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• Background and Aims With some 7300 extant species, liverworts (Marchantiophyta) represent one of the 
major land plant lineages. The backbone relationships, such as the phylogenetic position of Ptilidiales, and the 
occurrence and timing of whole-genome duplications, are still contentious.
• Methods Based on analyses of the newly generated transcriptome data for 38 liverworts and complemented 
with those publicly available, we reconstructed the evolutionary history of liverworts and inferred gene duplication 
events along the 55 taxon liverwort species tree.
• Key Results Our phylogenomic study provided an ordinal-level liverwort nuclear phylogeny and identified 
extensive gene tree conflicts and cyto-nuclear incongruences. Gene duplication analyses based on integrated 
phylogenomics and Ks distributions indicated no evidence of whole-genome duplication events along the back-
bone phylogeny of liverworts.
• Conclusions With a broadened sampling of liverwort transcriptomes, we re-evaluated the backbone phylogeny 
of liverworts, and provided evidence for ancient hybridizations followed by incomplete lineage sorting that shaped 
the deep evolutionary history of liverworts. The lack of whole-genome duplication during the deep evolution of 
liverworts indicates that liverworts might represent one of the few major embryophyte lineages whose evolution 
was not driven by whole-genome duplications.
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INTRODUCTION

With about 7300 species recognized in some 386 genera and 
87 families (Söderström et al., 2016), liverworts represent one 
of the most speciose major lineages of land plants. The phylo-
genetic position of liverworts has been contentious for decades, 
with various hypotheses proposed, i.e. liverworts sister to the 
rest of land plants, sister to mosses, sister to tracheophytes 
or sister to a clade including mosses and tracheophytes (as 
reviewed in Puttick et al., 2018 and Goffinet, 2000). High-
throughput sequencing technology has raised phylogenomic 
approaches to new heights. Recent nuclear phylogenomic ana-
lyses have converged on a sister relationship of liverworts and 
mosses, which, along with hornworts, form the bryophyte clade 
that is sister to extant tracheophytes (Puttick et al., 2018; One 
Thousand Plant Transcriptomes Initiative, 2019; Harris et al., 
2020; Su et al., 2021). Liverworts exhibit morphological het-
erogeneity, with three major morphotypes (i.e. complex thal-
loid, simple thalloid and leafy), a broad ecological distribution 
with terrestrial, aquatic, epiphytic and epiphyllous ecotypes, 
and various types of fungal associations (Read et al., 2000), 
and are characterized most notably by an ancestral loss of sto-
mata (Harris et al., 2020).

A sufficiently resolved phylogenetic tree would provide 
a basis for studying character evolution within this group. 
However, phylogenomic reconstructions based on a large set 
of nuclear sequences with a broad sampling have not been car-
ried out focusing on this group, and the backbone relationships 
of liverworts are still subject to controversy. The following re-
lationships, in particular, remain ambiguous: relationships of 
Ptilidiales to Jungermanniales and Porellales (Liu et al., 2008; 
Yu et al., 2019), of Pellia to the rest of the Pelliidae (Forrest 
et al., 2006) or Jungermanniopsida (Crandall-Stotler et al., 
2005; Haberle et al., 2008), among the complex thalloids, 
i.e. Marchantiales (Forrest et al., 2006; Villarreal et al., 2016; 
Flores et al., 2017, 2020), and also the deep relationships within 
the two most speciose orders, Jungermanniales and Porellales 
(Heinrichs et al., 2007; Yu et al., 2019).

Recent phylogenomic studies of liverworts based on 
plastid and mitochondrial genomes are not conclusive, and 
the aforementioned systematic ambiguities persisted. Plastid 
phylogenomic analyses (Yu et al., 2019) based on 35 genera 
are largely congruent with previous analyses based on discrete 
genes (Forrest et al., 2006), but incongruent with the recent 
plastid phylogenomic analyses by Dong et al. (2021b), with 
regard to the placements of Ptilidiales. The order is weakly 
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supported as a sister group to Jungermanniales in Yu et al. 
(2019) but strongly supported as the sister to Porellales in 
Dong et al. (2021b). Based on the mitochondrial genes, Dong 
et al. (2021a) recovered a moderately supported hypothesis 
whereby the Ptilidiales are sister to Jungermanniales. These 
apparent phylogenetic conflicts between mitochondrial and 
plastid data necessitate further nuclear phylogenomic studies 
incorporating more genes and involving extended taxon 
sampling.

With the development of high-throughput sequencing 
methods, several techniques have been utilized for generating 
genome-scale data in plant phylogenetic studies, such as tran-
scriptome sequencing (e.g. One Thousand Plant Transcriptomes, 
2019), hybrid capture (e.g. Liu et al., 2019) and genome skim-
ming methods (e.g. Dong et al., 2022). The transcriptome is 
the readout of a genome, and transcriptome sequencing is an 
efficient and cost-effective way for recovering thousands of 
genes. Sequencing and analysing transcriptomes do not rely 
on genomic references, which is, however, a necessity when 
using a hybrid capture method (Lemmon et al., 2012). The size 
of liverwort genomes ranges widely from approx. 200 Mb in 
Marchantia to approx. 20 Gb in Phyllothallia (https://cvalues.
science.kew.org), which makes the genome skimming method 
not applicable when sampling liverworts at a broad phylogen-
etic spectrum. In addition, sequencing transcriptomes recovers 
unselected, and richer genomic information than that of the 
hybrid capture methods, which can be further mined for the 
analyses of gene family evolution. The phylotranscriptomic 
method has been widely used to reconstruct the relationships 
and explore genomic features in plant groups at both high and 
low taxonomic ranks (One Thousand Plant Transcriptomes 
Initiative, 2019). Sampling the vegetative transcriptome of or-
dinal exemplars may similarly yield a reliable phylogeny for 
liverworts and provide a robust basis for inferring the evolution 
of morphological traits, as well as of genomic characters such 
as whole-genome duplication (WGD) events.

Whole-genome duplications occurred throughout the eu-
karyote tree of life, especially in the plant kingdom, and are 
considered a driving force of species diversification and evolu-
tionary innovations (Van de Peer et al., 2017; Ren et al., 2018; 
Wu et al., 2019). A WGD event leads to genetic redundancies 
and is usually followed by lineage-specific loss of the dupli-
cated genes, but may also provide opportunities for sub-/neo-
functionalizations (Birchler and Yang, 2022). WGD contributes 
to adaptation to new niches, survival of severe environmental 
stress and subsequent rapid accumulations of species diversity 
(Schranz et al., 2012; Ren et al., 2018). Liverworts represent 
a highly diversified lineage, and the number of liverwort spe-
cies exceeds that of hornworts, lycophytes and gymnosperms. 
However, few signatures of ancient WGDs have been observed 
in liverworts (Bowman et al., 2017), in contrast to mosses, whose 
diversification is characterized by several well-identified WGD 
events (Devos et al., 2016; Lang et al., 2018; Gao et al., 2020; 
Carey et al., 2021; Silva et al., 2021). Liverworts might repre-
sent one of the most WGD-depauperate lineages among land 
plants, with only one putative WGD inferred at the most recent 
common ancestor (MRCA) of Jungermanniopsida as reported 
by the OneKP project (One Thousand Plant Transcriptomes 
Initiative, 2019). The Marchantia genome (Bowman et al., 

2017) bears no signatures of past WGDs, suggesting that the 
lineage of complex thalloid liverworts may not have undergone 
an ancient WGD.

Based on fossil evidence and molecular dating studies, the 
stem groups of extant liverworts diverged deep in time (Morris 
et al., 2018), so that Ks saturation might have blurred molecular 
evolution patterns, hampering the tracing of WGD events (Wu 
et al., 2019). Large-scale gene tree-based phylogenomic studies 
have been widely used to detect ancestral gene duplications and 
estimate their phylogenetic timing (Jiao et al., 2011, 2012; Yang 
et al., 2018). Gao et al. (2020) inferred gene duplication events 
in mosses with a transcriptome dataset and proposed six WGD 
events distributed across the backbone phylogeny of mosses. 
Whether WGDs similarly occurred during the evolutionary his-
tory of liverworts and shaped their diversification remains to 
be tested.

In this study, we newly generated transcriptomes for 38 liver-
wort accessions, representing 36 species, 11 genera and six 
orders of liverworts. With the additional 17 liverwort transcrip-
tomes published by the OneKP project, our current sampling 
of 55 liverwort accessions broadened phylogenetic sam-
pling of liverworts to 14 out of 15 orders (Fig. 1). We aimed 
to reconstruct the backbone phylogeny of liverworts, explore 
cyto-nuclear incongruences and infer possible ancestral gene 
duplications during the evolution of liverworts.

MATERIALS AND METHODS

Taxa sampling and DNA extraction

Fresh samples of 38 liverwort accessions were collected from 
China, Madagascar, New Zealand the USA and Vietnam, 
with voucher specimens deposited in SZG (Herbarium of 
Shenzhen Fairylake Botanical Garden, Shenzhen, China) and 
CONN (George Safford Torrey Herbarium at the University of 
Connecticut) (Supplementary data Table S1). We also included 
18 liverwort transcriptomes from the OneKP project, and a 
liverwort (i.e. Marchantia polymorpha) genome representative 
in our analyses. Our exemplars span the liverwort phylogeny, 
representing all but one order (i.e. Neohodgsoniales) of extant 
liverworts (Crandall-Stotler et al., 2009b). Each newly col-
lected liverwort sample was cleaned with distilled water, dried, 
examined under the dissecting microscope for potential con-
taminants and processed for RNA extraction using the RNeasy 
Plant Mini Kit (Qiagen, Valencia, CA, USA). Each sample’s 
RNA quality and quantity were examined using 1 % agarose 
gel electrophoresis, a Qubit fluorometer (Invitrogen) and a 
NanoDrop 2000 spectrophotometer.

To investigate the potential cyto-nuclear incongruences, 
we also downloaded the representative organellar gen-
omes of liverworts (Supplementary data Table S2) from the 
NCBI organellar genome databases (https://www.ncbi.nlm.
nih.gov/genome/browse#!/organelles/) with an ingroup 
taxon sampling consistent with that of the transcriptome 
dataset (Supplementary data Table S1). These mitochon-
drial and plastid genome data were used for phylogenetic 
reconstructions using the MP (maximum parsimony) and 
ML (maximum likelihood) methods.
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Fig. 1. Morphological diversity of liverworts. (A) Treubia lacunosa, Treubiales (photographed by J. G. Duckett, New Zealand); (B) Haplomitrium mnioides, 
Haplomitriales (photographed by S. Dong, Fujian, China); (C) Blasia pusilla, Blasiales (photographed by L. Zhang, Hunan, China); (D) Sphaerocarpos texanus, 
Sphaerocarpales (photographed by Blanka Aguero, North Carolina, USA); (E) Lunularia cruciata, Lunulariales (photographed by Y. Liu, lab culture, collected from 
North Rhine-Westphalia, Germany); (F) Marchantia polymorpha, Marchantiales (photographed by S. Dong, Fujian, China); (G) Riccia fluitans, Marchantiales (photo-
graphed by Y. Liu, Connecticut, USA); (H) Pallavicinia ambigua, Pallaviciniales (photographed by L. Zhang, Guizhou, China); (I) Aneura maxima, Metzgeriales (photo-
graphed by Y. Liu, Chongqing, China); (J) Pleurozia acinose, Pleuroziales (photographed by L. Zhang, Hainan, China); (K) Fossombronia cristula, Fossombroniales 
(photographed by Y. Liu, Shenzhen, China); (L) Pellia endiviifolia, Pelliales (photographed by L. Zhang, Guizhou, China); (M) Frullania sp., Porellales) (photo-
graphed by L. Zhang, Tibet, China); (N) Ptychanthus striatus, Porellales (photographed by L. Zhang, Guangdong, China); (O) Ptilidium pulcherrimum, Ptilidiales 
(photographed by L. Zhang, Xinjiang, China); (P) Schistochila sp., Schistochilales (photographed by L. Zhang, Gunung Jerai, Malaysia); (Q) Lepidozia trichodes, 
Jungermanniales (photographed by L. Zhang, Sichuan, China); (R) Plagiochila sp., Jungermanniales (photographed by L. Zhang, Tasmania, Australia); (S) Scapania 

sp., Jungermanniales (photographed by L. Zhang, Hunan, China); (T) Trichocolea tomentella, Jungermanniales (photographed by L. Zhang, Hunan, China).
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Sequencing and genome assembly

Approximately 1 μg of high-quality RNA was used 
to generate paired-end sequencing libraries with the in-
sert fragments of 200–300 bp of the corresponding cDNA. 
The libraries were sequenced on an Illumina HiSeq 2000 
sequencing platform at the WuXiNextCode (Shanghai, 
China). Approximately 6 Gb of sequencing data were pro-
duced for each sample. The raw next-generation sequencing 
data were trimmed and filtered for adaptors, low-quality 
reads, undersized inserts and duplicate reads using 
Trimmomatic v0.36 (Bolger et al., 2014). The cleaned 
reads for each species were de novo assembled using the 
TRINITY v2.13.1 (Grabherr et al., 2013). The longest tran-
script for each gene was selected and used for subsequent 
analyses. Liverworts usually form symbiotic mycorrhiza and 
diverse fungal associations; hence, transcriptome data from 
the field-collected liverworts generally contain contaminant 
sequences from fungi, bacteria, viruses and even animals. To 
remove these before phylogenomic analyses, the transcript 
sequences were searched against the NCBI NT database 
with an e-value cut-off of 1e-6. Those transcripts with their 
top ten hits falling into the above-mentioned four categories 
were removed. The software TRANSDECODER v3.0.0 
(https://github.com/TransDecoder) was used to predict the 
protein-coding regions for each clean dataset. CD-HIT 
v4.6.7 (Li and Godzik, 2006) was used to reduce the redun-
dancy in the resultant gene set with -c 0.98 -aS 0.9 following 
Gao et al. (2020).

Phylogenomic analyses

For nuclear phylogenomic analyses of liverworts, we in-
cluded 55 liverwort ingroup taxa and selected two species of 
mosses as outgroups. ORTHOFINDER v2.4.0 (Emms and 
Kelly, 2019) was used to cluster transcripts into homologue 
clusters with default settings (i.e. MCL Inflation = 1.5). The 
software KINFIN v1.0.3 (Laetsch and Blaxter, 2017) was 
used to select the most likely single-copy homologue clus-
ters with the ORTHOFINDER output with default settings. 
Those clusters containing single-copy genes in >70 % of the 
taxa were selected for downstream phylogenomic analyses 
(Supplementary data Table S3). Each gene cluster was fil-
tered to retain only single-copy genes and was aligned using 
a local version of TRANSLATORX (Abascal et al., 2010), 
which first translates the nucleotide sequences into amino acid 
sequences using the standard genetic code, and then aligns 
those amino acid sequences using MAFFT v7.0 (Katoh et 
al., 2005). The alignment is trimmed for ambiguous portions 
by GBLOCKS v0.91b (Talavera and Castresana, 2007) with 
-b3 (the least stringent settings with a maximum number of 
contiguous non-conserved positions) set to 8, -b4 (minimum 
length of a block) set to 5, -b5 (allowed gap positions) set to 
half and -b6 (use similarity matrices) set to yes. The cleaned 
amino acid alignment was then used as a guide to generate 
the nucleotide sequence alignment. The resultant individual 
codon alignments for each gene were concatenated into the 
combined nucleotide (NT) datasets with SEQKIT v0.3.1.1 
(Shen et al., 2016). As the third codon positions are prone to 

substitution saturation and GC content heterogeneity (Liu et 
al., 2014) (Supplementary data Table S4), for a lineage with 
a long evolutionary history such as liverworts, we also gen-
erated an NT12 dataset excluding the third codon positions. 
For each dataset, we estimated the ML trees with IQTREE2 
v2.2.0 (Quang et al., 2020) with 1000 ultra-fast bootstrap 
replicates (with the command: iqtree2 -s alignment.phy -bb 
1000 -m MF) and inferred the coalescent tree with ASTRAL 
v5.7.3 (Mirarab et al., 2014) with default settings. We gener-
ated the ML trees for the concatenated NT and NT12 datasets. 
MODELFINDER (Kalyaanamoorthy et al., 2017) as imple-
mented in IQTREE2 v2.2.0 (Quang et al., 2020) was used to 
select the best-fit nucleotide substitution models, and ultra-
fast 1000 bootstrap replicates were used. We also inferred the 
MP majority role consensus tree for the concatenated datasets 
using the software MPBOOT v1.1.0 (Hoang et al., 2018) with 
ultra-fast 1000 bootstrap replicates (with command: -s align-
ment.phy -bb 1000). MPBOOT searches for optimal trees 
using the ratchet based on branch swapping sub-tree pruning 
regrafting (Goloboff et al., 2021).

Gene tree conflict was calculated and visualized with 
PHYPARTS v0.0.1 (Smith et al., 2015) with default param-
eters (with commands: java -jar phyparts-0.0.1-SNAPSHOT-
jar-with-dependencies.jar -a 1 -v -d individual.trees -m astral.
tre -o NT12_out && python phypartspiecharts.py astral.tre 
NT12_out 1480). Quartet supports were characterized with 
ASTRAL v5.7.3 (Mirarab et al., 2014) with the -t 8 option. 
For organellar phylogenomic analyses, each protein-coding 
gene was extracted in Geneious v10.0.1 (https://www.
geneious.com), aligned with MAFFT v7.0 (Katoh et al., 
2005) and concatenated with SEQKIT v0.3.1.1 (Shen et al., 
2016). The programs IQTREE2 v2.2.0 and MPBOOT v1.1.0 
were also used to calculate the organellar ML and MP trees, 
respectively, with parameter settings the same as those used 
for nuclear phylogenomic analyses. Concordance across the 
nuclear gene trees and the three cellular compartments was 
visualized using DISCOVISTA v1.0 (Sayyari et al., 2018), 
which summarizes/visualizes the discordance among a set 
of phylogenetic trees. It compares the topology and support 
values among trees and visualizes the conflicts based on the 
threshold defined by the user. In the current study, strongly 
supported lineages are defined as those branches that received 
bootstrap support of ≥95 %, and weakly supported lineages 
are those that were recovered but received bootstrap support 
<95 %. Weakly rejected clades correspond to clades that are 
not present in the tree but are compatible if branches with 
low support (<85 %) collapse. Strongly rejected lineages are 
those that are not present in the tree and are not compatible 
even when branches with low support (<85 %) collapse. The 
phylogenetic trees were visualized and rooted in FigTree 
v1.4.1 (Rambaut, 2014). The ML estimates of branch-
specific substitution rates were calculated with HyPhy v2.0 
(Pond et al., 2005) under the MG94W9 codon model (Muse 
and Gaut, 1994), allowing for independent estimation of dN 
and dS values for each branch (the local parameters option) 
following Richardson et al. (2013), using the concatenated 
nucleotide data matrix (excluding outgroups) and the corres-
ponding ML tree inferred from the concatenated nucleotide 
dataset with IQTREE2 as mentioned above.
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Examination of cyto-nuclear incongruences

We contrasted the topologies inferred from mitochondrial 
and plastid data against that obtained from nuclear loci and 
identified incongruences within the order of complex thal-
loid, the Marchantiales, and among the early splits within the 
Jungermanniopsida, focusing on the position of Pellia and 
Ptilidium. These topological conflicts may reflect ancient in-
complete lineage sorting (ILS) or hybridization. To test whether 
ILS alone can explain the incongruences observed, 400  000 
gene trees were simulated under the assumption of the ILS scen-
ario with the astral coalescent species tree. Then the topological 
frequencies of the simulated gene trees were summarized and 
contrasted with those of the observed gene trees (empirical 
gene trees from the phylogenomic analyses). Carefully selected 
representative taxa with good transcriptome data quality (as 
estimated by BUSCO assessments) will maximize the rela-
tive gene tree space for the observed dataset. We build three 
additional phylogenomic datasets from ORTHOFINDER clus-
tering results, i.e. (1) with 42 generic representatives for species 
network analyses to test the impact of hybridization, (2) with 
seven species (Asterella wallichiana, Conocephalum conicum, 
Dumortiera hirsuta, Marchantia polymorpha, Monosolenium 
tenerum, Riccia berychiana and Wiesnerella denudata) from 
Marchantiales for ILS simulation analyses and (3) with six 
representatives (Marchantia polymorpha, Pellia endiviifolia, 
Pallavicinia lyellii, Ptilidium pulcherrimum, Porella navicularis 
and Nowellia curvifolia) for ILS simulation analyses among the 
deep lineages of the Jungermanniopsida. We tested the hypoth-
esis of ILS using the simulation methods as implemented in 
the R package PHYBASE v2.0 (Liu and Yu, 2010) and the hy-
pothesis of hybridization using the InferNetwork_MPL option 
as implemented in PHYLONET v2.4 (Than et al., 2008) fol-
lowing the methods used by Yang et al. (2020) and Wang et al. 
(2018). The frequencies of gene tree topologies were compared 
between the observed and simulated tree datasets, as well as the 
gene tree distances to species tree for the two datasets.

Gene duplication analyses

All 55 liverwort species, along with Physcomitrium 
(Physcomitrella) patens and Selaginella moellendorffii were 
used for gene family clustering with ORTHOFINDER v2.4.0 
(Emms and Kelly, 2019) to infer gene duplication events. We 
filtered the homologue clusters and selected those that con-
tained the outgroup Selaginella and at least 20 ingroup liver-
wort species to build the gene family trees. These gene families 
were aligned with MAFFT v7.0 (Katoh et al., 2005), optimized 
with GBLOCKS v0.91b (Talavera and Castresana, 2007) with 
the least stringent settings with the aforementioned parameters, 
removing ambiguously aligned sequences with sites containing 
>50 % gaps. The resulting alignments were used as the input 
data for RAxML v8.0 (Stamatakis, 2006) for ML tree infer-
ences with the PROTGAMMAAUTO model with 100 fast 
bootstrap replicates (with the command: raxml -f a -x 12345 -# 
100 -m PROGAMMAAUTO -s alignment.phy -n alignment -p 
12345). The software finds the optimal tree under the popular 
ML criterion with the starting tree generated by parsimony 
inference. The resulting gene family trees were reconciled 

and summarized against the species tree with the software 
TREE2GD v1.0.40 (https://sourceforge.net/projects/tree2gd) 
with the bootstrap threshold parameter set to 50. Although 
this software uses the bootstrap support thresholds of >50 % 
to increase its precision in identifying gene duplications, it 
uses only the gene trees with the outgroup taxon Selaginella 
included; thus, a majority of gene trees without Selaginella 
were discarded, which might result in biases due to a reduced 
sample size of gene family trees. Moreover, this software tends 
to have overestimated duplications for the deeper nodes be-
cause it only requires that the two clades of paralogues share at 
least two species. For these reasons, we also inferred ancestral 
gene duplications with a novel, fast and scalable duplication-
loss-coalescent (DLC) resolution algorithm as implemented 
in ORTHOFINDER v2.4.0 which applied a hybrid algorithm 
of the species-overlap method (Huerta-Cepas et al., 2007) 
and DLCpar analysis (Wu et al., 2014) with all gene trees in-
cluded. Those nodes showing evidence of a gene duplication 
event through overlapping species sets with >50 % of the spe-
cies overlapped for the two clades of paralogues were analysed 
using the DLC model to find the most parsimonious interpret-
ation for each node, in terms of which genes diverged at the 
gene duplication event and which diverged at a speciation event 
(Emms and Kelly, 2019).

We calculated the Ks values for pairs of paralogues in repre-
sentative liverwort species using the FASTKs pipeline (https://
github.com/mrmckain/FASTKs) that incorporates BLASTN 
(Camacho et al., 2009), MAFFT v7.0 (Katoh et al., 2005), 
PAL2NAL v14 (Suyama et al., 2006) and PAML v.4.4c (Yang, 
2007). We drew the Ks plot with package GGPLOT2 (Ginestet, 
2011) as implemented in R 3.6.3 (https://www.r-project.org). 
We also inferred Ks-based age distributions for paralogous 
genes using WGD v1.1.2 (Zwaenepoel and Van de Peer, 2018). 
An all vs. all blast on protein sequences was conducted using 
BLASTP with an E-value cut-off of 1e-10, and then the MCL 
package (Enright et al., 2002) was used for the reconstruc-
tion of gene families, and MAFFT v7.0 (Katoh et al., 2005) 
for alignment within each family. Finally, gene families (with 
n members) of n × (n – 1)/2 >‘max_pairwise’ were removed, 
and the phylogenetic tree was built for each gene family using 
FASTTREE v1.6.0 (Price et al., 2009). The Ks values of each 
pairwise comparison were obtained using ML in the CODEML 
program of PAML v.4.4c (Yang, 2007), and the weighted Ks 
values were used for Ks distribution construction. Finally, we 
performed a mixture modelling for all possible WGD infer-
ences using the BGMM method.

RESULTS

Transcriptome assemblies and homologue clusters

A total of 57 species were included in the phylogenomic analyses 
(Fig. 2) (Supplementary data Table S1). The non-redundant pro-
tein sequences for each species ranged from 9908 (Sphaerocarpos 
texanus) to 73  862 (Nowellia curvifolia), with an average 
26  566 uni-genes. BUSCO assessments recovered a complete 
BUSCO ratio ranging from 45.3 % (Lunularia cruciata) to 96.7 
% (Marchantia polymorpha), with an average ratio of 66.2 % 
(Supplementary data Table S1). Peptide sequences from 57 species 
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were sorted into 84 468 homologue clusters, which were reduced 
to 1480 by retaining only those containing single-copy genes for at 
least 70 % of the taxa (Supplementary data Table S3), for nuclear 
phylogenomic reconstruction purposes. For gene duplication ana-
lyses with TREE2GD, the homologous gene clusters were reduced 
to 4929 by retaining those containing the outgroup Selaginella and 
at least 20 of the ingroup liverwort taxa. For duplication analyses 
with ORTHOFINDER, a total of 28 321 gene families were used.

Phylogenomic reconstructions

Alignments of 1480 mostly single-copy gene families were 
concatenated to generate an NT supermatrix that contained 

1 244 946 sites, with 801 094 (64.4 %) sites potentially parsi-
mony informative. We also produced an NT12 supermatrix of 
829 964 sites (of which 399 616 sites are potentially parsimony 
informative) with third codon positions excluded. The contri-
butions of each species to the nuclear single-copy orthogroups 
are presented in Supplementary data Table S1 (in the column 
‘Loci Recovered’). GTR + I + R5 and GTR + I + R6 models 
were selected as the best-fit models for phylogenomic recon-
struction for NT and NT12 supermatrices, respectively. Our 
nuclear phylogenomic reconstructions (NT coalescent, NT12 
coalescent trees, NT concat ML, NT12 concat ML, NT concat 
MP and NT12 concat MP) are mostly congruent with each other, 
with the exception of the deep relationships within Porellales 
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Fig. 2. The 57 species liverwort coalescent tree based on 1480 low-copy nuclear genes with the third codon positions excluded. Individual gene tree incongru-
ences are shown as pie charts at the nodes and quartet supports as bar charts above the branches. For the pie chart, blue, orange, pink and black areas represent the 
percentages of gene trees showing concordance, top alternative topology, other conflicting topologies and no signal, respectively. For the bar chart, blue, orange 
and pink bar lengths represent quartet supports for the main topology (q1), the first alternative topology (q2) and the second alternative topology (q3), respectively. 
Astral PP for codon dataset (PP NT) and codon 1st + 2st (PP NT12) dataset, IQTREE BPP for codon dataset (BPP NT) and codon 1st + 2st dataset (BPP NT12), 
MPBOOT BPP for codon dataset (MBPP NT) and codon 1st + 2st dataset (MBPP NT12) are shown below the branches as PP NT/PP NT12/BPP NT/BPP NT12/

MBPP NT/MBPP NT12. Branches are maximally supported unless otherwise indicated. Asterisks represent those maximally supported by either analysis.
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and the affinities of Conocephalum in Marchantiales. Radula 
formed a sister group relationship with Porella in the NT12 trees 
or Jubulineae in the NT trees. Conocephalum formed a well-
supported sister group relationship with Riccia in all trees but not 
in the NT12 coalescent tree (Supplementary data Fig. S1).

Overall, the present phylogenetic reconstructions are gen-
erally consistent with the current liverwort classification 
(Fig. 1; Supplementary data Fig. S2), with Haplomitriopsida 
consisting of Haplomitrium and Treubia emerging from 
the first split, followed by successive divergences of com-
plex thalloids (Marchantiopsida), Pelliidae, Metzgeriidae 
and Jungermanniidae, which comprise Porellales and 
Jungermanniales. Pellia was weakly to strongly supported 
as sister to the rest of Jungermanniopsida in the nuclear and 
mitochondrial trees, resulting in a paraphyletic, rather than a 
monophyletic Pelliidae, as supported in the plastid trees (Fig. 3; 
Supplementary data Figs S1 and S2). The quartet supports and 
the gene tree conflicts at the focal node further corroborated the 
unstable position of Pellia (Fig. 2). The enigmatic Ptilidium is 
consistently and strongly supported as sister to Porellales, and 
Jungermanniineae are supported as sister to Lophocoleineae 
(Fig. 2). The three major liverwort lineages show similar nu-
cleotide substitution rates (Supplementary data Fig. S3), in con-
trast to the exceptionally slow substitution rates in organellar 
loci in complex thalloid liverworts (Villarreal et al., 2016).

Gene tree conflicts and cyto-nuclear incongruences

Nodes showing intense gene tree conflicts also tended to 
show strong conflicts in quartet supports (Fig. 2). The affected 

nodes are mainly those previously identified as problematic 
across analyses (Fig. 3), namely the relationships among 
the three lineages of Jungermanniales or the three lineages 
of Porellales, of the Pelliidae or Ptilidium, and within the 
Marchantiales (Fig. 3). The most significant conflict involves 
Ptilidium, which was supported as sister to Porellales in the 
nuclear and plastid trees but sister to Jungermanniales in 
the mitochondrial tree. Nuclear and mitochondrial analyses 
resolve Pellia as sister to the rest of Jungermanniopsida, 
whereas the plastid data support a unique ancestry with the 
rest of Pelliidae. In the complex thalloid clade, Asterella 
and Dumortiera constitute sister taxa in the mitochondrial 
tree only, and Conocephalum and Riccia are sister lineages 
in organellar trees and all nuclear trees, except in the NT12 
coalescent tree where such a relationship was not recovered 
(Fig. 3; Supplementary data Fig. S3). The alternative place-
ments of deep relationships within Porellales might be related 
to the substitutional saturation in the third codon positions of 
nuclear genes (Supplementary data Fig. S4), since the nuclear 
NT12 dataset consistently recovered the sister relationship of 
Porella and Radula, which is congruent with the organellar 
trees.

Hybridization and incomplete lineage sorting

The strong cyto-nuclear incongruences in liverwort phyl-
ogeny were further investigated for potential evidence of ILS 
or hybridization (Fig. 4A). Several putative gene flow events 
were detected on the generic level phylogeny with 42 liverwort 
representatives. The species tree network of n = 6 (Fig. 4A) 
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had a higher probability in likelihood than any other reticu-
lations (Supplementary data Fig. S5). The backbone relation-
ships of the liverwort network tree were largely consistent with 
the currently accepted liverwort phylogeny, albeit with three 
reticulation nodes (Fig. 4A). Reticulation node 1 denoted that 
about 81 % of the loci in the ancestor of Jungermanniopsida 
were inherited from the ancestor of Marchantiopsida while 
19 % of the loci in the ancestor of Jungermanniopsida were 
inherited from the ancestor of Haplomitriopsida. Reticulation 
node 2 denoted a scenario where about 91 % of the loci in the 
ancestor of Ricciales–Marchantiales (without M. polymorpha) 
shared an MRCA with loci from M. polymorpha, and 9 % 
of the loci in the ancestor of Ricciales–Marchantiales shared 
an MRCA with loci from the ancestor of Marchantiopsida. 
Reticulation node 3 denoted that roughly 96 % of the loci in 
the ancestor of leafy liverworts were inherited from the an-
cestor of Metzgeriidae and 4 % of the loci in the ancestor of 
leafy liverworts were inherited from the ancestor of liverworts 
(Fig. 4A).

The ILS simulation results for the backbone relation-
ships of Jungermanniopsida, represented by six taxa, and 
Marchantiales, represented by seven taxa, might point to dif-
ferent evolutionary processes for the species involved in the 

two groups. The Marchantiales dataset showed similar fre-
quencies of different tree topologies, as well as similar dis-
tributions of gene tree distance (compared with the nuclear 
species tree), comparing the simulated and the empirical 
datasets, respectively (Fig. 4B), indicating that incomplete 
lineage sorting alone could explain the cyto-nuclear gene 
tree incongruences in Marchantiales. The Jungermanniopsida 
datasets showed distinct tree topology frequencies and gene 
tree distance distributions (Fig. 4C), and with no significant 
correlations detected between the simulated and the ob-
served datasets, indicating that ILS alone could not explain 
the cyto-nuclear tree incongruences observed on the backbone 
relationships of Jungermanniopsida, and that instead hybrid-
ization might have played an important role in shaping their 
evolutionary history.

Ancestral gene duplications

The Ks distribution plots were generated for 52 liverwort 
species involved in the current study (Supplementary data Fig. 
S6). Considering that most liverwort species form symbiotic 
associations with fungi and bacteria (Read et al., 2000), our 

Treubia lacunosa
Distribution of trees

0

0

0 0.005

Marchantiales observed

0 0.01 0.02 0.03 0.04 0.05

Jungermanniopsida observed

0.010

0.002

0.004

M
ar

ch
an

tia
le

s 
si

m
ul

at
ed

Ju
ng

er
m

an
ni

op
si

da
(s

im
pl

e 
th

al
lo

id
s)

M
ar

ch
an

tio
ps

id
a

(c
om

pl
ex

 th
al

lo
id

s)
Ju

ng
er

m
an

ni
op

si
da

(le
af

y 
liv

er
w

or
ts

)

Ju
ng

er
m

an
ni

op
si

da
 s

im
ul

at
ed

0.006

0.008

005

010

015

020

0
Observed

R = 0.26 p.value < 0.001

R = 0.11 p.value = 0.24

Simulated
2 4 6 8

0.1
0.2
0.3
0.4
0.5
0.6

Distribution of trees

0
0

Observed Simulated
2 4 6

0.1
0.2
0.3
0.4
0.5
0.6

0.19

A B

C

0.81

1

2

0.91

0.09

0.96

0.04

Haplomitrium mnioides

Haplomitriopsida

Pleurozia purpurea
Metzgeria leptoneura
Riccardia latifrons
Aneura pinguis
Fossombronia cristula
Makinoa crispata
Pallavicinia lyellii
Pellia endiviifolia
Lunularia cruciata
Marchantia polymorpha
Sphaerocarpos texanus
Blasia pusilla
Asterella wallichiana
Monosolenium tenerum
Riccia cavernosa
Dumortiera hirsuta
Wiesnerella denudata
Conocephalum conicum
Schistochila sp.
Odontoschisma grosseverrucosum
Nowellia curvifolia
Plicanthus hirtellus
Barbilophozia barbata
Scapania ornithopodioides
Metacalypogeia alternifolia
Calypogeia fissa
Mylia nuda
Heteroscyphus zollingeri
Plagiochila subtropica
Trichocolea tomentella
Lepidozia trichodes
Bazzania trilobata
Herbertus ramosus
Ptychanthus striatus
Frullania orientalis
Porella navicularis
Radula japonica
Ptilidium pulcherrimum

3

Fig. 4. Hybridization and ILS simulation results. (A) The best species tree network was inferred with PHYLONET (reticulations = 6). Blue lines and dots de-
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field-collected specimens inevitably contained contaminations 
from the symbionts and other micro-organisms. Those tran-
scripts having their top ten hits falling into the categories of 
bacteria, fungi, viruses and animals were removed, and the rest, 
including those (the bulk) that did not yield hits from the NCBI 
NT database, were kept, acknowledging that these might also 
contain unidentified contaminants. Therefore, the Ks plot of 
liverworts should be interpreted with prudence. Although most 
of the liverwort species show no evidence of WGDs, some 
liverwort species show a Ks peak at around 0.5, which might 
suggest ancestral duplication at the shallow nodes of liverworts 
rather than WGDs at the backbone liverwort phylogeny, consid-
ering their deep split time (Morris et al., 2018).

Large-scale gene tree-based analyses based on 4929 
multicopy homologue groups using the program TREE2GD 
identified negligible numbers of gene duplications along the 
backbone phylogeny of liverworts (Fig. 5). The number of 
gene duplication events at the MRCA of liverworts was only 
203 (approx. 5.18 %), and at the MRCA of Marchantiopsida 
plus Jungermanniopsida was 129 (approx. 2.23 %) events. Our 
study did not identify the previously reported putative WGD 
event at the MRCA of Jungermanniopsida (One Thousand Plant 
Transcriptomes Initiative, 2019), and only 34 (approx. 1.09 %) 
gene duplication events were identified in our analysis. Gene 
duplication results inferred with ORTHOFINDER with 28 321 
gene trees (Supplementary data Fig. S7) were consistent with 
the TREE2GD result, with very small numbers of gene duplica-
tion events identified along the liverwort backbone phylogeny. 
The two lineages of Haplomitriopsida did not show significant 
gene duplication events (Fig. 5), indicating that the Ks peaks 
observed in Treubia and Haplomitrium were not the signals of 
shared gene duplications. The same is also true regarding other 
liverwort species that show Ks peaks (Supplementary data Fig. 
S6), such as Blasia pusilla, Pellia endiviifolia, Aneura pinguis, 
Pleurozia purpurea, Nowellia curvifolia and the two species of 
Lepidozia.

DISCUSSION

Gene tree conflicts and cyto-nuclear incongruences characterized 
the backbone phylogeny of liverworts

Our nuclear phylogenomic reconstructions yielded a well-
supported liverwort phylogeny that is mostly consistent with 
recent phylogenetic studies (Forrest et al., 2006; Yu et al., 2019; 
Dong et al., 2021b), with all classes, orders and families resolved 
as monophyletic except for Pelliidae, which are recovered as 
paraphyletic. Despite maximum support for most nodes in nu-
clear coalescent ML and MP trees, we observed strong gene 
tree incongruences as evidenced by quartet supports and gene 
tree mapping results on the NT12 coalescent tree, such as the 
node subtending the majority of Pelliidae (without Pellia), and 
the node of most Jungermanniopsida (without Pellia), the node 
involving Ptilidium, the node involving Radula and Porella, 
the node involving Lophocoleineae and Jungermanniineae, 
and the nodes involving several species in Marchantiales. The 
relationships among Porellales recovered from the nuclear 
NT and NT12 datasets were incongruent, with Radula sister 
to Jubulineae based on the former, vs. sister to Porellineae in 
the latter, a result consistent with inferences from organellar 

data. This incongruence may arise from extensive homoplasy 
due to substitutional saturation in the third codon positions 
introducing phylogenetic artefacts (Liu et al., 2014).

Cyto-nuclear incongruences characterize nodes across the 
phylogeny of land plants (Meng et al., 2021) including, as 
shown here, of liverworts. Pellia was supported as sister to 
the remaining Jungermanniopsida in the nuclear (Fig. 2) and 
mitochondrial trees but sister to the remaining Pelliidae in the 
plastid tree (Supplementary data Fig. S2). The sister relation-
ship of Ptilidium with Porellales is congruent with the plastid 
tree but incongruent with the mitochondrial tree wherein 
Ptilidium is resolved as sister to Jungermanniales. Within com-
plex thalloids, Marchantiales are characterized by inconsistent 
internal relationships across different datasets, i.e. Asterella and 
Dumortiera constitute sister taxa in the mitochondrial tree only, 
and Conocephalum and Riccia are consistently strongly sup-
ported as sister taxa except in the nuclear NT12 coalescent tree, 
with the focal nodes showing similar quartet support values, 
suggesting gene tree discordances (Sayyari and Mirarab, 2016).

These phylogenetic incongruences among gene trees and dif-
ferent genomic compartments might suggest ILS (Yang et al., 
2020; Wakeley, 2009), hybridizations (Morales-Briones et al., 
2018) and lateral gene transfers (Tofigh et al., 2011), gene losses 
and duplications (Goodman et al., 1979; Page, 1994). The most 
significant of these nodes coincided with the long-standing sys-
tematic ambiguities, indicating that these areas of the tree that 
are poorly resolved may reflect a diversity of speciation pro-
cesses, some of which may be incompatible with a bifurcating 
tree. As has been observed in angiosperms (Vriesendorp and 
Bakker, 2005), the phylogeny of liverworts might be better rep-
resented by species networks.

Hybridization and ILS imprint the evolution of liverworts

Cyto-nuclear incongruences mainly persisted within 
Marchantiales and regarding the relationships of Pellia and 
Ptilidium to the major lineages of Jungermanniopsida. The 
species network recovered here (Fig. 4) might be a good rep-
resentation of liverwort morphological classifications, as 
the network identified four major clades, corresponding to 
Haplomitriopsida, complex thalloids, simple thalloids and leafy 
liverworts. As shown in Fig. 3, the reticulation edges of thick 
lines connecting these four lineages reflect a good ordinal diver-
gence pattern consistent with current molecular phylogenomic 
studies (Forrest et al., 2006; Yu et al., 2019; Dong et al., 
2021b), and the reticulation edges of thin lines represent gene 
flows from other lineages. For example, all simple thalloid spe-
cies clustered in one clade that shows signatures of gene flow 
from Haplomitriopsida in its MRCA (Fig. 4A). Although we 
did not detect gene flows directly involving the two problem-
atic lineages, Pellia and Ptilidium, the immediate ancestor of 
each lineage shows evidence of gene flow, suggesting that an-
cient hybridization played essential roles in the evolution of 
liverworts.

Incomplete lineage sorting is another critical factor that may 
account for gene tree and species tree discordances (Sayyari 
and Mirarab, 2016). The ILS simulation analyses (Yang et 
al., 2020) identified a significant correlation between the ob-
served topological frequencies and the simulated frequen-
cies, indicating that ILS alone could explain the cyto-nuclear 
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incongruences observed in Marchantiales. The ILS simulations 
in Jungermanniopsida failed to identify such a strong correl-
ation (Fig. 4), suggesting that other processes, such as hybrid-
ization, gene duplications and losses, might have also shaped 
the gene tree incongruences involving Pellia and Ptilidium.

Liverworts can reproduce clonally via specialized or undif-
ferentiated diaspores (Crandall-Stotler et al., 2009a) or sexu-
ally via motile sperm cells. Hybridization may have contributed 
to the diversification of liverworts, but it was expected to be 
rare (Laenen et al., 2016). However, phenotypic diagnosis of 
genome mergers is challenged by the relatively simple and 
microscopic character space-defining species, such that evi-
dence for hybridization emerged primarily from molecular 
evidence (Boisselier-Dubayle et al., 1998; Buczkowska et al., 
2012). Linde et al. (2020) revealed reticulation during the di-
versification of the M. polymorpha species complex, suggesting 
that hybridization and introgression may be more frequent than 
previously considered.

Here, we detect signals of ancient hybridization in the back-
bone phylogeny of liverworts involving the ancestor of simple 
thalloids and the ancestor of Haplomitriopsida; the ancestor of 
leafy liverworts and the ancestor of liverworts; and the ancestor 
of complex thalloids and the core Marchantiales (excluding M. 
polymorpha). We also provide evidence for ILS in a complex 
thalloid clade. Hence, the current study appears to be consistent 
with a recent study in peat moss (Meleshko et al., 2021) that 
supported ancient hybridizations among ancestral lineages 
followed by ILS rather than recent gene flow as shaping cyto-
nuclear incongruences.

Genomic evolution of liverworts

Despite a few allopolyploid cases (Boisselier-Dubayle et 
al., 1998; Buczkowska et al., 2012), the haploid chromosome 
number of liverworts is generally eight, nine or ten (Fritsch, 
1991), suggesting that the karyotype of liverworts is rela-
tively stable [compared with, for example, mosses (Patel et al., 
2021)] and its evolution overall is rarely shaped by WGDs. The 
Marchantia genome (Bowman et al., 2017) holds no signa-
tures of WGD, lending support to the hypothesis that liverworts 
might not have undergone genome doubling events. Analyses 
of transcriptome data (One Thousand Plant Transcriptomes 
Initiative, 2019), however, suggested that liverworts might have 
experienced at least one WGD, namely in the stem clade of 
Jungermanniopsida. Ks distribution analyses failed to recover 
the WGD in the stem of Jungermanniopsida, but the WGD 
signal in the Ks plot might be lost in lineages with an ancient 
divergence time, such as the liverwort deep clades (Morris et 
al., 2018). Our phylogenomic analyses with extended liver-
wort transcriptome sampling also rejected the hypothesis of 
WGD along the liverwort backbone phylogeny, although some 
liverwort species might have experienced their lineage-specific 
WGDs. While the crown leafy liverworts (i.e. Jungermanniales 
and Porellales) also show species radiation as in mosses 
(Laenen et al., 2016), liverworts are indeed one of the most 
WGD-depauperate embryophyte lineages, like hornworts (One 
Thousand Plant Transcriptomes Initiative, 2019; Zhang et al., 
2020). Whether genetic mechanisms, or the architecture of 
liverworts, especially their short-lived sporophyte exhibiting 

perhaps less totipotency of its cells, and hence less potential for 
aposporous propagation yielding polyploid gametophyte, could 
account for this peculiar phenomenon remains to be explored.
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