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Comparative analysis using a
chromosome-scale genome assembly for
Funaria hygrometrica suggests greater
collinearity in mosses than in seed plants
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Eva M. Temsch11, Jill L. Wegrzyn3, Bernard Goffinet3, Yang Liu 4,5 & Péter Szövényi 1,2

Mosses, the largest lineage of seed-free plants, have smaller and less variable genome sizes than
flowering plants. Nevertheless, whether this difference results from divergent genome dynamics is
poorly known. Here, we use newly generated chromosome-scale genome assemblies for Funaria
hygrometrica and comparative analysis with other moss and seed plant genomes to investigate moss
genomedynamics.Althoughsomeaspects ofmossgenomedynamicsare seedplant-like, suchas the
mechanism of genome size change and de novo gain/loss of genes, moss genomes retain higher
synteny, and collinearity over evolutionary time than seed plant genomes. Furthermore, transposable
elements and genes aremore evenly distributed along chromosomes inmosses than in seed plants, a
feature shared with other sequenced seed-free plant genomes. Overall, our findings support the
hypothesis that large-scale genome structure and dynamics of mosses and seed plants differ. In
particular, our data suggest a lower rate of gene order reshuffling along chromosomes in mosses
compared to seedplants.Wespeculate that such lower rate of structural genomic variation andunique
chromosome structure in mosses may contribute to their relatively smaller and less variable
genome sizes.

The number of pseudomolecule-scale genome assemblies of seed plants has
rapidly increased in the last 20 years revealing their conserved and divergent
architectural features1–5. In addition, comparative analyses of deep and
shallow divergent seed plant genomes provided detailed insights into gen-
ome evolution and dynamics over longer and shorter timescales6–20. By
contrast, the structure and dynamics of seed-free plant genomes are little
understood2,5,21. Comparison of the few available high-quality genomes
suggests that overall genomic architectures of seed-free and seed-plant
genomes differ5,22–26. In particular, genomes of seed-free plants are smaller,

less variable in size (except in theMonilophytes), and the spatial distribution
of genes and transposable elements (TEs) along the chromosomes appears
to bemore even than in seedplants5,27. Suchpatternmaybe a consequenceof
an overall slower rate of genome evolution in seed-free versus seed plants,
potentially affecting the spatial distribution of transposable elements (TE) as
well as genome size evolution5. Nevertheless, relevant aspects of genome
evolution in seed-free plants, such as themechanismof genome size change,
the contribution of gene gain/loss and duplication to gene content variation,
and their overall effect on genomic collinearity are poorly understood.
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Mosses compose the most species-rich lineage of bryophytes (mosses,
liverworts, and hornworts) and the group of seed-free plants with the largest
number of pseudomolecule-scale genome assemblies23,24,28–32. Among
mosses, the Funariaceae provide an appropriatemodel system to investigate
genome evolution and dynamics, as they hold the most widely used model
organism of bryophytes, the moss Physcomitrium (Physcomitrella) patens,
for which a high-quality genome sequence and extensive associated geno-
mic resources are available28,32–37. The family also exhibits broad diversity in
genome size, ploidy level, and chromosome numbers following 90 million
years of diversification33,37–41 which has been extensively
investigated34,35,37,42,43. Collectively, these genomic and phylogenetic resour-
cesmake the Funariaceae a primemodel to explore key questions of genome
evolution in the largest group of seed-free plants, i.e., the mosses.

Based on two new pseudomolecule-scale genome assemblies for two
accessions of the moss Funaria hygrometrica (Funariaceae), we investigate
through comparisons with that of the related P. patens and other moss
genomes, three main aspects of genome dynamics: (i) the mechanism of
genome size change, (ii) the contribution of gene gain/loss and duplication
to gene content variation, (iii) and their overall effect on genomic synteny
(occurrence of a set of homologous loci on a set of homologous chromo-
somes) and collinearity (similar order of a set of homologous loci in two
genomes).

We observe that the two investigated moss genomes, F. hygrometrica
and P. patens, show remarkably higher levels of chromosomal synteny and
collinearity compared to seed plant genomes. We further show that the
enhanced collinearity is not unique to the two investigated species but
extends to other moss genomes. The genome structure is conserved despite
ancientwhole-genomeduplications andconsiderable recentTEactivity.We
also provide further evidence to the assertion that the spatial distribution of
genes and transposable elements along the chromosomes is more even in

mosses than in seedplants.Overall, ourfindings support the hypothesis that
large-scale genome structure and dynamics ofmosses and seedplants differ.
In particular, moss genomes exhibit a lower rate of gene order reshuffling
along chromosomes compared to seed plants.We speculate that the unique
large-scale genome structure of mosses can potentially contribute to their
overall smaller and less variable genome sizes compared to seed plants.

Results
F. hygrometrica accessions have 26 pseudomolecules
We assembled the genome of two F. hygrometrica accessions (one collected
in St. Gallen, Switzerland [hereafter referred to as “Zurich”]; the other in
Willimantic, Connecticut, USA [“UConn”]) using long-reads, Chicago and
Hi-C libraries at the level of pseudomolecules (Fig. 1a, Supplementary
Data 1, Supplementary Notes 1 and 2, and Supplementary Figs. 1 and 2).
Both assemblies were of high-quality resulting in 26 large scaffolds con-
taining 99.10/96.11% (first 26 scaffolds Zurich accession=277,486,149 bp;
first 26 scaffolds UConn accession = 301,785,107 bp) of the approx. 300
Mbp (full length of the assemblies: 280 Mbp Zurich, 314 Mbp UConn)
genome estimated using k-mer analyses with a minimum proportion of
gaps for both accessions (Supplementary Data 2).

The assembled genomes were smaller than their estimated genome
sizes using k-mer analysis (Supplementary Note 1, Supplementary Fig. 1,
and Table 1), whereas flow cytometry-based estimates suggested a 50–70
Mbp larger genome size. We believe that this difference between assembly
lengths and flow cytometry-based estimates is mainly of technical origin,
and it is unlikely that a significant portion of the genome ismissing from the
assemblies. It is well-known that flow cytometry often overestimates gen-
ome sizes which is well exemplified by our estimate obtained for the related
P. patens genome that is 40–50 Mbp larger than the actual length of its
telomere-to-telomere genome assembly32,44. Whole-genome alignment and

Fig. 1 | Organization and structural variation of the two F. hygrometrica gen-
omes. aCircos representation of chromosome-scale pseudomolecules of the Zurich
assembly. From outer to inner circle: Gene density in 250-kb windows along the
putative chromosomes; Density of repetitive elements in 250-kb windows; repre-
sentation of the 26 putative chromosomes (tick spacing is one Mbp). b Dot plot of

alignable regions between the UConn and Zurich assembly of the F. hygrometrica
genome. The plot was generated with D-GENIES using a similarity threshold of
70%108. c Length and frequency distribution of structural variants between the
Zurich (reference) and UConn assembly. Variants were classified and plotted using
assemblytics111.
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dot plot analysis of the genomes of the two accessions obtained by different
long-read sequencing technologies (PacBio and Oxford Nanopore) and
assembly algorithms revealed highly collinear scaffolds (Fig. 1b, c and
SupplementaryNotes 2 and3, andSupplementary Figs. 2 and3), suggesting
the absence of large-scalemisassemblies in either of the assemblies and thus
correspondence between the 26 largest scaffolds and the 26 putative chro-
mosomes. These observations are in line with previous chromosome counts
reported for F. hygrometrica45–48. Contigs unanchored to the 26 pseudo-
molecules were short and contained few genes (Supplementary Data 3,
Supplementary Data 4, and Supplementary Data 5; for a more compre-
hensive comparison of the two genomes see also Supplementary Note 3).
Both assemblies represent a significant improvement compared to a pre-
viously published F. hygrometrica draft genome assembly49 which was
highly fragmented (over 10,000 scaffolds) and showed a considerably lower
BUSCO score (See comparison in Supplementary Data 2 and 8).

Pseudomolecules of F. hygrometrica and its relative P. patens
are highly collinear and syntenic
The two F. hygrometrica assemblies suggest the presence of 26 chromo-
somes (Fig. 2a) which aligns well with the 26 chromosomes recently
reported for the related P. patens v6 genome32 (see Supplementary Note 2
and Supplementary Fig. 2).

Dot plots of the two genomes showed a 1 to 1 correspondence between
all 26 chromosomeswith virtually no exchangeof genomic segments among
chromosomes (Fig. 2a–c). That is, homologous chromosomes of F. hygro-
metrica and P. patens housed homologous set of genes hence are highly
syntenic. The F. hygrometrica and P. patens genomes were also highly
collinear, showing a highly conserved linear order of homologous genes
(Fig. 2a–c). This implies that in contrast to previous assumptions28, both
species have 26 chromosomes, and this karyotype, including structure and
gene content of the chromosomes, remained stable over at least 60–80
million years (Myr) of evolution37,50.

The F. hygrometrica genome has higher gene density but is
smaller than that of P. patens
Evidence from flow cytometry measurements (P. patens: 511Mbp [C value
0.53 pg]; F. hygrometrica Zurich: 380 Mbp, [C value 0.4 pg], for further
information see Supplementary Note 1) and genome assemblies (assembly
length: P. patens v6: 482 Mbp; F. hygrometrica Zurich accession: 280 Mbp;
UConn accession: 314 Mbp) reveal that the F. hygrometrica genome is at
least 160–200 Mbp smaller than the P. patens genome (Supplementary
Data 2, see also in Supplementary Note 1–4 and Supplementary
Figs. 1–4)28,32,51. In contrast, the genome of each F. hygrometrica accession
harbored somewhatmore genes than that ofP. patens, with 36,301 (UConn)
and 36,804 (Zurich) high-quality filtered gene models (Supplementary
Data 7), which is about 250–800 genesmore than the 36,044 genes reported
for the P. patens v6 genome32. Importantly, about 80%of the predicted gene
models were supported by expression evidence (TPM ≥5), and 85% of
Zurich and74%ofUConngenemodels haveRNA-seq coveragehigher than
80% (Supplementary Data 7). Furthermore, BUSCO scores of both the
annotated gene set and that of the genome sequence were among the top of
currently published chromosome-scale genomes (including P. patens)
(Supplementary Data 8). Due to the smaller genome size and slightly larger
gene set, gene density of theF. hygrometrica genome is nearly twice that ofP.

patens (13.08/12.20 genes/100 kbp [F. hygrometricaZurich/UConn] vs 7.48
genes/100 kbp [P. patens v6]).

Genome size difference is mainly due to TE expansion/
contraction
The size difference between the F. hygrometrica and P. patens v6 genomes
(i.e.,+150–200Mbp)maymainly be explained by the higher proportion of
repeat elements in the latter. Indeed, nonalignable parts of the F. hygro-
metrica and P. patens v6 genomes were enriched in their respective domi-
nant LTR elements (see below), whereas the alignable segments were
enriched in exonic and intronic regions (Fig. 3a and SupplementaryData 6).
Nonalignable regions were also enriched in segments of the genomes con-
taining not annotated features (regions outside of exons, introns, and repeat
elements). Furthermore, the length and proportional TE content increase of
homologous P. patens v6 and F. hygrometrica chromosomes is significantly
and positively correlated (Spearman’s Rho=0.517265, P value = 0.00753),
strengthening the hypothesis that the larger genome size in P. patens
resulted, at least in larger part, from an increased representation of repeat
elements and intergenic regions.

The repeat element content of the F. hygrometrica and P. patens gen-
omes differ both quantitatively and qualitatively (Fig. 3b and Table 1).
About a third of the F. hygrometrica genomes (32% and 37% of the Zurich
and UConn accessionsʼ genome, respectively) is composed of repeats
(Fig. 3b and Supplementary Data 6), compared to 60% in the P. patens v6
genome, reflecting a 23-28% difference in the fraction of repetitive elements
between the genomes of these species. In other words, almost 80% of the
genome size difference between P. patens and F. hygrometrica can be
attributed to differences in repetitive element content alone. Furthermore,
the class of LTR dominating the repeat content differed between the two
species:Gypsy elements inP. patens v6 (3% [Copia] vs. 27% [Gypsy]) versus
Copia elements (16–17% [Copia] vs. 9–12% [Gypsy]) in F. hygrometrica
(Fig. 3b and Supplementary Data 6).

The overall difference in repeat content and abundance of Copia and
Gypsy elements between the F. hygrometrica and P. patens genomes could
have arisenby lineage-specific expansionof LTRs. Intriguingly, our reanalysis
of the temporal activity of Copia and Gypsy element insertions in the P.
patens v6 and F. hygrometrica genomes revealed shared histories (Fig. 4).
Although Copia elements exhibited rather continuous activity through time
(albeit with a recent and an older peak of activity in the genome of both
species) and Gypsy elements a mostly recent activity (Fig. 4), the temporal
dynamicsofdominantLTRelementsdidnotdifferbetween the twogenomes.
Further, the absolute number of intact Gypsy elements wasmore than three-
fold higher in the repeat-rich and Gypsy-dominated P. patens v6 than in F.
hygrometrica (Table 1). The significantly larger number of all and intact
Gypsy elements in P. patens and the similar proportion of intact elements in
P. patens and F. hygrometrica suggest that the difference between the two
genomes likely arose via a more massive activation of Gypsy elements in P.
patens. By contrast, the activity of Copia andGypsy LTRswasmore balanced
in F. hygrometrica, but overall, at a lower level compared to P. patens.

Proportion of species-specific genes is similar to seed plants
To compare homology of the gene sets of the two species using a phylo-
genetic approach, we created orthogroups using proteomes of 38 plant
species including 12 bryophytes, the two F. hygrometrica accessions, various

Table 1 | Proportional and absolute abundance of Copia- and Gypsy-like LTR elements in the F. hygrometrica and P. patens v6
genomes as estimated by the EDTA pipeline95

F. hygrometrica acc. Zurich F. hygrometrica acc. Uconn P. patens

# Copia elements 49,215 64,501 25,512

# intact Copia elements 27,990 (57%) 40,481 (63%) 11,151 (44%)

# Gypsy elements 24,801 69,216 209,285

# intact Gypsy elements 16,204 (65%) 30,697 (44%) 116,257 (55%)
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vascular plants, chlorophyte and streptophyte algae (Supplementary
Data 9). We recovered 60,901 orthogroups including 83.5% of the genes
with only 0.5% of the orthogroups being species-specific (Supplementary
Data 10).

A considerable proportion (41.11%, 15,026 genes) of the F. hygro-
metrica gene set occurs in species-specific gene families (containing F.
hygrometrica but noP. patens genemodels), compared to 30.5% (i.e., 10,044
genes) of the P. patens v6 gene set. Therefore, shared gene families housed
about 60% (58.89% 21,527/36,553) and 70% (69.50% 22,882/32,926) of the
F. hygrometrica and P. patens gene sets, respectively (Supplementary
Data 10). Presence/absence polymorphism of genes was not an artifact of
gene prediction. Virtually all predicted F. hygrometrica gene models had
RNA-seq coverage (Supplementary Data 7) and gene families with species-
specific genes had genes predicted for both accessions (Supplementary
Data 10). Importantly,F. hygrometrica-specific genes showeda considerable
level of expression as well as expression variation across developmental
stages. Furthermore, only 4.92% (739 gene models) of the 15,026 Funaria-
specific genes could be partially (50% coverage threshold) mapped to the P.
patens genomic sequence, and of these 42.63% (315) produced truncated
gene models with one or more frameshifts. P. patens holds a similar set of
species-specific genes. Only 8.69% (873) of the 10,044 P. patens-specific
genes had partial matches in the F. hygrometrica genome sequence, and of
these 20.96%(183)were further interruptedby frameshifts. Thus,more than
90%of the species-specific genes cannotbedetected in the alternate genome,
and therefore likely represent de novo gene gains/losses following the
divergence of the two species. The remaining and considerably smaller
proportion of species-specific genes likely underwent gene degeneration/
pseudogenization in one of the two genomes. The proportion of species-
specific genes in the F. hygrometrica (41%) and P. patens (30%) genomes,
falls within the range that we found between seed plants with similar depth
of divergence (i.e., 14–49%, median of 28% and mean of 29.17%,

Supplementary Note 6) and therefore does not seem to be exceptional, or
indicative of distinct modes of genome evolution in mosses.

Although the proportion of genes unique to either of the two moss
species was considerable, over 60% of the gene set occurred in shared gene
families (Supplementary Data 10). Our gene family expansion/contraction
analysis indicated that very few gene families (about 1%, see Supplementary
Note 7 and Supplementary Data 11) showed significant expansion or
contraction between F. hygrometrica and P. patens. This supports that the
gene set differencebetweenP. patens andF.hygrometricaprimarily achieved
by denovo gain/loss of genes andnot by gene family expansion/contraction.

The genomes of F. hygrometrica, P. patens, and other mosses
show higher level of collinearity than those of seed plants
The P. patens genome appears to have significantly expanded via the acti-
vation of LTRs, which could have triggered extensive spatial reshuffling of
the gene set, resulting in lower collinearity (similar order of homologous
genes in two or more genomes) with the F. hygrometrica genome. Despite
considerable genome expansion and more than 60 million years of inde-
pendent evolution, the genomes of the two species remain remarkably
collinear (Fig. 2a–d and Supplementary Data 12). More specifically, about
half of the F. hygrometrica andP. patens v6 gene set (50.67%or 18,263 genes
and 49.15% or 18,088 genes in F. hygrometrica [Zurich accession] and P.
patens v6, respectively) occurred in 759 collinear blocks containing at least
five collinear genes. About 70% and 60% of the P. patens v6 and F. hygro-
metrica genes, respectively, have homologs in the alternate genome, and
almost all shared genes (80–90%) occur in collinear blocks, of which about
half (52.17%, 396)were inverted inoneof the twogenomes. Inverted regions
did not serve as hotspots of genome evolution, as inverted and noninverted
collinear blocks in the F. hygrometrica [Zurich accession] and P. patens v6
genomes, were similar in terms of length, overall number of genes and
number of collinear gene pairs (Fig. 2a–d).

Fig. 2 | Intergenomic collinearity between the P. patens v6 and F. hygrometrica
acc. Zurich genome. a Collinearity between the P. patens v6 and F. hygrometrica
pseudomolecules. Collinear blocks of the two genomes are connected with colored
ribbons, and pseudomolecules are drawn to scale. b, cCollinearity between syntenic
pseudomolecules of F. hygrometrica and P. patens v6 (fh1 vs. pp01, and fh10 vs.
pp16). Blue ribbons connect collinear blocks with the same directionality, while red

ribbons depict blocks with inverted positions. d Collinearity and synteny between
fh17 and pp25. e Comparison of genomic features in the corresponding collinear
blocks of P. patens v3 and F. hygrometrica. The box plot shows the median and
interquartile ranges, whiskers represent values up to 1.5 times the interquartile
range, values outside this range are represented as individual data points.
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Fig. 3 | Transposable element annotation of Funariaceae genomes. a Genome
features in alignable and not alignable regions between the F. hygrometrica acc.
Zurich and P. patens v6 genome. Only features fully overlapping with the respective
genomic regions are shown as annotated, partially overlapping features are shown in
black alongside regions without annotation. The whole-genome alignment was
computed using theminimap2 algorithmwith default parameters109. bTransposable

element annotation summary of the three studied genomes. The bar plot on the left
shows the composition of transposable element families as a fraction based on their
total sequence length in the genome. The plot on the right shows the absolute length
the different families occupy in the respective genome. c, dDensity of Long terminal
repeat (LTR) retrotransposons on the chromosomal scaffolds of P. patens v6 (c) and
F. hygrometrica (d) in 100 kb windows.
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We further compared the extent of collinearity between the two
moss genomes with that of seed plants with similar divergence times. We
first used pairs of grass genome with chromosome-scale assemblies
known to show exceptional collinearity among seed plants with a split-
ting time of 46–62 million years ago (Mya), which is similar to the
estimated divergence time of F. hygrometrica and P. patens (see meth-
ods). Only about 49–65% of the homologous genes were in collinear
blocks in these pairwise comparisons (Fig. 5a–c), a proportion roughly
20% smaller than that observed between the two current moss genomes.
Altogether, our observations indicate that despite new LTR insertions
and 60 million years of divergence, exceptional collinearity was retained
over most of the genome (Fig. 5a–c).

To test whether exceptional collinearity is a specific feature of the F.
hygrometrica–P. patens genome pair, we extended our collinearity ana-
lysis to other seed plant and moss genomes. To do so, we calculated the
proportion of homologous genes located in collinear blocks between pairs
of moss and seed plant genomes with comparable divergence times. We
only included moss and seed plant genomes with chromosome-scale
assemblies. We compared species pairs with approx. 30 and 175 million
years (Myrs) of divergence time because high-quality moss genomes were
only available for these two splitting time categories (see species list in
methods). Our results confirmed that pairs of moss genomes always
showed greater collinearity than seed plants with comparable divergence
depth (Fig. 6). Altogether, our observations indicated that despite new
LTR insertions and 60 million years of divergence, the two Funariaceae
genomes show exceptionally high collinearity compared to seed plant
genomes of similar age of divergence and suggest that such pattern may
characterize moss genomes with highly contiguous genomes available so
far (Figs. 5 and 6).

Smaller genome size of F. hygrometrica is mirrored by shorter
collinear regions
Themajority of the genomeofF. hygrometricawas composed of gene blocks
collinear with portions of the P. patens v6 genome. Given the significantly

smaller genome of F. hygrometrica (i.e., by 150–200Mbp), we expected that
its collinear blocks are shorter (Fig. 2e and SupplementaryData 12). Indeed,
the overall size of the genomic segments containing the collinear blocks was
about half as large in the F. hygrometrica compared to the P. patens genome
(Fhmedian=271,894 bp, interquartile range [IQR] = 166,567-455,659 bp;
Ppmedian = 444,906 bp, IQR = 260,162-779,820, Wilcoxon rank sum test
W= 248333, P < 2.2e-16). This difference was largely due to the smaller
intergenic regions in F. hygrometrica compared to P. patens
(Fhmedian=190,100 bp, IQR = 109400-328200; Ppmedian = 325,400 bp,
IQR = 182,000-617,800), while genomic segments of the collinear blocks
contained somewhat more genes in F. hygrometrica than in P. patens
(Fhmedian=39.00, IQR = 25-64; W= 110432; Ppmedian = 34.00, IQR= 22.00-
56.00, P < 2.2e-16). This is in line with our above observation that genome
size changewasprimarily achievedby repeat expansion leading to anoverall
increased gene density in collinear blocks in F. hygrometrica versus in P.
patens (Fig. 2e).

The most recent whole-genome duplication is shared by F.
hygrometrica and P. patens
Previous analyses suggested that the ancestor ofmossesmay have had seven
chromosomes, and that two whole genome duplications (WGD) subse-
quently occurred in the line leading toP. patens23,24,28. Signatures of the older
WGD dated to about 200 Mya are shared by Ceratodon purpureus23,52 and
Syntrichia caninervis24, whereas the more recent one likely predated the
origin of the Funariaceae28,38,42,53,54. We found abundant collinearity and
synteny between the F. hygrometrica and P. patens v6 chromosomes
(Fig. 2a–d), and ourKs analysis resulted in very similarKs distributions inF.
hygrometrica and P. patens v6 (Fig. 7a, b). Furthermore, both species’ Ks
distribution showed two major peaks at Ks = ~0.8 and Ks = ~1.2 repre-
senting two potential WGDs. Self-synteny maps of both genomes were
also very similar, further confirming the presence of two shared WGDs
(Fig 7a, b). Therefore, our Ks and self-synteny-based analyses suggest that
both the old and the more recent WGDs are shared by the two species
(Fig. 8a–c). This confirms that both WGDs preceded the split of F.

Fig. 4 | Insertion age distribution of intact full-length LTR elements in the
Funaria genomes and in P. patens (P. patens v6). Insertion time is estimated by
calculating the sequence divergence between left and right terminal repeats and

provided in millions of years ago (Mya). “n” refers to the number of full-length
elements included in the analysis.
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hygrometrica and P. patens and may be specific to the Funarioideae or any
prior node (e.g., Funariaceae) in the evolution of the Funariidae37.

The F. hygrometrica genome lacks the specific telomeric repeat
reported for P. patens v6
The newly released P. patens v6 genome reported that 13 out of the 52
telomeres show an unusual sequence composition32. In particular, the 13
telomere sequences consist of the unusual (GGCCCA)n instead of the
frequently observed (TTTAGGG)n repeat. It was argued that this unusual
telomere repeatmaybe the result of chromosomalfissionandhealing.Using
this assumption a new scenario of chromosomal evolution was proposed
including 14 breaks, three fusions and nine small chromosome fragment
losses following the most recent WGD. Because we observed 1 to 1
homology between the P. patens and the F. hygrometrica chromosomes and
bothWGDs are shared by the two species, similar telomeric repeats would
be expected in F. hygrometrica and P. patens. While not all of the F.
hygrometrica chromosome ends contained properly assembled telomeres,
the (GGCCCA)n repeat pattern did not occur in either of the assemblies.
Nevertheless, besides the often observed (TTTAGGG)n repeat we found
that multiple chromosomes contained a telomeric repeat with the unusual
(CCCAGGG)n pattern (Supplementary Note 9: Supplementary Table 2).
This discordance between the telomeric repeats of the two species may
either suggest that healing is unrelated to the unusual telomere structure of
P. patens or it produces different telomeric repeats in the two species.

Overall chromosomestructureofF.hygrometrica resembles that
of P. patens and other bryophytes
The overall chromosome structure of the F. hygrometrica genomes is very
similar to that of the other publishedbryophyte genomes. Pericentromeric
regions enriched for TEs could not be identified and gene and repeat
features were rather uniformly distributed along the chromosomes

(Fig. 1a, Fig. 3c, d, Supplementary Note 8, and Supplementary Figs. 5–7).
Although pericentromeric regions enriched in TEs are not present in the
P. patens genome, the distribution of RLC type 5 Copia elements shows a
peak at the centromeric regions28,32. In the F. hygrometrica genome, we
could not identify a single Copia or Gypsy subfamily that showed a clear
and single peak along any pseudomolecule (Fig. 1a and Supplementary
Note 8). Therefore, we conclude that the association of RLC elementswith
the putative centromeres is specific to P. patens and does not occur in F.
hygrometrica.

Discussion
Comparison of sequenced seed-free and seed-plant genomes suggests that
their overall genome structure may differ in multiple aspects5. Yet given
the paucity of information on the genome evolution and dynamics of
seed-free plants, the ultimate causes of their differential genome structure
is poorly understood21. By conducting comparative analyses of the F.
hygrometrica, P. patens, and some additional moss genomes, we found
that structural variation, which rearranges the physical position of genes
along chromosomes, is likely to be slower in mosses than in seed plants.
Moreover, we provide further evidence to the assertion that the spatial
distribution of genes and transposable elements (TE) along the chromo-
somes is more even in mosses than in seed plants. We speculate that the
slower pace of structural genomic variation and the unusual spatial dis-
tribution of TEs and genes may be a general characteristic of moss gen-
omes and contribute to their overall smaller and less variable genome sizes
compared to seed plants. This hypothesis needs further testing once an
extensive data set of highly contiguous moss genome assemblies are
available.

Moss genomes are smaller and more conserved in size than those of
seed plants27. This could potentially be explained by a genome expansion/
contraction mechanism that is different from that of seed plants. In most
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Fig. 5 | Comparison of collinearity between pairs of grass and moss genomes.
a Collinearity between the complete Brachypodium dystachion and Oryza sativa
genomes (top) and between the second chromosome of B. dystachion and chro-
mosome one and five of O. sativa (bottom). b Collinearity between the complete
genomes of F. hygrometrica and P. patens v6 (top) and between their fully syntenic
first chromosomes (bottom). a, b Ribbons connect collinear blocks of the two
genomes, and the first genome in the comparison is always shown on the top of the

figures. In the close-up figures inverted and noninverted collinear blocks are shown
in red and blue colors, respectively. c Percentage of homologous genes found in
collinear blocks in the grass species pairs and in the moss species investi-
gated. Abbreviations: Z. mays Zea mays, O sativa, Oryza sativa, B. dystachion,
Brachypodium dystachion, F. hygrometrica, Funaria hygrometrica, P. patens Phys-
comitrium patens.

https://doi.org/10.1038/s42003-025-07749-x Article

Communications Biology |           (2025) 8:330 7

www.nature.com/commsbio


seed plants, genome size variation is caused by the expansion/contraction of
non-coding DNA, especially TE-elements55–58. By contrast, direct genomic
evidence for the predominant effect of TEs in the genome size variation of
mosses and bryophytes was lacking.We provide evidence that the 150–200
Mbp larger size of the P. patens (versus the F. hygrometrica) genome is
primarily due to its increased TE content, suggesting that genome size
variation in the Funariaceae, and hence perhaps in mosses and bryophytes
in general, is driven, like in seed plants, by expansion/contraction in TE-
elements. Therefore, our observations provide little support to the idea that
genome size change would follow radically different mechanisms inmosses
and seed plants.Nevertheless, the possibility that genome size change viaTE
expansions/contractions is more constrained or genome downsizing is
more effective via TE deletion in mosses than in seed plants cannot be
ruled out.

Although the mechanism underlying change in genome size may be
similar in seed plants and mosses, the genomes of the latter may be
structurally less dynamic (e.g., fewer chromosomal translocations,
inversions, insertions, deletions than in seed plants). This could poten-
tially explain why moss genomes are on average smaller, less variable in
size, and partitioned among a more conserved number of chromosomes
than those of seed plants. Indeed, previous comparative analyses among
moss genomes that diverged over 170–200 Mya revealed detectable syn-
teny among chromosomes (so-called “ancestral elements”)23,24. Our ana-
lysis recovered unexpectedly strong collinearity between the F.
hygrometrica and P. patens genomes, despite 60–80 million years of
divergence37, which is in line with recent findings29,59 and overriding

observations made between highly collinear grass genomes with similar
depth of divergence60–66. Furthermore, we also showed that greater colli-
nearity of moss genomes versus seed plant genomes is not a specific
characteristic of F. hygrometrica and P. patens but appears to be a general
feature of themoss genomes available so far. Therefore,moss genomes are
characterized by a lower rate of chromosomal translocations and rigidity
of collinear gene blocks compared to seed plants, a feature is probably
shared with another group of bryophytes, the liverworts59. The mechan-
isms and/or constraints leading to lower structural dynamics of chro-
mosomes are unclear but could be related to the haploidy of the moss
genome directly exposingmutations to natural selection. This is expected
to increase the efficacy of purifying selection potentially leading to
extended synteny and collinearity67,68. It is also possible that high efficiency
of homologous recombination facilitates homology-mediated repair,
which could increase genomic synteny and collinearity28,33,69.

Our study provides further evidence to the hypothesis that bryophytes
and potentially all seed-free plant genomes are characterized by an unusual
chromosome structure with repeat and gene features relatively evenly
spread along the chromosomes22,26,70–75 lacking a broad TE enriched peri-
centromeric region (Marchantia polymorpha76, Ceratodon purpureus23,
Syntrichia caninervis24, Anthoceros agrestis77, Pohlia nutans78). This is in
stark contrast to the usual chromosome structure of flowering plant gen-
omeswherein gene density is highest in themiddle of the chromosomearms
and repeats more dominant in the pericentromeric regions. The processes
potentially contributing to this unique arrangement of genes and repeats are
obscure and remain to be investigated5.

Fig. 6 | Comparison of collinearity between pairs of seed plant and moss gen-
omes. The percentage of homologous genes found in collinear blocks are shown
between pairs of moss and seed plant genomes with 30Myr and 175Myr of
divergence depth. Abbreviations: H. curvifolium Hypnum curvifolium, E. seductrix
Entodon seductrix, A. thaliana Arabidopsis thaliana, C. spinosa Capparis spinosa, S.

viridis Setaria viridis, S. bicolor Sorghum bicolor, C. purpureus Ceratodon purpureus
GG1, P. nutans Pohlia nutans, N. japonicum Niphotrichum japonicum, P. patens
Physcomitrium patens v6, C. kanehirae Cinnamomum kanehirae, O. sativa Oryza
sativa.
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We can only speculate about if, and to what extent, the unique dis-
tribution of TEs and genes as well as the overall low rate of structural
genomic variation may contribute to the smaller and less variable genome
sizes in mosses and potentially in most bryophytes versus seed plants. It is
possible that increased purifying selection and homology-mediated repair
facilitate TE deletions thereby constraining genome size change. This
hypothesis assumes that TE insertions are deleterious and genome size
change is primarily drivenbynatural selection.Wecan alsohypothesize that
the even distribution of gene-rich islands embedded in the sea of TEs may
contribute to smaller and less variable genome sizes in bryophytes. This is
because tight intermingling ofTEsandgenesmay facilitateTEdeletion rates
owing to the greater recombination rate of genic regions5,79,80.

Conclusions
In comparison to the rapidly growing understanding of genome evolution
and dynamics in flowering plants, very little is known about patterns and
processes pertaining to changes in the genomes of seed-free plants2,5. Our
analyses and the integration of previous observations suggest that moss
genomes show more extensive synteny/collinearity than those of flowering
plants. Therefore, our results provide further support to the hypothesis that
genome dynamics of mosses and potentially other bryophytes differ from
those of seed plants5,29. Our study provides a solid basis for amore extensive
exploration of genome dynamics within the Funariaceae, to test for the
generality of our observations. Moreover, the availability of a high-quality
genome sequence for two species representing endpoints of the morpho-
logical and ecological diversity within the Funariaceae will open the way for

detailed investigations on the genetic basis of phenotypic diversity within
the family42,49,53.

Methods
DNA sequencing
For both the Zurich and UConn accessions (Supplementary Data 1) high
molecularweightDNAwas extractedusing amodifiedCTABprotocol81. The
Genome of the Zurich accession was sequenced with Illumina and PacBio
technology. Illumina libraries were generated with insert sizes of 250 bp,
350 bp, 2kbp, and5kbpandsequencedonHiseq2000,Hiseq2500, andHiseq
4000 systems (paired-end, 150 bp read length). PacBio datawas generated on
theRS IIplatformusingC1chemistry (3 cells) andP6-C4chemistry (10cells).
Illumina sequencing yielded over 62 Gbp of raw sequencing data in total,
while PacBio sequencing resulted in 13 Gbp of sequence data.

For the UConn accession we generated two Illumina libraries with an
insert size of 400 bp and sequenced them using the HiSeq Xten platform
(paired-end, 150 bp read length). Using the very same DNA, we also pre-
pared a single DNA library for Oxford Nanopore sequencing using the
ligation kit and sequenced it on the Nanopore X5 platform. Illumina
sequencing resulted in a total of 62 Gbp raw data. Nanopore sequencing
resulted in about 1.8 million reads longer than 10,000 bp after clean-up.

To improve the continuity of the genome assemblies, we created Hi-C
libraries for the Zurich accession (using the Dovetail Hi-C kit for genome
assembly) and for the UConn accession using the protocol described in
ref. 82. Furthermore, a Chicago library was also prepared by Dovetail
Genomics for the Zurich accession aiding scaffolding and assembly

Fig. 7 | Dot plot of self-synteny among pseudomolecules of the F. hygrometrica
Zurich accession and P. patens v6. Pseudomolecule blocks corresponding to the
putative ancestral chromosomes are framed. Histograms above the dot plots show
the distribution of average Ks values per collinear block. Histograms are colored

according to the two whole-genome duplication events. Pseudomolecules in the dot
plots are ordered according to intergenomic synteny between a F. hygrometrica and
b P. patens v6.
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correction at shorter distances, in the several 100kbp range. We sequenced
the Hi-C and Chicago libraries using Illumina Hiseq 4500 and Novaseq
machines in paired-end mode (150 bp read length). Details of the DNA
sequencing data used for the genome assembly can be found in Supple-
mentary Data 1.

Genome assembly
For the Zurich accession the initial assembly was generated with the Canu
assembler v1.583 using all PacBio data. Afterward, we employed HiRise84

together with the Chicago sequencing data to scaffold the original reads into
larger scaffolds and improve assembly contiguity. The resulting assemblywas
further consolidated by a second HiRise run employing the Hi-C data. For
manual curation,Hi-C sequencingdatawas aligned to the assembly using the
juicer pipeline v1.685 and files for visual inspection of the Hi-C contact map
were created with scripts supplied with the 3D-DNA software package86.
Visual review with the Juicebox v1.6 software87 revealed no obvious mis-
assemblies, but we identified a misjoin in the largest pseudo-molecule. We
manually corrected the misjoin, and the genome assembly was updated to
accommodate for the introduced scaffold split (see Supplementary Note 2).

For the UConn accession Nanopore raw reads were first corrected by
Canu v1.9. The corrected reads were then assembled into contigs by
NextDenovo v2.3.0 (https://github.com/Nextomics/NextDenovo) with

default parameters. After assembly polishing (see below), Hi-C raw reads
were processed by Juicebox v1.6 to extract valid reads which contain Hi-C
contact information. The 3D-DNApipelinewas then used to cluster, orient,
and order the contigs, generating chromosome-scale scaffolds.We also used
Juicebox to manually adjust the scaffolding according to the contact map.
After manual curation in Juicebox, the post-process module of 3D-DNA
pipeline was used to generate the corrected chromosome-level scaffolds (see
Supplementary Note 2).

Polishing
The assembly of the Zurich accessionwas first polishedwith the quiver tool,
which is part of the PacBio SMRTAnalysis software package v2.3.0.140936,
using all PacBio reads obtained with the P6-C4 chemistry. We used the
default thresholds to remove very low coverage scaffolds from the assembly.
This polishing step also correctedbase calls,filled inNs, and corrected repeat
regions. After that we mapped Illumina reads to the quiver-polished
assembly using BWAmem v0.7.1888 to correct indels and SNPs in the non-
repetitive parts of the genome assembly using Pilon v1.2389 in three rounds.
Final polishing was done with PBSuite v.15.8.2490 to fill up some of the
remaining gaps of the assembly using all available PacBio reads.

To fix SNPs, indels and SVs originated from sequencing errors, the
UConn genome’s assembly was first corrected using all Oxford Nanopore
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Fig. 8 | Intragenomic collinearity and karyotype evolution model of the F.
hygrometrica genome. a Circular visualization of the 26 pseudomolecules of the F.
hygrometrica genome (Zurich accession). Blocks of collinear genes with a mean
synonymous substitution rate (Ks) ≤1.05 (corresponding to the most recent whole-
genome duplication [WGD]) are connected by colored ribbons. Pseudomolecules
are arranged to reflect their putative evolutionary relationship. Pseudomolecules
potentially originating from the same ancestral chromosome are grouped together

and labeled with I –VI. bVisualization of collinear blocks with amean synonymous
substitution rate (Ks) >1.05 (corresponding to the older WGD). c Hypothetical
model of karyotype evolution in the F. hygrometrica lineage. Six ancestral chro-
mosomes underwent two whole genome duplication events accompanied by one
chromosome loss, five chromosome breaks, and three chromosome fusions,
resulting in 26 recent chromosomes.
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reads and the algorithm provided in racon v1.4.10 91. We further corrected
the racon polished contigs using all Illumina reads and Pilon v1.23. We
repeated the successive polishingwith racon and pilon three times.We used
both tools with default parameters.

Contamination detection and filtering
Initial assessment of the Hi-C contact maps of the Zurich accession sug-
gested that some scaffolds of the assembly had very low coverage of Hi-C
data and therefore represented potential contaminations. We made similar
observation using the UConn accession’s genome assembly. To identify
contaminant scaffolds, we used BlobTools v1.1.192. More specifically, we
used all Illumina reads and the full NCBI nucleotide collection (nt) and the
uniprot database to assess sequencing depth along the genomic scaffolds
and to assign them to broad taxonomic categories, respectively. After that,
we removed all scaffolds from the assembly thatwere assigned to bacterial or
other non-eukaryotic taxonomic classes.

Repetitive element identification and annotation:
RepeatModeler2
We used the automated approach implemented in the RepeatModeler2
package v2.093 to generate a de novo annotation of repetitive elements in the
genomes. The resulting library of TE families was then used for annotation
of repetitive elements in the genome sequence using RepeatMasker v4.1.094

(Supplementary Data 13–14A and B).

Transposable element annotation
We used the Extensive de novo TE Annotator (EDTA) pipeline v1.9.695

to get a comprehensive TE annotation for both F. hygrometrica genome
assemblies. The contamination-filtered pseudomolecule-scale assem-
blies were used as an input to the pipeline together with coding
sequences of genes annotated by BRAKER v2.1.096 and genBlastG
v1.3997 as described in the “Gene prediction” paragraphs. To avoid
introducing a bias when comparing TE composition and distribution
between the F. hygrometrica accessions and P. patens caused by differing
annotation pipelines, we retrieved the most recent P. patens genome
assembly v6 (Bi et al. 32, https://phytozome-next.jgi.doe.gov/info/
Ppatens_v6_1) and re-annotated transposable elements using the
EDTA pipeline as described above (Supplementary Data 15–17). Phy-
logenetic analysis of LTR Copia and Gypsy super-families are described
in Supplementary Note 8.

LTR insertion time estimation
The sequences of 5‘ and 3’ terminal repeats are supposed to be identical to
each other when LTR retrotransposons are newly inserted into the
genome98. Therefore, the degree of sequence conservation between left and
right terminal repeats can be used as a proxy for insertion age of individual
LTRelements. To assess the recent history of LTR retroelement insertions in
F. hygrometrica and P. patens, we extracted 5’ and 3’ terminal repeat
sequences for each LTR element classified as full-length and intact by the
EDTA pipeline95 and aligned them using MUSCLE v3.8.31 with default
parameters99. We then calculated the Kimura 2 parameter distance100 for
each aligned pair using a custom Python script and modules from the
Biopython library101. The divergence time between LTR pairs was estimated
by dividing the distance parameter by two times the synonymous sub-
stitution rate. We used a substitution rate of 9.4 × 10−9 synonymous sub-
stitutions per synonymous site per year for both genomes, which was
established for P. patens elsewhere102. We plotted LTR insertion age dis-
tributions using the R package ggplot2 v3.3.3103.

Genome annotation
Transcriptome assembly. To aid gene prediction we generated RNA-
seq data covering three developmental stages of the gametophyte and
four developmental stages of the sporophyte generations in three repli-
cates (six developmental stages in total) for the Zurich accession.
Gametophyte and sporophyte RNA-seq data was also obtained for

sporophyte and gametophyte tissues of the UConn accession (Supple-
mentary Data 1). RNAseq data was first trimmed for low-quality bases
and adapter sequences using Trimmomatic v0.36104. The strand-specific
RNA-seq reads were then mapped to their respective genome using
Hisat2 v2.1.0105 and a genome-guided transcriptome assembly was gen-
erated using default options in Trinity v2.13.2106. A second transcript
assembly was generated using StringTie2 v2.1.6107. Here, transcripts were
assembled independently for each sample and a final set of unique
transcripts was computed using the –merge function.

Gene prediction. Gene models were initially predicted separately for
both F. hygrometrica accessions, using BRAKER2 v2.1.096 and con-
solidated afterwards as described in the Supplementary Note 5.

Whole-genome alignments and collinearity analyses
We used dot plots generated with D-GENIES v1.2.0108 to assess collinearity
between genomes of the twoF. hygrometrica accessions aswell as betweenF.
hygrometrica and P. patens v6 (Bi et al., 2023, https://phytozome-next.jgi.
doe.gov/info/Ppatens_v6_1). We aligned the genomes using Minimap2
v2.17109. We excluded matches with less than 90% sequence identity when
aligning genomes of the twoF. hygrometrica accessions, while a threshold of
70% was used for alignments between F. hygrometrica and P. patens v6.

To assess structural variation between assemblies of the two F.
hygrometrica accessions, we aligned themusing theNUCmermodule of the
MUMmer package v4.0.0110. To visualize and classify the observed differ-
ences, we submitted the resulting .delta file to the Assemblytics web service
v1.2.1111 (for further details, see Supplementary Note 3).

We utilized theMCScan algorithm112 andMCScanX toolkit113 to assess
collinearity within and between the studied genomes. We used peptide
sequences of primary transcripts as input to an all-vs-all homology search
with the BLAST v2.9.0 algorithm114, as recommended in the MCScanX
documentation. The resulting tabular output was fed into the MCScan
algorithm112 to establish blocks of collinear genes using default parameters.
We calculated synonymous and non-synonymous substitution rates for
each syntenic gene pair using the tools supplied with the MCScanX
toolkit113. We visualized collinearity within genomes using circular plots
generated with Circos v0.69-9115, while SynVisio116 was employed to
visualize collinearity between genomes.

To quantitatively assess whether the collinearity between the two moss
genomes (P. patens vs F. hygrometrica acc. Zurich) is greater than what is
observed between grass genome pairs, we estimated the extent of collinearity
between three pairs of grass genomes having chromosomal-level assemblies
and an estimated splitting age (60Mya, estimates obtained from http://www.
timetree.org/) similar to the P. patens v6 - F. hygrometrica pair. We selected
the following grass genomes:Brachypodiumdystachion vs.Oryza sativa (split
median 46 Mya, adjusted 53 Mya), Zea mays vs. O. sativa (split median 47
Mya, adjusted 62Mya), andZ.mays andB. dystachion (splitmedian 46Mya,
adjusted time 62Mya). We retrieved protein files of primary transcripts and
gff files fromPhytozomev13117.We utilized theMCScan algorithm112 and the
MCScanX toolkit113 to assess collinearity applying the very same parameters
used to assess collinearity between the two moss genomes. To quantitatively
describe collinearity, we calculated the proportion of homologous genes
(Blastx e value 10−10) that are in collinear blocks.

We further testedwhetherourfinding thatmoss genomes showgreater
collinearity than seed plant genomes can be generalized. To do so, we
calculated the proportion of homologous genes located in collinear blocks
between pairs of moss and seed plant genomes with comparable divergence
time.We used the very same software and parameters described above.We
only included moss and seed plant genomes with chromosome-scale
assemblies obtained using long-read data. More specifically, we compared
species pairs with approx. 30 and 175Myr of divergence time because high-
quality moss genomes were only available for these two splitting time
categories. For the 30 million years depth of divergence we compared the
moss genomesHypnum curvifolium vs. Entodon sedutrix (29 genomes were
retrieved from https://db.cngb.org/search/assembly/CNA0030131/ and
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https://db.cngb.org/search/assembly/CNA0030130/) and the seed plant
genome pairs A. thaliana (genome retrieved from https://phytozome-next.
jgi.doe.gov/info/Athaliana_TAIR10) vs. Capparis spinosa (genome
retrieved from https://doi.org/10.6084/m9.figshare.17702051118), Setaria
viridis (genome retrieved from https://phytozome-next.jgi.doe.gov/info/
Sviridis_v2_1) vs. Sorghum bicolor (genome retrieved from https://
phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1). For the 175Myr of
divergence depth we used (he moss genome pairs P. patens v6 (genome
retrieved from https://phytozome-next.jgi.doe.gov/info/Ppatens_v6.1) vs.
Pohlia nutans (78 genome retrieved from https://www.ncbi.nlm.nih.gov/
assembly/GCA_022496805.1/), Hypnum curvifolium (data source see
above) vs. Niphotrichum japonicum119 (data retrieved https://doi.org/10.
6084/m9.figshare.23573514.v5), Hypnum curvifolium (data source see
above) vs. Pohlia nutans (data source see above), Ceratodon purpureus
GG123 (data source: https://phytozome-next.jgi.doe.gov/info/
CpurpureusGG1_v1_1) vs Pohlia nutans (data source see above) and the
seed plant genome pairs A. thaliana (genome retrieved from https://
phytozome-next.jgi.doe.gov/info/Athaliana_TAIR10) vs. Oryza sativa
(genome retrieved from https://phytozome-next.jgi.doe.gov/info/Osativa_
v7_0) and A. thaliana vs. Cinnamomum kanehirae (genome retrieved
https://phytozome-next.jgi.doe.gov/info/Ckanehirae_v3).

Gene set comparison of the F. hygrometrica and P. patens
genomes
We created orthogroups, groups of genes descended from a common
ancestor, using 38 plant proteomes including six species of green and
streptophyte algae, 12 bryophytes, and 20 vascular plants representing all
major lineages of land plants (Supplementary Data 9 and 10). OrthoFinder
v.2.5.2120 analysis was run using default parameters. We obtained the species
tree fromorthogroupgene treesusing the algorithmprovided inOrthoFinder
v.2.5.2. The species tree was converted into a time tree (ultrametric tree with
branch length in time units) using the Environment for Tree Exploration
(ETE) toolkit v3121. To infer gene family evolution on the branches leading to
F. hygrometrica and P. patens from their common ancestor we used
COUNT122. COUNT applies a phylogenetic birth-and-death model to
reconstruct the evolution of gene numbers in gene families along a phylo-
genetic tree taking into account the processes of gene loss, gene gain and
duplication. All three parameters vary by the edges of the phylogenetic tree
and by family, the latter according to a discretized gamma distribution. We
used likelihood optimization to obtain numerical estimates for these para-
meters. To do so we performed model optimization in a model hierarchy
starting with the simplest model and changing only one parameter at a time
and retained parameters that led to the most significant improvement of the
likelihoodvalue.Thefinalmodel includedvariableduplicationrates, andedge
length as well as duplication and loss rates varied according to a discrete
gamma distribution with two parameters (length_k = 2_dupl_k = 2_
loss_k = 2). The gain was modeled with a simple gamma distribution as its
inclusiondidnot influence the likelihood value significantly.Using themodel
parameter estimates, we calculated posterior probabilities for gene family
expansion/contraction as well as gain/loss for each family running the pos-
teriors module of COUNT (Supplementary Data 11).

Functional annotation of predicted genes
To obtain the functional annotation for the F. hygrometrica genes, we used
two approaches. In particular, we assigned GO annotations to the gene
models of F. hygrometrica using the eggNOG-mapper v2123 and Inter-
ProScan v5124 (Supplementary Data 18–21).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Raw DNA and RNA sequencing data used in this publication were sub-
mitted to NCBI Short Read Archive (SRA) under the BioProject ID

PRJNA816911 (SRA submission SUB11197892) and to the European
Nucleotide Archive (ENA) under study accession number PRJEB36328 for
the Zurich accession, respectively. For the UConn strain, raw DNA and
RNA data were deposited at the CNGB data center (https://db.cngb.org/)
under the project number CNP0002793. Genome assembly files, their
annotations, all supplementary data files, and figure source data have been
deposited on figshare under the following link https://doi.org/10.6084/m9.
figshare.19720216.

Code availability
Custom scripts used to estimate the absolute age of insertion of LTRs in the
genome are provided at figshare https://doi.org/10.6084/m9.figshare.
28369454.v1. No other custom code was used.
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