
Molecular Phylogenetics and Evolution 165 (2021) 107295

Available online 23 August 2021
1055-7903/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Rates and patterns of molecular evolution in bryophyte genomes, with 
focus on complex thalloid liverworts, Marchantiopsida 

Anna-Malin Linde a, D. Magnus Eklund a, Nils Cronberg b,*, John L. Bowman c, Ulf Lagercrantz a 

a Department of Plant Ecology and Evolution, Evolutionary Biology Centre, Uppsala University, Norbyvägen 18D, SE-75236 Uppsala, Sweden 
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A B S T R A C T   

Plants commonly referred to as “bryophytes” belong to three major lineages of non-vascular plants: the liver-
worts, the hornworts and the mosses. They are unique among land plants in having a dominant haploid gen-
eration and a short-lived diploid sporophytic generation. The dynamics of selection acting on a haploid genome 
differs from those acting on a diploid genome: new mutations are directly exposed to selection. The general aim 
of this paper is to investigate the diversification rate of bryophytes - measured as silent site substitution rate 
representing neutral evolution (mutation rate) and the nonsynonymous to synonymous substitution rate ratio 
(dN/dS) representing selective evolution - and compare it with earlier studies on vascular plants. Results show 
that the silent site substitution rate is lower for liverworts as compared to angiosperms, but not as low as for 
gymnosperms. The selection pressure, measured as dN/dS, is not remarkably lower for bryophytes as compared 
to other diploid dominant plants as would be expected by the masking hypothesis, indicating that other factors 
are more important than ploidy.   

1. Introduction 

The rate of molecular evolution as measured by the number of 
nucleotide sequence changes per unit time, varies between species, but 
also between and within genes in a genome. Within a gene, substitutions 
that affect the protein sequence (non-synonymous ones) are clearly less 
common than substitutions that do not affect the amino acid sequence 
(synonymous ones), due to widespread selection for conserved protein 
function. The ratio of non-synonymous to synonymous substitutions is 
denoted “omega” (dN/dS or Ka/Ks). When dN/dS is larger than one it 
indicates that substitutions in the protein-coding gene were enriched for 
those that altered the amino acids states, suggesting diversifying (posi-
tive) selection. By contrast, a value of dN/dS that is smaller than one can 
be interpreted as purifying (negative) selection. When an amino acid 
change is neutral, the rate of fixation will be the same as that of a syn-
onymous mutation and dN/dS equals one. Most new non-synonymous 
mutations reduce the fitness of their carriers, being deleterious and 
will be selected against, so that the majority will be removed from the 
population (purifying selection) (Graur 2008). Generally the percentage 
of genes with a dN/dS above 1 comprise only a small part of the whole 
gene set, in a genome ranging from 0.5 to 5.3% (Guo et al. 2017). The 

value of dN/dS is independent of variations in mutation rate from gene 
to gene because it compares synonymous and nonsynonymous changes 
within the same gene. 

The reasons for the observed variation in substitution rate seen be-
tween genes and evolutionary lineages are still unclear. Within plants, 
most attention on this topic has been given to flowering plants, fewer 
reports exist for gymnosperms and even fewer for bryophytes. The two 
former groups include organisms having a dominant diploid generation, 
whereas bryophytes have an alternating life cycle with a dominant 
haploid generation. A major effect of the bryophyte life cycle is that the 
genes are directly exposed to selection in the dominant haploid gener-
ation. Consequently, the dynamics of selection acting on a haploid or-
ganism should differ from that acting on a diploid one (reviewed in 
Immler and Otto 2018). The masking hypothesis predicts that selection 
is more efficient in haploids than in diploids, because deleterious de 
novo mutations are expected to more effectively purged if expressed in a 
haploid genome due to the lack of masking, while beneficial alleles are 
more likely to establish fixation in the population (Otto and Goldstein 
1992). Given that most mutations are recessive and deleterious, the 
number of non-synonymous substitutions and therefore dN/dS would be 
expected to be lower in haploids because purifying selection is more 
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efficient in haploids. Prediction of the masking hypothesis got experi-
mental support in the unicellular yeast Saccharomyces cerevisiae of 
different ploidy (Mable and Otto, 2001) but Szövényi et al. (2013) did 
not find this relationship when comparing genes expressed in the 
haploid and diploid generations of the angiosperm Arabidopsis thaliana 
and the moss Funaria hygrometrica. The haploid-specific genes exhibited 
faster evolution than the diploid-specific genes, suggesting that factors 
relating to gene expression affected rates of evolution more than 
masking (Szövényi et al. 2013). Among the factors that has been shown 
to correlate with variation in evolutionary rate among plant genes are 
gene expression patterns, gene type, gene function, physical location of 
the gene, recombination rate, GC content, gene lengths, mutation rate, 
chromatin environment, gene compactness and gene duplication status 
or gene family size (Yang and Gaut 2011; De La Torre et al. 2015; Guo 
et al. 2017). The expression breadth (how ubiquitous genes are 
expressed) and expression level have both shown strong negative cor-
relation with the rate of evolution (Gaut et al. 2011; Slotte et al. 2011). 

Factors that have been associated with differences in evolutionary 
rates between lineages in plants includes species richness, genome size, 
life history traits, environmental factors (energy, temperature, latitude, 
UV), generation times, type of reproduction (sexual/asexual) and mat-
ing system, if the reproduction is sexual (Lanfear et al. 2013; Bromham 
et al. 2015; Glémin et al. 2019). In contrast to angiosperms, gymno-
sperms have been described as slow-evolving plants (De La Torre et al. 
2017). Angiosperms and gymnosperms differ in a number of features, in 
particular with respect to reproductive biology, life span, genome size 
and population size. The enormous genomes of gymnosperms are sug-
gested to result from large and variable sets of transposable elements. 
Despite the large size of gymnosperm genomes, the numbers of protein- 
coding genes are similar compared to other plants. 

Plants commonly referred to as “bryophytes” belong to three major 
lineages of non-vascular plants: the liverworts (Marchantiophyta), the 
hornworts (Anthocerotophyta) and the mosses (Bryophyta). In contrast 
to vascular plants, bryophytes possess a dominant haploid generation 
and a short-lived diploid sporophytic generation. Bryophyte phylogeny 
is still debated and different branching orders has been suggested 
(reviewed in Cox, 2018). The difficulties to resolve their branching order 
have been explained by heterogeneous evolutionary rates and in 
contrast to previous studies, two recent reports support monophyly of 
the three bryophyte groups when including only slow-evolving sites 
(Puttick et al. 2018; Sousa et al. 2019, Harris et al. 2020). 

For a long time, there has been a discussion whether the slow 
morphological evolution among bryophytes is accompanied with a slow 
evolution also at molecular level. Crum (1972) described bryophytes as 
evolutionary sphinxes of the past, based on their seemingly rigid 
morphology in combination with large distribution areas of individual 
species often spanning several continents. While this hypothesis has 
found support in some molecular data (Stenøien 2008), higher diversi-
fication rates than expected among mosses and liverworts have been 
reported (Laenen et al. 2014; Renner et al. 2017). Villarreal et al. (2016) 
reported different rates between the liverwort clades, with March-
antiopsida showing a slower rate of evolution than the other liverwort 
lineages. 

The first aim of this study is to investigate the molecular diversifi-
cation rates of bryophyte nuclear gene sequences and to compare these 
estimates to other plants. The second aim is to obtain genome-wide es-
timates of dN/dS and correlate these with factors shown to correlate 
with substitution rates in angiosperms to better understand possible 
major causes driving evolutionary rates in bryophytes. 

2. Material and methods 

2.1. Genome and transcriptome data 

Annotated genomes from five liverwort species/subspecies were 
included in this study: Marchantia polymorpha subsp. ruderalis, 

M. polymorpha subsp. polymorpha, M. polymorpha subsp. montivagans, 
M. paleacea and Lunularia cruciata together with additional bryophyte 
transcriptomes downloaded from the OneKP database (Matasci et al. 
2014), selected to (1) give a broad representation of bryophyte lineages 
and (2) to include a set of highly conserved target genes with high 
sequence quality (see below). All included species are summarized in 
Tables 1 and 2. In Table 1 the species are complemented with habitat as 
a proxy for drought sensitivity and life strategy categories as a proxy for 
life span and generation time (Dierssen 2001). The fugitives and the 
annual shuttle species are short-lived (<1 year), the colonists and short- 
lived shuttle species have a potential life span of a few years, while the 
perennials and long-lived shuttle species are long-lived (many years). A 
rough estimation of population size was made based on the number of 
records in the occurrence database of the Global Biodiversity Informa-
tion Facility (Supplemental Table 3; https://www.gbif.org). 

Table 1 
Species included in the 42 genes data set.  

Species Class Habitat 
(Drought 
tolerance)* 

Life 
Strategy 
(Life 
span) ** 

Liverworts    
Marchantia polymorpha 

subsp. ruderalis 
Marchantiopsida hygrophyte (L) (c), (I) 

Lunularia cruciata Marchantiopsida mesophyte- 
xerophyte (H) 

(p), (L) 

Ricciocarpos natans Marchantiopsida hydrophyte (L) (a), (S) 
Ptilidium pulcherrimum Jungermanniopsida mesophyte(I) (s), (I) 
Pellia neesiana Jungermanniopsida Hygrophyte (L) (c), (I) 
Porella navicularis Jungermanniopsida NA (H) NA, (L) 
Schistochila sp. Jungermanniopsida NA NA 
Barbilophozia barbata Jungermanniopsida hygrophyte- 

xerophyte (H) 
(ps), (L) 

Calypogeia fissa Jungermanniopsida hygrophyte- 
mesophyte (I) 

(c), (I) 

Pallavicinia lyellii Jungermanniopsida hygrophyte (L) (s), (I)  

Mosses    
Diphyscium foliosum Bryopsida hygrophyte- 

mesophyte(I) 
(f), (s) 

Tetraphis pellucida Polytrichopsida hygrophyte- 
mesophyte (I) 

(cp), (I) 

Encalypta streptocarpa Bryopsida hygrophyte- 
xerophyte(H) 

(p), (L) 

Sphagnum palustre Sphagnopsida hygrophyte (L) (l), (L) 
Aulacomnium hetero- 

stichum 
Bryopsida hygrophyte- 

mesophyte (I) 
(c), (I) 

Loeskeobryum brevirostre Bryopsida hygrophyte (L) (sp), (L) 
Physcomitrium sp. Bryopsida hygrophyte (L) (a), (S) 
Hedwigia ciliata Bryopsida xerophyte(H) (l), (L) 
Timmia austriaca Bryopsida hygrophyte- 

mesophyte (I) 
(pc), (L) 

Atrichum angustatum Polytrichopsida hygrophyte(L) (s), (I)  

Hornworts    
Phaeomegaceros coriaceus Anthocerotopsida NA, (L) NA, (S) 
Paraphymatoceros hallii Anthocerotopsida NA, (L) NA, (S) 
Anthoceros agrestis Anthocerotopsida NA, (L) NA, (S) 

NA: not known for species not included in Dierssen (2001); categorizations of 
drought tolerance and life span are in these cases inferred from related species 
with similar natural history and/or from information in floristic monographs. 

* The plants are categorized (somewhat simplified) according to Dierssen 
(2001) after their capacity to withstand periods of prolonged desiccation or 
wetness without damage. Hygrophyt = wet habitat, mesophyt = moderately 
wet–moderately dry habitat, xerophyte = dry habitat, hydrophyte = adapted to 
tolerate inundation. This information is used as a proxy for drought tolerance (in 
parenthesis; Low (L), Intermediate (I) and High (H)). 

** Categorized in Dierssen (2001) according to During (1992): fugitives (f), 
annual shuttle (a), colonist (c), pioneer colonist (cp), short-lived shuttle (s), 
perennial (p), competitive perennial (pc), stress tolerant perennial (ps), long- 
lived shuttle (l). This is used as a proxy for life span (in parenthesis; Short (S), 
Intermediate (I) and Long (L)). 

A.-M. Linde et al.                                                                                                                                                                                                                               

https://www.gbif.org


Molecular Phylogenetics and Evolution 165 (2021) 107295

3

The assembly and annotation of M. polymorpha subsp. ruderalis is 
publicly available (Bowman et al. 2017) while the other Marchantia 
genomes were sequenced, assembled and annotated as described in 
Linde et al. (2020). One female plant of L. cruciata was sampled in 
Melbourne, Australia (Monash University, Clayton campus). Genomic 
DNA was extracted from adult thallus using a PowerPlant Pro DNA 
Isolation Kit (MoBio Laboratories) and RNA was extracted using Rneasy 
plant mini kit (Qiagen). Libraries for sequencing were pair-end (300 bp) 
and mate-pair (3000 bp) libraries for DNA, and llumina TruSeq Stranded 
mRNA library for RNA. All libraries were sequences on an Illumina 
HiSeq 2500 machine. The genomic reads were assembled using 
MaSuRCA version 3.2.3 (Zimin et al. 2013) and default settings using 
both MP and PE libraries. The annotation of Lunularia cruciata was done 
as described for the Marchantia subspecies in Linde et al. (2020). As-
sembly quality and completeness are summarized in Supplemental 
Table 1. 

2.2. Calculation of evolutionary rates using a 42 gene data set 

In De La Torre et al. (2017) 42 genes highly conserved between 
angiosperms and gymnosperms were identified and analyzed (Supple-
mental Table 2). To be able to obtain comparable values from liverworts 
for those genes, orthologs to the Arabidopsis thaliana genes in the species 
listed in Table 1 were identified using a reciprocal best blast approach. 
The e-value threshold was set to 10− 10. Only genes that were found in all 
species were kept. Mosses, liverworts and hornworts were analyzed 
separately. The alignments were trimmed with TrimAL version 1.4.1 
(Capella-Gutiérrez et al. 2009) using the backtranslate option to obtain 
codon-aware nucleotide alignments and with automated1 as trimming 
option. All alignments were visually examined and minor manual 
trimming was made in a few cases. Sequences shorter than 300 nucle-
otides (excluding gaps) were removed. The alignments were converted 
from fasta to phylip3 format using seqret in EMBOSS version 6.6.0 (Rice 
et al. 2000) to make them compatible as input for codeML in PAML 
version 4.9e (Yang 2007). CodeML was used to estimate dS, dN and dN/ 
dS. The M1 model (runmode = 0, seqtype = 1, model = 1) estimates one 
dN/dS per branch, allowing variation between lineages. The branch 
values of dN, dS and dN/dS were extracted and dN/dS was averaged 
over all genes for each species. Interestingly, orthologs to all 42 genes 
were identified in Klebsormidium nitens while only 37 were identified in 
M. polymorpha subsp. ruderalis. Due to varying quality and completeness 
of the bryophyte transcriptomes, the numbers of genes obtained varied 
between species and in the M0 model described above only genes 
identified in all species was kept, resulting in 22–27 genes. A pairwise 
run (runmode = -2, seqtype = 1, model = 0) was done with codeML as a 
complement, to allow more species and genes to be included, and the 
result is presented gene-wise in Supplemental Table 2. For the pairwise 
comparisons only species having at least 30 of the 42 genes of the genes 
were kept. Similarly, genes identified in at least 50% of the species were 
kept, resulting in 32–33 retained genes. The output of codeML was 
filtered to keep only rows with dS < 3, dN < 3 to omit saturation of 
substitutions and dS > 0.01 as lower values may result in inaccurate 
estimates of ω. 

Assuming the molecular clock hypothesis (Kimura 1968), in which 

the change at the molecular level occur constantly through time across 
evolutionary lineages, absolute silent site substitution rates can be 
calculated for each species pair using the formula dS/2T, where T is the 
divergence time. In the case of the M1 model, the dS value is assigned to 
a branch, not to a pairwise comparison and therefore the silent site 
substitution rate is calculated by dividing dS with the branch lengths in 
millions of years. The branch lengths based on divergence times were 
taken from timetree.org (Kumar et al. 2017). Rate data and time esti-
mates are given in Supplemental Table 3. The association between dN/ 
dS and dS for the moss data set was tested using Spearman’s rank cor-
relation and through phylogenetic generalised least squares methods 
(PGLS) in the R package caper (Orme et al., 2018). Pagel’s lambda was 
estimated using the pgls function with the model log(dN/dS) ~ log(dS). 

The phylogenetic tree in Fig. 1 was created with RAxML v.8.2.4 
(Stamatakis 2014) on concatenated aligned protein sequences of the 
conserved gene set as input. This superalignment was first trimmed with 
Gblocks v. 0.91b (Talavera and Castresana 2007), with default settings 
and no gaps allowed. 

2.3. Calculation of evolutionary rates using the Marchantiopsida data set 

Orthologous proteins were identified in the four taxa M. polymorpha 
subsp. ruderalis, M. polymorpha subsp. polymorpha, M. polymorpha subsp. 
montivagans and M. paleacea using Orthovenn (Xu et al. 2019) with 
inflation value 1.5. The single-copy orthologs were extracted. Orthologs 
in the species described in Table 2 were extracted using a reciprocal best 
blast approach, and an e-value cutoff at 10− 10. Genes found in at least 
half of the species were kept. Orthologous proteins were aligned using 
MUSCLE version 3.8.31 (Edgar 2004). The alignments were trimmed 
using trimAL version 1.4.1 (Capella-Gutiérrez et al. 2009) using the 
backtranslate option to obtain codon-aware nucleotide alignments and 
automated1. Sequences shorter then 300 nucleotides (excluding gaps) 
were removed. The alignments were converted from fasta to phylip3 
format using seqret in EMBOSS version 6.6.0 (Rice et al. 2000) for 
codeML in PAML version 4.9e. The “tree length for dS” value given by 
codeML was used as an indication of alignment quality as misalignments 
would result in unexpectedly high tree dS. To maximize the number of 
genes and species included, all genes were treated as separate runs in 
codeML, removing the need for a common phylogenetic tree input with 
the same number of included species for all genes. The M0 model was 
used in codeML (runmode = 0, seqtype = 1, model = 1) to estimate one 
omega per gene. Pairwise comparisons (runmode = -2) were performed 
to obtain pair-wise estimates of dS for calculation of µ=dS/2T where T is 
the estimated pairwise divergence time (Kumar et al. 2017). The output 
of codeML was filtered to keep only rows with dS < 3, dN < 3. dS > 0.01, 
dN/dS < 10, to omit saturation of substitutions and inaccurate estimates 
of ω. 

2.4. Expression of M. polymorpha subsp. ruderalis genes 

Publicly available data for M. polymorpha subsp. ruderalis was used to 
assess gene expression patterns (Bowman et al. 2017). RNA expression 
levels for five different tissues were used (antheridiophore, arche-
goniophore, sporophyte, sporeling and thallus [a mixture of thalli grown 
under various conditions, library HATN]), together with one additional 
condition (cut thallus). Genes with an expression lower than 1 FPKM 
(Fragments Per Kilobase Million) were rounded down to 0 and genes 
with no expression in any of the tissues were removed. The expression 
level of a gene was calculated as the average over the six tissues and 
conditions. The sporophyte specificity representing diploidy was 
calculated in two ways denoted sporophyte fraction and sporophyte 
specificity. Sporophyte fraction equals the sporophyte FPKM value 
divided by the value of the sum of the other five tissues. Sporophyte 
specificity equals the FPKM value for sporophytes divided by the 
maximum value of any of the other tissues, giving a ratio used in the 
pairwise correlation analyses. Genes with a high gene expression was 

Table 2 
Species included in the Marchantiopsida data set.  

Species ID Species Family 

MPR M. polymorpha subsp. ruderalis Marchantiaceae 
MPP M. polymorpha subsp. polymorpha Marchantiaceae 
MPM M. polymorpha subsp. montivagans Marchantiaceae 
MPA Marchantia paleacea Marchantiaceae 
TFYI Marchantia emarginata Marchantiaceae 
WJLO Ricciocarpos natans Ricciaceae 
LC Lunularia cruciata Lunulariaceae 
HERT Sphaerocarpos texanus Sphaerocarpaceae  
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defined as genes with an average expression ≥ 50 FPKM, and genes with 
low expression was defined as an average expression < 5 FPKM. 
Everything in between was defined as intermediate. Diploid genes were 
defined as genes where the sporophyte fraction was 1 while haploid 
genes were defined as genes where the sporophyte fraction was 0. The 
tissue specificity index τ (“tau”) was calculated as described in Yanai 
et al. (2005). The values of τ vary between 0 and 1 where genes 
expressed in only one tissue get the value of 1 while more ubiquitously 
expressed genes get a lower value. Genes with a tissue-specific expres-
sion were defined as genes having τ = 1 while ubiquitously expressed 
genes were defined as τ < 0.5. The correlation of evolutionary rates (dN, 
dS and dN/dS) in Marchantiopsida versus gene expression level and 
expression breadth within M. polymorpha subsp. ruderalis was tested 
using Spearman’s rank correlation test. 

3. Results 

3.1. Rates of sequence divergence in a set of highly conserved plant genes 

De La Torre et al. (2017) used 42 highly conserved single-copy genes 
shared between angiosperms and gymnosperms to calculate synony-
mous site substitution rates and dN/dS. We identified orthologs to those 
with the aim to obtain comparable estimates for bryophytes. The 
bryophyte species included are listed in Table 1 and their phylogenetic 
relationship is visualized in Fig. 1. This tree, based on highly conserved 
proteins, is not aimed at contributing to the discussion of bryophyte 
phylogeny but it is interesting to note that it provides support for 
bryophyte monophyly and a “setaphyte” clade uniting liverworts and 
mosses as suggested by Puttick et al. (2018). 

As summarized in Table 3 and visualized in Fig. 2, estimated average 
silent substitution rates for liverworts, mosses and hornworts were 1.63 
× 10− 9, 1.93 × 10− 9 and 3.6 × 10− 9 substitutions/site/year, respec-
tively. In comparison, De La Torre et al. (2017) estimated the corre-
sponding rates to 0.77 × 10− 9 for gymnosperms and seven times higher, 
5.35 × 10− 9 substitutions/site/year for angiosperms, suggesting that our 
bryophyte silent site substitution rate estimates are intermediate be-
tween gymnosperms and angiosperms. 

The averaged dN/dS for liverworts, mosses and hornworts are 0.114, 
0.0996, and 0.0791, respectively. Due to the choice of highly conserved 
genes, a bias towards lower dN/dS is expected. The averaged dN/dS 

ratio estimated in De La Torre et al. (2017) was 0.263 gymnosperms and 
0.102 for angiosperms. Thus, bryophyte estimates are lower than for 
gymnosperms and similar to those of angiosperms. 

Liverworts are subdivided into three classes: the species-rich class 
Jungermanniopsida (6000 species), species-poor class Haplomitriopsida 
(20 species), and the intermediate Marchantiopsida, with about 400 
species. The averaged estimates over all pairwise comparisons between 
7 species belonging to Marchantiopsida and 7 species belonging to 
Jungermanniopsida showed that the silent substitution rate of the spe-
cies belonging to Marchantiopsida is significantly higher (Wilcoxon rank 
sum test; &&&p-value < 2.2×10− 16), and dN/dS is significantly lower 
compared with Jungermanniopsida (Wilcoxon rank sum test; p-value = 1 
× 10− 09) (Fig. 2C–D; Fig. 3. 

There is a general negative association between dN/dS and silent 
substitution (visualized in Fig. 3); a larger dN/dS is associated with a 
lower silent site substitution (Spearman’s rank correlation ρ = -0.66; p- 
value = 0.00082). A clear phylogenetic signal of both synonymous 
substitution rates and dN/dS is evident (Fig. 3). Phylogenetic 

Fig. 1. The phylogenetic relationship of the bryophyte species included in the conserved plant genes data set. The phylogenetic tree is created with RAxML v.8.2.4 on 
concatenated aligned protein sequences of the conserved gene set as input. Bootstrap support values ≥ 75% are shown. 

Table 3 
Average bryophyte synonymous substitution rates and dN/dS summarized 
together with reported values for other plant lineages. The estimates from the 
reference De La Torre et al. (2017), are for the same gene set as in this study.  

Taxonomic group dN/dS μ* Reference 

BRYOPHYTES    
Liverworts  0.1142 1.6 × 10− 9 This study/M1** 

Marchantiopsida  0.092 2.5 × 10− 9 This study/pairwise** 

Jungermanniopsida  0.128 1.5 × 10− 9 This study/pairwise** 

Bryophyta  0.0996 2.0 × 10− 9 This study/M1** 

Hornworts  0.0791 3.6 × 10− 9 This study/M1** 

ANGIOSPERMS  0.102 5.35 × 10− 9 De La Torre et al. (2017)   
0.0924 9.93 × 10− 9 Buschiazzo et al (2012) 

GYMNOSPERMS  0.263 0.77 × 10− 9 De La Torre et al. (2017)   
0.314 0.68 × 10− 9 Buschiazzo et al (2012)   
0.169 0.7–1.31 × 10− 9 Willyard et al. (2007)   
0.236 0.6 × 10− 9 Chen et al. (2012) ***   

0.167 1.1 × 10− 9 Chen et al. (2012) ***  

* Silent site substitution rate in substitutions per site per year. 
** M1 (model = 1)/pairwise (runmode = -2): model used in codeML. 
*** First value of Chen et al. (2012) is from the comparison between pine and 

spruce, the second between pine and yew. 
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generalised least squares methods in the R package caper estimated 
Pagel’s lambda at 1.0. In the resulting linear model the regression of dN/ 
dS on dS was still significant (P = 0.009). 

To test for a possible association between synonymous substitution 
rate (which at neutrality equals mutation rate) and generation time the 
bryophyte species were divided into three categories. Life span, as 
described by Dierssen (2001) was used as a proxy for generation time 
and was divided into ”short”, ”intermediate” and ”long”. A trend could 

be seen in that species with a short life span have higher mutation rates 
(Fig. 4A). The humidity of the habitats of the bryophyte species, as 
described by Dierssen (2001) was used as a proxy for tolerance for 
desiccation and data indicated that some bryophyte species with low 
desiccation tolerance display a higher mutation rate. 

We found no relationship between dN/dS and current population 
size as estimated by the number of georeferenced records or the global 
distribution pattern for each species in the occurrence database of the 

Fig. 2. Boxplots illustrating dN/dS and silent substitution rates. Comparisons with angiosperms and gymnosperms are shown in A, B, and separated into the two 
major groups of liverworts in C, D (see Table 3 for details). The boxplot represents the 25th and 75th percentiles, with median. Each dot represents the averaged value 
over all included genes for each bryophyte species. The comparative values for angiosperms and gymnosperms are derived from Table S4 and Table 1 in De La Torre 
et al. (2015), and each dot represent the average for each species in A, and the average for each family in B (hence fewer dots in B). 

Fig. 3. Variation of dN/dS (left) and silent site substitution (x10− 9 substitutions/site/year) rates (right) between bryophyte lineages visualized using the contMap 
function in the phytools R package. 
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Global Biodiversity Information Facility (gbif.org) (Supplemental 
Fig. 1). 

3.2. Genome-wide distribution of substitution rates in Marchantiopsida 
species 

After the alignment processing and filtering steps 8017 March-
antiopsida orthologs remained. The average dN/dS was estimated to 
0.152 and the distribution of dN/dS and tree-wide (summed of all 
branches of the tree) values for dN and dS are shown Fig. 5. The genes in 
the extreme tail of the dS distribution (dS > 4) were discarded due to 
likely misalignment. The dN/dS average of 0.152 is higher than the 
values reported in Table 3, which is not surprising, as the highly 
conserved genes in the limited data set are expected to be under stronger 
purifying selection. Overall, dN and dS were positively correlated across 
genes (Spearman’s rank correlation ρ = 0.20, p-value < 2.2− 16). The 
average (median) genome-wide estimate of silent substitution rate was 
2.8 × 10− 9 (2.5 × 10− 9) substitutions/site/year. 

3.3. Correlations with gene expression patterns 

To examine the variation between genes observed for dN, dS and dN/ 
dS, we tested for association with gene expression patterns (Table 4). 
There is a significant (Wilcoxon rank sum test; p-value < 2 × 10− 16) 
difference in dN/dS between genes with high and low expression level, 
where the higher expressed genes tend to have lower dN/dS (Fig. 6A). 
This negative correlation between expression level and dN/dS was sig-
nificant also on a continuous scale. Genes with a higher level of 
expression have significantly lower dN and higher dS both contributing 
to a lower dN/dS (Table 4). 

We also tested for correlation between dN/dS and the breadth of 
expression. Because of the limited number of differentiated tissues and 
the ubiquitous expression of most genes in most tissues the tissue 
specificity index τ was used. The values of τ vary between 0 and 1 where 
higher values represent specifically expressed genes while lower values 
represent broader (and more ubiquitously) expressed genes. Genes with 
τ = 1 (expressed in only one tissue) have a significant higher dN/dS 
compared with the ubiquitously expressed genes (Wilcoxon rank sum 
test, p-value < 2 × 10− 16) (Fig. 6C). A higher value of τ is correlated with 

Fig. 4. The averaged values of synonymous substitution rates per site per year for each bryophyte species was estimated and divided into classifications adopted with 
modifications from Dierssen (2001) from short to long life span (A) and from low to high tolerance to desiccation (B) estimated from the humidity of their habitats. 
Bars represent the average for each category and the average values of each species are also represented with circles. 

Fig. 5. The frequency distributions of dN/dS (A), tree length for dN (B) and 
tree length for dS (C) for the 8017 Marchantiopsida single-copy orthologs esti-
mated using a branch-model (model = 1) in codeML. 

Table 4 
Pairwise correlation of evolutionary rates with expression patterns on a 
continuous scale (Spearman’s rank correlation ρ).  

Variable dN dS dN/dS 

Expression level − 0.310 (p < 2 
10− 16) 

0.189 (p < 2 
10− 16) 

− 0.402 (p < 2 
10− 16) 

Sporophyte specificity 0.0001ns 0.039 (p =
0.0005) 

− 0.030 (p =
0.008) 

Tau (Tissue specificity 
index) 

0.151 (p < 2 
10− 16) 

− 0.042 (p =
0.0002) 

0.171 (p < 2 
10− 16)  

ns = not significant. 
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higher values of dN, lower values of dS; both contributing to a higher 
value of dN/dS (Table 4). 

An association between dN/dS and genes specifically expressed in 
either diploid (sporophytic) or haploid (gametophytic) tissues was also 
indicated. Excluding genes with FKPM below 1, 103 genes were iden-
tified as diploid specific (1.3%) and 411 genes were identified as haploid 
specific (5.1%). The vast majority of genes were expressed in both 
phases. There is a significant negative correlation between dN/dS and 
sporophyte specificity on a continuous scale (Spearmańs rank correla-
tion, p-value = 0.008), and a significant difference (Wilcoxon rank sum 
test, p-value = 0.0038), in dN/dS between the haploid specific and the 
diploid specific genes. A positive correlation between sporophyte spec-
ificity and dS was seen (Table 4), but no correlation with dN and 
sporophyte specificity indicating that the differences in dN/dS are not 
due to differences in selection pressure. 

The interpretation of these results is complicated by the strong cor-
relation between expression level and dN/dS, even though there is no 
significant difference in the average expression level between the 
haploid specific and diploid specific genes (Wilcoxon rank sum test, p- 
value = 0.2014). The average dN/dS for genes expressed in both phases 
is lower than both the haploid and diploid specific ones (Fig. 6B), which 
is likely a result of strong correlation of dN/dS with expression level. We 
noted that tissue specific genes were common among the lowly 
expressed genes (Supplemental Fig. 2). 

4. Discussion 

Despite their unique position as early-divergent lineages of land 
plants and the various pre-assumptions about speciation and diversifi-
cation rates, bryophytes are generally poorly studied with respect to 
molecular evolution. The aim of this study is to contribute to the 
knowledge about variation in evolutionary rates in plants with partic-
ular focus on the bryophyte lineages and by placing the parameter es-
timates in a comparative context with other major groups of land plants. 

4.1. Bryophytes are not evolutionary sphinxes of the past 

Our study suggests slower rates of molecular evolution in bryophytes 
than in angiosperms as evidenced by lower rates of silent site diver-
gence. However, those rates were still higher than those obtained from 
gymnosperms. Substitution rates vary depending on rates at which 
mutations appear and rates at which they are fixed in the population. 
Since synonymous substitution rate is primarily influenced by mutation 
rate, assuming that synonymous sites are neutral, our data suggests 
lower rates of mutations per year in bryophytes compared to angio-
sperms, but not as low as for gymnosperms. 

Factors considered to influence the rate of mutations include the 
efficacy of the DNA repair machinery, metabolic rate and life history 
traits such as generation time, total life span or body size (Gillooly et al. 
2005; Smith and Donoghue 2008; Buschiazzo et al. 2012; Lanfear et al. 
2013). When comparing substation rates between different organism 

groups it is important to use the same set of sequences across groups, 
because genes differ in substitution rates. 

According to the generation time hypothesis, species with shorter 
generation times copy their genomes more often and consequently 
accumulate more replication errors per time unit resulting in higher 
mutation rates (Li et al. 1996; Thomas et al. 2010). In angiosperms, rates 
of evolution are higher in annuals than in perennials, supporting this 
hypothesis (Smith and Donoghue 2008). Likewise, gymnosperms 
generally show low mutation rates and long generation times (Lanfear 
et al. 2013). Such a trend was also seen in this study where bryophyte 
species with short life span and a consequently short generation time 
tend to have a higher mutation rate. Some bryophytes are long-lived, 
exemplified by Sphagnum mosses which will continue to grow as long 
as the habitat remains suitable (Glime 2017a). In addition, many 
bryophyte species have different forms of vegetative propagation, which 
theoretically could result in long generation times. On the other hand, 
there are also many examples of bryophytes with short life spans as 
reviewed in During (1979) and Glime (2017a). This is likely to introduce 
heterogeneity in the intermediate group of life spans, whereas the group 
with short life spans is more well-defined, with consequently short 
duration between cycles of sexual reproduction as reviewed in During 
(1979) and Glime (2017b). It is therefore not surprising that the stron-
gest contrast in mutation rate is between species we define as having 
short life span versus the two groups with intermediate and long life 
spans. In conclusion, it is difficult to generalize generation times and life 
spans over bryophytes as a group because they are so diverse, but dif-
ferences between species seem to follow the same trend as found for 
other organisms with increased mutation rate with short life spans and 
tight sexual cycles. 

It has been argued that it is the cell divisions of the germ line in 
conjunction with the generation time, rather than generation time per se 
which influences mutation rates. Seed plant meristems containing 
slowly dividing cells could represent a functional germline with similar 
function as an early-segregating germline (Lanfear 2018). Some evi-
dence for this is found in recent studies looking at cell division and 
mutation rates within century old trees (Zahradníková et al., 2020) and 
Arabidopsis thaliana (Watson et al 2016). A major difference between 
bryophytes and seed plants is the absence of a multicellular meristem in 
the former. Bryophytes as well as ferns have monoplex meristems con-
sisting of an apical cell (Gifford 1983). The absence of a multicellular 
meristem in bryophytes should prevent early germline segregation and 
thus the possibility to reduce replication based mutations in species with 
long generations (Derényi and Szöllősi 2017), but, on the other hand, it 
is possible that rapidly expanding short-lived colonists have faster 
dividing cells than long-lived perennials. 

It has been discussed whether bryophytes have more efficient DNA 
repair mechanisms, maybe as a consequence of their position as relatives 
to the first land plants, which needed to acquire adaptations for the 
conquest of dry land. Kamisugi et al. (2016) described the moss Phys-
comitrium patens as extraordinarily robust in its ability to withstand 
genotoxic stress and showed that knock-out experiments of genes 

Fig. 6. dN/dS plotted as boxplots for different gene expression pattern. The values for each gene are also shown as jitter points. A) dN/dS vs. expression level B) dN/ 
dS vs. ploidy, and C) dN/dS vs. tissue specificity. 
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involved in DNA repair processes had surprisingly little adverse effect in 
this moss as compared with other organisms suggesting a high level of 
redundancy in genome maintenance both in terms of paralogous genes 
and diversity of pathways. Bryophytes still need to handle wide range of 
stresses and spend most of their life cycles in the haploid phase (Glime 
2017c). One important difference between bryophytes and most other 
plants is that bryophytes are poikilohydric, i.e., their cell water content 
varies with ambient water supply. They have to cope with drought and 
recover from drought-induced damages (Oliver et al. 2005; Budke et al. 
2018). Our data suggested that bryophyte species living in wet habitats 
with reduced need to cope with desiccation had higher mutation rate. 
Possibly, bryophytes are left with reduced mutation frequency as a 
consequence of extraordinary redundancy in genome maintenance, 
originally evolved for repair of drought damage. However, liverworts in 
general have a low level of genetic redundancy in terms of paralogs and 
few are adapted for dry habitats. 

4.2. No clear differences in selection pressure despite the haploid nature of 
bryophytes 

Like all other land plants bryophytes have an alternation of gener-
ations but in contrast to vascular plants, it is the haploid gametophyte 
generation that is dominant and persistent while the diploid sporophyte 
generation is short-lived. A consequence is that new mutations are 
immediately exposed to selection. The masking hypothesis suggests that 
the number of chromosomal copies present in a cell affects the efficacy 
of selection (Mable and Otto 2001). Differential efficiency of selection 
should be accompanied by different ratios of nonsynonymous to syn-
onymous substitution (dN/dS) and provided that the majority of mu-
tations are recessive and deleterious we would expect bryophytes to 
have a lower dN/dS compared with plant with a dominant diploid 
generation. This has been observed in unicellular true haploids and 
diploids (Mable and Otto 2001) but has not been supported in multi-
cellular organisms with alternating stages. Theoretically, this should 
also be possible to apply to genes of organisms with life cycles that 
alternate between a haploid and a diploid phase, where genes with 
phase-specific expression should differ in their evolutionary rate 
following the same pattern. A significantly increased dN/dS ratio has 
been seen when comparing orthologous genes between polyploid and 
diploid ancestors in angiosperms (wheat) indicating relaxation of pur-
ifying selection (Akhunov et al. 2008). In this context, we note that 
Sphagnum palustre, which is the only species in the dataset that we know 
for sure is polyploid (i.e., diploid), have one of the highest dN/dS ratios 
in the data set. 

We found values of dN/dS to be similar between the bryophyte lin-
eages (mosses, liverwort and hornworts) and angiosperms. Likewise, 
Stenøien (2008) could not detect a difference in dN/dS between vascular 
and nonvascular lineages. These results are consistent with the results of 
Szövényi et al. (2013) suggesting that haploid-specific genes are not 
under greater selective constraints than diploid-specific genes within the 
same species. In the present study, we did observe a weak correlation 
between dN/dS and sporophyte specificity (Table 4). However, as the 
correlation relied on a correlation with dS and not dN we believe that 
selection does not explain this correlation. Also, the averaged genome- 
wide estimate and the distribution of dN/dS for Marchantiopsida are 
within the range of estimates reported in previous papers for angio-
sperms (Yang and Gaut 2011; Buschiazzo et al. 2012) and mosses 
(Szövényi et al. 2013). 

Liu et al. (2019) came to the spectacular conclusion that dN/dS for 
nuclear genes was more than three times higher for bryophytes than for 
seed plants. However, it appears that their comparisons of dN/dS be-
tween bryophytes and seed plants is influenced by a much smaller and 
somewhat biased set of sequences for the seed plants (dN/dS obtained 
from Drouin et al. 2008), resulting in a relative under-appreciation of 
dN/dS for the seed plants. As outlined above, our data support a more 
moderate view of bryophyte evolutionary potential compared to Liu 

et al. (2019) in terms of dN/dS, based on our more comparable data set, 
including the same 42 genes across groups. 

Besides ploidy level, genome size has shown positive correlation 
with dN/dS in plants. One characteristic of gymnosperms genomes are 
their huge sizes (Pavy et al. 2012) with a mean (median) genome size of 
18 Gb (21 Gb) (Pellicer et al. 2018). Plant families with larger average 
genomes have lower synonymous substitution rates and higher dN/dS in 
the nuclear protein-coding genes (Bromham et al. 2015; De La Torre 
et al. 2017). This pattern was observed both within the angiosperm 
lineage and when comparing angiosperms with gymnosperms. Bryo-
phytes on the other end are characterized by relatively by small ge-
nomes. The mean (median) of bryophyte genome sizes has been 
estimated to 244 Mb (205 Mb), 1844 Mb (751 Mb) and 504 Mb (433 Mb) 
for hornworts, liverworts and mosses, respectively (Pellicer et al. 2018). 
For angiosperms the genome sizes vary 2440-fold with a mean (median) 
of 5020 Mb (1663 Mb) and although some of the largest genomes can be 
seen within the angiosperms, their genome sizes are skewed towards 
smaller genomes (Pellicer et al. 2018). 

We found significant differences both in synonymous substitution 
rate and dN/dS between Jungermanniopsida and Marchantiopsida 
species, with the former showing a slower synonymous substitution rate 
and the later a lower dN/dS. Although this result contrasts to a previous 
study based on a single chloroplast gene (Lewis et al. 1997), we conclude 
that our data, based on a large number of nuclear genes, are consistent 
with previous studies as genome sizes in general are higher for Jun-
germanniopsida (1.66 pg/1C) than Marchantiopsida (0.65 pg/1C) 
(Leitch et al. 2019). 

The larger effective population sizes of conifers as compared to 
flowering plants has been used to explain the relatively higher propor-
tion of sites under positive selection observed in gymnosperms (De La 
Torre et al. 2017). Selection, relative to genetic drift, is more efficient in 
larger populations and the larger effective population sizes in conifers 
might result in both stronger purifying and positive selection (Lanfear 
et al. 2014; De La Torre et al. 2017). Population sizes of bryophyte 
species are difficult to estimate and available data is limited. Bryophytes 
populations are also strongly influenced by climatic perturbations, 
precipitation levels in particular (Slack 2011), so present-day distribu-
tion data may be a poor indicator of past population sizes. When GBIF 
records were used as an approximation for population size, no associa-
tion with dN/dS was seen (Supplemental Fig. 1). 

Previous studies have shown that evolutionary rates are often 
strongly correlated with gene expression, including both expression 
level and expression breadth (Li et al. 2018). Expression level has been 
suggested to be the best predictor of evolutionary rate, and it has been 
shown to explain around 50% of the variation in gene evolutionary rates 
in yeast (Drummond et al. 2005). In accordance with these results, we 
also found a strong correlation between on the one hand expression level 
and expression breadth with all three measures of evolutionary rates on 
the other (Table 4). 

5. Conclusion 

There are only a few studies on evolutionary rates in bryophytes and 
those are based on a narrow selection highly conserved nuclear or 
organellar genes. Historically, bryophytes have been considered to 
evolve slowly at a molecular level, as paralleled by the perception of 
slow morphological diversification, often expressed by taxonomists. 
This study supports this hypothesis only if the comparison is made with 
angiosperms. Considering that both bryophytes and gymnosperms have 
been reported to evolve slowly it might be more relevant to instead talk 
about angiosperms as fast evolving. 
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