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A B S T R A C T

A new paradigm has slowly emerged regarding the diversification of bryophytes, with inferences from molecular
data highlighting a dynamic evolution of their genome. However, comparative studies of expressed genes among
closely related taxa is so far missing. Here we contrast the dimensions of the vegetative transcriptome of Funaria
hygrometrica and Physcomitrium pyriforme against the genome of their relative, Physcomitrium (Physcomitrella)
patens. These three species of Funariaceae share highly conserved vegetative bodies, and are partially sympatric,
growing on mineral soil in mostly temperate regions. We analyzed the vegetative gametophytic transcriptome of
F. hygrometrica and P. pyriforme and mapped short reads, transcripts, and proteins to the genome and gene space
of P. patens. Only about half of the transcripts of F. hygrometrica map to their ortholog in P. patens, whereas at
least 90% of those of P. pyriforme align to loci in P. patens. Such divergence is unexpected given the high
morphological similarity of the gametophyte but reflects the estimated times of divergence of F. hygrometrica and
P. pyriforme from P. patens, namely 55 and 20 mya, respectively. The newly sampled transcriptomes bear sig-
natures of at least one, rather ancient, whole genome duplication (WGD), which may be shared with one re-
ported for P. patens. The transcriptomes of F. hygrometrica and P. pyriforme reveal significant contractions or
expansions of different gene families. While transcriptomes offer only an incomplete estimate of the gene space,
the high number of transcripts obtained suggest a significant divergence in gene sequences, and gene number
among the three species, indicative of a rather strong, dynamic genome evolution, shaped in part by whole,
partial or localized genome duplication. The gene ontology of their specific and rapidly-evolving protein fa-
milies, suggests that the evolution of the Funariaceae may have been driven by the diversification of metabolic
genes that may optimize the adaptations to environmental conditions, a hypothesis well in line with ecological
patterns in the genetic diversity and structure in seed plants.

1. Introduction

Bryophytes, i.e., liverworts, hornworts and mosses, are the only
extant land plants with a life cycle dominated by the haploid genera-
tion, the gametophyte. Although comprising as many as 20,000 species
today (Vanderpoorten and Goffinet, 2009), they have been regarded as
evolutionary dead-ends (Crum, 1972) owing to their haploid vegetative
stage, considered highly vulnerable to deleterious mutations, their
propensity to maintaining morphological cohesiveness over broad
geographic ranges and their putative old age. The first inferences based
on molecular data quickly revealed, however, a high level of genetic
diversity (Cummins and Wyatt, 1981; Wyatt et al., 1989; Såstad et al.,
1999; Stenøien and Såstad, 1999; Shaw, 2001). Glime (1990) suggested
that the diversification of bryophytes was perhaps driven by

ecophysiological adaptations, in particular those pertaining to optimi-
zations of the parameters (Stark, 2017) shaping their generalized poi-
kilohydry and dehydration or desiccation tolerance (Proctor et al.,
2007). Bryophytes lack an effective water absorbing rooting system and
mosses also lack compensatory mycorrhizal associations that could
supply water from the substrate (Field et al., 2015). Thus, to regulate
their internal water content bryophytes in general, and mosses in par-
ticular, depend on atmospheric moisture uptake through the surface of
their vegetative body, which is covered by a thin, water permeable
cuticle (Jeffree, 2006). Their ability to withstand periodic dehydration
or desiccation relies on repair mechanisms (Wood, 2007; Fisher, 2008)
whose modifications may be shaping speciation in bryophytes.

In the last decade, bryophytes have emerged as lineages that are
anything but genetically depauperate or evolutionary static: (a) the
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genome of Physcomitrella (now and hereafter Physcomitrium patens fide
Medina et al., 2019) comprises 32,926 genes, and thus more genes than
the flowering plant Arabidopsis thaliana (Litt, 2013); (b) bryophytes
have undergone rapid radiations following changes in their biotic en-
vironment (e.g., epiphytic liverworts [Feldberg et al., 2014] or large
climatic shifts (e.g., Sphagnum, Shaw et al., 2010); (c) transcriptomic or
genomic data for any bryophyte species studied so far harbor signatures
of large or whole nuclear genome duplications (Rensing et al., 2007;
Shaw et al., 2008; Beike et al., 2014; Szövényi et al., 2015; Devos et al.,
2016; Johnson et al., 2016; Lang et al., 2018) that may provide new
templates for innovations such that the gene space is highly dynamic
(Johnson et al., 2016); (d) patterns of moss or liverwort diversity
through time reflect repeated burst of diversifications (Laenen et al.,
2014); (e) hybridization, once thought to play no role in the diversifi-
cation of mosses (Vitt, 1971) is now emerging as a widespread
(Natcheva and Cronberg, 2004) and hence potentially important me-
chanism of speciation (Shaw, 2009); and finally, (f) the rate of nuclear
non-synonymous substitutions relative to those in the organellar gen-
omes in much higher in mosses than in lineages of vascular plants (Liu
et al., 2019). Thus, the relatively young age of bryophyte species, their
high diversity distributed across a broad ecological spectrum suggest a
rather highly dynamic evolutionary history. Szövényi et al. (2011), as
part of their selection of genes for the comparison in expression level
between F. hygrometrica Hedw. gametophytes and sporophytes, re-
ported that only about 30% of the 454 reads could be mapped un-
ambiguously against the P. patens gene models or genome. Although
they did consider the two species closely related they did not discuss the
unexpected degree of divergence further. To gain deeper insight into
the genomic divergence between moss species from a single family,
here the Funariaceae, we contrasted the vegetative transcriptome of F.
hygrometrica and P. pyriforme to the gene space inferred from the entire
genome of P. patens.

The Funariaceae have long served as model systems in evolutionary
bryology, starting with the pioneering studies by von Wettstein (1924)
in reproductive isolation, and trait inheritance, to the emergence of P.
patens as a model taxon in evolutionary developmental biology of land
plants (Cove et al., 2009; Prigge & Bezanilla, 2010; Mallett et al., 2019;
Rensing et al., 2020). The cosmopolitan family comprises perhaps 200
species, all of which are annuals growing on soil, in seasonally wet or
moist regions. Recent estimates of divergence times within the moss
family Funariaceae suggest that the family originated approximately
90 mya, with the Funarioideae, which comprise F. hygrometrica and P.
pyriforme, diverging about 58 mya (Medina et al., 2018). During this
long period of diversification, the architecture of the vegetative gen-
eration remained virtually unchanged, with the gametophyte composed
of a single, short, typically unbranched axis, with cells weakly differ-
entiated across the leaf lamina, except for those composing the median
midrib. The gametophyte is so strongly conserved that vegetative plants
of genera that diverged about 60 mya are virtually identical (Fig. 1). By
contrast, the spore bearing generation, in particular the length of the
stalk subtending the sporangium, the mode of dehiscence of the spor-
angium and the development of teeth lining the sporangial mouth fol-
lowing dehiscence and regulating spore release have undergone dra-
matic transformations (Fife, 1985). The spectrum of morphological
complexity of the sporophyte, shaped by differential expression of or-
thologous genes and some species-specific genes (Kirbis et al., 2020),
spans from the most complex in F. hygrometrica to the most reduced in
P. patens, with P. pyriforme exhibiting an intermediate architecture.

Here we contrast the vegetative transcriptome of F. hygrometrica to
the gene space of P. patens. Given the high divergence observed, and the
possibility that it may be an artifact of a transcriptome to genome
comparison, we validated our observations by confirming the identity
of the F. hygrometrica through mapping against its draft genome, by
generating a vegetative transcriptome for P. pyriforme, which we then
compared to the transcriptome of F. hygrometrica and the genome of P.
patens.

2. Material and methods

2.1. Culturing

Cultures were established from spores sampled from one population
of F. hygrometrica (Budke 145, CONN) and P. pyriforme from Connecticut
(Goffinet 9276, CONN). Operculate capsules were sterilized in a 1%
bleach (NaClO) solution for two minutes and rinsed in distilled water.
Spores from individual capsules were sown on Knop’s medium (Collier
and Hughes, 1982) and allowed to germinate in sealed petri dishes.
Buds developing on filamentous protonema were isolated and trans-
ferred to separate plates to provide genetically identical populations.
The gametophytes from one plate were split among several plates to
propagate and generate sufficient isogenic replicates. Cultures were
kept in a growth chamber for approximately two months at 20–25 °C
with 14–16 h of light (50–70 μmol s−1 m−2). Gametophytes were
transferred to a rich sandy loam soil mix in PlantCon containers (MP
Biomedicals, Solon, OH, USA) and allowed to grow for three months
under the same light and temperature regimes.

2.2. RNA extraction and library preparation

Three replicate cultures of F. hygrometrica and P. pyriforme were

Fig. 1. The three species of Funariaceae included in the study (i.e., from left to
right, Funaria hygrometrica, Physcomitrium pyriforme and Physcomitrium
[Physcomitrella] patens), their relationship and estimated time of divergence fide
Medina et al. (2018).
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selected (i.e., G1, G2 & G3) (stems, leaves and rhizoids, but no game-
tangia) were harvested for RNA extraction. The tissue was homogenized
in liquid nitrogen, and RNA extracted following the RNAzol® RT pro-
tocol (Chomczynski et al., 2010). The six libraries were prepared with
the TruSeq Stranded mRNA kit and sequenced on an Illumina NextSeq
500 platform on a single lane (100 bp PE mid-output) at the Center for
Genome Innovation (CGI) at University of Connecticut. The Illumina
short reads are submitted to NCBI (SRA accession: PRJNA421369).

2.3. Quality control, assembly, and annotation

The quality of the Illumina paired-end reads was assessed by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Each
quality-controlled library was assembled with the de novo tran-
scriptome assembler, TRINITY v.2.0.6 (minimum contig length set to
300) (Grabherr et al., 2011). RSEM v.1.3.0 (Li and Dewey, 2011) was
used to quantify transcriptome assemblies. Only assembled contigs with
FPKM (fragments per kilobase of transcripts per million mapped
reads) > 0.5 were retained. All three filtered assemblies were clus-
tered with USEARCH v8.1.1861 (Edgar, 2010) at 90% to construct a
single non-redundant reference. TRANSDECODER v.3.0.0 (https://
transdecoder.github.io/) was used to identify and trim predicted
Open Reading Frames (ORFs). The frame-selected genes were provided
along with translated protein sequences. The process of frame selection
predicts the most optimal reading frame across the assembled tran-
scripts, removes UTR, and translates the sequences for the longest open
reading frame. In the event that an open reading frame of minimum
length cannot be observed, the transcript was removed. Functional
annotations of the de novo assembled transcripts were obtained using
homology searches via EnTAP v.0.8.0 pipeline (Hart et al., 2019). The
internal transcripts (transcripts without stop and start codon) were re-
moved from the final reference and the remaining transcripts were
compared to the National Center for Biotechnology Information’s non-
redundant protein database (E-value: 1.0E-5) Query and target cov-
erage were set to 80% and 60%, respectively. Alignment to amoeba,
bacteria, fungi and insects were applied as contaminant filters. Gene
ontology (GO) terms were integrated based upon gene family assign-
ment via EggNOG mapper (Blake et al., 2015; Huerta-Cepas et al.,
2015). To assess the transcriptome assembly and annotation com-
pleteness, the reference transcriptome was compared with the BUSCO
(Benchmarking Universal Single-Copy Orthologs) viridiplantae_odb10
database of 430 ortholog proteins, which includes P. patens as the only
bryophyte (Simão et al., 2015).

After internal and contaminant transcript removal, the remaining
transcripts of F. hygrometrica was mapped to the draft genome (un-
published data) to validate the transcriptome quality.

2.4. Alignments to P. patens genome

Funaria hygrometrica and P. pyriforme transcriptomic short reads
were aligned to the P. patens genome (v3.3 accessed from Phytozome
12) (https://phytozome.jgi.doe.gov/pz/portal.html) using the STAR
v.2.5.1b (splice-aware aligner) (Dobin et al., 2013). In addition, the
translated and filtered transcriptome was aligned to the same genome
via the protein to genome aligner EXONERATE v.2.4.0 (alignment
score = 500, percentage = 70, minimum intron length = 10) (Slater
and Birney, 2005).

2.5. Analysis of whole genome duplication

The likelihood of whole genome duplication was estimated based on
the distribution of Ks or synonymous substitution per synonymous site
for pairs of paralogs. Paralogous genes in each three species were
identified via USEARCH (Edgar, 2010). To identify paralogous genes,
the minimum identity threshold was set to 80% at the nucleotide level.
An in-house Python script parsed the two longest nucleotide sequences

from each paralog set and aligned them via MUSCLE (Edgar, 2004)
(The scripts associated with this paper are available at https://gitlab.
com/NasimR/funaria_gametophyte_transcriptome). The quality of se-
quence alignments was investigated using BELVU (Barson and Griffiths,
2016) and passing alignments (score > 3.5) were selected for calcu-
lating Ks value with CODEML program in PAML (Yang, 1997). In order
to estimate the relative timing of whole genome duplications relative to
the divergence of F. hygrometrica and P. patens, the distribution of Ks
values of paralogs pairs in each species was compared to the Ks value of
orthologs pairs shared by Funaria-Physcomitrium. Orthologous pairs
were identified by clustering the translated sequences via ORTHOFIN-
DER v.1.1.4 (Li et al., 2003). The longest single-copy ortholog (SCO)
and best paired alignments were selected from each orthogroup and the
sequences were aligned via MUSCLE (Edgar, 2004). The quality of se-
quence alignments was investigated using BELVU (Barson and Griffiths,
2016) and passing alignments (score > 3.5) were selected for the Ka/
Ks analysis with CODEML program in PAML (Yang, 1997).

2.6. Gene families

To assess the distribution of F. hygrometrica transcripts among fa-
milies of orthologous genes present in P. pyriforme and P. patens, first we
compared only these three Funariaceae proteins; F. hygrometrica, P.
pyriforme (internal transcripts and contaminants excluded) and P. patens
(v3.3) using ORTHOFINDER v.1.1.4 (Li et al., 2003). A secondary
analysis included other, most distant mosses. The moss proteins avail-
able for this comparison are these three Funariaceae proteins, Ceratodon
purpureus (Szövényi et al., 2015), 48 taxa spanning the Bryopsida
(Johnson et al., 2016; and Johnson et al. unpublished), and three
Sphagnum species downloaded from the 1KP project (Matasci et al.,
2014). All transcriptomes were frame selected and processed as de-
scribed above. Species trees were generated within ORTHOFINDER and
analyzed to confirm results of the analysis.

2.7. Rate of changes in gene family size

The branch lengths of the species tree from ORTHOFINDER (in-
cluded 52 mosses) were multiplied by 1000, then the tree was con-
verted to ultrametric via the ETE3 package in Python for use in CAFE
analysis. The species tree and gene family table generated via ORTH-
OFINDER were used to estimate the rate of changes in gene family size
via CAFE 4.1 (Han et al., 2013). CAFE can calculate the number of gene
families with expansion, contraction and no change along each branch
and also for each node in the tree. A single λ (the birth and death
parameter) was calculated for the whole tree. The default 0.01 P-value
cutoff was used to define the rapidly evolving gene families. The
functional annotations of rapidly-evolving gene families and GO level
comparisons was extracted from the EnTAP results and the R package
GoSeq, respectively (Young et al., 2010).

3. Results

3.1. The vegetative transcriptome of F. hygrometrica

Following quality assessment, de novo assembly of short reads via
TRINITY generated 28,350 (G1), 39,498 (G2) and 42,167 (G3) tran-
scripts for these replicates of F. hygrometrica (Table 1). Filtering based
on expression (alignment of short reads) reduced the independent as-
semblies to 26,920 (G1), 37,095 (G2) and 39,028 (G3) transcripts. The
unique transcripts represented in the clustered reference
(G1 + G2 + G3) totaled 63,967 (Table 1). In the process of frame
selection, UTRs and sequences not matching the minimum length cri-
terion were removed, which reduced the number of transcripts to
53,283 (Table 1) with an average length and N50 of 829 and 1062,
respectively. The retained transcripts were classified into complete,
partial and internal based on identified 5′ and 3′ positions (23,619
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complete, 12,152 internal, and 17,512 partial; Tables 1 & S1). Fol-
lowing the removal of the internal transcripts, the complete reference
contained 41,131 sequences (Table S2). Functional annotation of the
translated reference transcriptome revealed that nearly 57% (23,487)
had unique hits to the non-redundant protein database. Of the

remaining, 258 (1.09%) were recognized as contaminants, with 116 of
these belonging to fungi, 110 to bacteria, 15 to amoeba and 17 to in-
sects. Assigning proteins to gene families using EggNOG, provided an
annotation for 9237 transcripts previously not aligned to any protein,
resulting in a final annotation rate of 80% (i.e., 32,982 of 41,131)

Table 1
Statistics of three replicate transcriptomes (G1, G2, G3) of F. hygrometrica and P. pyriforme gametophytes.

F. hygrometrica P. pyriforme

Statistics (G1) (G2) (G3) (G1) (G2) (G3)

Illumina 100 bp PE reads 49,324,732 34,002,818 37,100,201 12,911798 13,547,068 12,406,247
TRINITY assembly 28,350 39,498 42,167 46,386 43,275 48,784
RSEM filtering 26,920 37,095 39,028 45,301 42,492 47,599
USEARCH clustering 63,967 83,430
TRANSDECODER 53,283

23,619 complete, 12,152 internal,
17,512 partial

70,040
41,659 complete, 9411 internal,
18,970 partial

EnTAP annotation 23,745 unique hits, 17,386 no hits,
258 contaminants

41,627 unique hits, 19,002 no hits,
220 contaminants

BUSCO 358/430 = 83.25% 383/430 = 89.06%

Fig. 2. A. Alignment of Funaria hygrometrica and Physcomitrium pyriforme vs. P. patens genome based on reads (via STAR) and translated transcriptome (proteins) (500
alignment score and 70 percent via EXONERATE). F. hygrometrica contains 40,873 and P. pyriforme contains 60,409 number of proteins after internal transcripts and
contamination removal. B. Synonymous substitution per synonymous site (Ks) frequency plot for paralogous gene pairs of three species. The Ks frequency plots are
drawn from 1563, 2180 and 2369 paralogs for the three replicates of F. hygrometrica, 3257, 2893 and 3471 from the three replicates of P. pyriforme and 6411 of P.
patens. B. Ks distribution of paralogous gene pairs superimposed with F. hygrometrica-P. patens orthologous gene pairs. C. Protein family overlap among three
Funariaceae species based on ORTHOFINDER run on these three species. D. Protein family overlap among three Funariaceae species extracted from ORTHFINDER
run on 52 mosses. *(numbers in parentheses are the number of proteins in protein families, the numbers below the names refer to unassigned proteins).
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(Table S2). Of the annotated transcripts, 16,045 aligned to proteins of
P. patens. Of the 32,982 annotated transcripts, 19,449 (59%) were as-
sociated with at least one Gene Ontology (GO) term. The present ve-
getative transcriptome of F. hygrometrica of after internal and con-
tamination removal contains 40,873 transcripts comprises an estimated
83.25% (complete) to 90.46% (including fragmented) of the green
plant universal single copy orthologs (Tables 1 & S3).

3.2. The P. pyriforme vegetative transcriptome

The assembly of P. pyriforme generated 46,386, 43,275 and 48,784
transcripts for G1, G2 and G3, respectively (Table 1). Sequencing depth
for P. pyriforme samples were lower (2–4 fold less) than F. hygrometrica’s
since they were sequenced on a single lane with its sporophyte tissues
(Table 1). RSEM filtering reduced number of the transcripts to 45,301
(G1), 42,492 (G2) and 47,599 (G3; Table 1). The number of unique
transcripts after clustering was 83,430 (Table 1). This number reduced
to 70,040 after frame selection (Table 1) with an average length and
N50 of 955 and 1260, respectively. The final single reference was
classified into 41,659 complete, 9411 internal and 18,970 partial
transcripts (Tables 1 & S1). Following the removal of internal tran-
scripts, the complete reference contained 60,629 sequences (Table S2).
Nearly 68.65% (41,627) had unique hits and 19,002 had no hit to the
non-redundant protein database. A small fraction of transcripts (i.e.,
0.53%, or 220 transcripts) were recognized as contaminants with 61 of
these attributed to fungi, 146 to bacteria, three to amoeba and 10 to
insects. EggNOG provided annotations for an additional 9720 tran-
scripts, resulting in 51,347 annotated transcripts (84%). Of the total
annotated transcripts, 34,272 aligned to the proteins of P. patens (Table
S2), and 30,046 could be characterized with at least one GO term. The
remaining 9282 were not characterized in current databases. The ve-
getative transcriptome of P. pyriforme after contamination and internal
removal (60,409 transcripts) comprises an estimated 89.06% (com-
plete) to 94.65% (including fragmented) of the green plant universal
single copy orthologs (Tables 1 & S2).

3.3. Mapping of transcripts against genomic references

3.3.1. F. hygrometrica mapped against itself and P. patens
Following filtering of the transcriptome, 33.31% of the original

Illumina short reads of F. hygrometrica mapped to the P. patens genome.
The rate of protein alignment was 73.11%, and thus 10,988 proteins did
not align to the genome (Fig. 2A). Finally, 94.79% of F. hygrometrica
transcripts aligned to the draft F. hygrometrica genome.

To examine species-specific proteins in F. hygrometrica, we com-
bined the protein alignments and an independent gene family assess-
ment. About 43% (10,988) of the translated transcripts or proteins
failed to align (via EXONERATE). Of the 10,988, gene family assess-
ment indicated that 7107 do not form protein families with P. patens
(Fig. 3A). To verify that those are encoded from real genes and not the
result of assembly artifacts, we aligned and identified 6398 in the draft
genome of F. hygrometrica (using 98% identity and 95% coverage via
GMAP). Among these F. hygrometrica specific proteins, 5692 could not
be characterized through sequence similarly search against any species
in Genbank (NCBI nr database). The remaining 706 annotated either
through similarity search or gene family assignment primarily were
derived from P. patens (51.22%) (Fig. 3A).

3.3.2. P. pyriforme mapped against P. patens
On average, 85.99% of the short reads of the three libraries mapped

to the P. patens genome. Contrasting the proteins of P. pyriforme to the
genome of P. patens reveals a much higher fraction of protein mapping
(90.42%) than observed for F. hygrometrica (Fig. 2A), Of the 5787
proteins that did not align to the P. patens genome, 3936 of those were
not able to form a gene family with any of P. patens proteins. Of those,
3454 proteins were not characterized via sequence similarity search to

any species in Genbank (NCBI nr database). The remaining 482 anno-
tated either through similarity search or gene family assignment pri-
marily were derived from P. patens (26.39%) (Fig. 3B).

3.4. Transcriptomic signatures of whole genome duplications in F.
hygrometrica and P. pyriforme

Patterns in the distribution of Ks between intragenomic paralogs are
congruent with both transcriptomes having undergone a whole genome
duplication (Fig. 2B). Superimposing these distributions over the dis-
tribution of Ks between interspecific orthologs suggests that the diver-
gence between paralogs is greater than between orthologs.

3.5. Gene family evolution

Protein family determination based on only three Funariaceae spe-
cies identified 15,762, 17,551 and 15,084 gene families for F. hygro-
metrica, P. pyriforme and P. patens, respectively and 14,257, 23,071,
14,469 unassigned proteins for each respectively, which were not in-
cluded in any determined protein families. (Fig. 2C). Furthermore six,
ten and nine protein families were identified specifically in F. hygro-
metrica, P. pyriforme and P. patens, respectively (Fig. 2C).

Assessing shared ancestry among proteins and including more moss
transcriptomes, provided more accurate protein family determination
and decreased the number of unassigned proteins (Fig. 2D, Fig. S4). The
gene family overlap between three Funariaceae species extracted based
on this protein family determination, indicates F. hygrometrica and P.
patens overlapped in 9420 orthogroups, F. hygrometrica and P. pyriforme
overlapped in 9985 orthogroups, and P. patens and P. pyriforme over-
lapped in 10,159 orthogroups (Fig. 2D, Fig. S4).

3.6. Rate of changes in gene family size

The terminal branch of F. hygrometrica, is characterized by 5271 and
5626 expanded and contracted gene families, respectively. Among
those, 24 of gene families are rapidly evolving (statistically significant),
either through rapid expansion (21) or contraction (3). The terminal
branch leading to P. pyriforme is characterized by 8131 and 2131 ex-
panded and contracted gene families, respectively. Among those, 629
are rapidly evolving either through expansion (6 1 8) or contraction
(11). The terminal branch leading to P. patens is characterized by 1005
and 8273 expanded and contracted gene families, respectively. Among
those, 151 families underwent rapid evolution either through expansion
(45) or contraction (106; Fig. S1).

4. Discussion

Mosses compose a diverse lineage that arose early in the diversifi-
cation of land plants (Clarke et al, 2011; Cardona-Correa et al., 2016;
Morris et al., 2018; Leebens-Mack et al., 2019) and that underwent
repeated bursts of radiation that ultimately yielded an estimated di-
versity of 13,000 extant species (Laenen et al., 2014). Long considered
evolutionary static, mosses have emerged as dynamic evolutionary
entities (e.g., Medina et al., 2018). Although the genetic underpinning
of moss development is increasingly being unraveled (e.g., Harrison
et al., 2009; Xiao et al. 2011; Vidali and Bezanilla, 2012; Landberg
et al., 2013; Chater et al., 2016; Ortiz-Ramírez et al., 2016; Kofuji et al.,
2018; Coudert et al., 2019), virtually nothing is known in terms of
comparative developmental genetics within mosses (Goffinet and Buck,
2013), except for the recent study by Kirbis et al. (2020). Phylogenetic
inferences suggest that conspicuous morphological transformations
may obfuscate a shared ancestry (Goffinet and Shaw, 2002) and that
morphological similarity can be a poor predictor of uniquely shared
evolutionary ancestry (e.g., Goffinet et al., 2007). The overall simplicity
of the vegetative body is also a poor predictor of genomic architecture
and size of the gene space, a discrepancy revealed by the higher gene
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content of the moss P. patens (i.e., 32,926 coding genes) compared to
the flowering plant Arabidopsis thaliana (i.e., 27,655 coding genes;
https://phytozome.jgi.doe.gov/pz/portal.html). Considering the gen-
eralized poikilohydry of mosses (Proctor and Tuba, 2002; Wood, 2007;
Gao et al., 2015; Gao et al., 2018), such putative diversity of the
genomic tool box may allow mosses to modify and optimize their
ecophysiology along abiotic ecological gradients (Glime, 1990), and
diversify within a broader ecological space (e.g., Shaw, 1985). Szövényi
et al. (2011) had previously reported that only about a third of the 454
reads generated from the haploid and diploid generations of F. hygro-
metrica could be mapped unambiguously against the P. patens genome.
Following a validation of our transcriptome against the draft genome of
F. hygrometrica we confirm this high level of differentiation against P.
patens, as well as against its close relative P. pyriforme, and reveal sig-
nificant variation in gene family sizes. Such degree of genomic diver-
gence between mosses sharing virtually identical vegetative bodies
strengthens the emerging paradigm that bryophytes are evolutionarily
highly dynamic lineages, with much of the signatures of diversification
hidden below the morphological surface.

4.1. Vegetative transcriptomes of F. hygrometrica and P. pyriforme

The vegetative (i.e., gametophytic) transcriptome of F. hygrometrica
comprises 40,873 transcripts, with an estimated 83.25% (complete) to
90.46% (including fragmented) of the set of green plants universal
single copy orthologs (Table 1 & S3). Compared to the total proteome
space of P. patens (i.e., 86,669 protein-coding transcripts based on
32,926 genes), this likely offers a representative and significant capture
of the transcriptome of F. hygrometrica. The transcriptome of the ve-
getative plants of P. pyriforme (i.e., 60,409 transcripts with at least
89.06% complete transcripts of the green plants universal single copy
orthologs, Table 1 & S3) is equally of high quality. Although, tran-
scriptomes typically represent a slightly inflated value of the unique
gene space, statistics regarding the completeness, functional annota-
tion, and assembly itself provide support for the high quality reference.
Filters applied to reduce fragmentation, assembly artifacts, and con-
tamination provided an improvement on the base assemblies.

4.2. Mapping rates of transcriptomes against the P. patens and draft F.
hygrometrica genomes

While only 33.31% of the raw reads of F. hygrometrica mapped
against the P. patens genome about 73.11% of the putative proteins
(after excluding transcripts with lower expression [FPKM < 0.5] and
internal and high confidence contaminants) aligned against the P. pa-
tens genome (Fig. 2A). These rates are lower than those for reads and
proteins of P. pyriforme (i.e., 85.99%, and 90.42%, respectively;
Fig. 2A) and this pattern likely reflects the congeneric relationship of P.
pyriforme and P. patens (Medina et al., 2019) and hence also the more
recent divergence, with a most recent common ancestry estimated at 23
versus 58 mya with F. hygrometrica (Medina et al., 2018). Nearly 95% of
proteins of F. hygrometrica aligned to the draft genome of the same
species (Szövényi et al. unpublished data) based on a 98% identity and
95% coverage criteria, confirming that the original transcripts belong to
F. hygrometrica. Of the 10,988 proteins of F. hygrometrica that did not
align to the genome of P. patens, 3881 did share putative gene families
with P. patens proteins, while 7107 did not. Yet, of these 6399 could be
aligned to the F. hygrometrica draft genome, further confirming that the
basis for the observed divergence is real.

Whether the 6399 and 3936 proteins to F. hygrometrica and P. pyr-
iforme that seemingly lack a close ortholog in P. patens emerged as
unique to these species due to significant sequence divergence beyond
the mapping threshold of (alignment score = 500, percentage = 70,
minimum intron length = 10) or more simply due to the loss of the
orthologs in P. patens, coupled with high divergence between the F.
hygrometrica and P. pyriforme orthologs, is not clear, and must await a
comprehensive phylogenomic analysis of the Funariaceae. An alter-
native hypothesis would be a de novo origin of these loci from existing
non-coding regions through overprinting or exonization for example, or
from ancestral genes through fission, fusion or retroposition (Van Oss
and Carvunis, 2019). While de novo gene birth has been demonstrated
in plants, it does not appear to account for a significant number of new
genes (i.e., 782) in Arabidopsis (Li et al., 2016) or n Oryza (i.e., 175,
Zhang et al., 2019). De novo origin of genes in bryophytes has not yet
been explored, due most likely to the lack of fully assembled and an-
notated genomes other that P. patens (Lang et al., 2018), and in parti-
cular of close or confamilial relatives of the latter (e.g., F. hygrometrica)

Fig. 3. Workflow for finding novel genes in F, hygrometrica and P. pyriforme transcriptomes by comparative analysis to P. patens genome and gene space through
different tools. A. F. hygrometrica vs. P. patens. B. P. pyriforme vs. P. patens.
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that would allow for synteny-based approaches to the identification of
de novo genes from non-genic ancestors (McLysaght and Hurst, 2016).
Testing the hypothesis of newly originating genes accounting for some
of the observed divergence must await the final assembly and annota-
tion of the F. hygrometrica genome.

The observed divergence in terms of low mapping rate of F. hygro-
metrica transcripts to P. patens is somewhat unexpected given the high
overall similarity in vegetative body, in life strategies (i.e., short-lived
annual life cycle) and in general ecology (i.e., terricolous, on mineral
soil). It is, however, concordant with the hypothesis that the diversifi-
cation of mosses, and in this case of the Funariaceae in particular, may
be driven by metabolic optimization along ecological gradients (Glime,
1990), within a morphologically stable, and thus highly selected for,
architecture of the leafy stem.

4.3. Evidence for whole genome duplication in F. hygrometrica and P.
pyriforme

Ancient whole or large-scale genome duplications may characterize
the evolutionary history of all mosses for which transcriptomes (e.g.,
Devos et al., 2016; Johnson et al., 2016; Pederson, 2019) or fully as-
sembled genomes (Lang et al., 2018) are available. The transcriptomes
of both F. hygrometrica and P. pyriforme bear signatures of an ancient
WGD (Fig. 2B), and based on a comparison of substitutions between
intragenomic paralogs and interspecific orthologs, the WGD likely
preceded the split of F. hygrometrica and the Physcomitrium lineage
(Fig. 2B). Lang et al. (2018) proposed that the genome of P. patens
underwent one and likely two WGD, about 40–48 mya and 27–35 mya.
The former estimate is within the range inferred based on plastid data
by Medina et al. (2018) (40–75 mya), for the divergence of the Fu-
narioideae suggesting its ancestor may have undergone a WGD. Al-
though one more recent WGD may have occurred in P. patens (Lang
et al., 2018; Gao et al., 2019), the evidence for a second genome du-
plication in F. hygrometrica is currently lacking and may await analysis
of the full genome. Indeed, inferences of WGD based on paralog di-
vergences estimated from transcriptomic data alone, can be biased
especially if gene retention following duplication is low or if paralogs
generated via WGD are more expressed than other duplicated paralogs,
and hence multiple lines of evidence integrating genomic and phylo-
genetic data should be sought to provide robust support for proposed
WGD (Tiley et al., 2018).

Although WGDs may have catalyzed genic innovation and perhaps
gene family expansion and contraction, the number of genes duplicated
via WGD tend to decrease with time since divergence (Qiao et al.,
2019), and hence the impact of the WGD shared by the Funarioideae
may be minimal. By contrast, more recent events may account for many
of the duplicated genes in either or both P. pyriforme and P. patens.
Furthermore, tandem and proximal duplication may be more effective
in promoting gene innovation (Qiao et al., 2019). The transcriptomic
data offer little or no insight into the extend and distribution of the
duplication, and thus the contribution of whole versus tandem dupli-
cations to the evolution of new functional genes must await the analysis
of the chromosome-level assembly of the F. hygrometrica genome.

4.4. Lineage specific shifts in gene family size in Funariaceae

The three Funariaceae sampled here exhibit significant differences
in gene family size due to rapid evolution either through expansion or
contraction (Fig. S2). The terminal branch of F. hygrometrica, is char-
acterized by 24 gene families, which are rapidly evolving, either
through rapid expansion (21) or contraction (3). The low rate of
mapping of F. hygrometrica reads and proteins to P. patens results from
of divergence between orthologs, but since the time of their divergence
not many changes occurred in F. hygrometrica gene families size (24
rapidly evolving, Fig. S2). On the other hand, P. pyriforme shows more
genomic overlap with P. patens but its terminal branch is characterized

by significant differences in gene family size compared to P. patens (629
rapidly evolving, Fig. S2). The disparity in the size of their gene families
may result from independent whole or partial duplications or contrac-
tion/loss in the other species, as well as tandem or proximal duplica-
tion. It should also be noted that transcriptomes provide only a partial
estimate of this phenomenon. A summary of interesting trends in spe-
cies-specific and rapidly evolving gene families are presented here.

Families with functions described as copper chaperone, copper ion
binding, calcium-dependent protein kinase (CDPK), universal stress
protein, callose synthase, allen oxide synthase, heat stress transcription
factor and riboflavin biosynthesis protein were identified among F.
hygrometrica-specific gene families (Table S4). Copper chaperones are
requisite to distribute cooper to cellular compartments or copper
binding proteins in yeast and mammals, also with similar homologs in
Arabidopsis (Chu et al., 2005). One destination includes superoxide
dismutase proteins (SODs), which can bind to copper/zinc (CuZnSOD).
CuZnSODs are essential to protect the cells against Reactive Oxygen
Species (ROS) through catalyzing dismutation of superoxide radicals
(Beyer et al., 1991). Possession of copper chaperone and copper ion
binding proteins in four F. hygrometrica specific gene families may ex-
plain why different F. hygrometrica populations have shown a wide
range of tolerance to copper and zinc metal in their substrate (Shaw,
1987; Shaw et al., 1987; Shaw, 1988).

Calcium-dependent protein kinase gene family (CDPK) are asso-
ciated with a variety of physiological activities and signaling pathways
through calcium-stimulated protein phosphorylation, as studied in
plants (Cheng et al., 2002). Their activity includes hormone responses
(Bethke et al., 1995), many abiotic and biotic stress pathways: cold,
wound, salinity, drought, and pathogen defense response (Knight and
Knight, 2001).

Universal stress proteins, known by the heat shock protein domain
(HSP domain) are common in prokaryotes, also are identified in an-
giosperms. Their function is studied well in prokaryotes. They aid in
cell survival after toxic chemical and osmotic stress exposure (Nystrom
and Neidhardt, 1992; Nystrom and Neidhardt 1993; Kerk et al., 2003).
In angiosperms, increased temperature or heat shock leads to expres-
sion of heat shock proteins which are a type of molecular chaperone to
bind to denatured proteins to prevent irreversible protein inactivation
and aggregation (Waters et al., 1996). Additionally, heat shock proteins
are also synthesized in many angiosperms in response to other stress
treatments such as heavy metal and salt stress (Czarnecka et al., 1988;
Harrington and Alm, 1988).

Riboflavin biosynthesis and heat stress transcription factor were
also recognized among the F. hygrometrica specific gene families.
Riboflavin is a fundamental cofactor in a variety of mainstream meta-
bolic enzymes such as citric acid cycle, fatty acid oxidation, mi-
tochondrial electron transport and photosynthesis (Jordan et al., 1999).
Riboflavin biosynthesis protein can provoke signal transduction path-
ways and activation of pathogenesis-related genes in plants and even-
tually lead to disease resistance (Dong and Beer, 2000). Heat stress
transcription factors, a final element of the signal transduction chain in
Arabidopsis, mediates gene response to heat and chemical stresses
(Nover et al., 2001).

The function of specific proteins may relate to the ability of F. hy-
grometrica to occupy disturbed areas and exhibit, perhaps, a much
broader geographic and ecological distribution. Magdy et al. (2016)
described a high genetic diversity and structure within and among F.
hygrometrica ‘s populations along ecological gradients, arguing for its
potential microecological adaptations. Furthermore, the functional
characterization of the rapidly-expanding gene families in F. hygro-
metrica shows that these are overrepresented in GOs, including: sulfur
compound metabolic process, organic compound metabolic process,
cofactor metabolic (inorganic such as zinc, iron and copper cofactors
involving in some chemical reaction) and some defensive mechanism
such as viral response and response to osmotic stress (Tables S5 & S6;
Fig. S2).
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Only a few of P. pyriforme-specific proteins could be functionally
annotated, such as those of the blue light photoreceptors gene families
(Table S4). Blue light receptors control different developmental pro-
cesses such as flowering time, phototropism and stomatal opening
(Briggs and Huala, 1999), and may be involved in controlling game-
tangial genesis and sporophyte development, which may be controlled
by temperature and light thresholds. In vitro gametangial development
in P. pyriforme is typically induced by temperatures around 7 °C
(Nakosteen and Hughes, 1978) as in F. hygrometrica (Monroe, 1965),
versus 17˚C in P. patens (Engel, 1968). However, we have observed
development of gametangia populations of P. pyriforme other than the
one sampled here in the absence of cold treatment, and hence under
conditions approximating those under which P. patens forms sex organs.
The functional characterization of rapidly-expanding gene families in P.
pyriforme and P. patens revealed gene families related to reproductive
processes, light and hormone response respectively (Tables S5 &S6).

The GO enrichment of P. pyriforme rapidly-expanding gene families
exhibits many terminologies related to the sexual life cycle and re-
productive system development (Fig. S3). The expression of such loci is
unexpected given that cultures were phenotypically sterile, although
we cannot exclude that gametangial development had been initiated.
Overrepresented GOs related to reproductive terminologies in rapidly-
expanding gene families of P. pyriformemay be linked to the accelerated
gametophyte development in this species compared to F. hygrometrica.
Physcomitrium pyriforme and P. patens may undergo a somewhat ac-
celerated development, not just in their reduced sporophytic generation
but also in their gametophyte. Funaria hygrometrica completes its life
cycle in four months, whereas P. pyriforme and P. patens do so in three
and two months, respectively (Nakosteen and Hughes, 1978).

5. Conclusions

The comparison of high-quality vegetative transcriptomes of
Funariaceae belonging to two genera, Funaria and Physcomitrium, and
their contrast against the genome of P. patens reveal significant diver-
gence in gene space, reflective of the long evolutionary divergence
between the genera and also of a highly dynamic evolution of the
genomes, which is in sharp contrast with the rather static architecture
of the vegetative body over 60 million years. While some genic in-
novations may be related to further specialization in life history traits,
most of the functional annotations point at innovations in metabolic
genes. The latter pattern may support the hypothesis formulated by
Glime (1990) that the evolution of mosses, which are poikilohydric, and
mycorrhizae devoid organisms, is driven, if not primarily, at least sig-
nificantly by physiological adaptations along environmental gradients.
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