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Abstract

Premise: Bryophytes form a major component of terrestrial plant biomass, structuring
ecological communities in all biomes. Our understanding of the evolutionary history of
hornworts, liverworts, and mosses has been significantly reshaped by inferences from
molecular data, which have highlighted extensive homoplasy in various traits and repeated
bursts of diversification. However, the timing of key events in the phylogeny, patterns, and
processes of diversification across bryophytes remain unclear.

Methods: Using the GoFlag probe set, we sequenced 405 exons representing 228 nuclear
genes for 531 species from 52 of the 54 orders of bryophytes. We inferred the species
phylogeny from gene tree analyses using concatenated and coalescence approaches, assessed
gene conflict, and estimated the timing of divergences based on 29 fossil calibrations.
Results: The phylogeny resolves many relationships across the bryophytes, enabling
us to resurrect five liverwort orders and recognize three more and propose 10 new
orders of mosses. Most orders originated in the Jurassic and diversified in the
Cretaceous or later. The phylogenomic data also highlight topological conflict in parts
of the tree, suggesting complex processes of diversification that cannot be adequately
captured in a single gene-tree topology.

Conclusions: We sampled hundreds of loci across a broad phylogenetic spectrum
spanning at least 450 Ma of evolution; these data resolved many of the critical nodes of
the diversification of bryophytes. The data also highlight the need to explore the
mechanisms underlying the phylogenetic ambiguity at specific nodes. The phylogenomic
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BRYOPHYTE PHYLOGENOMICS

data provide an expandable framework toward reconstructing a comprehensive
phylogeny of this important group of plants.

KEYWORDS

Cretaceous diversification, hornworts, land plants, liverworts, mosses, phylogenetic discordance, rapid

diversification, target capture

Recent findings that the haploid-dominant bryophytes, i.e.,
the hornworts, liverworts, and mosses (Figure 1), form a
clade sister to the diploid-dominant vascular plants (Puttick
et al., 2018; Sousa et al., 2019) have made inferences about
the morphological elaboration of land-plant gametophytes
and sporophytes more uncertain than previous inferences
that placed vascular plants in a more nested position (Rich
and Delaux, 2020). Key elements of land plant development,
including meristem function (Cammarata et al, 2022),
stomatal development (Harris et al., 2020), and hormone
responses (Bennett et al., 2014; Lavy et al., 2016), are built
from a conserved genomic blueprint (Harris et al., 2020).
From a sporophyte perspective, bryophyte genomes hold
signatures of divergence and reduction from a morphologi-
cally complex ancestor (Harris et al, 2022). Yet our
understanding of the genomic basis of gametophytic
evolution across land plants is comparatively less well
understood. Bryophytes are important components of
various ecological communities and contribute to local
nutrient fluxes and global biogeochemical cycles (Porada
et al,, 2013, 2014; Stuart et al., 2021; Eldridge et al., 2023).
Broad evolutionary analyses are key for assessing the
significance of gametophyte trait variation in these roles.
Reconstructing the history of bryophytes is therefore critical
for understanding the transformations of developmental,
physiological, and functional morphological traits across
land plants (e.g., Puttick et al., 2018; Liu et al., 2019; Harris
et al., 2022; Patifio et al., 2022).

The most recent common ancestor of bryophytes likely
occurred approximately 480 million years ago (Ma) (Harris
et al., 2022). The ages of many major morphologically
defined bryophyte orders, however, remain less certain.
Indeed, prior reconstructions lacked strong support at the
ordinal level, either because the data included relatively few
loci across many species or many genes across relatively few
bryophyte taxa (Villarreal and Renner, 2012; Feldberg
et al,, 2014; Laenen et al.,, 2014; Morris et al., 2018; Harris
et al., 2022). Furthermore, bryophyte fossils are few and
mostly from the Cretaceous or younger sediments, and the
affinities of older fossils to lineages defined by extant taxa
have only recently been reassessed in light of new systematic
and phylogenetic hypotheses (Tomescu et al., 2018; Feldberg
et al., 2021; Ignatov and Maslova, 2021; Bippus et al., 2022).

To infer a comprehensive bryophyte phylogeny, we
collected sequence data from 405 exons within 228 nuclear
genes using the GoFlag 408 flagellate land plant probe set
for 531 species sampled from virtually all orders. Although
these data provided strong support for many clades
in the phylogeny, they also highlight areas of gene-tree

discordance that were largely unrecognized in previous
phylogenetic analyses of primarily organellar sequence data.
Based on our analyses, we propose to resurrect five liverwort
orders and to recognize three new liverwort and 10 new
moss orders. We also estimated divergence times and
absolute rates of molecular evolution based on the most
recent assessments of the affinities of liverwort (Feldberg
et al,, 2021) and moss (Ignatov and Maslova, 2021) fossils.
Collectively, these analyses provide the basis to further
dissect diversification processes at multiple phylogenetic
scales across the bryophytes (Breinholt et al., 2021).

MATERIALS AND METHODS
Taxon sampling

We sampled 531 bryophyte species belonging to 499 genera
distributed among 72% of families from 52 of the 54 orders
of bryophytes (i.e., all except the moss orders Pseudodi-
trichales and Bryoxiphiales; Appendix S1, Table S1). The
362 moss species represent 338 genera (34% of all genera),
the 159 liverwort species represent 151 genera (37% of all
genera), and 12 hornwort species from all 10 genera.
Sequences from 41 of these samples were previously
published (Breinholt et al., 2021; Draper et al., 2022;
Jauregui-Lazo et al., 2023), and those obtained for the
remaining 490 samples are new to this study (Appendix S1,
Table S1). Taxon sampling percentage values were calcu-
lated using recent checklists and classification literature
(Soderstrom et al., 2016; Brinda and Atwood, 2023). The
trees are rooted with the hornworts, assumed to be the sister
group of the setaphytes (Renzaglia et al, 2018), ie.,
liverworts and mosses (Leebens-Mack et al., 2019).

DNA extraction

We used the modified cetyltrimethylammonium bromide
(CTAB) extraction protocol (Doyle and Doyle, 1987)
described by Breinholt et al. (2021) for most of the samples.
This protocol includes lysing the cells by centrifuging them
and washing with two rounds of 24:1 v/v chloroform-isoamyl
alcohol, followed by cold isopropanol precipitation and a
70% v/v ethanol wash. We added 2 pL of 10 mg/mL RNase A
(QIAGEN, Valencia, CA, USA) to remove RNA contamina-
tion between chloroform washes. For a few specimens (i.e.,
Lejeuneaceae), we used the Invisorb Spin Plant Mini Kit
(Stratec Molecular GmbH, Berlin, Germany).
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FIGURE 1 Representatives of major lineages of bryophytes and examples of traits unique to hornworts, liverworts, and mosses. (A) Hornwort with
longitudinally dehiscing sporophyte: Anthoceros neesii. (B) Pyrenoid (arrowheads) of the hornwort Phaeoceros perpusillus. (C) Complex thalloid liverwort:
Marchantia paleacea. (D) Simple thalloid liverwort: Metzgeria conjugata. (E) Leafy liverwort: Leiocolea badensis. (F) Liverwort sporophyte before (left) and
after (right) dehiscence: Fossombronia pusilla. (G) Oil bodies of Gymnocolea inflata. (H) Polytrichopsida moss: Atrichopsis trichodon. (I) Acrocarpous moss:
Orthotrichum anomalum. (J) Pleurocarpous moss: Exsertotheca intermedia. (K) Nematodontous peristome of Polytrichum ohioense. (L) Arthrodontous

peristome of Bryum capillare. Pictures kindly shared by Stépan Koval (A, D, E, F, I), Sahut Chantanaorrapint (B), Des Callaghan (C, J, L), Bernard Goffinet

(H), Jerry Jenkins (K), and David Wagner (G).

TARGET ENRICHMENT AND
SEQUENCING ASSEMBLY

We generated a multilocus nuclear sequence data set
with a target enrichment approach using the GoFlag
flagellate land plant probe sets. We assembled published
data from 41 samples generated using the GoFlag 451
flagellate land plant probe set (Breinholt et al., 2021).
The sequence data from the remaining 490 samples were
generated using the GoFlag 408 flagellate land plant
probe set, which is an optimized subset of the GoFlag 451
probe set consisting of 53,306 probes covering 408 exons

from single- or low-copy nuclear loci. The library
preparation, target enrichment, and sequencing were
done by RAPiD Genomics (Gainesville, FL, USA) using
protocols described by Breinholt et al. (2021), with the
enriched, pooled libraries sequenced on an Illumina
HiSeq 3,000 platform (Illumina, San Diego, CA, USA; 2 x
100 bp). The paired-end raw reads are available in the
NCBI SRA database (Appendix S1, Table S1).

We assembled phylogenetic sequence alignments for each
locus using the iterative baited assembly “pipeline” (ie., a
series of scripts and commands designed to link the output
of one step to the input of the next; Breinholt et al., 2021).
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In some loci, the pipeline retains more than one copy per
sample where the Bridger assembler (Chang et al., 2015)
interprets greater than simple allelic variation. In some cases,
these also may represent contaminant sequences from mixed
samples, which occasionally occur in bryophyte specimens.
To minimize the inclusion of possible paralogs or contami-
nants, we removed all copies of a sample in a locus
alignment. Next, we removed any columns in the alignments
that had nucleotide data from fewer than 10 samples in all
output files (PHYLIP format). We also pruned out potentially
anomalous sequences associated with excessively long
branches in the locus trees. To remove the sequences
associated with excessively long branches, we first, inferred
maximum likelihood (ML) trees from the locus alignments
using RAXML and the GTR CAT model, and we rooted the
resulting gene trees with Newick Utilities (Junier and
Zdobnov, 2010) using the hornworts as the outgroup.
We eliminated one locus for which hornworts were
not monophyletic. For the others, we calculated the root to
tip distance for each taxon and pruned out any sequences
that had a root to distance >3 standard deviations more
than the average distance for sequences from that locus,
thus removing 750 of 178,650 sequences. We then
further examined the branches with lengths >1 by eye and
removed 35 additional long-branch sequences that appeared
anomalous.

All loci in the GoFlag probe sets correspond to
nuclear exons, some of which are part of the same gene
(see Appendix S3 from Breinholt et al., 2021, which maps
the GoFlag loci to their respective “single copy” 1KP
gene). After our screening, we were left with alignments
from 405 of the 408 loci (i.e., exons) covered by the
GoFlag flagellate land plant probe set. We concatenated
the loci found in the same gene, resulting in 228
alignments, each containing between one and nine exons.
These gene alignments were used to build “gene” trees.
Combining loci from the same gene implicitly assumes
that there is no recombination within the gene, but a
longer gene alignment may reduce stochastic error in
gene-tree inference. The average length of the 228
alignments was 339.7 bp (min = 120, max = 1459), with a
mean of 238.4 of potentially parsimony informative sites
per alignment (min = 66, max = 1065) and a low average
percentage of missing data (8.61%, min =0.000%, max =
43.72%; Appendix S1, Table S2).

We also created amino acid alignments for each locus
by taking the original locus nucleotide alignments and
removing any columns in the sequence alignments with
only one nucleotide, which most likely represented
sequencing error. We then used AliView (Larsson, 2014)
to make edits by hand to put the alignments in frame, which
usually requires minimal editing. We then saved the
corresponding amino acid alignments and again concate-
nated the loci from the same gene before making gene trees.
To make the concatenated supermatrices for ML analysis,
we concatenated all the locus alignments for the nucleotides
and then also for the amino acids.

Species tree analyses

We conducted species tree analyses for the nucleotide and
the amino-acid gene trees using ASTRAL-III v.5.7.7 (Zhang
et al., 2018). We inferred gene trees from the nucleotide
alignments with RAxMLv.8.2.9 (Stamatakis, 2006, 2014)
using the default RAXML tree search algorithm (-f d) and
the GTR+GAMMA nucleotide substitution model. For
the amino acid alignments, we inferred gene trees with
IQ-TREE v.2.1 using the substitution model chosen
automatically based on model testing. In the ASTRAL-III
analyses, we used the default settings and computed the
local posterior probabilities (Sayyari and Mirarab, 2016) and
quartet scores for all three resolutions per branch (-t 8).
The resulting ASTRAL topologies were annotated with
quartet support values for the main topology (ql), the
first alternative topology (q2), and the second alternative
topology (q3) (Sayyari and Mirarab, 2016).

ML concatenated supermatrix and gene
concordance analyses

We performed ML phylogenetic inferences with 100
replicates of rapid bootstrapping on the concatenated
nucleotide data set using IQ-TREE v.2.1 (Nguyen et al., 2015)
with the GTRGAMMA model of sequence evolution. For
the amino acid data set, we used IQ-TREE v.2.1 and
performed auto model selection (ModelFinder) and tree
inference separately for each gene. Branch support for the
amino acid data set was assessed using 1000 replicates of
ultrafast bootstrapping (Hoang et al., 2017).

To investigate topological conflict around each branch
of the species tree for the nucleotide and amino acid data
sets, we estimated the gene (gCF) and site (sCF) concor-
dance factors in IQ-TREE, using the “~gcf and -scf” options
(Minh et al., 2020). Likewise, we compared the species and
gene trees generated with ASTRAL and IQ-TREE (maxi-
mum likelihood) to assess and evaluate gene tree-species
tree incongruence. For these analyses, we focused on 111
backbone nodes (labelled in Figure 2) of the ASTRAL tree
using the quartet values from the ASTRAL analyses
(Appendix S1, Table S3-S7).

Concordance analyses were calculated for every
branch of the species tree; the gCF and sCF represent
the percentage of decisive genes and sites, respectively.
IQ-TREE also estimates gDFP (gene discordant factor due
to paraphyly) or the gene discordance factor due to lack of
information in the genes or paraphyly of the quartet. For
measures of support, gene concordance factor and site
concordance factor (gCF/sCF) were categorized as follows:
weak <33%, moderate 33-50%, strong >50% (following
Minh et al., 2020; Cooper et al., 2022). Using the ASTRAL
output, we performed exploratory analyses to assess
whether patterns of gene tree are consistent with the
neutral ILS (incomplete lineage sorting) model using
IQ-TREE. To estimate ILS, we performed y° tests to
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Phylogenetic inferences for 531 species from 499 genera belonging to orders from all three bryophyte groups (mosses, liverworts, and

hornworts) based on ASTRAL analysis of 228 nuclear gene trees (Appendix S1, Tables S1 and S3). The phylogram shows internal branch lengths relative to
coalescent units between branching events, as estimated by ASTRAL-III v.5.7.7. The nodes of interest (highlighted by major clade color) have been

numbered to illustrate quartet values from gene concordance factor (gcf) values (left), while the number in the center is the site concordance factor (sCF).
gCF and sCF represent the percentage of decisive genes and sites at each branch, respectively. Pies for quartet values from concordance factor values: CF
(topology shown) and alternative options (DF1, DF2, DFP); see Appendix S1 (Tables S4-S6) for the concordance factors for all nodes. Quartet values from
ASTRAL analyses presented as pie charts (right). ASTRAL pies are divided into q1 or topology shown (blue), q2 (orange, 2nd alternative hypothesis) and q3

(grey, 3rd alternative hypothesis) with the percentage for ql included in the pie diagram; see Figures S1, S2 for quartet values for all other nodes and local

posterior probabilities. *Newly proposed order; **resurrected order. Scale bar: 3 coalescent units.
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determine whether we can reject the hypothesis that the
number of trees or sites supporting discordant topologies
with roughly equal quartet values. Under the assumption
of ILS, the discordant topologies should be supported by
an approximately equal number of gene trees or sites
(Appendix S1, Tables S4, S7), which would result in a
nonsignificant y*. Rejecting the null hypothesis suggests
that processes other than ILS, including possibly gene tree
error, may be contributing to the discordance. Addition-
ally, equal quartets, gcf or scf (~33%) for the tree quartets
may also suggest ILS (Minh et al., 2020). Successive rapid
diversification coupled with ILS could contribute to a
number of conflicting topologies.

Divergence time estimation

Divergence time was estimated using treePL (Smith and
O'Meara, 2012) and the analysis guidelines of Maurin (2020).
We selected the best-ML tree from the nucleotide concate-
nated analysis as input for treePL (see above). To infer
confidence intervals on the dated tree, we ran 1000 bootstrap
replicates through the “Bootstrap+Consensus” workflow of
RAxXML-HPC2 on XSEDE on the CIPRES Science Gateway
(Miller et al, 2011) using the best ML tree as constraint,
partitioning scheme by genes, and using the GTR+GAMMA
substitution model. All trees were rooted with hornworts as
the sister group of other bryophytes using the program pxrr
in phyx (Brown et al.,, 2017).

We took advantage of the recent comprehensive
reviews of the liverwort and moss fossil records (Feldberg
et al., 2021; Ignatov and Maslova, 2021) to calibrate 16
liverwort and 13 moss nodes (Appendix S1, Table S8) and
implemented a maximum age constraint of the root of
515 Ma (Morris et al., 2018). Priming and cross-validation
analyses were performed using the best-ML tree and all 29
calibrations. Best optimization parameters were imple-
mented as follows: opt =2, optad =2, optcvad =5. Cross-
validation used these parameters and repeated four times,
reaching a stable smoothing parameter =10. To obtain
confidence intervals on the dated tree, we ran the treePL
analysis with the bootstrap replicates using the same
calibration, optimization, and cross-validation values as
outlined above. The set of trees was summarized in
TreeAnnotator v.2.6.6 (part of the BEAST package;
Bouckaert et al., 2014) with mean node heights and 10%
of burn in. Trees were visualized in FigTree v.1.4.3
(Rambaut, 2017). Lineage-through-time plots were con-
structed based on the treePL chronogram for all bryophyte
taxa together, as well as liverworts and mosses separated
using the R package ape (Paradis and Schliep, 2019; R
Core Team, 2020). We visualized the temporal distribu-
tion of order and family ages using the average stem and
crown age. Monotypic families and orders were excluded
from the calculations (Appendix S1, Table S9). Bryophyte
species numbers were obtained from Soderstrom et al.
(2016) and Brinda and Atwood (2023).

Absolute rates of molecular evolution were estimated
with the same calibrations and targeted ML trees using r8s
(Sanderson, 2003) (Appendix S1, Table S10).

RESULTS AND DISCUSSION

Coalescent-based (ASTRAL) and maximum likelihood (ML)
concatenated super-matrix analyses (RAXML, IQ-TREE) of
nucleotide and amino acid data yielded similar trees (Figure 2;
Appendix S2-S7). In the following sections, we present the
results from the ASTRAL analyses of gene trees inferred from
nucleotide and amino acid data, including quartet values and
gene concordance factors (gCF) and site concordance factors
(sCF). We refer to a majority of gene trees when more than
50% of these share a given signal, and a plurality of gene trees
when the proportion of trees supporting the topology is higher
than 33% but less than 50%. However, support from a
majority or plurality of gene-trees at a node does not
necessarily reflect the level of gene tree discordance. The gene
trees that do not support the node may conflict with the
species tree topology, or they may be non-informative
regarding the species tree node. ASTRAL quartet values and
IQ-TREE concordance factors for nucleotide and amino acid
analyses are presented in Appendix S1-S12 and the supple-
mentary figures are available in the Dryad repository (https://
doi.org/10.5061/dryad.3j9kd51qm; Bechteler et al.,, 2023).
Current classifications of bryophytes follow a Linnean
scheme, a strictly hierarchical organization, with taxa at
one rank nested within the taxon of the next higher rank
(e.g., Renzaglia et al. [2009] for hornworts; Crandall-Stotler
et al. [2009a, b] for liverworts; Goffinet et al. [2009a, b] for
mosses). Each taxon is defined by one or more diagnostic
traits. Historically, variation in morphological and develop-
mental traits provided the basis for classifying organisms
into taxa For a review of systematic concepts of lineages of
hornworts, see Hissel de Menéndez [1988], Schuster [1992],
Stotler and Crandall-Stotler [2005], and Duff et al. [2007]; of
liverworts, see Schuster [1984], and Crandall-Stotler and
Stotler [2000]; and of mosses, see Crosby [1980] and Vitt
[1984]). The underlying systematic concepts implicitly
assume homology of putative diagnostic traits across
members of a taxon. Reconstructions of phylogenetic
relationships based on molecular or morphological traits,
revealed, however, recurring homoplasy among traits and
across the history of diversification of hornworts (e.g.,
Hyvonen and Piippo, 1993; Duff et al, 2004), liverworts
(e.g., Davis, 2004; He-Nygrén et al., 2004; Crandall-Stotler
et al., 2005; Forrest et al., 2006), and mosses (e.g., Goffinet
et al., 1998; Hedderson et al., 1999; La Farge et al., 2000),
prompting the revisions of concepts and hence classifica-
tions (e.g., Goffinet and Buck, 2004; Frey and Stech, 2005;
Heinrichs et al, 2005; Duff et al, 2007; Stech and
Frey, 2008). Homoplasy in morphological traits may
obscure deep phylogenetic divergences and result in
phenotypic similarity that may be perceived or interpreted
as indicative of a more recent ancestry. For example, one of
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the earliest molecular phylogenetic inferences highlighted
that the monospecific moss genus Oedipodium, which lacks
a peristome, was more closely related to the Polytrichales
(nodes 50 and 52 in Figure 2) than to the vegetatively
similar Splachnaceae (Vitt, 1984; node 91 in Figure 2).
Here we propose the recognition of new orders or
ordinal circumscriptions within the liverworts and mosses
(see Table 1 and taxonomic treatment below). In the
latter, our proposals address primarily the extensive and
recurrent recovery of a paraphyletic Dicranales, including
the resolution of the Archidiales between the Micromitria-
ceae and Leucobryaceae, two families formerly included in
the Dicranales (Goffinet et al., 2009b). The Dicranales have
traditionally been rather broadly defined (Vitt, 1982),
accommodating all families that lacked the diagnostic traits
of the Grimmiales and Pottiales; hence, it is not surprising
that the Dicranales have never been recovered as mono-
phyletic based on inferences from DNA sequences (La Farge
et al., 2000; Goffinet et al., 2001; Cox et al, 2010; Stech

et al., 2012; Fedosov et al., 2016, 2021, 2023; Bonfim Santos
etal., 2021) including from 100 nuclear loci (Liu et al., 2019).
Thus, we restrict a monophyletic Dicranales to a set of core
families and accommodate the remaining suite of lineages
spanning between the Archidiales and Pottiales in the moss
phylogeny (Figure 2; Appendices S4, S7) in new orders. The
relationships among these are recovered by a large plurality
or a majority of loci, although concordance factors of genes
and sites are typically low (Figure 2).

Within liverworts, we propose accommodating the
families traditionally included in the Jungermanniales and
Porellales (Crandall-Stotler et al., 2009a, b) into five orders
each. The Jungermanniales and Porellales s.l. are recovered
here as monophyletic (Figure 2; albeit with ambiguity for
the latter due to the affinities of the Ptilidiales, see also
Dong et al.,, 2022a, b) and are estimated to have originated
in the early Carboniferous. Their subsequent diversification,
resulting in their respective five lineages, took place as early
as the Late Carboniferous but primarily in the Triassic and

TABLE 1 Synopsis of proposed systematic and nomenclatural changes to the classification of liverworts and mosses (* Newly proposed orders in

taxonomic treatment; **resurrected orders [**as in Figure 2]).

Taxonomic group
Liverworts

Reference classification
Crandall-Stotler et al. (2009a, b)

Proposed accommodation

Cephaloziineae Schljakov
Frullaniaceae Lorch in G. Lindau
Jubulaceae H. Klinggr.
Lejeuneaceae Rostovzev
Lophocoleineae Schljakov
Myliaceae Schljakov or Myliineae
Perssoniellineae R.M. Schuster

Radulineae R.M. Schuster

Jungermanniales H. Klinggr.
Porellales Schljakov
Porellales Schljakov
Porellales Schljakov
Jungermanniales H. Klinggr.
Jungermanniales H. Klinggr.

Jungermanniales H. Klinggr.

Lophoziales Schljakov**
Frullaniales D. Bell & D.G. Long*
Jubulales Zodda**

Lejeuneales Bechteler et al.*
Lepidoziales Schljakov**

Myliales D.G. Long & D. Bell*
Perssoniellales Schljakov**

Radulales Stotler & Crand.-Stotl.**

Porellales Schljakov

Mosses

Goffinet et al. (2009b)

Amphidiaceae M. Stech
Bruchiaceae Schwagr.
Distichiaceae Schimp.
Ditrichaceae Limpr.”

Erpodiaceae Broth.

Eustichiaceae Broth.
Flexitrichaceae Ignatov & Fedosov ex D. Bell & Goffinet
Leucobryaceae Schimp.
Micromitriaceae Goffinet & Budke
Pleurophascaceae Broth.
Rhabdoweisiaceae Limpr.
Rhachitheciaceae H. Rob.

Sorapillaceae M. Fleisch.

Dicranales H. Philib. ex M. Fleisch.
Dicranales H. Philib. ex M. Fleisch.
Dicranales H. Philib. ex M. Fleisch.
Dicranales H. Philib. ex M. Fleisch.
Dicranales H. Philib. ex M. Fleisch.

Dicranales H. Philib. ex M. Fleisch.

“Protohaplolepidae™

Dicranales H. Philib. ex M. Fleisch.

Dicranales H. Philib. ex M. Fleisch.

Pottiales M. Fleisch.

Dicranales H. Philib. ex M. Fleisch.
Dicranales H. Philib. ex M. Fleisch.

Hypnales (M. Fleisch.) W.R. Buck & Vitt

Amphidiales D. Bell & Goffinet*
Bruchiales Goffinet*

Distichiales D. Bell & Goffinet*
Ditrichales D. Bell & Goffinet*
Erpodiales Goffinet*

Eustichiales Goffinet*

Flexitrichales D. Bell & Goffinet*
Archidiales Limpr.

Archidiales Limpr.

Pleurophascales Goffinet*
Rhabdoweisiales D. Bell & Goffinet*
Rhabdoweisiales D. Bell & Goffinet*

Sorapillales Goffinet*

*Nom. cons. over Ceratodontaceae (Magill, 1977).

®Informal name first introduced by Hedderson et al. (2004).
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Permian, which is more in line with ordinal ages in mosses
(Figure 3). A single, universal temporal criterion cannot be
applied to individual ranks across the tree of life (see
Licking, 2019), given that the evolution of lineages spans
different, although overlapping, periods of time (e.g., ferns
and flowering plants). However, mosses and liverworts
compose sister lineages that diversified in parallel over the
same amount of time (Figure 3), and hence the ranks used
in their classification, could be better harmonized along a
geological time scale (Appendix S1, Table S9).

Recognizing the main lineages of Jungermanniales
or Porellales s.l. (i.e., sensu Crandall-Stotler et al., 2009a, b)
at the ordinal rank aligns the crown ages of orders of
liverworts more with those of mosses (Figure 3). The
lineages segregated from the Porellales s.s. are phenotypi-
cally highly similar despite their old divergences, implicitly
drawing attention to potential diagnostic innovations other
than in morphology, such as ecophysiological and metabo-
lomic innovations, as argued for bryophytes in general by
Glime (1990).

Phylogenetic relationships within hornworts

The circumscription and relationships among orders within
the hornworts, Anthocerotophyta (Figure 2; Appendi-
ces S2, S5) are supported by a large majority of loci, in
trees built from either nucleotides (Appendix S2) or amino
acids (Appendix S5) and are consistent with those inferred
previously from analyses of organellar markers and a broad
taxon sampling (Villarreal and Renner, 2012). The lone
exception is the placement of the monospecific Leiospor-
ocerotales (node 2; Figure 2). Leiosporoceros is sister to all
other hornworts in the tree inferred from the ML analysis
of the concatenated nucleotide data. This position was
previously proposed based on analyses of a few organellar
loci sampled for a large set of taxa (Duff et al, 2007;
Villarreal et al., 2015; Bell et al., 2020) and from over 400
loci sequenced for selected hornwort placeholders (Leebens-
Mack et al., 2019). However, Leiosporoceros is sister to the
Anthocerotales (i.e., Anthoceros) in the ASTRAL tree here
based on nucleotide data (Figure 2; Appendix S2), and its
placement is ambiguous in the ASTRAL tree inferred from
amino acid gene trees (Appendix S5).

Phylogenetic relationships within liverworts

The phylogeny recovers that the earliest split within
liverworts separates the Haplomitriopsida (i.e., Calobryales
and Treubiales) from the lineage containing the Marchan-
tiopsida (mostly complex thalloid taxa) and the Junger-
manniopsida (simple thalloid and leafy liverworts), a
topology supported by a small majority of loci (Figure 2;
Appendices S3, S6). The Haplomitriopsida (node 10;
Figure 2) are morphologically distinct from other liver-
worts, comprising plants with leaf-like appendages, stems

secreting copious mucilage and one primary androgonial
initial in early ontogeny (Crandall-Stotler et al., 2009a).
Within the three classes, the ordinal circumscriptions and
relationships we report are generally consistent with those
of earlier studies (Forrest et al., 2006; Laenen et al., 2014;
Villarreal et al., 2016; Yu et al, 2020; Dong
et al,, 2021, 2022a, b), with many branches supported by a
majority of loci, high ML bootstrap values and high local
posterior probabilities (Figure 2; Appendices S3, S6).

The earliest split in the Marchantiopsida segregates the
Marchantiidae (complex thalloids) from the Blasiidae (node
12; Figure 2), a lineage of two simple thalloid species with
endophytic cyanobacteria (Renzaglia and Duckett, 1987;
Liaimer et al., 2016). The Marchantiidae (node 13; Figure 2)
typically develop a thallus with a distinct epidermis and
parenchyma, air chambers, four primary androgonial
initials in early ontogeny, and unlobed sporocytes
(Crandall-Stotler et al., 2009a). The ordinal relationships
within the Marchantiidae vary in support (Figure 2;
Appendices S3, S6). The Marchantiales (node 16;
Figure 2) contain the majority of its species (ca. 497 spp.),
including the model species Marchantia polymorpha
(Bowman et al., 2017). The Neohodgsoniales mark another
deep split in the subclass (Villarreal et al., 2016) and
comprise a single species from New Zealand, diagnosed by a
uniquely branched carpocephalum (Crandall-Stotler et al.,
2009a). The Sphaerocarpales (node 15; Figure 2) comprise
mostly taxa with leafy-like or winged gametophytes
(Crandall-Stotler et al., 2009a) and are sister to the
Marchantiales, although this is only supported by a plurality
of gene trees (node 14; Figure 2; Appendices S3, S6).

The Jungermanniopsida include species with simple
thalloid or leafy gametophytes, and with antheridia devel-
oped from two primary androgonial initials in early
ontogeny and with lobed sporocytes (Crandall-Stotler
et al., 2009a). The Jungermanniopsida (node 17; Figure 2)
are typically split into three subclasses (i.e., Pelliidae,
Metzgeriidae, and Jungermanniidae; Crandall-Stotler et al.,
2009a), whose monophyly and relationships are not
consistently resolved (nodes 18, 19, 20, and 22 in
Figures 2 and 3). The Metzgeriidae (node 23; Figure 2),
composed of the Metzgeriales and Pleuroziales (Figure 2;
Appendices S3, S6), are resolved as monophyletic as
previously reported from analyses of a few DNA loci
(Davis, 2004; He-Nygrén et al., 2004; Forrest et al., 2006),
and genomic, transcriptomic, and organellar data (Yu
et al., 2020; Dong et al., 2021, 2022a, b). The monophyly
of the Metzgeriidae is defined by the uniquely shared
lenticular apical cell giving rise to the bilaterally symmetric
and thalloid body of the Metzgeriales and the leafy stem of
the Pleuroziales (Davis, 2004; He-Nygrén et al, 2004;
Forrest et al., 2006; Bell et al., 2020). The subclass Pelliidae
traditionally defined based on morphological traits, are by
contrast most likely paraphyletic. Within Pelliidae, as
traditionally defined, the orders Pallaviciniales (node 21;
Figure 2) and Pelliales (node 28; Figure 2) are mono-
phyletic, while the Fossombroniales are supported by most

95UB01 SUOWWOD SAIERID 3(dedl|dde au Aq peusenob aJe oIl VO ‘88N JO S9|NJ J0) ARIq1T 8UIUO A8]IA UO (SUOTIPUOD-PU-SWLB)/LI0O"AB | IM A TeIq 1jUl JUO//:SANY) SUONIPUOD pue SWIS 1 841 88S *[£202/TT/v2] Uo Ariqiauliuo A8|im mynL jo AiseAlun Ag 6v29T 2d[e/200T 0T/I0p/w0o A8 | Aleiq1pul juo'sgndesd/sdny wouy pspeojumoq ‘0 ‘Z6T2.EST



BRYOPHYTE PHYLOGENOMICS 9 of 20
C A
0.006
booronoo e
2 . —= 8
E 0004 Family c
8 Order g
>
ac
[}
0002 &
=
o
3
0000 . 4 11 = »
400 300 200 100 0 o P
Geological age (Ma) L g )
B 98 @ g
{—c——‘=
8 =} =
©
v g —c
Y S g
98
g_; rts (2}
bl —
b~ |—
°=g
3o
o°
Eo
=
Z o 86
— c—— [0
[cam[ord[Sil Dev [ Car [Per [ Tri [ Jur [ Cre |Pal[N] &
500 400 300 200 100 0Ma I
 —F—— §
o
—
E;immi_i%ae Gigaspermidae
= Funanidae LDlphyscudge
‘ZQE Polytrlchop5|3a EUEEr
L Andreaeopsida
— ESphaino S|da
akiopsida
1]
o) S
E o0 0
o)
EE T
—8 g’ = o)
S E 2
()
o 9
s 2
—
= > -
Metzgeriidae
Pellidae
— e e Marchantiopsida
=] )2 —
s —— Haplomitriopsida
. = ornworts
’ Cambrian | Ordovician Silun‘avi Devonian ‘ Carboniferous Permian ‘ Triassic ‘ Jurassic l Cretaceous Paleogene | Neo 1
T T T T T 1
500 450 400 350 300 250 200 150 100 50 0 Ma

FIGURE 3 (A) Divergence time estimates for bryophytes inferred by penalized likelihood using 29 fossil calibrations. The three bryophyte groups
(hornworts, liverworts, mosses) are included with their major suprafamilial taxonomic ranks including classes, subclasses, orders, and suborders. Black dots
scattered in the tree represent calibration points (Appendix S1, Table S2). The detailed chronogram with mean node ages including confidence intervals is
reported in Appendix S8. Numbers on select nodes match those in Figure 2 and refer to lineages whose diversification in the Cretaceous is discussed in the
text. (B) Lineage through time plots of all bryophytes (black line), liverworts (orange line), and mosses (green line), reflecting the slowdown in diversification
in liverworts during the Late Cretaceous when compared to mosses. (C) Histogram of the frequency of orders and families estimated from crown age
divergences of all bryophytes (hornworts, liverworts, and mosses). Kernel density plots depict the probability distribution (95% confidence interval) of crown
age divergences. The green dotted line represents the average of family crown ages and orange dotted line represents the average of order crown ages. See
also Appendix S1, Table S9.
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nucleotide gene trees but only by a small plurality of amino
acid loci (Appendices S3, S6). The Pelliales are sister to all
other Jungermanniopsida based on nucleotide data (as in
Bell et al., 2020) (Figures 2 and 3; Appendix S3) versus sister
to other Pelliidae based on amino acid data with ambiguous
signal (Appendix S6). Such conflicting topologies were
previously recovered based on nucleotide-based nuclear
transcriptome and mitochondrial data (Leebens-Mack
et al., 2019; Dong et al,, 2021, 2022b), and plastid data
(Yu et al.,, 2020; Dong et al., 2021), respectively.

The vast majority of liverworts (ca. 6160 spp.) belong to
the Jungermanniidae, or true leafy liverworts (node 22;
Figure 2; Appendices S3, S6). Based on ASTRAL analyses of
amino acid data, the Ptilidiales are sister to the Jungerman-
niales s.l. (Appendix S6, see below for the definition of
Jungermanniales s.s.), a placement also supported previ-
ously by mitochondrial data (Bell et al., 2020; Dong
et al, 2022a; following corrections for edited sites) and
plastid-based inferences (Forrest et al., 2006; Yu et al., 2020),
but contradicted by our nucleotide analyses and some
phylotranscriptomic (Dong et al., 2022b) and plastid studies
(Dong et al., 2021), which resolve the Ptilidiales as sister to
Porellales s.l. (Figure 2; Appendix S3). A plurality of genes
supports the monophyly of the Porellales s.l., which we
propose, based on the rationale presented above, to split
into five orders (Figure 2; Appendix S3, S6), including the
Porellales s.s. (see below for their circumscription), two
resurrected orders (Jubulales Zodda and Radulales
Stotler & Crand.-Stotl.), and two new orders (Frullaniales
and Lejeuneales; see taxonomic treatment below). In our
analysis, these orders diverged in the Carboniferous and
Permian (Figure 3) and diversified mostly during the late
Jurassic and early Cretaceous. The Frullaniales (ca. 599 spp.)
and Lejeuneales (ca. 1900 spp., node 34; Figure 2) comprise
two of the most species-rich families of liverworts
characteristic of epiphytic communities, particularly in
tropical rainforests (Feldberg et al., 2014).

The Jungermanniales s.l. comprise five lineages, cur-
rently treated at the familial rank, that we propose to
recognize at the ordinal level: the previously recognized
Perssoniellales, Lepidoziales, and Lophoziales (Schljakov,
1972), Jungermanniales s.str., and a new order, Myliales (see
taxonomic treatment below). We resolve the Perssoniellales
(ca. 88 spp.) as sister to the remaining orders (node 35;
Figure 2). The Myliales (5 spp.) mark the next split based on
nucleotide data (Figures 2 and 3; Appendix S3) or are sister
to the Lophoziales only, based on amino acid data, although
with low support (Appendix S6). Mylia was historically
considered a member of the Jungermanniaceae (e.g.,
Crandall-Stotler and Stotler, 2000; Crandall-Stotler et al.,
2009a, b) but resolved, based on phylogenetic inference
from DNA data, as sister to the remainder of the
Jungermanniales s.I. and hence accommodated within the
suborder Myliineae (Shaw et al., 2015). The recently
proposed sister relationship between Mpylia and the
Jungermanniales s.s. (Dong et al., 2022a) was based on a
mislabeled specimen (Y. Liu, Shenzhen Fairy Lake Botanical

Garden, personal communication, March 2023). A majority
of nucleotide, and at least a plurality of amino acid, gene
trees resolve the Lophoziales (ca. 611 spp., node 38,
Figure 2), Lepidoziales (ca. 1943 spp., node 41, Figure 2)
and Jungermanniales s.s. (ca. 565 spp., node 40, Figure 2) as
monophyletic (Appendices S3, S6, respectively). All three
orders are highly heterogeneous in terms of leaf morphol-
ogy (0-4 lobes), branching patterns, form and position of
gametangia (Crandall-Stotler et al., 2009b). The sister-group
relationship of the latter two orders, which was also
recovered from analyses of nuclear transcriptomic (Dong
et al., 2022b) and organellar data (Davis, 2004; Forrest
et al., 2006; Dong et al., 2021, 2022a), is supported by a near
majority of nucleotide loci but only a weak plurality of
amino acid loci (Appendices S3, S6, respectively). The
resolution within orders varies, especially within species-
rich families (e.g., Lepidoziaceae), potentially as a result of
rapid diversification (Appendices S3, S6).

Phylogenetic relationships within mosses

We recovered a phylogenetic tree of the mosses (Figure 2;
Appendices S4, S7) that is congruent with most current
ordinal relationships based on variation in sporangial
dehiscence, peristome architecture and development, and
by vegetative body plant organization relative to sex organ
position (Liu et al., 2019). We found that the circumscrip-
tion and relationships of classes and subclasses sensu
Gofhinet et al. (2009a, b; Liu et al., 2019) were typically
supported by a majority or a plurality of loci (Figure 2,
Appendix S4) or their amino acid translations (Appen-
dix S7), while concordance among nucleotide loci was
typically low for clades following the initial splits within the
Bryophyta (Figure 2; Appendix S1, Tables S3, S7).

Our analyses support the current classification (Goffinet
et al., 2009a, b) of mosses into five subdivisions (or subphyla
identified by their orders in Figure 2). The Takakiophytina
(i.e., Takakiales, node 43; Figure 2) are sister to all other
extant mosses, followed by the Sphagnophytina (ie.,
Sphagnales, node 44; Figure 2), and the lantern mosses
(i.e., Andreaeophytina—Andreaeales (node 37; Figure 2) and
Andreaeobryophytina-Andreaeobryales), which are sister to
the Bryophytina (all other mosses, node 48; Figure 2), the
subdivision containing the majority of moss diversity
(Figure 2; Appendices S4, S7). The Bryophytina comprise
species potentially developing a peristome, a set of teeth
lining the sporangial mouth and controlling spore dispersal
(Goffinet et al., 2009b), and stomata on their sporangia. Thus,
the lack of stomata in the other four moss subdivisions
presumably result from independent losses (Harris et al.,
2020), in parallel to losses in the ancestor to liverworts and in
two hornwort orders (i.e., Notothyladales and Dendrocer-
otales; Duff et al., 2007; Villarreal et al., 2015).

Variation in the peristome development and structure
mark the major clades within the Bryophytina. Mosses that
develop peristome teeth made of whole cells (ie.,
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nematodontous peristome, Figure 1K) form a monophyletic
group composed of the Polytrichales (node 52; Figure 2)
and Tetraphidales (node 51; Figure 2) based on a small
plurality of nucleotide genes (Figure 2), as previously
suggested (Liu et al., 2019). The monospecific Oedipodiales
are either sister to all peristomate mosses based on a small
plurality of nucleotide gene trees (node 48; Figure 2;
Appendix S4) and consistent with previous studies of
organellar loci (Chang and Graham, 2014; Liu et al., 2019),
or sister to the Polytrichales and Tetraphidales based on a
small plurality of amino acid gene trees (Appendix S7). The
ambiguous placement of the Oedipodiales from nucleotide
data is likely a combination of a relatively rapid divergence
(Figure 3) and saturation in nucleotide substitution because
the amino acid data more strongly support the Oedipodiales
as sister to the Polytrichales and Tetraphidales, similar to
inferences from amino acid vs. nucleotide data of a distinct
set of 105 nuclear loci (Liu et al., 2019).

The remaining mosses (i.e., Bryopsida, node 53;
Figure 2) typically develop a peristome composed solely of
cell plates rather than whole cells (Figure 1L). The
articulated, or arthrodontous, teeth line the sporangial
mouth and may respond hygroscopically to regulate
dehiscence (Ingold, 1959), so that spores are released when
the humidity is optimal for dispersal. Several distinct
arthrodontous peristome types arise from cell division
patterns established early in sporophyte development
(Goftinet et al., 2009b), and these largely define mono-
phyletic groups (Liu et al, 2019). Although evolutionary
reductions of the peristome are common across the
Bryopsida and may be associated with habitats that favor
reduced dispersal (Vitt, 1981), the fundamental develop-
mental sequences underlying fully developed peristomes are
likely highly conserved.

The vast majority of mosses belong to the Bryidae, a
lineage diagnosed by its double peristome of alternating
inner and outer teeth (Goffinet et al., 2009b). This subclass
contains the most species-rich superorder of mosses, the
Hypnanae (node 103; Figure 2) or pleurocarpous mosses
(ca. 4903 spp.) (Crosby et al., 1999), which are characterized
by a homogenous midrib anatomy and the lateral develop-
ment of female sex organs (Bell et al, 2007; Huttunen
et al, 2018). Relationships among the five orders of
Hypnanae (i.e., Hypnodendrales, Ptychomniales, Hypopter-
ygiales, Hookeriales, and Hypnales) matched those recov-
ered by Liu et al. (2019), but were supported by only a
plurality of loci (Figure 2; Appendices S4, S7). While a
lateral shift of the sex organs and the associated shift to
monopodial growth has occurred in other moss lineages (La
Farge-England, 1996), such as the Orthotrichales (node 98;
Figure 2), the persistence of lateral female sex organs in all
Hypnanae suggested that this trait is either under strong
genetic constraint or stabilizing selection (see Coudert
et al., 2015, 2017).

Within the Hypnales (node 111; Figure 2), the backbone
relationships are typically shared only by a plurality of gene
trees (Figure 2; Appendices S4, S7), likely reflecting a rapid

early radiation (Shaw et al., 2003). We found that several
species-rich, morphologically defined families are either
paraphyletic, due to the inclusion of additional, morpho-
logically distinct lineages, or polyphyletic with taxonomi-
cally defining features evolving in multiple distantly related
lineages. The lack of concordance between the morphology-
based systematic concepts and the phylogeny based on our
phylogenomic data indicates that gametophyte morphology
is evolutionarily highly labile within the Hypnales. Gameto-
phytic traits that are taxonomically useful in other lineages
of mosses are highly homoplasious in this group, due to
shifts in habitats following speciation (Huttunen and
Ignatov, 2010), or hybridization (Sawangproh et al., 2020),
or even highly variable along ecological gradients (Spitale
and Petraglia, 2010), or potentially due to incomplete
lineage sorting. Remarkably, the homoplasy we observed
may even span across subclasses. Sorapilla, the sole member
of Sorapillaceae, was originally placed in the Dicranidae, but
was then moved to the Hypnales, where it currently resides
with unknown affinities (Meagher et al., 2020). Based on the
first DNA sequences obtained for this genus, we resolve the
Sorapillaceae in the Dicranidae as proposed -earlier
(Lin, 1983; Vitt, 1984) but in an isolated position within
the Dicranalean grade (Figure 2; Appendices S4, S7),
prompting us to propose a new order, Sorapillales, for it
(see taxonomic treatment below).

The pleurocarpous Hypnanae evolved from an acrocar-
pous ancestor in the Bryidae, typically characterized by at
least female sex organs terminating the stem. The
acrocarpous Bryidae are historically placed within the
Bryanae, a group that we and prior molecular analyses
(e.g, Cox et al, 2010; Liu et al, 2019) recovered as
paraphyletic (Figure 2; Appendices S4, S7). While we found
strong support for the monophyly of all recognized orders
in the Bryanae, the relationships among them were typically
supported only by a plurality of loci (Figure 2; Appendi-
ces S4, S7). The relationships among the Rhizogoniales
(node 96; Figure 2), Orthotrichales, Orthodontiales (node
100; Figure 2), and Aulacomniales (node 102; Figure 2)
inferred from nucleotide data (Figure 2; Appendix S4)
match those previously proposed (Liu et al., 2019). How-
ever, the amino acid data (Appendix S7) support a clade
comprising some members of the Rhizogoniales, along with
Hymenodontopsis, a member of the Aulacomniaceae, as
sister to the Hypnanae, whereas the Orthotrichales,
Orthodontiales, Aulacomniales, and Goniobryum (a mem-
ber of the Rhizogoniaceae) compose a single lineage sister to
the Rhizogoniales and Hypnanae (Appendix S7). The
relationships of these orders are in all cases supported only
by a small plurality of loci.

The genus Calomnion (node 105; Figure 2), a member of
the Rhizogoniales (Bell et al., 2007) and consisting of a few
South Pacific Island species (Vitt, 1995), was either sister to
the Hypnanae, minus the Hypnodendrales, or all Hypnanae
based on nucleotide or amino acid data, respectively
(Figure 2; Appendices S4, S7). None of the alternative
topologies are supported by a majority of loci, and hence the
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circumscription of the Rhizogoniales remains uncertain.
Similarly, the early diversification of the Bryidae gave rise to
the Bartramiales (node 92; Figure 2), Bryales (node 94;
Figure 2), Hedwigiales (node 89; Figure 2), and Splachnales
(node 91; Figure 2), which individually are strongly
supported as monophyletic, but the relationships among
these orders are still uncertain here. The Helicophyllaceae
(Hedwigiales), diagnosed by plagiotropic shoots and
dimorphic leaves (Vitt, 1982), are resolved as sister to the
Bartramiaceae (Figures 2 and 3; Appendices S4, S7) as
previously suggested by Buchbender et al. (2014).

The Dicranidae, which are defined by their peristome
composed of a single ring of peristome teeth homologous to
the inner ring of the Bryidae peristome, are strongly
supported as sister to the Bryidae (Figure 2). The ordinal
phylogeny in our analyses is consistent with previous
studies (Cox et al., 2010; Liu et al., 2019) in showing that the
morphologically defined Dicranales are highly polyphyletic.
The earliest splits within the subclass gave rise to the
Catoscopiales, followed by the newly erected Distichiales
and Flexitrichales (see taxonomic treatment below). The
latter holds only the Flexitrichaceae (a family here formally
recognized; see taxonomic treatment below) and is likely
sister to an unsampled Scouleriales sensu Fedosov et al.
(2016) (Figure 2). The next split yields the Grimmiales,
sister to the clade composed of the Archidiales, the
paraphyletic Dicranales s.l., and the Pottiales (Figure 2;
Appendices S4, S7). Here we broaden the circumscription of
the Archidiales to include the Micromitriaceae and
Leucobryaceae because the Archidiaceae are nested between
the latter two families (Figure 2; Appendices S4, S7) as
previously suggested based on organellar loci (Bonfim
Santos et al., 2021).

The Dicranales s.l. are consistently resolved as para-
phyletic to a well-supported Pottiales (node 84; Figure 2;
Appendices S4, S7), which is congruent with previous
phylogenetic studies (Liu et al., 2019; Bonfim Santos
et al, 2021; Fedosov et al, 2021). Based on the well-
supported relationships here, we propose to restrict the
Dicranales (Figure 2) to only the Dicranaceae, Calymper-
aceae, Fissidentaceae, and Octoblepharaceae and accommo-
date the remaining families (Appendix S4) on topological
grounds in the Amphidiales, Bruchiales, Ditrichales,
Erpodiales, Eustichiales, and Rhabdoweisiales (see taxo-
nomic treatment below). Our sampling, however, is
insufficient to resolve the placement of all families in the
Dicranales s.l., and so families such as the Aongstroemia-
ceae and Dicranellaceae (Bonfim Santos et al., 2021;
Fedosov et al., 2023) remain unassigned. The Pleurophas-
caceae, a monogeneric family endemic to Australasia (Fife
and Dalton, 2005), is the sole member of the Pottiales sensu
Goffinet et al. (2009b) to be consistently resolved outside
of the order (Figure 2), although with ambiguous affinities
given the incongruence in topologies inferred from nucleo-
tide versus amino acid data (Appendix S4 vs. S7, respec-
tively). All analyses resolve the family within the Dicranidae
(Figure 2), in contrast to Goffinet et al. (2001) who

proposed, based on a single and partial plastid sequence,
that Pleurophascum belonged to the Bryidae, a resolution
that was considered likely artefactual by Stech et al. (2012).

Our phylogenomic inferences confirm that the Timmii-
dae (node 60; Figure 2), restricted to Timmia and
characterized by a unique peristomial architecture of 64
endostomial filaments (Budke et al., 2007), compose the
sister lineage to the ancestor of the Dicranidae and Bryidae
(Liu et al., 2019). The Funariidae (node 59; Figure 2), which
include the model taxon Physcomitrium patens (Medina
et al,, 2019; Rensing et al., 2020) along with the Diphysciidae
and Buxbaumiidae, each with a distinct peristome type
(Shaw et al., 1987; Ignatov et al., 2018) are successively sister
to other lineages in the Bryopsida (nodes 53-56, 60;
Figure 2). Thus, the main transformations of the arthro-
dontous peristome, yielding the various fundamental types,
occurred during the Permian or even early Triassic
(Figure 3; Laenen et al., 2014). Although diagnostic of
subclasses of the Bryopsida (Goffinet et al., 2009b) these
distinct peristome architectures can be variously modified
and reduced, especially along environmental gradients
(Vitt, 1981).

Gene tree discordance

The multilocus nuclear data set from the GoFlag 408
flagellate land plant probes also enables deeper insights into
the processes generating genetic conflict among loci
than was possible in previous phylogenetic analyses of
moss diversity based mostly on organellar sequence data.
Across the phylogeny, we identified numerous nodes with
extensive gene tree discordance (Figure 2; Appendices S1
[Tables S3-S7], S9, S10). Such discordance may arise due to
either systematic error in the analyses, such as model
misspecification, or stochastic error in tree reconstruction
(Degnan and Rosenberg, 2009), which likely plays a role in
our analyses because the target exons in the GoFlag probe
set are relatively conserved and many of the locus
alignments are short. Alternately, biological sources like
horizontal gene transfer, unrecognized paralogy, incomplete
lineage sorting (ILS; Degnan and Rosenberg, 2009; Morales-
Briones et al.,, 2021), or hybridization (Stull et al., 2023)
could contribute to the incongruence. In the bryophytes,
ILS may be associated with rapid radiations, and there is
also evidence of reticulation events within and between
classes of liverworts (Dong et al., 2022a). Although these
biological processes may leave a characteristic signature, in
practice it is often difficult to definitively identify the factor
(s) driving gene-tree species-tree conflict or distinguish
them from analytical error, especially at such a large scale.

In the ASTRAL nucleotide tree, 173 nodes (of 531 nodes
total) have high gCF values (>50%), and 192 have high sCF
values (>50%), strongly supporting these nodes in the
species tree (Figure 2; Appendix S1, Tables S4, S7). In
contrast, 254 nodes have low gCF values (<33%), and these
appear especially common among the backbone nodes

95UB01 SUOWWOD SAIERID 3(dedl|dde au Aq peusenob aJe oIl VO ‘88N JO S9|NJ J0) ARIq1T 8UIUO A8]IA UO (SUOTIPUOD-PU-SWLB)/LI0O"AB | IM A TeIq 1jUl JUO//:SANY) SUONIPUOD pue SWIS 1 841 88S *[£202/TT/v2] Uo Ariqiauliuo A8|im mynL jo AiseAlun Ag 6v29T 2d[e/200T 0T/I0p/w0o A8 | Aleiq1pul juo'sgndesd/sdny wouy pspeojumoq ‘0 ‘Z6T2.EST



BRYOPHYTE PHYLOGENOMICS

| 13 of 20

(Appendix S1, Table S4). Most (224) of the 254 nodes with
low gCF values had gDFP values over 50% (up to 99.56%),
which indicate high rates of paraphyly or lack of informa-
tion in the loci. High gDFP values suggest potentially high
rates of error in the gene tree inference may be contributing
to much of this discordance. For 217 of those 254 nodes,
gDF1 and gDF2 were not significantly different (y* > 0.05),
and sDF1 and sDF2 were not significantly different in 135 of
these nodes. The results are consistent with high levels of
ILS, but error is also likely is contributing to much of this
discordance.

When we focus on 111 nodes across the backbone and
immediately subsequent nodes (numbered in Figure 2;
Appendix S1, Table S4), 50 of these nodes have low gCF
(<33%), and 27 have low sCF values (<33%), indicating
high levels of discordance, especially in the backbone
(Figure 2). In many of these cases, the gDPF values (yellow
in pie charts, Figure 2) are elevated, again indicating a lack
of a clear phylogenetic signal in the corresponding parts of
the gene trees. In hornworts, a single node (node 2, the
split between Leiosporoceros and Anthocerotales) shows
low gCF and sCF as well nearly equal quartets in the
ASTRAL tree, consistent with ILS. In the liverworts, 12
nodes have low gCF values (see Appendix S1, Table S7),
including node 19 (split between “Pelliidae” and the
remaining liverworts), node 22 (the split between Pleur-
oziales and Metzgeriales from the rest of the leafy
liverworts), node 26 (split between Ptilidiales and the
combined Porellales, Radulales, Frullaniales, Jubulales, and
Lejeuneales), node 28 (split between Porellales and the
combined Radulales, Frullaniales, Jubulales, and Lejeu-
neales), node 30 (split between Radulales and the
combined Frullaniales, Jubulales, and Lejeuneales) and
node 39 (split between Jungermanniales and Lepidoziales).
In mosses, 37 nodes have low gCF values (see Appendix S1,
Table S7), including node 49 (split between Tetraphidales
and Polytrichales and the rest of the mosses), node 61
(split between Dicraniidae and their sister lineage); node
63 (split between Distichiales and the other mosses), node
84 (the split between Ditrichales and Pottiales), node 88
(split between Splachnales from the remaining Bryidae),
and node 103 (split of the Hypnodendrales from remaining
Hypnanae). In the majority of the 37 moss nodes with low
GCF values, we cannot reject the null hypothesis of equal
frequencies of the alternate topologies (y* > 0.05), suggest-
ing little evidence of reticulation among these lineages.

Although this study does not explore the causes of gene
tree discordance in depth, the high levels of discordance
throughout the tree highlight both the likely complexity of
bryophyte diversification and the difficulty of resolving
bryophyte relationships. It also emphasizes the dangers of
relying on phylogenetic trees inferred from one or few loci.
The multigene data set provides not only more power to
resolve difficult relationships, but more importantly enables
us to account for what appears to be high levels of historical
variation throughout the genome in our evolutionary
inferences.

Divergence times and rates of molecular
evolution

The divergence time estimates support that the bryophytes
arose in the late Cambrian-Ordovician, in line with Morris
et al. (2018; but see Bowman, 2022; McCourt et al., 2023).
The most species-rich lineages of extant bryophytes (e.g.,
Hypnales [node 111; Figure 3], Lejeuneales [node 34;
Figure 3]) diversified in parallel with the angiosperms
during the Cretaceous (Figure 3; Appendices S8, S11, S12).
The common ancestor to extant lineages of mosses and
liverworts is traced to 420 [416-424] Ma and 447 [444-450]
Ma, respectively, which is also consistent with recent
estimates (Bell et al., 2007; Villarreal and Renner, 2012;
Feldberg et al., 2014; Morris et al., 2018; Harris et al., 2022).
The lineage through time plots (Figure 3B) suggest a steady
diversification of both lineages over the last 400 Ma with a
higher net moss diversification in the mid-Cretaceous.

The average crown age of orders as recognized here
across all three bryophyte lineages is 150.5 Ma (SD 70 Ma)
(Figure 3C; Appendix S1, Table S9). The crown age of the
Hypnales (491 genera, ca. 4150 species; node 111 in
Figure 3) is 129 [78-173] Ma, younger than was previously
estimated (Newton et al., 2007). We reconstructed the
origin of mosses and liverworts (419-447 Ma, crown group
Setaphyta; node 8 in Figure 3) as slightly older than that of
extant lycophytes and their sister group, the euphyllophytes
(Morris et al., 2018). The age of most bryophyte orders
coincides with the diversification of angiosperms during the
Late Jurassic and Cretaceous (Lloyd et al., 2008).

Our estimates of family stem ages suggest that most
bryophyte families (63% of families, N=166) originated
during the Cretaceous (65 families) or Jurassic (40 families).
Extant bryophyte families (crown ages, N =380) diversified
predominantly during the Early Cretaceous (103-145 Ma, 18
families), the Late Cretaceous (66-102 Ma, 27 families), or
the Cenozoic (-65 Ma, 26 families). The average crown age of
bryophyte families was 98 Ma (SD 51 Ma) (Appendix S1,
Table S9; Appendices S8, S11, S12). In mosses, the crown age
of the Pottiaceae (77 genera, ca. 1209 species; node 86 in
Figure 3) was estimated at 133.3 (115-150) Ma, while the
Orthotrichaceae (24 genera, ca. 900 species; node 98 in
Figure 3) started to diversify around 139.6 (106-169) Ma.
Within liverworts, the diversification of the hyperdiverse
Lejeuneaceae (ca. 88 genera, ca. 1900 species; node 34 in
Figure 3) began around 149 (116-188) Ma, while the origin
of the Lepidoziaceae (31 genera, ca. 703 species, Appendix S8)
dates to 121 (114-166) Ma. As previously suggested for
bryophyte genera (Laenen et al., 2014), bryophyte diversity
may have accrued steadily during the Cretaceous and
Cenozoic (Figure 3C). Our analyses indicate that the majority
of bryophyte families diversified during the Cretaceous
terrestrial revolution (Lloyd et al., 2008; Benton et al., 2022;
Figure 3; Appendices S1 [Table S9], S8, S11, S12) in parallel
with the angiosperms and leptosporangiate ferns (Lovis, 1977;
Schuettpelz and Pryer, 2009). Indeed, the climatic fluctua-
tions during the Cretaceous and Cenozoic may have
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triggered the burst of diversity in lineages in arid regions
(e.g., Pottiales, node 86; Figure 3) or exposed habitats (e.g.,
Funariales, node 59, Figure 3; Polytrichales, node 52,
Figure 3) before the subsequent explosive diversification of
angiosperms and ferns (Schuettpelz and Pryer, 2009).

The phylogenomic chronogram of the bryophytes
enables us to estimate the absolute rates of nuclear loci
for 46 major clades based on the nuclear exons generated
from the GoFlag flagellate land plant probe set (Appen-
dix S1, Table S10). Our chronogram provides a framework
to infer the timing of speciation events for fossil-poor
families such as the Funariaceae (including Physcomitrium)
or ecologically important genera such as Hylocomium,
Pleurozium, and Sphagnum. Lineage rate variation is
expected across such a broad phylogenetic spectrum. The
lowest absolute substitution rate in mosses characterizes the
Orthodontiales (1.34E-04 substitutions per site per Ma
[subst/site/Ma]) and the highest the Polytrichales (5.44E-04
subst/site/Ma). In liverworts, the variation spans from
3.53E-04 subst/site/Ma in the simple thalloid Pallaviciniales
to 7.85E-04 subst/site/Ma in the complex thalloids (March-
antiopsida) (Appendix S1, Table S10). The latter is striking
given that the organellar absolute substitution rate in
complex thalloids is the slowest among all extant liverworts
(2.63 E-04 subst/site/Ma; Villarreal et al., 2016). The nuclear
rates recovered in our analyses span the known absolute
rates found in seed plants (De La Torre et al., 2017). The
rate variation observed in our data set sets the stage to test
specific hypotheses correlating life history traits (e.g.,
perennial vs annual taxa, monoicous vs dioicous sexual
systems) and molecular rates across bryophyte groups and
also is inconsistent with traditional ideas that bryophytes, as
a whole, represent a slow-evolving lineage compared to
vascular plants (Crum, 1972, 2001).

TAXONOMIC TREATMENT
Marchantiophyta (Liverworts)

Lejeuneales Bechteler, A.M. Sierra, & D.G. Long ord. nov.

Leaves mostly 2-lobed, the ventral lobule usually
attached to the dorsal lobe along the ventral margin
forming a keel perpendicular or oblique to the stem,
forming an inflated but not galeate water sac with its longer
axis usually roughly parallel to the ventral margin of the
dorsal lobe, stylus reduced to a slime papilla, gynoecia with
1 archegonium and a single series of bracts and bracteoles,
seta 4 cells in diameter, commonly articulate, capsules
spherical with the wall 2-stratose, elaters few, permanently
attached to capsule valves. Type: Lejeuneaceae Rostovzev,
Morf. Sist. Pechen. Mhov: 94. 1913; Lejeuneaceae.
Frullaniales D. Bell & D.G. Long ord. nov.

Leaves 3-lobed, the median lobule almost free from
dorsal lobe, lobule keel parallel to the stem, forming an
inflated cylindrical or galeate (rarely explanate) water sac
with its longer axis approximately parallel to stem, stylus

present, underleaves bifid (rarely entire), gynoecia with
multiple archegonia, bracts and bracteoles in 3 or 4 series,
seta up to 12 cells in diameter, non-articulate, capsules
spherical with the wall 2-stratose, elaters few, permanently
attached to capsule valves. Type: Frullaniaceae Lorch in
G.Lindau, Krypt.-Fl. Anf. 6: 174. 1914; Frullaniaceae.
Myliales D.G. Long & D. Bell ord. nov.

Branching mostly terminal, rhizoids numerous, leaves
succubous, simple, smooth or ornamented, gemmiferous
with 1- or 2-celled gemmae on leaf tips, underleaves
reduced, plants dioicous, sporophyte enclosed in shoot
calyptra and perianth, perianths laterally compressed
above, capsules ovoid with the wall 3- to 5-stratose. Type:
Myliaceae Schljakov, Novosti Sist. Nizsh. Rast. 12: 308.
1975; Myliaceae.

Bryophyta (Mosses)

Amphidiales D. Bell & Goffinet ord. nov.

Plants acrocarpous, forming dense cushions, leaves
crisped when dry, capsules gymnostomous, emergent to
shortly exserted. Type: Amphidiaceae M. Stech, Nova
Hedwigia 86: 14, 2008; Amphidiaceae.

Bruchiales Goffinet ord. nov.

Plants erect, acrocarpous, capsule with well-developed
neck, peristome haplolepideous (see Buck, 1979). Type:
Bruchiaceae Schimp., Coroll. Bryol. Eur.: 6, 1856; Bruchiaceae.
Distichiales D. Bell & Goffinet ord. nov.

Plants acrocarpous, leaves distichous, spreading from
broad sheathing base, costa excurrent, monoicous, peri-
stome haplolepideous. Type: Distichiaceae Schimp., Syn.
Musc. Eur. 135. 1860; Distichiaceae.

Ditrichales D. Bell & Goffinet ord. nov.

Plants erect, acrocarpous, with costate and mostly
lanceolate leaves, sporangium exserted with haplolepideous
peristome, or immersed and cleistocarpous. Type: Ditricha-
ceae Limpr., Laubm. Deutschl. 1: 482, 1887; Ditrichaceae.
Erpodiales Goffinet ord. nov.

Plants small, plagiotropic, leaves ecostate, cladocarpous,
peristome haplolepideous (see Pursell, 2017). Type: Erpodia-
ceae Broth., Nat. Pflanzenfam. I(3): 706. 1905; Erpodiaceae.
Eustichiales Goffinet ord. nov.

Plants erect, leaves single costate, distichous with
sheathing laminae, with lateral sporophytes and erect
capsules. Type: Eustichiaceae Broth., Nat. Pflanzenfam.
(ed. 2) 10: 420, 1924; Eustichiaceae.

Flexitrichaceae Ignatov & Fedosov ex D. Bell & Goffinet
fam. nov. for Flexitrichaceae Ignatov & Fedosov invalid

Plants acrocarpous; leaves straight to flexuose, from
sheathing bases, dioicous, peristome haplolepideous (see
Fedosov et al., 2016). Type: Flexitrichum Ignatov & Fedosov,
Bot. J. Linn. Soc. 181(2): 152. 2016; Flexitrichum.
Flexitrichales D. Bell & Goffinet ord. nov.

Plants acrocarpous; leaves straight to flexuose, from
sheathing bases, dioicous. Type: Flexitrichaceae Ignatov &
Fedosov ex D. Bell & Goflinet; Flexitrichaceae.
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Pleurophascales Goffinet ord. nov.

Plants robust, stems plagiotropic, branches erect, leaves
lacking costa, sporophyte exserted, capsule globose, cleisto-
carpous. Type: Pleurophascaceae Broth. Nat. Pflanzenfam. I
(3): 774, 1906; Pleurophascaceae.

Rhabdoweisiales D. Bell & Goffinet ord. nov.

Plants small, erect, acrocarpous, leaves unicostate,
lamina unistratose except perhaps at margin, mostly
autoicous, peristome haplolepideous (see Fedosov et al.
[2021] and Goffinet [1997]). Type: Rhabdoweisiaceae
Limpr. Laubm. Deutschl. 1: 271, 1886; Rhabdoweisiaceae
(Fedosov et al, 2021) and Rhachitheciaceae H. Rob.
(Goflinet, 1997).

Sorapillales Goffinet ord. nov.

Plants monopodial, vaginant leaves distichous, compla-
nate, sporophyte lateral, immersed, peristome haplolepid-
eous with vestigial exostome (see Meagher et al., 2020).
Type: Sorapillaceae M. Fleisch, Musci Buitenzorg 3: 847,
1908; Sorapillaceae.

CONCLUSIONS

The phylogenetic relationships that we report based on data
generated using the GoFlag 408 flagellate land plant probe set
are largely congruent with previous efforts, with some
interesting exceptions (Figure 2). The general consistency
among studies based on different data and analytical methods
suggests that the bryophyte phylogenetic studies are
converging on a relatively stable set of relationships. Most
of the new orders we circumscribe were evident in earlier
studies that lacked either the taxonomic sampling or genetic
data to draw firm taxonomic conclusions. The presence of
biological conflict among loci also highlights that a single true
species tree may be illusory and instead suggests that we
reevaluate the questions we wish to answer. If we are
interested in species diagnosis, for example, resolving the
exact bifurcating relationships among our taxonomic units
may not be essential. Alternatively, if we are interested in
reconstructing the history of specific ecologically important
traits, perhaps the critical information is contained not in the
species tree but rather in the history of the genes that govern
variation in such traits (Wu et al, 2018). Embracing this
topological conflict opens new research avenues to elucidate
the processes of diversification in bryophytes.

The phylogenomic data generated from this project,
along with the inferred chronogram and rates of evolution,
provide a foundational resource for future evolutionary
research across the bryophytes and highlights the utility of
GoFlag 408 across lineages diversifying for 500 Ma, includ-
ing for order-level classification. The current challenge
facing the community is to fill in the phylogeny with
unsampled genera, species, or populations of focal taxa.
Expanding the analyses to include the highly variable
flanking intron and spacer regions from the GoFlag 408
probe set could provide the resolution for relationships
among populations of single species or groups of closely

related species. Indeed, the rapidly growing GoFlag 408
database of sequences provides a sturdy scaffold in which to
place more focused studies (Budke et al., 2022; Draper
et al., 2022; Jauregui-Lazo et al, 2023). Thus, this study
provides a robust framework to further resolve the
relationships among bryophytes, reconstruct the evolution
of biologically important characters, identify innovations
and targets of selection, and elucidate the mechanisms that
shape the diversification of bryophytes.
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