016).

Lycopodiaceae, a family about 338 species comprising three
subfamilies and 16 genera, has a worldwide distribution especially
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in tropical regions (Schuettpelz et al., 2016). The highest diversity
of lycophytes is found in Lycopodiaceae (Schuettpelz et al., 2016;
Testo et al., 2018), whose members grow in highly diverse
ecological habits (Fig. 1) and have a diverse range of chromosome
numbers (Fig. 2). Understanding the evolutionary history of
Lycopodiaceae may provide insight into the patterns of early plant
diversification. The evolution of one model lycophyte, Selaginella
moellendorffii Hieron, has reportedly been driven by two WGD
events (Wang et al., 2020). However, the lack of lycophyte genome
sequences has hindered our understanding of the genetic events
that underlie lycophyte evolution in other taxa. Although major
research projects such as the One Thousand Plant Transcriptomes
Initiative (1KP) have provided insight into WGDs of many plant
groups including lychophytes (Leebens-Mack et al., 2019), detailed
surveys have yet to report results for the occurrence of WGDs in
Phlegmariurus (Herter) Holub Preslia, the largest genus of lyco-
phytes. The absence of WGDs in certain lycophyte taxa would
represent a curious paradox, especially in the genus Phlegmariurus
with high chromosome numbers.

Molecular biology and genomics have provided new methods to
estimate WGDs. For species without sequenced genomes, the dis-
tributions of synonymous substitutions per synonymous sites (Ks)
among paralogs of transcriptome sequence data has been
commonly used to detect WGDs. For example, Ks analysis has been
used to detect WGDs that occurred throughout the evolutionary
history of ferns and angiosperms (Zhang et al., 2017; Li et al., 2018;
Cai et al., 2019). However, Ks analyses sometimes overfit the
number of WGDs. Furthermore, small-scale duplications (SSDs) can
overshadow WGD events (Tiley et al., 2018), resulting in no WGD
event peaks but only an L-shaped pattern in Ks-based age distri-
butions (Lynch and Conery, 2000, 2003).

Hence, in this study we integrated two phylogenomic pipe-
lines, PUG and Tree2GD (McKain et al., 2016; Huang et al., 2020),
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Fig. 2. Chromosome number variations in Lycopodiaceae. A histogram of chromo-
some number distribution. Colors represent different genera in Lycopodiaceae. Each
bar represents an individual species. Although we have compiled all relevant data on
Lycopodiaceae from the CCDB database, most genera still lack cytological information,
including ploidy, chromosome number, gametophytic (n) or sporophytic (2n). The
genera Austrolycopodium and Diphasium only have one record.

with Ks plot analysis of the transcriptomes of 13 species to
investigate WGDs in Lycopodiaceae. Additionally, we used map-
ping analysis to assess the phylogenetic conflict and concordance.
We obtained strong evidence for two WGDs in Lycopodiaceae and

Fig. 1. Ecological habits and morphological diversity of family Lycopodiaceae. (A) Epiphytic Phlegmariurus carinatus, which has cordlike stems and leaves, grows on tree trunks;
(B) Epiphytic Phlegmariurus phlegmaria grows on rocks, here showing caespitose stems and pendulous trophophylls that spread obliquely; (C) Terrestrial Huperzia javanica grows
under the forest with erect stems and homomorphic sporophylls with trophophylls; (D) Palhinhaea hainanensis grows under shrubs with erect stems and solitary strobili at the
terminal of branches; (E) Terrestrial Lycopodium zonatum grows in the alpine grassland, here showing sparse leaves, cylindrical stems and solitary strobili at the terminal of the

stems.
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argued that the WGD might have contributed to the diversification
of Phlegmariurus.

2. Materials and methods
2.1. Transcriptome data collection and BUSCO analysis

Plant tissue was collected from 12 species of Lycopodiaceae and
one Isoetes sp., which served as an outgroup (Table 1). All sampled
species were collected with the permission of nature reserves and
the Shanghai Chenshan Botanical Garden in China. [llumina library
preparation and RNA-sequencing were performed on the Majorbio
next-generation sequencing (NGS) platform (Shanghai, China).
Reads were cleaned using Trimmomatic (v.0.36) (Bolger et al.,
2014), and assembled de novo using Trinity (v.2.4.0) (Haas et al,,
2013). Protein sequences and coding sequences (CDS) of tran-
scripts were predicted by TransDecoder (v.5.50) (https://github.
com/TransDecoder/) with default parameters. Redundantly
assembled sequences were removed by cd-hit (v.4.6.2) (Li and
Godzik, 2006) with 99% identity.

The completeness of our transcriptome assembly was assessed
by estimating the coverage of the gene space based on blast
searches against the core plant homologous gene database (www.
orthodb.org).

2.2. Orthologous group inference

To cluster transcripts into orthologous genes, the OrthoFinder
(v.2.2.6) (Emms and Kelly, 2015) software was used to infer core-
orthogroups based on all-against-all BLASTP (v.2.9.0+) (Camacho
et al., 2009) searches with an E-value cutoff of 107> against 13
lycophytes species (Phlegmariurus nummulariifolia (Blume) Ching,
Phlegmariurus salviniodes (Herter) Ching, Phlegmariurus carinatus
(Desv. ex Poir.) Ching, Phlegmariurus sp., Phlegmariurus phlegmaria
(L.) Holub, Phlegmariurus goebelii (Nessel) A.R. Field et Bostock,
Phlegmariurus squarrosus (Forst.) L. Love et D. Love, Huperzia jav-
anica (Sw.) Fraser-Jenk, Lycopodium japonicum Thunb. ex Murray,
Lycopodium complanatum L., Lycopodium zonatum Ching, Palhin-
haea hainanensis C.Y. Yang, Isoetes sp.). To further increase the
robustness of phylogenetic analyses, OGs were required to have at
least one sequence from each of the 13 transcriptomes. Thus, 7237
OGs were retained and 78 single-copy OGs were selected
(Table S1).

Table 1
Sequencing, assembly and BUSCO assessment of 13 lycophyte transcriptomes.
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2.3. Species tree reconstruction and divergence time dating

Sequences were aligned with MAFFT (v.7.471) (Katoh et al.,
2002) and the best substitution model was determined using
ProtTest (v.3.4) (Darriba et al., 2011). We constructed a phyloge-
netic tree based on a concatenated amino acid sequence align-
ment of 78 single-copy gene families from the 13 plant species
using RAXML (v.8.2.12) (Stamatakis, 2014) software under the
PROTCAT]JTT evolutionary model and 1000 bootstrap replicates
with Isoetes sp. as the outgroup (Fig. S1). The resulting maximum
likelihood (ML) best tree was retained for use in subsequent
analyses.

For the phylogenomic dating, divergence times within the
species tree were estimated by MCMCTREE in the PAML package
(Yang, 2007). As no reliable fossils are available to calibrate the
internal nodes of the Lycopodiaceae, two secondary calibrations
from a recently published dated phylogeny of the Lycopodiaceae
(Testo et al., 2018) were used to calibrate the crown age of Paleo-
tropical Phlegmariurus to be no older than 66.8 million years ago
(Mya) and the divergence time of Lycopodiaceae from Isoetes sp. to
be no older than 403 Mya. The JC69 model was used to specify the
rate priors for internal nodes. The Markov chain Monte Carlo
(MCMC) process run with two replicates for 1,200,000 iterations
with a sample frequency of 120, and the two independent runs
were performed to check convergence.

2.4. General Ks analysis

Ks analysis is commonly used to detect WGDs in genome and
transcriptome data sets. The paranome was built by performing an
all-against-all BLASTP (v.2.9.0+) search of all protein coding se-
quences with an E-value cutoff of 1e-10~'°. Then, a faster and more
convenient pipeline based on MUSCLE (v.3.8.31) (Edgar, 2004) and
codeml of PAML (v.4.8) was used to calculate maximum likelihood
estimates of the Ks scores. The employed script of the pipeline is
available online (https://github.com/EndymionCooper/KSPlotting/
blob/38212ab1521e3b091c3ef9d9c24200bf663a21a7/kSPlotter.
py). After Ks calculation, we determined Ks distributions for the
transcriptome of each species.

All Ks values < 0.1 and >5 were excluded from analysis to
avoid the incorporation of recent duplications and old substitu-
tion saturation. The features of peaks in Ks plot most likely to
correspond to a WGD during the evolutionary past, and the
distribution of Ks contains WGD Gaussian functions (Vanneste

Species Clean Size (G) GC (%) N50 (bp) BUSCO Notation Assessment Results
Phlegmariurus nummulariifolia 8.22 44.98 1344 C:93.4% [S:66.7%, D:26.7%], F:2.6%, M:4.0%, n:430
Phlegmariurus salviniodes 11.2 49.97 1116 C:92.4% [S:57.7%, D:34.7%], F:4.2%, M:3.4%, n:430
Phlegmariurus carinatus 9.48 44.51 1332 C:92.1% [S:59.8%, D:32.3%], F:3.5%, M:4.4%, n:430
Phlegmariurus sp. 11.6 45.41 1323 C:92.0% [S:66.0%, D:26.0%], F:3.3%, M:4.7%, n:430
Phlegmariurus phlegmaria 9.86 44.37 1431 C:96.5% [S:65.1%, D:31.4%], F:0.7%, M:2.8%, n:430
Phlegmariurus goebelii 9.82 4427 1467 C:94.9% [S:67.9%, D:27.0%], F:2.8%, M:2.3%, n:430
Phlegmariurus squarrosus 14 4431 1296 C:95.8% [S:48.8%, D:47.0%], F:2.3%, M:1.9%, n:430
Huperzia javanica 6.35 45.28 1143 C:90.4% [S:63.0%, D:27.4%], F:5.6%, M:4.0%, n:430
Lycopodium japonicum 4.57 45.64 1332 C:92.8% [S:71.6%, D:21.2%], F:5.3%, M:1.9%, n:430
Lycopodium zonatum 8.88 44.67 1353 C:92.3% [S:62.1%, D:30.2%], F:3.0%, M:4.7%, n:430
Lycopodium complanatum 9.55 44,63 1395 C:93.7% [S:67.4%, D:26.3%], F:4.2%, M:2.1%, n:430
Palhinhaea hainanensis 141 46.52 1134 C:89.8% [S:37.9%, D:51.9%], F:4.7%, M:5.5%, n:430
Isoetes sp. 4.59 43.65 1086 C:84.7% [S:59.8%, D:24.9%), F:10.7%, M:4.6%, n:430

BUSCO was used to assess transcriptome data quality, with 430 cores conserved orthologs of plant species (viridiplantae_odb10 database of BUSCO) as reference. Legend:
Complete BUSCOs (C), Complete and Single-Copy BUSCOs (S), Complete and Duplicated BUSCOs (D), Fragmented BUSCOs (F), Missing BUSCOs (M), Total BUSCO groups

searched (N).
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et al., 2015). We therefore performed Gaussian mixture model in
R (v.4.0.0) for fitting components that are WGD signature peaks.
Fitted components corresponding to WGD features are selected
and highlighted in red (Table S3). The Bayesian
Information Criterion was used to select the best number of
components.

2.5. Placement of WGD events

To further obtain a reliable estimate for potential WGD events,
two approaches were used to test the phylogenetic placement of
WGD events in Lycopodiaceae: the Polyploidy Using the Genomes
(PUG) algorithm (McKain et al., 2016) and Tree2GD software
(https://github.com/Dee-chen/Tree2gd).

For PUG, the 7237 rooted gene trees were employed for the
identification of ancestral gene duplications using the species tree
generated from the concatenated sequence super-matrix as a guide
based on gene tree—species tree reconciliation. The commands and
parameters used for running PUG were as follows: “perl PUG.pl
-trees genetree_directory -outgroups sample_Isoetes -species
species_tree”. The results were visualized using Rscript provided by
McKain et al. (2016).

The Tree2GD analysis software provides an integrated pipeline
to identify WGD events. In summary, the software executes all-
against-all BLASTP (v.2.9.0+) searches, and hierarchically clusters
orthogroups using PhyloMCL (Zhou et al., 2020). The evolution of
gene family size is estimated using Dollo Parsimony, which is
nested within Tree2GD. Finally, accurate gene family clustering is
used to detect WGDs. The Ks scores were calculated by codeml in
PAML using a maximum likelihood method based on hierarchical
orthogroups, and all the results were visualized using ggtree (Yu
et al., 2017) package in R. Two factors were considered when
identifying WGDs: the percentage of gene duplication for the most
recent common ancestor (MRCA) nodes and percentage of gene
duplication with all branches retained. In total, all WGD analyses
can be accomplished with one friendly command: “Tree2gd -i
pep_directory -tree species_tree”.

2.6. Identifying and mapping conflict and concordance

Conflict between gene trees and the species tree was assessed
using PhyParts (v.0.0.1) (Smith et al., 2015). All 7237 gene trees and
the species tree were rooted using TET3 in Python (v.3.8.3). The
gene trees, which may include gene duplication and incomplete
taxa, were mapped to the species tree based on a phylogenomic
comparison, employing scripts from online (https://bitbucket.org/
blackrim/phyparts/src/master/). To visualize the results of conflict
or concordance between gene trees and the species tree, we used
the scripts developed by Matt Johnson (https://github.com/
mossmatters/phyloscripts/tree/master/phypartspiecharts). The
running commands were as follows: “python phypartspiecharts.py
species_tree phyparts_output 7237”. “phyparts_output” is the suf-
fix of the Phyparts output. The number “7237” indicates the num-
ber of gene trees used in Phyparts, which was used to properly
calculate the pie chart percentages.

3. Results
3.1. Assessment of the transcriptome assembly

Transcriptome assembly for the 13 species resulted in clean
data ranging from 4.45Gb to 11.4Gb, and an average GC content
between 43.65%—49.97% for each sample, with a contig N50 be-
tween 1086—1467 bases (Table 1). The completeness of our tran-
scriptome assembly was assessed by estimating the coverage of
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the gene space based on a core plant gene mapping approach that
assesses how many genes out of a set of 430 genes shared by all
plant species are present in our assembly. Our transcriptomes
contained 84.7%—95.8% of conserved complete genes and ~71.6% of
complete single-copy genes. Only between 1.9%—4.7% of single-
copy genes were classified as missing, indicating fine coverage
and high quality of the assembly of the protein-coding tran-
scriptomes for these species.

3.2. General Ks analysis fails to consistently identify recent WGD
events in Lycopodiaceae

Synonymous substitutions do not change the amino acid and are
therefore considered to be have putatively neutral, so that they
accumulate at a nearly constant rate. Hence, they serve as a proxy for
the time since duplication of paralogous genes. For general Ks fre-
quency plots (Fig. 3), detection of WGD events using paranome-
based Ks distribution is difficult. We observed that paralogous
genes in the seven Phlegmariurus species are approximately
distributed in an L-shaped pattern (Fig. 3A), which indicates that
most extant small-scale duplicated genes are of fairly recent origin
and few paralogs have been retained from old duplication events.
For the remaining six species (Lycopodium complanatum,
L. japonicum, L. zonatum, Huperzia javanica, Palhinhaea hainanens
and Isoetes sp.), we used mixture modeling to separate the contri-
butions of recent duplications from the residual signals of large-
scale gene duplication events that represent WGD signature peaks
(Fig. 3B—G). The Lycopodium spp. had two peaks: one around a Ks of
0.5 and the other near a Ks of 1.5 (Table S3). H. javanica had a peak at
a Ks of 0.72. P. hainanensis showed a peak at a Ks of 0.56 and the
Isoetes sp. showed a peak at a Ks of 1. The density level and position
of the fitted components varied among species. This variation sug-
gests that general Ks analysis has substantial limitations in showing
recent large-scale duplication events shared by several species.

3.3. Phylogenetic reconstruction and divergence time estimation

We constructed a phylogenetic tree (all of the nodes received
maximum likelihood bootstrap >80%) and estimated the diver-
gence times of 13 plant species using genes extracted from 78
single-copy families (Figs. 4 and S1). This phylogeny covers all three
subfamilies (Lycopodielloideae, Lycopodioideae and Huperzioi-
deae) of Lycopodiaceae with a robust phylogenetic topology. Seven
species in Phlegmariurus formed a clade that is sister to H. javanica
(genus  Huperzia). Lycopodium  japonicum, L. zonatum,
L. complanatum formed the other clade within the Lycopodioideae
that is sister to P. hainanensis (genus Palhinhaea). To obtain the
evolutionary timescale of this clade, we used the tree constructed
from the 78-gene concatenations for 13 species (12 Lycopodiaceae
taxa and one outgroup) as the input to estimate divergence times
using a Bayesian method (Fig. 4). The divergence of Lycopodiaceae
from Isoetes sp. dates to ~326 Mya with a 95% confidence interval
(CI) ranging from 299 to 353. Diversification of Phlegmariurus dates
to 22.6 Mya (CI: 12.8—33.7), close to the Late Tertiary.

3.4. Corroborating reconciliation-based findings with analysis of Ks
distributions

Because our general Ks analysis showed considerable variation,
and we integrated reconciliation-based findings with analysis of
Ks distributions to identify relatively recent and lineage-specific
WGDs (Zwaenepoel et al,, 2019). This required that we first
determined stable phylogenetic relationships so as to classify the
Ks of homologous pairs as different phylogenetic levels in in-
ternodes. For this purpose, we used Tree2GD and PUG to perform
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Fig. 3. Ks-based age distributions for thirteen lycophytes species. The full Ks-based age distribution of thirteen lycophyte species. The X axes show Ks value (synonymous
distance) until a value cutoff of 5, and the Y axes display the density of retained duplicated paralogous gene pairs. (A): Ks plot of seven species in Phlegmariurus. The alpha 0.8 is the
transparency of the layer defined by ggplot2. (B)—(G): Ks age distributions for Lycopodium complanatum, Huperzia javanica, Lycopodium japonicum, Lycopodium zonatum, Palhinhaea
hainanensis, Isoetes sp. The gray columns represent the distributions of the paralogous genes that were used for Gaussian mixture modeling. The fitted components that correspond

to a significant WGD feature were plotted on the age distribution in blue.

phylogenomic analysis. Both our phylogenomic approaches indi-
cated that two WGD events occurred in Lycopodiaceae, one within
the genus Phlegmariurus and the other in the common ancestor of
Lycopodiaceae.

For Tree2GD analysis (Fig. 5A), we used the percent of gene
duplications reported for a fern WGD (Huang et al., 2020) as a
reference (8%). Higher percentages of residual duplicated genes of
all branch paralogues retained within the MRCA nodes (the topol-
ogy type of gene duplication as AABB) indicate less gene loss after
duplication events. Although 26% (1000/3775) of the genes in the
clade defined by the MRCA (N4 in Fig. 5A) were duplicated (far

more than 8%), only 3% of genes were duplicated by two species
(Phlegmariurus salviniodes and P. nummulariifolia), indicating that
evidence for gene duplication shared by both species is weak. Of all
nodes, only ancestral branch of family Lycopodiaceae (N11) and the
ancestor of the Phlegmariurus (N11) have high percentages of gene
duplications (>8%) and high percentages of type AABB duplications
(>60%). In addition, we used Dollo parsimony analysis to map gene
gains and gene losses to the phylogenetic trees. Parsimony analysis
indicated that 2335 gene were gained and 1362 genes were lost in
the ancestor of the Phlegmariurus (N9 in Fig. 5A), whereas 11,318
genes were gained and no genes were lost in the ancestral branch of
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family Lycopodiaceae (N11 in Fig. 5A). A summary of duplication
types is shown in Fig. 5B and the numbers of orthologous groups
(OGs) corresponding to each node in Fig. 5A.

For PUG analysis (Fig. 5C), we examined ML gene trees con-
structed from 7237 gene families, including all of 13 Lycopodiaceae
species. Collectively, these 7237 gene trees include gene duplication
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or incomplete homologous sequence mapping to the given species
tree (Fig. S1). The ancestral node with the largest number of gene
duplications was identified at the ancestral branch of family Lyco-
podiaceae (N11 in Fig. 5C and 1437 duplications BSV >80), which
supports a polyploid event shared by all species in Lycopodiaceae.
Large-scale duplication events were also indicated in the ancestor of
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the Phlegmariurus (N9 in Fig. 5C and 809 duplications BSV >80),
which supports the other polyploid event shared by genus
Phlegmariurus.

When we determined Ks frequency distributions for paralogous
pairs defined in a gene family and classified the Ks values of gene
pairs into different phylogenetic levels, we found that the paralo-
gous pairs of species of genus Phlegmariurus were phylogenetically
identified as products of gene duplications in the ancestor of the
Phlegmariurus (N9) (Fig. 6A—F). Similarly, the products of the
duplication at the ancestral branch of family Lycopodiaceae (N11)
were identified as evidence of a WGD shared by Huperzia, Phleg-
mariurus, Lycopodium, and Palhinhaea (Fig. 6G—L). Based on the
dated tree of Lycopodiaceae (Fig. 4) and Ks values of two putative
WGDs (Fig. 6), we assumed 7.743—8.144 x 10~2 synonymous sub-
stitutions per site per year as a reference, and these peaks (0.2—0.5
and 3.0—3.6) were posited at 0.35 and 3.3 respectively. Thus, the
age of WGD events has been determined to be ~22—23 Mya and
~206—214 Mya.

3.5. Concordance analysis of phylogenetic signal

We examined the 13 large transcriptomic data sets for the
presence of conflict and concordance in individual homologs across
the phylogeny. Phyparts tree provided significant evidence of high
concordance between gene trees and the guided species tree for the
major relationships except for the clade of genus Phlegmariurus,
which has obvious conflicts (Fig. 7). Therefore, by considering the
frequency of all conflicting bipartitions in each node, we calculated
internode certainty (ICA) scores to quantify incongruence among
the grouped 7237 gene trees. ICA values ranged from 0.3349 to
0.8949. ICA values across the phylogeny were higher, except for
those in Phlegmariurus, ranging from 0.7941 to 0.8949, whereas the

N9 duplications
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Ks
Phlegmariurus squarrosus
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N9 duplications

Ks
Phlegmariurus carinatus

N9 duplications
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ICA values in many of the ancestral nodes within Phlegmariurus
were notably lower, ranging from 0.3349 to 0.5856, indicating a
great deal of underlying gene tree conflict. These results suggest the
presence of a complex multi-gene network underlies the divergent
evolution of Phlegmariurus (Lycopodiaceae).

4. Discussion

4.1. Transcriptomes indicate that two WGDs played a role in
Lycopodiaceae evolution

Previous studies have used peaks in Ks distributions of tran-
scriptomes to identify WGDs (Lynch and Conery, 2000). However,
when we used this approach to detect WGDs in the transcriptomes
of Lycopodiaceae species, we found considerable heterogeneity
among species (Fig. 3), which is consistent with the limitations of
Ks plot analyses in identifying relatively recent, lineage-specific
WGDs (Tiley et al., 2018). Thus, in this study, we integrated Ks-
based age distribution analysis and phylogenomic analyses (PUG
and Tree2GD), which revealed that two WGDs occurred in
Lycopodiaceae.

Our phylogenetic analyses both provide evidence that a WGD
occurred in the common ancestor of extant Phlegmariurus (Lyco-
podiaceae) approximately 22—23 Mya and another WGD occurred
in the common ancestor of Lycopodiaceae around 206—214 Mya.
Our finding that a WGD event occurred around 206—214 Mya
corresponds well to whole-genome duplications in lycophytes
previously proposed by the One Thousand Plant Transcriptomes
Initiative (1 KP). However, the 1 KP sampled only one Phlegmariurus
species; in contrast, our study covered several species of Phleg-
mariurus. The other WGD event mapped to the Phlegmariurus clade
is newly reported here. Our findings also indicate that without
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Fig. 6. Ks analysis of the two putative WGDs (A)—(F) Ks distribution of six species supports a WGD shared by genus Phlegmariurus; (G)—(L) Ks distribution of six species supports

a WGD shared by family Lycopodiaceae.
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Fig. 7. Phyparts assessment of phylogenomic signal. Pie charts tree quantifies the degree of conflict or congruence as follows: the proportion of gene trees in concordance (blue),
the top alternative bipartition (green), all other alternative bipartitions (red), uninformative for that nodes (gray). Numbers above and below the branches also indicate the number
of concordant and conflicting gene trees. Red numbers to the right of each node are the ICA values.

corroborating Ks analysis with reconciliation-based findings recent
WGD events are overshadowed by SSDs. Although we have no
direct evidence that our initial findings were affected by SSDs, the
same conclusions have been previously reported (Hakes et al.,
2007; Tiley et al., 2018). This, however, remains a difficult issue to
resolve without structural genomic data.

The evolution of lycophyte genomes has long been considered
controversial given the high chromosome numbers of taxa with
demonstrated diploid genetic expression (Haufler, 2014). However,
little is yet known about the molecular basis of diploidization (Clark
et al., 2016). To understand the paradox of diploid genetic expres-
sion of lycophytes with high chromosome numbers, we compiled
the number of chromosomes of all species in Lycopodiaceae from
the chromosome counts database (CCDB) (Table S2). The number of
chromosomes fluctuates dramatically within genus, ranging from
tens to hundreds (Fig. 2). This observation suggests that most
extant species of Lycopodiaceae have experienced multiple rounds
of genome duplication. Therefore, we hypothesize that polyploidy
is widespread in lycophytes and that diploid genetic expression of
polyploidy has been typical throughout the evolutionary history of
this group.

4.2. Divergence time estimates

Lycophytes are an ancient group of plants with an extensive
fossil record and are commonly thought to have diverged as early
as 410 million years ago (Wikstrom and Kenrick, 2001; Testo et al.,
2018). Fossils of Lycopodiaceae, a major clade of lycophytes, have
yet to be recorded. One difficulty in assessing putative Lycopo-
diaceae fossils is that they are almost morphologically indistin-
guishable from Lepidodendrales and conifers (Wikstrom and
Kenrick, 2001; Taylor et al., 2009). Thus, to infer divergence
times in our phylogeny of Lycopodiaceae, we used two secondary
calibration nodes generated from Tseto et al. (2018), which
incorporate eight fossil calibrations (Schuettpelz et al., 2016). Our
divergence time estimate for the crown age (202.6 Mya) of the
Lycopodiaceae is younger than those reported by Wikstrom and
Kenrick (2001) and Testo et al. (2018). Although the number of
species sampled for divergence estimates in the family was small,
our divergence time estimate for the diversification of Phlegmar-
iurus is similar to previous reports, in which the origin of genus
Phlegmariurus was found to be an ancient event (nearly Late
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Cretaceous), with species diversification occurring relatively
recently (nearly Late Tertiary) (Testo et al., 2018).

4.3. Perspective on evolutionary conflict in the genus
Phlegmariurus

Sequencing technology has afforded the opportunity to inter-
pret sophisticated evolutionary mechanisms by increasing the
availability of transcriptomic and genomic data sets (Delsuc et al.,
2005). In addition, a greater number of large data sets also pro-
vides more heterogeneity for studies of phylogenetic relationships
and biodiversity (Folk et al., 2018; Stubbs et al., 2020), which in turn
may reflect phylogenetic signals. As previously reported in
Micranthes (Saxifragaceae) (Stubbs et al.,, 2020), genetic discor-
dance presents a valuable opportunity to develop hypotheses about
its underlying causes, e.g., hybridization, polyploidization, and
range shifts.

We found significant degrees of conflict at internal nodes
within the Phlegmariurus gene tree (Fig. 7). Specifically, our anal-
ysis showed significant genetic discordance in individual homo-
logs of Phlegmariurus, which implies a presence of a complicated
multi-gene network related to divergent evolution. Gene dupli-
cation is a major mechanism for development of phenotypic
innovation, while diversification of phenotypic innovation is
typically found at nodes with high gene-tree conflict (Stull et al.,
2021). Note that Testo et al. (2018) revealed that much of the di-
versity extant Phlegmariurus is recent, stemming from the Late
Tertiary, even though the origin of the genus is much more ancient
(Testo et al., 2018). Our estimate of the date of the WGD in
Phlegmariurus suggests that the WGD played an important role in
driving diversification.

In addition, our analysis presents credible evidence of genetic
diversification, with both Phyparts and ICA scores providing poor
support for the relationship within Phlemariurus. Taken together,
these results suggest that Phlegmariurus is an ideal group for
further investigation into a series of putative evolutionary events,
such as hybridization, incomplete lineage sorting, or horizontal
gene transfer, which may vary across the phylogeny.
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