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* Background and Aims Genome size varies by orders of magnitude across land plants, and the factors driving
evolutionary increases and decreases in genome size vary across lineages. Bryophytes have the smallest genomes
relative to other land plants, and there is growing evidence for frequent whole genome duplication (WGD) across
the lineage. However, the broad patterns of genome size, chromosome number and WGD have yet to be character-

ized across bryophytes in a phylogenetic context.

e Methods In the present study, we adopt a phylogenetic comparative approach and leverage previously pub-
lished data on genome size, chromosome number and WGD to reconstruct the evolutionary history of these traits
across the three major bryophyte lineages: hornworts, liverworts and mosses. We infer ancestral haploid chromo-
some numbers for each lineage and introduce a novel metric for assessing polyploidy using chromosome counts.
* Key Results Each lineage of bryophytes exhibits a distinct pattern of genome size evolution and prevalence
of WGD, with mosses having the most dynamic genome sizes and highest propensity for WGD. We found that
21.3 % of mosses and 13 % of liverworts species have naturally occurring polyploids. In addition, haploid genome
size (1C) is most dynamic in the mosses, which includes at least 15 transitions to larger genomes and nine re-

versals, largely in the orders Dicranales and Hypnales.

* Conclusions There is no correlation between genome size and WGD or between genome size and chromosome
number, potentially suggesting rapid genome downsizing following WGD. Given that bryophytes are poikilohydric
(desiccation-tolerant) plants, having large genomes might be physiologically prohibitive given the cost to growth
and metabolism associated with them. These findings emphasize the unique evolution of the bryophytes broadly
and of the hornworts, liverworts and mosses individually, and should therefore serve as impetus for more in-depth
experimental studies of genome size evolution and WGD in bryophytes.
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INTRODUCTION

The evolution in genome size and chromosome number across
eukaryotes has long been of interest to biologists and is a cru-
cial area of study given their implications for both speciation
and diversification (Leitch and Leitch, 2012; Van de Peer et al.,
2017). Across plants, genome size and chromosome number
vary substantially (e.g. 1C =0.07-152.23 pg and 2n = 4-1440;
Uhl, 1978; Bennett ef al., 1986; Khandelwal, 1990; Pellicer et
al., 2010; Leitch and Leitch, 2012; Fleischmann et al., 2014).
These two traits, haploid genome size (1C) and chromosome
number (1n), are not necessarily correlated, and the nature of
their relationship is highly lineage dependent. For example, the
pteridophytes include several species with both exceptionally

large chromosome numbers and large genomes (Clark et al.,
2016; de Abreu et al., 2024; Fernandez et al., 2024), and
broadly across ferns, genome size and chromosome number are
positively correlated (Nakazato et al., 2008; Patel et al., 2018;
Liu et al., 2019; Barrington et al., 2020). In contrast, in the
flowering plants, positive correlations between genome size
and chromosome number are observed in some lineages (Pandit
et al., 2014), but not others (Fleischmann et al., 2014).

The mechanisms underlying evolutionary shifts in genome
size and chromosome number can impact one or both of these
traits and the nature of their relationship (Bennetzen et al.,
2005; Wang et al., 2021). In plants, genome size increase is
driven primarily by repeat elements and whole genome du-
plication (WGD) (Carta et al., 2020). The accumulation of
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repetitive elements, largely long terminal repeat retrotrans-
posons, in centromeric regions is a major contributor to the
increase in genome size in species with both small and large
genomes, including Arabidopsis (1C =0.13 pg; Arabidopsis
Genome Initiative, 2000; Zhang and Wessler, 2004) and maize
(1C=2.56 pg; Sanmiguel and Bennetzen, 1998; Anderson et
al., 2019). In addition, increases in genome size in gymno-
sperms are largely attributable to the accumulation of repeti-
tive elements (Liu ef al., 2022b). Although repetitive elements
impact total DNA content rather than chromosome number
and can accumulate rapidly or gradually, WGD increases
both genome size and chromosome number through genome
doubling, which occurs instantaneously (Soltis et al., 2009;
Barker et al., 2016; Szovényi et al., 2021). Rapid shifts in
genome size and composition associated with this process have
been tied to speciation and diversification (Jiao et al., 2012;
Landis et al., 2018). Although neopolyploids may establish
as new species, the nature of polyploidy as a driver of speci-
ation in the long term remains contentious (Mayrose et al.,
2015; Soltis et al., 2015) The propensity of plant genomes to
accumulate repetitive elements and experience WGD can lead
to ‘genomic obesity’, barring the subsequent loss of DNA
through unequal recombination (Wicker et al., 2003). WGD
can instead be followed by gradual diploidization, or genic loss
through successive chromosomal rearrangements (del Pozo and
Ramirez-Parra, 2015; Li et al., 2021). Crucially, this can result
in lineages with haploid chromosome numbers distinct from
progenitors and close relatives (Manddkova and Lysak, 2018),
potentially resulting in speciation. Although diploidization re-
duces chromosome number and genome size in some land plant
lineages (Soltis et al., 2015; Mandédkova et al., 2018), others are
known to retain most or all chromosomes following WGD over
evolutionary time. For instance, it has been proposed that ferns
become functionally diploid via gene silencing rather than gene
loss (Haufler, 1987; Liu et al., 2019; Huang et al., 2022). In
either instance, WGD is a major mechanism by which chromo-
some number and genome size can change both immediately
and over evolutionary time, potentially influencing speciation
and diversification.

The genome size of a given lineage is also influenced by se-
lection (Levin, 2002). Some environmental conditions might fa-
vour smaller genome sizes because lower nuclear DNA content
is associated with faster growth, shorter generation time and a
higher metabolic rate (e.g. Bennett, 1972; Gregory, 2001); thus
smaller genomes are often correlated with invasiveness (Pandit
et al., 2014; Suda et al., 2015). Indeed, studies of genome size
across angiosperms in a phylogenetic framework posit selec-
tion for smaller genomes as a means of constraining cell size
and optimizing stomatal density, thereby directly influencing
primary productivity (Knight ef al., 2005; Simonin and Roddy,
2018; Escudero and Wendel, 2020). In contrast, in spite of the
metabolic cost of retaining large genomes, they might allow for
more rapid evolution of novel genes and adaptive traits (Francis
et al., 2008; Pellicer et al., 2018; Nieto Feliner et al., 2020).

Bryophytes, which are sister to the rest of land plants, remain
understudied in terms of broad evolutionary trends in genome
size and chromosomal evolution (Rensing et al., 2012; Duckett,
2020; Linde et al., 2021; Bechteler et al., 2023). Relative to
other major plant lineages, most bryophyte genome sizes are

small, with an average haploid genome size of 0.92 pg (N = 334,
Kew C-values database; Leitch er al, 2019) and a range
from 1C =0.73 pg in the hornwort Nothoceros endiviifolius
(Bainard and Villarreal, 2013) to 1C = 20.46 pg in the liverwort
Phyllothallia fuegiana (Bainard et al., 2013). The predomin-
antly small genomes might be, in part, a product of selection,
given that these plants are also desiccation tolerant and smaller
genomes might confer metabolic benefits (Bainard, 2011), and
genomic studies of the bryophytes demonstrate historical gene
loss in the ancestors of bryophytes (Harris et al., 2022).

Although the haploid nuclear genome size (1C) is generally
small in bryophytes, haploid chromosome number (1n) varies
significantly both within and across species (Patel et al., 2021),
suggesting that WGD plays a significant role in the evolution
of this lineage. Although historically, WGD, either conspe-
cific genome doubling (autopolyploidy) or genome doubling
following hybridization (allopolyploidy), was thought to play
a small role in the evolution, speciation and diversification
of bryophytes (Vitt, 1971), more recent investigations under-
score the importance of WGD and hybridization to the evo-
lution of the group (Jesson et al., 2011; Rensing et al., 2012;
Perley and Jesson, 2015; Bechteler et al., 2023; Shen et al.,
2024). Numerous instances of sterile hybrids, fertile hybrids
and allopolyploid lineages have been observed in bryophytes
(Natcheva and Cronberg, 2004). In addition, Patel et al. (2021)
investigated intraspecific variation in moss chromosome data to
identify cryptic autopolyploid species, which might constitute
17 % of total moss diversity, representing a major source of un-
described diversity among mosses.

In light of extant bryophytes having relatively small haploid
genomes, in addition to orders of magnitude of interspecific
and intraspecific variation in chromosome number suggesting
WGD, several important questions arise. First, what are the pat-
terns of bryophyte genome size in relationship to WGD across
their evolution? If WGD is a major driver of genome size
variation in the bryophytes, then we might expect bryophyte
lineages with a higher frequency of WGD also to have larger
haploid genome sizes. Second, how do these patterns vary
among the major lineages of bryophytes, the Anthocerophyta
(hornworts), Marchantiophyta (liverworts) and Bryophyta
(mosses)? Although these three lineages are often lumped to-
gether in broad studies of plant evolution, the hornworts di-
verged from liverworts and mosses ~400 Mya, and liverworts
and mosses diverged from each other ~300 Mya (Bechteler et
al., 2023). In addition, although the bryophytes are often con-
sidered ‘ancient’ given that they are sister to vascular plants,
the majority of extant bryophyte genera evolved much more re-
cently, and many are considered part of a recent diversification
event (Laenen et al., 2014). It is therefore crucial to consider
patterns of evolution in the hornworts, liverworts and mosses
individually (Lang et al., 2018; Li et al., 2020; Zhang et al.,
2020; Linde et al., 2023).

In the present study, we investigated the relationship between
haploid chromosome number and haploid genome size, in add-
ition to the relationship of WGD to these metrics in and across
the three lineages of bryophytes. Understanding what controls
plant genome size is a crucial and pressing line of inquiry in
plant evolution (Armstrong et al., 2023), for which we laid the
framework in bryophytes by analysing previously published
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chromosome counts and genome size estimates in a phylogen-
etic framework.

MATERIALS AND METHODS

Phylogenetic data collection (Pyphlawd)

A DNA matrix of 3890 taxa and ten concatenated loci (5.8S,
268, atpb, nad5, psbA-trnH, psbA, rbcL, rps4-trnS, trnA and
trnL-F) was assembled using PyPhlawd (Smith and Walker,
2019). Concatenation was chosen to maximize resolution given
the smaller number of loci sampled relative to phylogenomic
studies. PyPhlawd was run using ‘Embryophyte’ as the taxo-
nomic group, then narrowed to all bryophyte species (horn-
worts, liverworts and mosses) using a taxon list including all
listed species available on GenBank (https://www.ncbi.nlm.
nih.gov/). The clustering function in PyPhlawd produced 311
clusters, of which the ten with the largest taxonomic represen-
tation were selected for further analysis.

Phylogenetic analysis

Matrices for each locus were aligned using MAFFT v.7.419
with default settings (Katoh and Standley, 2013). The loci were
concatenated, and each locus was assigned a separate parti-
tion. Phylogenetic inference was implemented in IQ-TREE v.2
(Minh et al., 2020) using ModelFinder Plus (Kalyaanamoorthy
et al., 2017) to find best-fitting models for each partition.
IQ-TREE was implemented using 1000 bootstrap replicates.
The tree was rooted with the hornworts clade. The concatenated
matrix, associated GenBank accession numbers and phylogen-
etic tree are available in the Dryad digital repository (https://
doi.org/10.5061/dryad.31zcrjdwm).

Genome size and chromosome data collection

Genome size data. Bryophyte haploid genome size esti-
mates were compiled from multiple sources. Original publi-
cations included the following: Bainard and Villarreal (2013)
(N =29); Bainard et al. (2013) (N = 82); Bainard et al. (2020)
(N = 60); Greilhuber et al. (2003) (N=11); Li et al. (2023)
(N =209); Melosik et al. (2005) (N =5); Orzechowska et al.
(2010) (N =3); Orzechowska et al. (2018) (N = 4); Pustahija
et al. (2013) (N =1); Ricca et al. (2008) (N = 58); Schween et
al. (2003) (N =1); Temsch et al. (1998) (N = 66); Temsch et
al. (2010) (N = 157); and Voglmayr (2000) (N = 330). In add-
ition, 258 estimates were retrieved from the Darwin Tree of
Life (https://www.darwintreeoflife.org/), which is continually
generating new genome size estimates as part of an ambitious
project to sequence the genomes of all complex life in Britain
and Ireland. All estimates were generated by stain-based tech-
niques, i.e. Feulgen image analysis or flow cytometry. The com-
piled list of taxa and estimates can be found in Supplementary
Data, Table S1. These data consisted of 1274 genome size ob-
servations, representing 607 species. Any values that were not
identified to the species level were removed (i.e. ‘Genus sp’.).
The vast majority of the flow cytometry-based genome size
estimates we compiled used an internal standard, which is the

best practice for plant DNA content analysis (Sliwiniska et
al., 2022). However, a recent paper (Li et al., 2023) estimated
genome size with flow cytometry using external standards for
209 samples, representing 160 bryophyte species. We were able
to compare the data generated using these two standardization
methods for 32 species. For the majority of these species, the
externally standardized data were =25 % in comparison to the
internally standardized data, which is within the range of vari-
ation for a given species observed between different studies
using internal standards in the present study. Additionally, for
128 of these species, this represents the only data available in the
literature, hence these externally standardized flow cytometry-
based genome size estimates were retained in the analyses.

Chromosome count data. Chromosome counts were com-
piled from literature, with the majority from the book Index to
Bryophyte Chromosome Counts (Fritsch, 1991). Chromosome
counts generated subsequent to the publication the book, from
1991 to 2024, were assembled from literature searches. In add-
ition to species and unique chromosome counts, where avail-
able, the authors, number of populations, number of studies
and type (mitotic or meiotic) were also recorded. The assem-
bled chromosome counts for each species are available in
Supplementary Data, Table S2.

Compiled chromosome counts were reviewed and cleaned.
Chromosome counts presented as a range or as ambiguous [e.g.
1n=7-9, ~7,7(?7)] were removed.

Taxonomic updates and ordinal classifications

Orders were assigned using online or published classifica-
tion systems for mosses (Goffinet and Buck, 2020; Bechteler et
al., 2023), liverworts (Soderstrom et al., 2016) and hornworts
(Villarreal and Goffinet, 2023). Families and scientific names
were assigned using the Taxonomic Name Resolution Service
v.5.1 (Boyle et al., 2013; https://tnrs.biendata.org/; 5 December
2023, date last accessed) and were updated from the original
publications for the genome size, chromosome and phylogen-
etic datasets. In the genome size data, when there were multiple
observations for a given species, all these data were included
in the calculation of the mean value for the species. For the
chromosome data, when there were multiple karyotypes for a
species from different publications, the data were merged into
a single list for each species. In the phylogenetic tree, when
synonymizing of a species resulted in duplicate tip names, re-
dundant tips were pruned randomly. Modifications to names
on the phylogenetic tree were made in R (R Core Team, 2021)
using the Ape package (Paradis and Schliep, 2019).

Genome size and chromosome number metrics

Forty per cent (242 of 607 species) of species for which a
haploid genome size estimate is published were represented by
multiple, independent estimates. Among species with published
genome size estimates represented in the molecular phylogeny
(440 species), 42 % (188 of 440) were represented by multiple,
independent estimates. For subsequent analysis, including an-
cestral character state reconstruction, phylogenetic signal and
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correlation analysis, the mean value for each species was cal-
culated, and this value is referred to hereafter as the haploid
genome size.

In total, 59 % (1276 of 2138) of species with published karyo-
typic data were represented by karyotypes from two or more
populations. Among species with published karyotypic data
that are represented in the molecular phylogeny (1088 species),
70 % (759 of 1088 species) were represented by karyotypes
from two or more populations. Four metrics were derived from
the karyotype data: haploid chromosome number, range, poly-
ploidy present/absent (p/a) and ploidy rank. The metric hap-
loid chromosome number is the lowest chromosome number
recorded for a species. Range is calculated as the lowest ob-
served chromosome count subtracted from the highest for each
species; for species for which only one chromosome count is
available, the range is zero. The metric polyploidy p/a is cal-
culated by dividing each chromosome number observed for a
given species by the lowest chromosome number observed for
the same species (i.e. 1n =7, 14, 21 yields the values 2 and 3).
In species for which this calculation yielded a whole number
greater than or equal to two, it was scored as polyploidy pre-
sent. This quantification of polyploidy most probably identified
neopolyploids rather paleopolypoids, though the term ‘poly-
ploidy’ is used hereafter. Alternatively, in species for which
only fractional numbers resulted from this calculation, it was
scored as polyploidy absent. In this way, karyotypic evidence
for genome doubling in the strictest sense was discerned. For
ploidy rank, the metric range was divided by the metric hap-
loid chromosome number, and therefore species for which only
one haploid chromosome number was observed, the ploidy
rank is zero. Values of at least one indicated the presence of
polyploidy in the strictest possible sense, consistent with the
metric polyploidy p/a. Values of ploidy rank scored as equal
to or greater than one were recorded as one. Values from zero
to one are therefore a proxy for how close to WGD the ob-
served chromosome counts were, allowing for some inferences
about aneuploidy or miscounted chromosomes. The metrics
range, polyploidy p/a and ploidy rank were calculated from the
chromosome dataset trimmed to species for which karyotypes
were performed for two or more populations, allowing for the
possibility of observing a range of values or WGD within a spe-
cies. The mean value for each of these metrics for each sampled
taxonomic order was calculated, as was the mean value for the
hornworts, liverworts and mosses.

Phylogenetic signal and correlation analysis

For the metrics haploid genome size, haploid chromosome
number, range, polyploidy p/a and ploidy rank, both phylo-
genetic signal and correlation among each metric were calcu-
lated. The metrics haploid genome size, haploid chromosome
number, range and ploidy rank were treated as continuous
characters, and phylogenetic signal was calculated as Pagel’s
lambda (Pagel, 1999) using ‘phylosig’ as part of the package
Phytools v.2 (Revell, 2024) implemented in R (R Core Team,
2021). The metric polyploidy p/a was treated as a discrete char-
acter, and phylogenetic signal was calculated as a D-statistic
(Felsenstein’s D) for phylogenetic signal for discrete binary
characters using the function ‘phylo.d’ as part of the package

Caper (R Development Core Team, 2011) implemented in R.
Correlation among each metric was also assessed using the
package Caper with the function ‘Corr.ic’. Each calculation of
phylogenetic signal and correlation analysis was implemented
with a phylogenetic tree pruned to exclude tips with missing
data. Each calculation of phylogenetic signal for a metric in
addition to correlation among metrics was performed on four
datasets: the total dataset, mosses only, liverworts only and
hornworts only, with the exception of correlation for metrics
within hornworts, because the sampling when pruned was pro-
hibitively small, which here was considered fewer than ten taxa.

Ancestral character state reconstruction

For the continuous characters haploid genome size and
ploidy rank, a continuous ancestral character state reconstruc-
tion was estimated according to Brownian motion using the
function ‘contmap’ as part of the package Phytools v.2 (Revell,
2024) implemented in R (R Core Team, 2021). Note that for
the metric ploidy rank, ancestral character state reconstruction
was performed using only species represented by chromosome
counts from two or more populations. The resulting esti-
mates for haploid genome size and ploidy rank were plotted
onto phylogenies pruned to exclude tips with missing data
for genome size estimates and chromosome number, respect-
ively, using the colour palette viridis as part of the ‘viridisLite’
package and the function ‘plot’ as part of the package ‘ggtree’
(Yu, 2020).

For the discrete metric polyploidy p/a, an ancestral char-
acter state reconstruction was estimated using the function
‘ace’ as part of the package Ape (Paradis and Schliep, 2019)
implemented in R (R Core Team, 2021). The model equal
rates (‘ER’) was implemented, because evidence for transition
asymmetry in this character was lacking. This model assumes
an equal rate of transitions among discrete character states and
offers a reasonable baseline model of evolution. Tip states and
ancestral character likelihoods were plotted on a phylogeny
pruned to exclude tips with missing data using the package
‘ggtree’ (Yu, 2020).

Ancestral base chromosome number estimation

The metric haploid chromosome number was used as
input for reconstructing the ancestral haploid chromosome
number across the tree using ChromEvol v.2.2 (Glick and
Mayrose, 2014), which uses a maximum likelihood (ML)
approach for modelling chromosome evolution. ChromEvol
offers ten models that combine the following parameters:
loss, gain, duplication, demi-duplication, linear loss, linear
gain, base chromosome number, base chromosome number
transition rate and the root base chromosome number opti-
mization. The chromosome number of the root was not con-
strained and was therefore a free parameter, and the ancestral
chromosome number was estimated. The remaining models
combining the free parameters were fitted to the data, and
the best-fitting model [the lowest Akaike information cri-
terion (AIC) value; Burnham and Anderson, 2004] was used
to estimate the likelihood of ancestral haploid chromosome
numbers across the tree pruned to exclude tips with missing
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data. In ChromEvol, the minimum chromosome number was
set to one, and the maximum chromosome number was set to
one greater than the maximum haploid chromosome number
in our dataset.

RESULTS

Phylogenetic analysis summary

The concatenated matrix was 25 050 bp long and included
3890 taxa. After taxonomic updates, 3619 taxa remained in
the phylogenetic tree. The resulting phylogenetic tree was in-
spected for singleton species disrupting the monophyly of taxo-
nomic orders, which were presumed erroneous on the basis of
misidentification or poor sequence quality, resulting in 3561
taxa. In total, 55 orders were represented in the phylogeny,
including all five hornwort orders, 12 of 23 liverwort orders,
and 38 of 46 moss orders (Brinda and Atwood, 2024). The
majority of represented orders were monophyletic, with not-
able exceptions among the mosses, including three orders: the
Hypnales, which formed a grade and within which the mono-
phyletic orders Hypopterigiales and Hookeriales were nested,
and the polyphyletic Dicranales and Grimmiales. The topology
presented here was largely consistent with recent studies of
broad-scale phylogenetic relationships within the bryophytes
(e.g. Bainard et al., 2020; Bechteler et al., 2023) and offers a ro-
bust phylogenetic hypothesis upon which to map genome size
and chromosomal data.

Haploid genome size evolution

Total dataset. The complete genome size dataset included
1274 accessions representing 607 species. The highest mean
haploid genome size (1C) was in the liverworts (1C =1.35
pg, N =338), followed by the mosses (1C = 0.56 pg, N = 905)
and the hornworts (1C =0.25 pg, N=31). Among the liver-
worts and mosses, the orders with the highest mean haploid
genome sizes represented by at least nine species were the
Metzgeriales (1C = 2.34 pg, N =9) and the Bryales (1C = 0.96
pg, N=37), respectively. The orders with the lowest mean
haploid genome size among the liverworts and mosses were
Orthotrichales (1C =0.44 pg, N=16) and the Marchantiales
(1C=0.65 pg, N = 18), respectively. Hornwort sampling was
limited, and haploid genome size ranged from Dendrocerotales
(1C=0.36 pg, N=7) to the Leiosporocerotales (1C =0.18,
N =2) (Supplementary Data, Table S3).

Phylogenetic dataset. The phylogenetic haploid genome size
(1C) dataset (trimmed to exclude species not represented in the
phylogeny) consisted of 1008 accessions representing 440 spe-
cies. Across the genome size data represented in the phylogen-
etic tree, mean haploid genome size values ranged from 0.16 to
20.25 pg, although 89 % of genome size estimates are <1 pg,
and only ten species had a genome size greater than 1C = 4 pg,
all of which are liverworts.

The highest average haploid genome size (1C) was in the
liverworts (1C = 1.52 pg), followed by the mosses (1C = 0.53
pg) and the hornworts (1C =0.25 pg) (Table 1). Among the
mosses, for orders represented by at least ten species, the order
Bryales had the highest genome size (1C =0.92 pg) and the
Orthotrichales had the lowest (1C = 0.40 pg). Among the liver-
worts, the order Metzgeriales had the highest mean genome
size (1C =3.01 pg). The order with the highest genome sizes
in the hornworts was the Dendrocerotales (1C =0.36 pg)
(Supplementary Data, Table S4).

Haploid genome size ancestral character state reconstruction

The ancestral genome size was highest for liverworts, lowest
for the hornworts, and intermediate for the mosses. Here, evo-
lutionary transitions are defined as changes in the value of the
haploid genome size to above or below the mean for each lin-
eage. Within the hornworts, the genome sizes were uniformly
small, with one transition to a genome size higher than the mean
for hornworts (1C =0.23 pg) in the clade including genera
Nothoceros, Phymatoceros, Megaceros and Dendroceros (Fig.
1). In contrast, in the liverworts there were at least five tran-
sitions to haploid genome sizes above the mean (1C =1.52
pg) and at least four subsequent reversals to smaller gen-
omes. Transitions to larger haploid genome sizes were found
throughout the class Jungermanniopsida (Fig. 1). In the mosses,
there were 215 transitions to haploid genome sizes above the
mean (1C =0.53 pg) (Fig. 1). The majority of transitions to
haploid genome sizes above the mean occurred in the orders
Dicranales, Bryales and Hypnales.

Chromosome number evolution

Data. The initial dataset resulting from chromosome counts
compiled within the book by Fritsch (1991), in combination
with subsequent published counts (19 publications), consisted
of 14 758 individual chromosome counts representing 2270
species. After taxonomic corrections, including synonymizing,

TABLE 1. Mean values of haploid genome size (1C), haploid chromosome number (In), ploidy rank, range and polyploidy p/a in the

hornworts, liverworts and mosses for all species represented in the molecular phylogenetic dataset. Standard deviations are given for

each value. The metric ploidy rank is calculated for each species with karyotypic data by dividing the range of chromosome counts by the

lowest chromosome count, here considered the ‘haploid’ chromosome number. The metric polyploidy p/a is scored as present or absent
on the basis of whole number multiples of haploid chromosome number for a given species.

Haploid genome size (1C) Haploid chromosome number (1n) Ploidy rank Chromosome range Polyploidy p/a
Mosses 0.53 £0.26 10.7 + 4.78 0.33 £0.41 4.12 £ 6.97 0.23 £ 0.42
Liverworts 1.52 +2.59 0.3+2.93 0.21 +0.37 2.34 *5.20 0.16 £ 0.37
Hornworts 0.25 £ 0.12 4.83 £ 0.75 0.4 £0.75 1.67 £ 1.89 0.16 £ 0.41
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Dicranidae
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Haploid Genome Size (1C)

Jungermanniopsida

FiG. 1. Continuous ancestral character state mapping of haploid genome size (1C) values reconstructed using the ‘contmap’ function with default settings from
the Phytools package in R on a maximum likelihood phylogenetic tree, pruned to exclude species with missing data, resulting in a tree including 440 species.

the corrected dataset consisted of 14 702 individual chromo-
some counts representing 2139 species. Among these, 1089
species were represented in the phylogenetic dataset. After the
removal of species represented by a chromosome count from
only one population, 759 remained, and this final dataset was
used in subsequent ancestral character state reconstruction,
phylogenetic signal and phylogenetically independent correl-
ation analyses (Supplementary Data, Table S5).

Chromosome metrics

Total dataset. In the total dataset including karyotypic data
both represented and excluded from phylogenetic reconstruc-
tion, mosses had the highest average haploid chromosome
number (1n = 12.12), the highest average range of chromosome
counts within species (2.57) and the highest average ploidy

rank (0.19). Liverworts were intermediate between mosses
and hornworts for the metrics haploid chromosome number
(1n =9.60) and average range of chromosome counts (0.96). In
contrast, liverworts had values slightly lower than hornworts in
metrics pertaining to polyploidy, ploidy rank (0.11) and number
of polyploids per species (polyploidy p/a = 0.12). Hornworts
had an average haploid chromosome number of 1n =5.27, an
average range of 0.55, ploidy rank of 0.13, and average number
of polyploids per species of 0.22 (Supplementary Data, Table
S3). However, it should be noted that the chromosome counts
were sampled for only nine hornwort species, of which two,
Phaeoceros laevis and Anthoceros punctatus, exhibited poly-
ploidy (polyploidy p/a).

Phylogenetic dataset. In the dataset including only chromo-
some count data represented in the phylogeny, mosses had the
highest average haploid chromosome number (17 = 10.7), the
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highest average range of chromosome counts within species
(4.12), the highest average ploidy rank (0.47) and the highest
average occurrence of polyploidy (polyploidy p/a = 0.23)
(Table 1). In total, at least one instance of polyploidy (as quan-
tified using the metric polyploidy p/a) was found in 21 % of all
moss species sampled in the phylogenetic dataset. Liverworts
were intermediate between mosses and hornworts in haploid
chromosome number (17 = 9.3) and average range of chromo-
some counts (2.34), and for the metrics ploidy rank (0.21)
and number of polyploids per species (0.16), they had values
exactly the same or slightly lower than hornworts. Hornworts
had an average haploid chromosome number of 1n =4.83, an
average range of chromosome counts of 1.67, ploidy rank of
0.4, and number of polyploids per species of 0.16. As in the
total dataset, however, it should be noted that species sampling
in hornworts was limited.

The metric ploidy rank was derived from the metric range
and haploid chromosome number. Within the mosses, the taxo-
nomic order with the highest average ploidy rank value across
all sampled bryophytes was the Funariales (0.58). Among orders
represented by ten or more species, the order with the lowest
ploidy rank was the Sphagnales (0.21). Among the liverwort
orders represented by at least ten species, the highest average
ploidy rank was in the Marchantiales (0.36). The hornworts
were represented by three orders in the chromosomal dataset,
the Dendrocerotales, Anthocerotales and Notothyladales, which
had average ploidy rank values of 0, 0.6 and 0.4, respectively
(Supplementary Data, Table S4).

Ploidy rank ancestral character state reconstruction

Reconstructed ploidy rank values ranged from zero to one.
Here, major evolutionary transitions were considered changes in
ploidy rank values to above or below 0.5. In the hornworts, there
were two transitions to a ploidy rank value above 0.5. The liver-
worts included 14 transitions to a ploidy rank value above 0.5. In
the mosses, there were 73 transitions to ploidy rank values above
0.5. Within the liverworts, a larger proportion of species exhib-
ited a ploidy rank higher than 0.5 in the Marchantiopsida than
the Jungermanniopsida, largely as a result of several species with
high ploidy rank in the genus Riccia. In the Jungermanniopsida,
the highest density of species with a ploidy rank of ~0.5 was
observed in the genus Riccardia. Among the mosses, there was
a higher density of species with ploidy rank higher than 0.5 in
the superorder Hypnanae than in the Bryanae. In the Hypnanae,
the highest density of species with high ploidy rank was in the
genera Sciuro—Hypnum and Brachythecium (Fig. 2).

Ancestral base chromosome number estimation

Model optimization in ChromEvol, for haploid chromo-
some number associated with each species in the chromosome
dataset, indicated the best fit for models ‘CONST _RATE’
(AIC =239.6), ‘CONST_RATE_DEMI’ (AIC =239.7) and
‘CONST_RATE_NO_DUPL’ (AIC =239.8) (Supplementary
Data, Table S6). Although differences in fit among these
models were negligible, data were optimized according to the
model with the lowest AIC, ‘CONST_RATE’, which includes
a constant rate of chromosomal gains and losses and allows

for ‘half-duplications’, which can result from WGD followed
by chromosomal loss. Across the full phylogeny, ChromEvol
reconstructed 94.78 duplications, 187.5 gains, 757.869 losses
and 35.43 demi-duplications. For reconstructed chromosome
numbers at all nodes, see Supplementary Data, Fig. S1. The
estimated ancestral haploid chromosome number was 1n =12
for all bryophytes (likelihood = 0.56), 1n =6 for hornworts
(likelihood = 0.67), 1n =10 for liverworts (likelihood = 0.73)
and 1n =12 for mosses (likelihood =0.55) (Supplementary
Data, Fig. S1). Within the mosses, the most likely ances-
tral chromosome number for the superorders Hypnanae
and Bryidae was 1n =12, and for Dicranidae 1n = 13. The
order Hypnales was non-monophyletic and included a large
grade, in addition to a clade including genera Plagiothecium,
Herzogiella, Acrocladium and Pseudotaxiphyllum, for which
the most likely ancestral chromosome number was 1n=11.
The Bryanae included a transition to 1z =9 for the clade con-
sisting of orders Hedwigiales, Splachnales and Bartramiales.
Within the Dicranidae, there were two transitions to 1n =13
and one transition to 1z = 12. Among the mosses, the lowest
ancestral haploid chromosome number was 1n =7 associated
with the clade consisting of the orders Disceliales, Encalyptales
and Funariales. Within the liverworts, the most likely ancestral
chromosome number for superorders Jungermanniopsida and
Marchantiopsida was 1n = 10. Within the Jungermanniopsida,
there is one transition to 1n = 9.

Phylogenetic signal and correlation

Phylogenetic signal. In the total dataset including hornworts,
liverworts and mosses, the strongest phylogenetic signal among
continuous characters (haploid genome size, haploid chromo-
some number, range and ploidy rank) was associated with
haploid genome size (A =0.93) and the lowest phylogenetic
signal was associated with ploidy rank (A = 0.19). Polyploidy
p/a was treated as a discrete character, and D-statistic values
close to zero indicated strong phylogenetic signal. The
D-statistic for this metric was 0.86, suggesting low phylogen-
etic signal (Supplementary Data, Fig. S2). Among the mosses,
the strongest phylogenetic signal among continuous characters
was associated with haploid chromosome number (A =0.72),
and polyploidy p/a had a D-statistic of 0.89. Among liverworts,
the strongest phylogenetic signal among continuous characters
was associated with haploid genome size (A = 0.96), and poly-
ploidy p/a had a D-statistic of (0.72). Among the hornworts, the
strongest phylogenetic signal among continuous characters was
associated with haploid genome size (A = 0.40), and polyploidy
p/a had a D-statistic of 15.5 (Table 2).

Correlation. There were no statistically significant phylogen-
etically independent correlations between haploid genome size
and any chromosome metric (Supplementary Data, Table S5).

DISCUSSION

Haploid genome size evolution

The haploid nuclear genome size (1C) in bryophytes is known
to be small relative to other land plants (Temsch ef al., 1998;
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FiG. 2. Continuous ancestral character state mapping reconstruction of ploidy rank reconstructed using the ‘contmap’ function with default settings from the

Phytools package in R on a maximum likelihood phylogenetic tree (Supplementary Data, Fig. S1) that is pruned to exclude species with missing data, resulting

in a tree including 759 species. The metric ploidy rank is calculated for each species with karyotypic data by dividing the range of chromosome counts by the

lowest chromosome count, here considered the ‘haploid’ chromosome number. For a given species, all values greater than one indicate the presence of at least one

whole number multiple of the haploid chromosome number, indicating whole genome duplication (WGD). Ploidy rank values greater than one are all collapsed
and mapped onto the tree as equal to one.

Voglmayr, 2000; Bainard and Villarreal, 2013; Bainard et al.,
2013). Here we found a mean haploid genome size of 0.72 pg
for bryophytes in the total dataset (Supplementary Data, Table
S3), whereas the mean haploid genome sizes in angiosperms,
gymnosperms and monilophytes are 5.13, 18.35 and 12.11
pg, respectively (Leitch ef al., 2019). Distinct genome sizes
across land plant lineages are a product of unique evolutionary
histories and selection pressures (Bennett and Leitch, 2005).
Although genome size is uniformly small in the bryophytes,
haploid genome size varies among the hornworts, liverworts
and mosses, each of which diverged 2300 Mya (Villarreal and
Renner, 2012). Haploid genome size indeed exhibited a strong
phylogenetic signal (Table 2; A =0.93), suggesting lineage-
specific factors shaping genome size evolution across the
bryophytes.

The hornworts had the smallest mean haploid genome size
(1C=0.25 pg) and little variation in haploid genome size
across the sampled diversity, ranging from 1C =0.18 to 0.75
pg (Table 1; Supplementary Data, Table S3). Bainard and
Villarreal (2013) observed the highest genome sizes among
more recently evolved species, consistent with our finding that
the most recently diverged genus, Nothoceros, had the largest
genome size among hornworts (Fig. 1). This might suggest a
transition to a larger genome in the ancestor of Nothoceros.
However, overall, genome size in hornworts exhibited little
phylogenetic pattern, and the phylogenetic signal for genome
size was moderate (Table 2; A =0.4). Among the bryophytes,
hornworts most often establish symbioses with cyanobacteria
relative to other bryophytes (Villarreal and Renzaglia, 2006; Li
et al., 2020), are prone to horizontal gene transfer (Villarreal

G20z aunp Qg uo Jasn Aleiqi meT Jo ab8|j00 eassauus | Jo AlsieAlun Aq 0E6£86.2/2 1 01eOW/qOR/EE0 | 0 | /I0p/a[ole-80uBApe/qoR/Wwod dno-olwapese//:sdy Wol) papeojumo(



Patel et al. — Genome size and chromosome number evolution in bryophytes 9

TABLE 2. Phylogenetic signal, given as Pagel’s lambda (1), for the
chromosomal metrics treated as continuous traits, haploid genome
size, haploid chromosome number, ploidy rank and chromosome
range. The metric ploidy rank is calculated for each species with
karyotypic data by dividing the range of chromosome counts by the
lowest chromosome count, here considered the ‘haploid’ chromo-
some number. The D-statistic (Felsenstein’s D, phylogenetic signal
for binary discrete characters) is given for the discrete character
polyploidy p/a (polyploidy scored as present or absent on the basis
of whole number multiples of haploid chromosome number for a
given species), which indicates the presence or absence of at least
one polyploid cytotype for a given species.

Parameter All bryophytes Mosses Liverworts Hornworts

Haploid genome size  (0.93460 0.34 0.96454 0.401377
(1®)

Haploid chromosome  0.67182 0.72059 0.016545 5.71x 107
number (1n)

Ploidy rank 0.13539 0.18533  0.09632 5.71 %107

Chromosome range ~ 0.25191 0.25901  0.09687 571 %107

Polyploidy p/a 0.86059 0.89796  0.72745 15.52363

and Renzaglia, 2015) and exhibit little genetic redundancy.
A recent phylogenomic study found evidence of an ancient
large-scale duplication in the ancestor of the Anthocerotopsida;
however, genomic studies of some hornwort species found a
lack of either ancient or recent signatures of WGD (Li et al.,
2020; Zhang et al., 2020). Their small genomes might therefore
reflect an evolutionary strategy consisting of a highly stream-
lined genome with genetic novelty frequently resulting from
horizontal gene transfer with bacteria and fungi (Zhang et al.,
2020).

Liverworts had the largest average bryophyte genomes, with
a mean haploid genome size of 1.35 pg in the total dataset
and a range of 0.28-20.25 pg (Table 1; Supplementary Data,
Table S3). Similar to the hornworts, genomic studies of liver-
worts thus far have not found genomic signatures of WGD
and little genetic redundancy (Diop et al., 2020; Dong et al.,
2022; Linde et al., 2023), although Shen ef al. (2024) found
evidence of an ancient large-scale duplication in the ancestor of
the Jungermanniopsida. Increases in genome size in the liver-
worts appear to be driven by the accumulation of transposable
elements (TEs), as noted by Linde et al. (2023), who compared
TE content of Marchantia polymorpha (1C =0.228 pg) with
that of Lunularia cruciata, a species with approximately double
the haploid genome size (1C = 0.593 pg). Linde et al. (2023)
point out that the bursts of TEs that lead to increases in genome
size appear rare among the liverworts. Notably, however, we
observed substantial variability in haploid genome size across
the liverworts, including five major transitions, some of which
occurred in several species with no evidence of WGD (e.g.
Treubia lacunosa; Fig. 1). These transitions might be driven by
shifts in TEs. In addition, the average haploid genome size of
the two classes Marchantiopsida and Jungermanniopsida dif-
fered substantially (1C =2.55 and 1.23 pg in the phylogenetic
dataset, respectively). Genomic studies of species spanning
major genome size transitions, such as these, are crucial for
understanding the genome dynamics of lineages such as the

liverworts, which have a relatively austere morphology and low
rates of morphological evolution, but potentially dynamic sys-
tems of genetic control.

The mosses are by far the most species-rich lineage of bryo-
phytes, with >13 000 described species (Patel et al., 2021) and
featured a mean genome size (1C) of 0.56 pg in the total dataset
and a range of 0.16-2.21 pg (Table 1; Supplementary Data,
Table S3). Consistent with Bainard et al. (2020), we found the
majority of transitions to larger genome sizes in relatively re-
cently diverged clades, such as the Dicranales sensu stricto,
Bryales and Hypnales (Fig. 1). In some instances, genome size
can support the definition of taxonomic groups. For instance,
Bechteler ef al. (2023) supported the recognition of several or-
ders in the polyphyletic order Dicranales that were formerly
recognized at the family level. The mean haploid genome sizes
for two of these orders, Ditrichales and Distichiales, were 0.38
and 0.36 pg, respectively, which are smaller than the average
genome size of Dicranales sensu stricto (0.5 pg; Supplementary
Data, Table S4).

Multiple factors might influence the dynamic genome size
evolution in the mosses relative to the hornworts and liverworts.
Unlike the liverworts and hornworts, there is evidence for gen-
omic signatures of WGDs in several moss species, including
Ceratodon purpureus, Funaria hygrometrica, Physcomitrium
patens and Syntrichia caninervis (Carey et al., 2021; Silva et
al., 2021; Kirbis et al., 2022), in addition to phylogenomic
evidence for several WGD events across the evolutionary
tree of mosses (Gao et al., 2022; Patel et al., 2023). In add-
ition, genomic analysis of the moss model system P. patens,
in addition to the closely related F. hygrometrica, reveals that
transposable elements make up 50-60 % of their genomes and
that differences in the genome size between these two species
are attributable, in part, to the accumulation of TEs (Rensing
et al., 2008; Lang et al., 2018; Kirbis et al., 2022). Mosses
have mechanisms for rapid genome downsizing through dele-
tion and through chromosomal fission and fusion, in particular
following WGD (Lang et al., 2018; Liu et al., 2022a). For in-
stance, P. patens lacks helitron transposons, which are other-
wise abundant in land plants, suggesting that they have been
rapidly purged (Rensing et al, 2008; Leitch and Leitch, 2012).
In addition, the relatively low proportion of protein-coding
genes in tandem array in P. patens (1 %) compared with the
angiosperms (Rensing et al., 2008) suggests a low frequency of
local gene duplication (Tuskan ef al., 2006).

Chromosome evolution

Haploid chromosome number. The ancestral chromosome
numbers inferred in this study were consistent with previously
published values. For the hornworts, we reconstructed an an-
cestral chromosome number of 1z = 6, and for the liverworts,
In = 10. This aligns with the ‘basic chromosome numbers’ es-
timated to be 1n =35 or 6 for hornworts and 1n=9 or 10 for
the liverworts (Steere, 1954, 1972; Crum, 2001). We inferred
that the ancestral chromosome number for mosses is 1n =12, a
value that has historically been more difficult to estimate given
the breadth of inter- and intraspecific variation in chromosome
counts across the species (Figs 3 and 4). This is reflected in
the wide breadth and even distribution of chromosome numbers
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among nodes and extant species for the mosses (Fig. 4) and in
the ambiguity of the ancestral chromosome number estimate of
1n = 12 (likelihood = 0.55).

Modelling the evolution of haploid chromosome numbers
across the bryophytes with ChromEvol revealed constant and
frequent gains and losses of chromosomes, regardless of the in-
volvement of WGD (Supplementary Data, Fig. S1). Two models
fitted the data comparably well (Supplementary Data, Table S6),
suggesting that both single gains and losses of chromosomes
(‘CONST_RATE’), in addition to WGD followed by some
degree of genetic loss towards a more haploid-like condition
(‘CONST_RATE_DEMTY'), are equally likely explanations for
the patterns of haploid chromosome evolution observed across
bryophytes. For instance, the only haploid chromosome num-
bers observed in the Funariales in this dataset were 1n = 13, 19,
26 and 27, but the most likely ancestral haploid chromosome
number was seven. This indicates the potential for at least one
WGD event in the Funariales followed by haploidization. In
contrast, in the liverworts and hornworts, WGD was decidedly
less frequent (Table 1), and the haploid chromosome number
remained relatively consistent (Fig. 3).

These findings provided phylogenetic and evolutionary con-
text for the distinct factors influencing genome size evolution
in each lineage of bryophytes. Among mosses, highly dynamic
haploid chromosome numbers suggest that WGD is a crucial
process for genome evolution in this lineage. In the hornworts
and liverworts, highly uniform and evolutionarily stable hap-
loid chromosome numbers suggest that genome size evolution
might be driven more often by other genomic elements, such as
TEs (Fig. 3; Supplementary Data, Fig. S1).

Whole genome duplication

Among the bryophytes, both allopolyploidy and auto-
polyploidy are most prevalent in the mosses (Natcheva and
Cronberg, 2004; Patel et al., 2021, 2023). Consistent with these
observations, we found that mosses have the highest average
number of whole number multiple polyploids per species (0.23;
the metric ‘polyploid p/a’), in addition to the highest average
ploidy rank (0.33), although neither exhibited strong phylogen-
etic signal, and there were numerous transitions from lower to
higher ploidy rank in addition to reversals across bryophytes
(Tables 1 and 2). This suggests that polyploidy evolved re-
peatedly and independently across mosses (Fig. 2; Wyatt et
al., 1988; Crawford et al., 2009; Patel et al., 2021). Metrics
representing polyploidy in the present study (ploidy rank and
polyloidy p/a) were based on potential genome doubling within
a morphological species, which therefore represents autopoly-
ploidy. Although the possibility of genome doubling following
hybridization (allopolyploidy) was not examined directly in
this study, the families and orders in which allopolyploidy was
often observed (e.g. Sphagnales and Funariales) also exhibited
a high frequency of WGD, as quantified by ploidy rank and
polyploidy p/a. This suggests that some reported cytotypic vari-
ation might represent allopolyploidy and, more generally, that
cytotypic variation within morphological species could repre-
sent auto- or allopolyploids. For instance, consistent with nu-
merous studies of the Funariales finding frequent polyploidy
(Beike et al., 2014; Medina et al., 2018, 2019; Patel et al.,

2023), we found that this moss order has the highest ploidy
rank (0.58). Funariaceae have been highlighted repeatedly as
a natural study system for polyploidy, given their propensity
for both allo- and autopolyploidy (Leitch and Leitch, 2012).
Likewise, the genus Sphagnum is well studied in the context
of polyploidy and hybridization (e.g. Ricca and Shaw, 2010),
and we found multiple transitions to a ploidy rank of >0.5 in
the genus, although its mean ploidy rank is low. In both the
Sphagnales and Funariales, we also found some species with no
published records of polyploidy, but relatively high ploidy rank
values that might be worthy of further study (e.g. Sphagnum
squarrosum).

Although ploidy rank and polyploid p/a were lower on
average in the liverworts than in the mosses, there was a not-
able pattern to the distribution of species with high ploidy rank.
As noted above, the liverwort class Jungermanniopsida had
multiple transitions to haploid genome sizes above the average
for the liverworts, whereas the Marchantiopsida included spe-
cies uniformly smaller than the average liverwort genome size
(Fig. 1). Conversely, ploidy rank was higher on average in the
Marchantiopsida than in the Jungermanniopsida, suggesting
that WGD might figure more prominently in the evolution of
Marchantiopsida (Fig. 2). In contrast to these findings, Shen et al.
(2024) found phylogenomic evidence of an ancient large-scale
duplication event in the ancestor of the Jungamanniopsida and
not the Marchantiopsida, and Linde et al. (2023) also did not
find signatures of WGD in either Marchantia polymorpha or
Lunularia cruciata. We also found that both these species had
a relatively low ploidy rank (0.125). However, further genomic
studies might find distinct patterns of WGD in other members
of the Marchantiopsida that have karyotypic evidence of WGD
(e.g. Dumortiera, Riccia).

Although WGD is generally considered either rare or absent
in the hornworts (Schuster, 1966; Kuta and Przywara, 2000),
it has been documented in two hornwort species, Anthoceros
punctatus and Phaeoceros laevis (Fig. 2; Supplementary Data,
Table S2). Despite the published karyotypes documenting poly-
ploidy in these species, genomic analyses of A. punctatus have
not found evidence of WGD (Li et al., 2020). To reconcile these
findings, it should be noted that in our dataset A. punctatus
and P. laevis were karyotyped for by far the largest number
of populations among the hornworts (27 and 26 populations,
from 10 and 14 studies, respectively). Patel et al. (2021) note
a strong positive correlation between the number of popula-
tions karyotyped for a given species and the probability of re-
covering at least one polyploid cytotype. Overall, the hornworts
are sparsely sampled for both genome size estimation (10 % of
species) and karyotyping (8 % of species; Leitch and Leitch,
2012), and more intensive sampling within species might reveal
evidence of additional polyploid cytotypes.

Polyploidy and haploid genome size

The metric ploidy rank was independent from haploid
genome size, because these values were not phylogenetically
correlated (Supplementary Data, Table S5). The lack of cor-
relation between these two variables, particularly on a higher
taxonomic level, further underscores their evolutionary inde-
pendence in the bryophytes. For instance, the order Funariales
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had the highest mean ploidy rank (0.58) but a relatively small
genome size among the mosses (1C =0.46; Supplementary
Data, Table S4). The lack of correlation between haploid
genome size and ploidy rank, in addition to haploid genome
size and polyploidy p/a, might reflect a strong evolutionary con-
straint on genome size across the bryophytes and particularly
in the mosses. In the angiosperms, WGD can be followed by
‘diploidization’, which appears to result in genome downsizing
or deletion of genomic content (Leitch and Bennett, 2004;
Soltis et al., 2015). In contrast, in the ferns, diploidization is
not necessarily linked to genome downsizing (Barker, 2009;
Barker and Wolf, 2010; Dauphin et al., 2016), and within some
fern lineages the chromosome number is positively correlated
with genome size (Barker, 2009; Henry et al., 2014; Clark et
al., 2016). Several studies have postulated selection for smaller
genomes in angiosperms as a product of nucleotypic control,
which refers to the phenotypic impacts of genome size without
regard for genomic content or composition, particularly on cell
size, growth rate and metabolism (Doyle and Coate, 2019).
For instance, angiosperms have smaller genomes on average
than gymnosperms, and it has been suggested that the smaller
genome size values of angiosperms might have contributed to
their greater diversity and abundance relative to gymnosperms
(Carta and Peruzzi, 2016; Simonin and Roddy, 2018). Smaller
genomes are also associated with higher reproductive rates and
faster generation times in angiosperms (Bennett, 1972, 1987;
Midgley and Bond, 1991). The patterns of WGD and haploid
genome size in the bryophytes observed here suggest genome
size constraints similar to the angiosperms, in which WGD is
followed by rapid haploidization.

Nucleotypic effects are particularly important in the bryo-
phytes given their poikilohydry and desiccation tolerance abil-
ities (Proctor et al., 1998). Many species endure periods of
desiccation followed by metabolic reactivation when water
becomes available (Duckett et al., 2024). The capacity of or-
ganisms with smaller genomes to undergo rapid cell division
when water is available might be advantageous to poikilohydric
species (Bewley, 1979; Baniaga et al., 2016; VanBuren et al.,
2018). In addition to nucleotypic controls impacting vegeta-
tive growth and metabolism, genome size might also be con-
strained by gametic cells. Bryophytes have flagellated sperm,
which swim through thin films of water to achieve fertiliza-
tion. Smaller haploid genome sizes result in streamlined cells,
which might facilitate the movement of these biflagellate
sperm (Renzaglia et al., 1995), whereas flagellate plants with
larger haploid genomes, such as the ferns, might necessitate
multiflagellate sperm to enhance the dispersal of their larger
sperm (Renzaglia and Garbary, 2001).

Desiccation tolerance has not been assessed in a sufficiently
wide breadth of taxa to draw conclusions about patterns of
evolution in this trait, and the relationship between haploid
genome size and desiccation tolerance in bryophytes discussed
here has not been tested. However, some genomic, physio-
logical and ecological studies, in conjunction with our findings
here, suggest that this relationship should be explored further.
For example, Bainard (2011) found a negative correlation be-
tween haploid genome size and desiccation tolerance across
85 moss species. In contrast, some studies of vascular plants
find that large genomes and concomitantly larger cells might be
beneficial in water relationships (Scholes and Paige, 2015). In

mosses, Zumel et al. (2023) considered the relationship between
drought tolerance and polyploidy (including endopolyploidy,
which is WGD in a subset of cells) across Ceratodon species.
They found that polyploids and species with a higher degree
of endopolyploidy occupy drier niches, suggesting a potential
adaptive benefit of larger genomes and therefore larger cells.
Perhaps mosses derive the benefits of larger genomes through a
plastic increase via endopolyploidy (which is prevalent across
mosses), thereby avoiding the drawbacks to growth and metab-
olism inherent to generative polyploidy. Building our under-
standing of the relationship between desiccation tolerance and
genome size will require physiological experiments paired with
genome size assessments analysed in a comparative framework
for multiple groups of closely related species. These findings
should be the impetus for further study of the complex relation-
ship among generative polyploidy, endopolyploidy and desic-
cation tolerance in mosses.

CONCLUSION

In recent years, there has been an increasing focus on the pat-
terns of genome size and chromosome number across the major
lineages of land plants. By analysing published genome size
estimates and karyotypes, we found distinct patterns of genome
size and chromosome number evolution in each bryophyte
lineage. Crucially, our comparative phylogenetic analyses re-
vealed that WGD is not correlated with genome size in bryo-
phytes. Although these findings should encourage further study
of the haploidization process and how nucleotypic controls
might constrain genome size in bryophytes, they also under-
score the need for more karyotypic and flow cytometry data.
These are key biological characteristics of eukaryotes that are
insufficiently recorded in the literature for bryophytes, with
only 10 % of species represented by at least one karyotype
and only 5 % by at least one genome size estimate. Although
karyotypic data, which are typically produced by chromosome
squashing, are currently published with much less frequency
than flow cytometry-based genome size estimates, we empha-
size the need for the continued generation of both types of data.
Studying karyotypic data, we not only found a polyploid fre-
quency of 21 % among the mosses, but also numerous species
that might include polyploid cytotypes on the basis of ploidy
rank. Given the possibility of rapid haploidization following
WGD, flow cytometry-based estimates might not consistently
enable the recognition of polyploids. Overall, comparative
phylogenetic studies strengthen our understanding of both past
genome evolution and selection pressures on genome size in
land plants (Liu et al., 2019; Carta et al., 2020), and our expan-
sion of these approaches here, and in future studies, will un-
doubtedly underscore the unfolding complexity and dynamism
of bryophyte nuclear genomes.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online
and consist of the following.

Figure S1: reconstruction of the ancestral haploid chromo-
some number (1n) inferred using ChromEvol after model fit-
ting. Figure S2: ancestral character state reconstruction using
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the ‘ace’ function from the package Phytools implemented in
R, for the binary metric polyploidy p/a (present versus absent).
Table S1: genome size estimates recovered from literature and
database searches listed by species with the reference indi-
cated. Table S2: chromosome counts recovered from literature
searches listed by species with the reference indicated. Table
S3: average haploid genome size, range, ploidy rank, polyploidy
p/a and haploid chromosome number for each taxonomic order
for all species recovered from literature and database searches
in the total dataset, which includes species that do not have se-
quence data and thus could not be included in the phylogen-
etic analyses. Table S4: average haploid genome size, range,
ploidy rank, polyploidy p/a and haploid chromosome number
for each taxonomic order including only species represented in
the molecular phylogenetic dataset. Table S5: R? and P-values
for the regressions between each chromosome metric and hap-
loid genome size. Table S6: model fit summary for the eight
models fitted to the haploid chromosome number data using
ChromEvol.
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