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Fig.1| Pan-phylum genomes of hornworts. a, Synteny across hornwort
genomes. Syntenic blocks are shown as ribbons of different colours. Not

all relationships are displayed because synteny was drawn in reference to
Leiosporoceros dussii. Accessory and putative sex chromosomes (coloured
inyellow and red, respectively) have multiple independent origins and are
generally notin synteny with one another. The phylogeny was drawn on the
basis of Pefialoza-Bojacé et al.*’. b, Detailed view centred around two accessory

chromosomes highlighting their relationships with autosomes. ¢, Synteny
between the putative sex chromosome of Phaeomegaceros chiloensis and
multiple autosomes in related species. All the chromosomes depicted here
were scaled by syntenic block sizes and therefore do not correlate with physical
length. The asterisk denotes an unscaffolded contig having synteny with other
chromosomes. Chromosomes marked by a superscript Rwere inverted fora
better view.

methylated genes) can be found on the accessory and putative sex
chromosomes (see below; Supplementary Fig. 3). Genes with no or
very low expression levels tend to be heavily methylated (Supplemen-
tary Fig. 4). Repeat and methylation density are positively correlated
(meanR?=0.53,P<2.2 x107; Supplementary Fig. 5).

Putative centromeric regions are variable across hornworts
Previous analyses on the A. agrestis genome indicated that gene and
repeat content, as well as euchromatic and heterochromatic histone

marks, areinterspersed throughout the chromosomes®. This pattern
is shared with mosses and liverworts®**® but distinct from angiosperms
where transposons are concentrated around the centromeres and
protein-coding genes enriched along chromosome arms®’. Here, we
found that the genome organization in A. agrestis is not ubiquitous
across hornworts, with some having rather large swaths of putative
centromeric regions. While centromere locations cannot be predicted
by DNA sequences alone, other genomic features, such as increased
repeat density, DNA methylation and interchromosomal contact,
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Fig. 2| Structures of hornwort chromosomes. a-e, Selected chromosomes

of Anthoceros agrestis ‘Oxford’ (a), Megaceros flagellaris (b), Leiosporoceros
dussii (c), Phymatoceros phymatodes (d), and Phaeomegaceros chiloensis

(e), highlighting densities of genes, repeats, CpG methylation and Hi-C contact
intensities (as triangular heatmaps). In autosomes of M. flagellaris and
P.phymatodes, large genomic blocks with prominent dipsingene andrisein

Akl oo s WWWWWMMWWWW 5mC CpG

repeat densities can be seen (marked by red arrowheads) and may correspond
to centromeric regions. A different organization was found in L. dussii (green
arrowhead). Accessory and putative sex chromosomes are denoted by one
asterisk and two asterisks, respectively, both characterized by high repeat and
low gene contents.

and also decreased gene density and intrachromosomal contact, are
often used to identify likely centromere locations***. Based on these
criteria, large putative centromeric regions are clearly discernible

in Notothyladaceae, Phymatocerotaceae and one of the genomes in
Dendrocerotaceae (Fig. 2b,d, red arrowheads, and Supplementary
Figs. 6-15). The repeat compositionin the putative centromeres varies
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between species. In most cases, the dominant repeat is from either
the Gypsy or Copia LTR superfamily, although in some cases both are
elevated (Paraphymatoceros pearsonii; Supplementary Fig. 11), or
DNA transposonsinstead of LTRs (Noorb.S4 in Notothylas orbicularis;
Supplementary Fig. 10). This type of chromosome organization with
large centromeric regions is notably absent in Anthocerotaceae
(Fig.2a) and Phaeomegaceros chiloensis (Dendrocerotaceae; Fig. 2e).In
Leiosporoceros dussii (Leiosporocerotaceae), blocks of reduced intra-
chromosomal contactare present and often associated with increased
TIR repeats (Fig. 2c, green arrowhead), but the boundaries between
putative centromeric and non-centromeric regions are less clear than
inMegaceros (Fig. 2b) and Phymatoceros (Fig. 2d). None of the hornwort
genomes contains the specific RLC5 Copia elements that constitute
centromeres in moss genomes®**%***_ Altogether, within the hornwort
phylum, a high diversity of chromosome organizations exists, with
some species being more similar to angiosperms than to other bryo-
phytes. Future histone-profiling studies in species with large putative
centromeric regions should provide critical insights.

Hornwort genomes are highly collinear and lack WGD

We nextinvestigated gene collinearity across the 11chromosome-level
genome assemblies of hornworts (10 of which were newly generated
here). We found that the chromosome structure is highly conserved
despite over 300 million years of evolution (Fig.1and Supplementary
Fig.16). About 78-94% of the genomic space was contained within
syntenicblocks, containing 16-54% of genes between the focal species
and atleast one other species. Compared with mosses, liverworts and
angiosperms, hornworts have a much slower rate of synteny break-
down (Fig. 3). The relatively stable genome structure over deep time
could be attributed to the absence of WGD, as previously shown in
Anthoceros®’. Looking across all the genomes, distributions of syn-
onymous substitutions (Ks) did not show any peaks indicative of WGD
(SupplementaryFig.17). Likewise, the one-to-one relationship of syn-
tenic blocks among all genomes and the absence of within-genome
synteny further supportalack of WGD (Fig. 1) and refute a WGD event
previously inferred from transcriptomes®*. Hornworts are thus so far
the only plant phylum conclusively lacking ancient WGD anywhere
in their evolutionary history. Liverworts and Selaginellales might be
the other two major lineages without WGD based on transcriptomic
evidence®*, although more genomes across the phylogeny are needed
to confirm or reject this claim.

Accessory chromosomes are gene-poor and heavily
methylated

Our assemblies identified several gene-poor, repeat-rich chromo-
somes consistent with early karyotypes that reported small, hetero-
chromatic m-chromosomes (Rink 1935 and Proskauer 1957). We adopt
the term accessory chromosome based on evidence suggesting that
these can vary in number within species (Fritsch 1991). These acces-
sory chromosomes share the typical features of heterochromatin,
including decreased gene density and gene expression levels, while
having elevated repeat and methylation densities as well asincreased
intrachromosomal contactrelative to the rest of the genome (Fig. 2 and
Supplementary Figs. 6-15and 18). The heterochromatic natureis also
supported by the enrichment of histone marks H3K9mel and H3K27mel
recently reported onthe accessory chromosome of A. agrestis ‘Oxford’
(AnagrOXF.S6).

Unlike autosomes, accessory chromosomesin hornworts appear
to be highly dynamic and labile. We found that the accessory chromo-
somes lack any of the phylogeny-wide synteny seeninthe autosomes.
There is just one instance of accessory chromosomes from two spe-
cies being syntenic with each other (thatis, Noorb.S5 of N. orbicularis
versus Papea.S5 and Papea.S6 of Paraphymatoceros pearsonii; Fig. 1b,
cyan ribbons), pointing to a shared origin around 100 Ma. There is
also asmall portion of these accessory chromosomes that is syntenic
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Fig. 3| Comparison of rates of synteny breakdown. Hornwort genes tend to stay
insynteny longer than those in angiosperms, liverworts and mosses. The data
points represent pairwise comparisons of percent of syntenic genes with natural
logarithmic-fitted lines. The grey bands represent 95% confidence intervals.

with autosomal regions in Anthoceros spp., which suggests a possible
ancestrallocation within an autosome. In addition, accessory chromo-
somes appear to have ahigh turnover rate. For example, comparing two
sister species A. agrestis ‘Oxford’ and A. punctatus®, only the former
possesses an accessory chromosome (Fig. 1b, red ribbons).

To determine whether accessory chromosomes may play acom-
mon functional role, we performed a Gene Ontology (GO) enrich-
ment analysis. No GO terms were significantly enriched, but several
were significantly depleted (P < 0.05 after Bonferroni correction).
The depleted terms are often related to housekeeping functions,
including those associated with organelles and several metabolic
processes (Supplementary Table 4). This finding is consistent with
the suppression of gene expression in highly methylated accessory
chromosomes in hornworts, suggesting that the presence of critical
functional genes was selected against. An opposite pattern has been
observed in angiosperms, pointing to different evolutionary origins
and selection pressures inaccessory chromosomesin other lineages™.
Hornwort accessory chromosomes are also distinct from the micro-
chromosomes described from vertebrates, which are gene-rich and
have widely preserved synteny™, It was previously proposed that acces-
sory chromosomes are more likely to occur in lineages with frequent
chromosomal rearrangements and unstable chromosome numbers®.
However, the genomic stability and conserved chromosome numbers
in hornworts counter this hypothesis. It is clear that there is a wide
spectrum of evolutionary trajectories for accessory chromosomes
across the tree of life, and our work provides a preliminarylook at such
chromosomesinbryophytes.

Sex chromosomes were not derived from accessory
chromosomes

Accessory chromosomes of monoecious or monoicous species and sex
chromosomes of dioecious or dioicous species have long been linked
dueto their similar heterochromatin content, meiotic behaviour, size
and repeat content*?****°_Recently assembled bryophyte sex chro-
mosomes reflect these characteristics*>***. To test whether accessory
and sex chromosomes have shared evolutionary origins, we focused
on three dioicous species from three different families, L. dussii,
Phaeomegaceros chiloensis and Phymatoceros phymatodes. These
species are supposed to have independently evolved U/V sex
chromosomes'®*-* andindeed, each possessed ascaffold thatshared
the characteristics of accessory chromosomes mentioned above
(Ledus.S6, Phphy.S5 and Phchi.S2). To identify putative sex chromo-
somes, we resequenced five tosixindividuals from each of the three spe-
ciesand compared read mapping rates (Supplementary Notes). From
each species, we found only one chromosome exhibiting significantly
varied read depth compared with all other chromosomes (P< 2 x107%),
with certainindividuals having much reduced mapping rates (Fig. 4).
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Fig. 4 |Identification of putative sex chromosomes. a-c, Resequencing
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inSource data). The box plots represent the range of values calculated in 1 kb
windows along each chromosome. The box divisions are the first, second and
third quartiles, and the whiskers show +1.5x the interquartile range. Red versus
blue colouration indicates opposite sexes inferred by read mapping patterns
over the putative sex chromosomes. Right: acomparison of individual read depth
along the putative sex chromosomes. Each dot represents a100 kb window,
connected with locally estimated scatterplot smoothing lines.

Furthermore, these putative sex chromosomes are invariably the ones
thatresemble the accessory chromosomes from monoicous species.
However, contrary to our hypothesis, the putative sex chromosomes
lacked any syntenic relationships with accessory chromosomes. Our
results thus imply that both accessory and sex chromosomes have
evolvedindependently and repeatedly, and such dynamicevolutionary
history isin stark contrast to the relatively stable autosomes.

Based on the presence of gametangia or the size of the thalli, we
inferred the reference strains of L. dussii and P. phymatodes to be male
and, thus, Ledus.S6 and Phphy.S5to be putative Vchromosomes (Sup-
plementary Notes). We have not been able to observe P. chiloensis
gametangia in culture and, hence, cannot determine the sex. In the
liverwort M. polymorpha, sex determination is controlled by the tran-
scription factor basic pentacysteine on the U chromosome (BPCU)*.

BPCU has a gametologue on V, BPCV, which is not required for sex
determination. We found that BPCU/V is a single-copy gene in horn-
worts (Supplementary Fig.19) and does not locate on the putative sex
chromosomes. Downstream of BPCU is a MYB transcription factor
encoded by FGMYB that controls female development*. We found
that FGMYB is single-copy in most hornwort genomes but absent in
L. dussii, Paraphymatoceros pearsonii and Phymatoceros phymatodes
(Supplementary Fig.25). The presence or absence of FGMYB, however,
does notstrictly correspond to species being monoicous or dioicous.
These results imply that a different sex determination mechanism
exists in hornworts.

Comparing across the putative sex chromosomes, we found
11 shared orthogroups including multiple kinase and transcrip-
tion factor gene families (Supplementary Table 5) that warrant
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futureinvestigations. None of these shared orthogroupsis sex-linked in
Marchantia polymorpha, Ceratodon purpureus and Lunularia cruciata,
suggesting that hornwort sex chromosomes evolved independently
fromother bryophytes.

Gene family evolution across hornworts

In addition to comparing broad genomic features across the horn-
wort phylogeny, we also zoomed into gene family-level dynamics.
We used OrthoFinder** to infer the ‘core’, ‘peripheral’, ‘dispensa-
ble’ and ‘private’ orthogroups, defined as having copies in all 11
genomes, in 10, between 2 and 9, and in just one genome, respec-
tively. About 27% of all orthogroups were classified as core and 25%
as private. Peripheral orthogroups, at 6%, were commonly missingin
just L. dussii, whichis the supposed sister taxon to the rest of horn-
worts? (Fig. 5a). Out of the dispensable orthogroups, most showed
clade-specific presence-absence patterns (Fig. 5b). Within each
genome, an average of 43% of genes were in core orthogroups, 37%
dispensable, 9% peripheral and 11% private (Fig. 5c). As expected, the
number of shared orthogroups between any two genomes is nega-
tively correlated with the species divergence time (Fig. 5d). Analysis
using CAFE* revealed contraction in an unusually large number of
orthogroupsin L. dussii, corresponding with its low number of pre-
dicted genes (Supplementary Fig. 20). By contrast, the low number

of genesin P.chiloensisis not associated with achange in the number
of contracting orthogroups. The reason for the difference in gene
number between P. chiloensis and its closest relative, M. flagellaris,
is not clear but is partially accounted for by the orthogroups that
could not be analysed by CAFE (Methods). The evolution of a few
noteworthy orthogroups is discussed below.

PPR proteins and RNA editing

Hornworts are one of the few plant lineages having exceptional high
numbers of RNA editing sites in organellar genomes*®. For example,
in A. agrestis at least 1,100 C-to-U and 1,300 U-to-C editing sites can
be detected in mitogenome and plastome combined*®. Because RNA
editingateachsiteistypically carried out by aspecific pentatricopep-
tide repeat (PPR) protein®’, one of the largest gene families in most
hornwort genomes is the PPRs. We found that L. dussii has the fewest
among allinvestigated hornworts with 216 PPR genes (compared with
an average of 914; Supplementary Fig. 21), which partially accounts
for its much reduced proteome size compared with other hornwort
genomes. Interestingly, L. dussii is also known to have very limited
RNA editing*®, consistent with its small PPR repertoire in the genome.
Giventhe phylogenetic position of L. dussii, it is likely that RNA editing,
and the concurrent expansion of the PPR gene family, took place after
L. dussii diverged >300 Ma.
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Flavonoid biosynthetic and regulatory genes are absent
Flavonoids originated early during plant terrestrialization, possibly
as a protective mechanism against the stronger ultraviolet B light
exposures in the terrestrial environment*. Flavonoid biosynthesis,
downstream of the phenylpropanoid pathway, is thought to be ubiq-
uitous in land plants, although, interestingly, flavonoids have yet
to bereported from hornworts. The genetic basis for this absence
is unknown. We found that most hornworts lack the pathway to fla-
vone or flavonol glycosides. There was no chalcone isomerase (CHI)
candidate sequence in any of the genomes, except for L. dussii. The
gene Ledus.5G067800 from L. dussii grouped with characterized
CHI genes from other land plants with strong support (Supplemen-
tary Fig. 22 and Supplementary Notes). Analysis of the intron and
exonstructure of CH/ and chalcone isomerase-like (CHIL) genes also
strongly suggested that Ledus.5G067800 is a CHI orthologue (Sup-
plementary Fig. 22).

Inadditionto the general lack of key flavonoid biosynthetic genes,
none of the hornwort genomes (including L. dussii) possesses ortho-
logues of the transcription factors required for flavonoid pathway acti-
vation in other land plants (namely, specific subclades of R2ZR3MYBs
and bHLH; Supplementary Notes and Supplementary Figs. 22-26). In
summary, hornworts uniquely lack the complete flavonoid biosyn-
thetic machinery (withthe possible exception of L. dussii). Inadditionto
theirresponse to ultraviolet Blight, it would be interesting to examine
whether hornworts differ in the varied flavonoid-mediated pathways
identified in other land plants, such as interactions with pathogenic
or beneficial microorganisms. Because both liverworts and mosses
produce flavonoids, it is likely that the pathway was secondarily lost
in hornworts. This hypothesis is further supported by the single, and
possibly relict, orthologous flavonoid gene (LdCHI) in L. dussii. Future
work should focus on analysis of L. dussii to investigate the presence
of flavonoid-like compounds.

Stomatal patterning genes in species that lost stomata

Stomata probably have adeep homology across land plants™. In horn-
worts, stomata are restricted to sporophytes and hypothesized to
function asair pores to desiccate spores for dispersal®’. We previously
showed that the orthologues of genes encoding transcription factors
involved in stomatal patterning in flowering plants, including SMF,
SCRM, TMM and EPF, were upregulated in A. agrestis sporophytes, sup-
porting their conserved functions in hornworts®. Here, we found that
EPForthologues were, however, absentin most hornworts, suggesting
it does not have a core role in stomatal development.

Stomata have independently been lost twice during hornwort
evolution, oncein Notothylas and another time in the clade containing
Megaceros, Nothoceros and Dendroceros, offering a unique oppor-
tunity to examine the fate of genes when the corresponding trait is
lost. We showed that TMM homologues were uniquely absentin both
N.orbicularis and M. flagellaris. In N. orbicularis, orthologues of SMF
and SCRM are present but often contain unique in-frame insertions
makingthe predicted proteins much longer (Supplementary Fig. 27).
The expression levels of these orthologues were also low and did not
significantly differ between sporophyte and gametophyte tissues
(P> 0.3; Supplementary Fig. 28). We thus hypothesize that the sto-
matal patterning genes in N. orbicularis might be in the early stages
of degeneration.

Meanwhile, the M. flagellaris SMF and SCRM orthologues appear to
be conserved atthe sequence level and we could not find any evidence
of pseudogenization. It is possible that stomata were only recently lost
in Megaceros and not enough time has lapsed for pseudogenization to
occur. Indeed, ‘unspecified pores’ have been observed in Megaceros
sporophytes®™, whichimplies that partially degenerated stomata might
still develop. Alternatively, Fortin and Friedman®? recently advocated
that the pores present on hornwort gametophytes are homologous
to stomata. If true, the conservation of SMF and SCRM orthologues in

M. flagellaris could reflect the fact that gametophytic pores are
retained in this species. Indeed, while TMM is absent inboth hornwort
species that lack stomata, knocking out TMM alone in Physcomitrium
did not eliminate stomata®’. In summary, our data suggest that
orthologues of stomatal genes have not completely lost or pseu-
dogenized following the loss of sporophytic stomata.

In addition to the candidate gene approach, we also carried out
anuntargeted search, looking for orthogroups that are convergently
lostinboth N. orbicularis and M. flagellaris. Only six orthogroups were
found, and none contained genes known to be associated with stomata
development (Supplementary Table 6).

Gibberellinreceptor is retained in a hornwort lineage
Gibberellin (GA) is a key phytohormone that regulates a suite of plant
developmental processes®, butits role inhornwortsis unclear. Whereas
the gene encoding the GA receptor GID1 was found to be absent in
bryophyte genomes including those of Anthoceros®, transcript frag-
ments resembling a GIDI gene were reported in the transcriptomes
of Phaeoceros carolinianus and Paraphymatoceros halli**. Here, we
were able to identify full-length G/DI sequences in the genomes of
Notothylas orbicularis, Phaeoceros sp., P. carolinianus, Paraphyma-
toceros pearsonii, Phaeomegaceros chiloensis and Phymatoceros
phymatodes. Phylogenetic reconstruction further confirmed that these
sequences are indeed G/DI orthologues (Supplementary Fig. 29a).
No GID1was foundinany other hornwort genome. Based onits phylo-
genetic distribution, GIDI was most likely present in the last common
ancestor of land plants and experienced multiple losses inbryophytes.
The finding here highlights theimportance of having phylodiverse sets
of genomestoinfer ancestral states. Interestingly, at most G/DI residues
important for binding GAinvascular plants®®, hornworts have alterna-
tive amino acids uncharacteristic of GID1, GID1-like or closely related
carboxylesterase (CXE) genes (Supplementary Fig. 29b). By contrast,
these sites are highly conserved over ca. 125 Ma within hornworts,
potentially indicating an affinity for a different substrate.

As in previously published Anthoceros genomes®, we found no
orthologues of genes encoding GA200x in any species of hornwort,
whichis essential in the biosynthesis of active GA. Other components
ofthe pathway, including orthologues of genes encoding CPS, KS, KO,
KAO, GA130x, GA2ox and GA30x, were present and transcribed in spe-
ciesboth withand without G/D1. The moss Physcomitrium patens and
theliverwort Marchantia polymorphalikewise lack acomplete GA bio-
synthetic pathway but produce other ent-kaurenoic acid (KA) deriva-
tives that are biologically active™®, Physcomitrium patens also contains
a GA3ox orthologue (PpKA2ox) that inactivates KA*’. We hypothesize
that hornworts have similarly evolved alternative active compounds
derived from KA or GA,,, which their GA oxidase orthologues are inter-
acting with. Whether GID1 is the receptor for such compounds awaits
future research.

Abscisic acid receptor occupies an unusual phylogenetic
position

The phytohormone abscisic acid (ABA) is one of the major signals
that regulate the response of plants to stress®®. The canonical ABA
receptor belongs to the pyrabactin resistancel-like family (PYL), and
asingle PYL is thought to be present in the last common ancestor
of land plants. Based on characterizations of angiosperm proteins,
PYLs have been divided into three subfamilies®, with subfamily I con-
taining PYL homologues from across tracheophytes, whereas the
liverwort and moss PYL radiated independently®’. We found that PYL
is single-copy in hornworts, and surprisingly, all hornwort PYLs fell
into the (formerly) tracheophyte-specific subfamily [ (Supplementary
Fig.30) and are distant from the other bryophyte PYLs. This unique
phylogenetic position raises the possibility that subfamily I might
represent the ancestral PYL clade and was present in the last ancestor
of extant land plants.
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Conclusion

We present chromosome-level genome assemblies for ten hornwort
species, coveringall families, and over 300 million years of divergence.
Our efforts now make hornworts the most densely sampled plant phy-
lum in terms of proportion of the species diversity sequenced. With
this phylum-wide dataset, we demonstrated that the previously pub-
lished genomes do not adequately capture the genomic diversity of
hornworts. For instance, we found that one major lineage contains
large repeat-dense blocks of enriched interchromatin contact con-
sistent with putative centromeric regions. This feature is not shared
with other sequenced bryophyte genomes. Our study assembles and
characterizes the elusive accessory chromosomes from bryophytes,
showingthat hornwort accessory chromosomes have recurrent origins
and are characterized by high repeat content and CpG methylation as
well as reduced gene presence and expression. Putative sex chromo-
somes were identified in three species, and we found no evidence that
they were derived from accessory chromosomes. The evolutionarily
labile nature of accessory and sex chromosomes isin stark contrast to
autosomes, which have remained largely syntenic over deep time. We
hypothesize that the relatively stable autosomes might be due to the
absence of any detectable ancient WGD, an extremely rare phenomenon
among land plants. Pan-phylum genomic comparison revealed that
roughly 40% of the genesin each hornwort genome can be classified as
‘core’ hornwort genes. This number will serve as akey reference point
for future comparisons with other plant phyla. Lastly, the detailed
analyses of genes involved in RNA editing, flavonoid biosynthesis,
stomatal patterning, and GA and ABA receptors helped refine the recon-
structions of the early evolution of land plants. Altogether, by greatly
expanding the available genomes in hornworts—and concomitantly
enabling genetic transformation across the phylogeny'*—we antici-
pate that our resources will facilitate future comparative analyses to
gain further insightsinto the originand early evolution of land plants.

Methods

Axenic hornwort culturing

Axenic cultures for most species were established by sterilizing mature
spores in 500 pl of 2% (v/v) bleach for 2 min, after which the reaction
was halted with an equal volume of filter-sterilized 0.1 M sodium thio-
sulfate. The liquid containing the spores was dispersed onto Petri
plates containing AG medium" lacking sucrose and supplemented with
200 mg I timentin, 20 mg I rifampicinand 50 mg I vancomycin. The
plates were sealed and placed in a Percival Plant Tissue Culture Cham-
ber with a 16:8 day:night cycle at 22 °C. Spores generally germinated
within 1-3 months, after which they were transferred to plates con-
taining standard AG medium supplemented with 0.1% (w/v) sucrose.
For Phymatoceros phymatodes, the axenic culture was obtained by
sterilizing tubers instead of spores, following the same protocol as
above.Plants were subdivided and transferred to new plates as needed,
approximately every 1-2 months.

DNA and RNA extraction

DNA was isolated with a modified cetyltrimethylammonium bro-
mide (CTAB) precipitation method to reduce the coprecipitation
of polysaccharides that are abundant in hornwort species. To pre-
serve the maximum length of DNA fragments, all transfer steps were
done with wide-bore pipette tips and all mixing was done by gentle
inversion. Approximately 1 g of fresh thallus tissue was ground to a
fine powder in liquid nitrogen, then transferred into 20 ml of lysis
buffer containing 2% CTAB, 0.1% (v/v) B-mercaptoethanol, 100 mM
Tris, 20 mM ethylenediaminetetraacetic acid, 1.4 MNaCland 1% (w/v)
polyvinylpyrrolidone (PVP), preheated to 65 °C. After a minimum
incubation of 1 h at 65 °C, the solution was washed with an equal vol-
ume of 24:1 chloroform:isoamyl alcohol and centrifuged for 10 min
at4,000g. The supernatant was transferred to a new tube and mixed
with 1/10 volume of 10x CTAB buffer (10% CTAB and 0.7 M NaCl), and

the chloroform:isoamyl extraction was repeated. After the second
extraction, the supernatant was moved to a new tube with an equal
volume of CTAB precipitation buffer (1% CTAB, 50 mM Trisand 10 mM
ethylenediaminetetraacetic acid). The solution was gently mixed while
incubating at 55 °Cfor 30 min, after which it was centrifuged at4,000g
for 30 min. All liquid was discarded, leaving a pellet of CTAB-DNA
complexes. The pellet was resuspended in 1 ml of high-salt TE buffer
containing1 M NaCl by mixing for atleast1h. The tube was centrifuged
at 4,000g for 10 min to pellet any insoluble material, and the liquid
was transferred to a new 1.5 ml centrifuge tube. An equal volume of
isopropanol was added and mixed for 30 s, immediately followed by
centrifuging at 10,000g for 30 min. The liquid was carefully removed
without disturbing the DNA pellet. The DNA was washed with1 ml cold
70% (v/v) ethanol, centrifuged for 5 minat10,000g, and the liquid was
discarded. The 70% ethanol wash was repeated once. After the second
wash, the tube was left open to dry in a laminar flow hood, approxi-
mately 1 h. DNA was resuspended in 50 pl of 10 mM Tris. The quantity
was measured by a Qubit 1x dsDNA HS kit and quality assessed by a
NanoDrop One spectrophotometer.

RNA was extracted with a Sigma Spectrum Plant Total RNA kit
(STRN250; Sigma-Aldrich) using 50 mg of fresh sterile thallus tissue
ground inliquid nitrogen. Sporophytes and thallus tissue of four indi-
viduals of Notothylas orbicularis (collected in the Roy H Park Preserve,
42.42570 N, 76.33571 W, 12 August 2020) were also extracted using the
same method.

Sequencing

Total genomic DNA was sequenced on the ONT MinlON with R9 flow-
cells. Libraries were prepared from 2 pg gDNA with aligation sequenc-
ingkit (SQK-LSK109). Sequencing was performed for 72 h or until <1% of
poreswerestill sequencing. If any library was left over following the ini-
tialloading, the flowcell was washed with nuclease buffer and a second
sequencing run was performed. Signal files were basecalled in Guppy
v6.4.2 with the superaccuracy (SUP) r9.4.1v3.4 model. Short-read DNA
sequence data were generated from 100 ng of gDNA prepared with
thesparQDNAlibrary prep kit (Quantabio). Libraries were sequenced
to approximately 50x genome depth on the Illumina NovaSeq 5000
platform by Novogene. Eukaryotic mRNA libraries were prepared by
Novogene and sequenced on the NovaSeq 5000 to 7 Gbp per sample
for use in genome annotation and 15 Gbp per sample for Notothylas
gene expression analysis.

Genome assembly

Draftgenomes were assembled with Flye 2.8 (ref. 63) using ONT reads
filtered to remove reads shorter than 5 kb and with adapter sequence
trimmed using porechop 0.2.4 (https://github.com/rrwick/Porechop),
which yielded 50-60x genome depth for most species. Contigs were
error-corrected with lllumina DNA sequences using threeiterations of
Pilon 1.24 (ref. 64). Draft genomes were scaffolded using Hi-C librar-
ies prepared and processed by Phase Genomics. TGS-Gapcloser 1.1.1
(ref. 65) was used to fill gaps between scaffolds with ONT reads and
polish filled gaps with Illumina data. Scaffolds and contigs were
ordered by decreasing length and numbered incrementally. Any likely
contaminant sequences were removed after visualizing genomes in
BlobTools2 (ref. 66). Using a combination of lllumina and ONT read
depth, contig GC content, BLAST +2.10.0 hits against the National Center
for Biotechnology Information (NCBI) nt database, and Hi-C contact pat-
terns, contigs that showed clear differences fromtherest of the genome
inatleasttwo of these criteriawere removed. Genome completeness was
estimated with BUSCO 5.2.1using the Viridiplantae dataset®.

DNA methylation analyses

5mCbasesin CpG context sites were called from ONT DNA sequenc-
ing datausing Megalodon 2.5.0 (https://github.com/nanoporetech/
megalodon) with the R9.4.1_e8 HAC model. The methylation calls
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from the ONT data for Anthoceros agrestis ‘Oxford’ were compared
against those based on bisulfite sequencing performed on the same
accession”. Bisulfite sequence data for A. agrestis ‘Oxford’ were
downloaded from ENA (SRR22428133) and processed with bismark
0.24.1(ref. 67). Based on a strong bimodal distribution of modifica-
tion frequency observed in all species, data were subset into CG
sites with either greater or less than 50% modification frequency.
To evaluate the correlation between modified sites detected by
ONT and bisulfite data, read depth and frequency of modifications
ateach ssitewere calculated from the output of either Megalodon or
bismark, respectively. SmC CG modification over gene bodies and
adjacent non-genic regions within each genome was calculated from
gene models and SmC modification GFF files using custom code and
plotted withR.

Genome annotation

Customrepeat libraries were constructed for each species using EDTA
2 (ref. 68). The transposable element (TE) library output by EDTA
was filtered by extracting LTRs labelled as unknown and searching
their nucleotide sequences against a database of transposases by
BLAST. Any sequences with an e-value <1 x 10 were retained as part
of the transposable element library, and the others were removed.
The transposable element library was then searched against known
plant proteins in Uniprot by BLAST to remove any protein poten-
tially misidentified as transposable element. RepeatMasker v4.1.0
(ref. 69) was used with this final transposable element library to soft
mask each genome. The LTR assembly index was calculated for each
genomewiththe LTR retriever scriptincluded with EDTA”. Additional
screening for tandem repeats was done with Tandem Repeats Finder
4.09.1 (ref. 71).

Gene models were predicted using BRAKER2 (ref. 72), with input
consisting of Illumina RNA reads mapped to the soft-masked genome
using HISAT2 (ref. 73) and predicted hornwort proteins from the pub-
lished Anthoceros genomes®’. BRAKER2 output files were screened
for genes with in-frame stop codons, which were marked as pseudo-
genes in the corresponding GTF file. Genes were renamed to contain
their respective scaffold/contig name plus anumber incremented by
100, restarting at the beginning of each scaffold/contig. Subsets of
primary transcripts were created by selecting the longest transcript
associated with each gene. Gene functional annotation was performed
with EggNOG-mapper 2 (ref. 74) using DIAMOND 2.0.15 (ref. 75) as the
search engine.

Densities of genomic features across each genome were calcu-
lated from their respective GFF and GTF files converted to BED format
and analysed with bedtools 2.29.2 (ref. 76), taking the average num-
ber of base pairs within each feature over 100 kb windows. Results
were plotted with HiCExplorer 3.7.2 (ref. 77) and pyGenomeTracks
3.8 (ref.78).

Synteny, chromosome evolutionand WGD

Synteny among hornwort genomes was inferred and plotted using
GENESPACE1.3 (ref. 79). To calculate the rate of synteny breakdown, we
selected approximately chromosome-level assemblies from mosses,
liverworts and angiosperms that capture similar ranges of divergence
time and phylogenetic diversity, and analysed each phylum in GENE-
SPACE (Supplementary Table 7). The number of genes in all syntenic
blocks was extracted from GENESPACE output files and divided by
the average number of genes in each pairwise comparison. Diver-
gence times between species pairs were from Bechteler et al.?, Zun-
tini et al.** and Penaloza-Bojaca et al.”’. Distributions of synonymous
substitution (Ks) were constructed for each species using the primary
transcripts with wgd 1.0 (ref. 82). GO term enrichment and purifica-
tion analysis comparing autosomes versus accessory/sex chromo-
somes was performed using goatools 1.2.3 (ref. 83), with a cut-off of
Bonferroni-corrected P value <0.05.

Sex chromosome inference

For dioicous species, five to ten individuals from single populations
were sequenced to approximately 30x depth on lllumina NovaSeq
5000. Organellar reads were removed by mapping onto chloroplast and
mitochondrial genome assemblies with BWA 0.7.17 (ref. 84), and PCR
duplicates were removed using samblaster 0.1.26 (ref. 85). The cleaned
reads were mapped to their respective reference genomes, and read
depth at each site was calculated with samtools 1.18 (ref. 86). lllumina
whole-genome sequencing data from the reference genomes were
filtered in the same way and subsampled to the same amount of data as
the otherindividuals of the same species; these datasets were mapped
tothereference genomestorepresentread depthcontrol. Theresulting
read depth data were averaged over 100 kbp windows and filtered to
remove outliers with>10x of the expected read depth. Net read depth
difference was calculated by subtracting each sample’s site depths from
therespective referencesite depths. Between-chromosome differences
inread depth were analysed by pairwise Wilcoxon rank-sum tests with
Bonferroni-corrected Pvalues.

Gene expression analysis

Gene expression was quantified by mapping RNA reads to the respec-
tive genome with HISAT2 (ref. 73) and analysed with StringTie 2.1.1
(ref. 87). HISAT2 indexes were built with splice site and exon informa-
tion generated from the genome’s GTF annotation file. The HISAT2
script ‘hisat2_extract_exons.py‘ was modified to work with GTF files
produced by BRAKER. Expression levels were qualitatively classified
based onthe standard deviation of log,, transformation of transcript
per million, which had a roughly normal distribution. More than 2
standard deviations (s.d) above the mean, very high; more than1s.d.
above the mean, high; between1and -1s.d. from the mean, average;
less than1s.d. below the mean, low; less than 2 s.d. below the mean,
very low.

Differential expression in Notothylas orbicularis (sporophytes
versus gametophytes) followed the HISAT2-StringTie-Ballgown pipe-
line®. In brief, each replicate RNAseq dataset was mapped onto the
genome with HISAT2 and the alignment was used to assemble tran-
scripts with StringTie. Assemblies were merged with StringTie to create
anon-redundantset of transcripts, and then transcript abundance was
estimated for eachindividual replicate.

Gene family evolution

Orthogroups wereinferred fromall the hornwort genomes generated
inthis project, plus other Viridiplantae representatives (Supplemen-
tary Table 8). Orthogroup inference was performed with OrthoFinder
2.5.4 (ref. 44) using DIAMOND for amino acid sequence comparisons,
MAFFT® for alignment and fasttree’® for phylogenetic tree construc-
tion. The hornwort-only orthogroups including A. agrestis ‘Bonn”
and A. angustus’ found many orthogroups only missing in these two
genomes, which probably reflect the incompleteness in gene predic-
tion. For this reason, we excluded A. agrestis ‘Bonn’ and A. angustus
from pan-genome classification. Following orthogroup inference,
each orthogroup was aligned with Clustal Omega1.2.3 (ref. 91), align-
ments were trimmed to remove sites containing >90% gaps with TrimAl
1.4 (ref. 92) and phylogenetic trees were inferred with IQ-TREE 2.0.3
(ref. 93) using ModelFinder® to identify the best evolutionary model
for each orthogroup and 5,000 ultrafast bootstrap replicates to
determine branch support values. Trees were visualized in FigTree
1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and alignments in
Geneious Prime 2023.0.4 (www.geneious.com).

With 95% highest probability density intervals for phylum and
order levels from the time-calibrated tree in Bechteler et al.? as con-
straints, we generated achronogramin r8s (ref. 95) from the Viridiplan-
tae OrthoFinder results pruned to represent only bryophytes. The
chronogram and OrthoFinder results were input to CAFES5 (ref. 45) to
estimate the number of orthogroups with expansions or contractions
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throughout the phylogeny. Forty-seven orthogroups with more than
100 members in any individual taxon had to be removed to generate
non-infinite log-likelihood scores. Figures were generated with Cafe-
Plotter v0.2.0 (https://github.com/moshi4/CafePlotter).

The phylogenetic analysis of the PYR/PYL/RCAR family was con-
ducted on the basis of the dataset from Sun et al.®*, with additional
homologues from Isoetes taiwanensis’® and hornworts. To identify
hornwort homologues, we used BLASTP with an e-value cutoff of 107°.
Sequence alignment was done using MAFFT®, and a maximum likeli-
hood phylogeny was computed using IQ-TREE v1.5.5 (ref. 93) with the
best-fit model (JTT +'4 according to Bayesian information criterion)
determined by ModelFinder’* and 1000 UFBoot” pseudoreplicates.
The tree was visualized using Interactive Tree of Life (iTOL).

PPR gene identification followed Zhang et al.’, with pfam_scan
v1.6 (https://ftp.ebi.ac.uk/pub/databases/Pfam/Tools/) searching all
predicted protein sequences for the PPR Pfam profile PFO1535 and
retaining any sequences with more than one occurrence of the PPR
repeat motif. These were combined with sequences containing the
DYW deaminase motif (PFAM profile PF14432).

HornwortBase

Allnew hornwort genomes are hosted on HornwortBase (http://www.
hornwortbase.org), a website designed on the Breedbase platform®.
Genomes are available for download along with associated files, includ-
ing gene model annotations, repeat annotations, gene sequences,
coding sequences, translated coding sequences, Hi-C contact matrices
and 5SmC modified bases. Users can BLAST-search any of the full-length
genomes or gene model sequences, with connections to orthogroups
fromthe Viridiplantae dataset, gene functional information and gene
expression. JBrowse2 (ref. 100) is incorporated to visualize genome
tracks and gene models, Hi-C heatmaps and intergenomic synteny.

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

Data availability

Raw sequence data are deposited at NCBI SRA under BioProject
PRJNA996135 (see Supplementary Table 9 for individual SRA acces-
sions). Previously published data utilized in this study are available
in BioProjects PRJNA574453 and PRJNA574424. Hornwort genome
sequence and annotation files used in this study are v1.0 versions
available via HornwortBase at https://hornwortbase.org/ftp/ and
via Figshare at https://doi.org/10.6084/m9.figshare.26053480.v2
(ref.101). Source data are provided with this paper.

Code availability

Custom R and Python codes and bioinformatic steps used in this
study are available via GitHub at https://pschafran.github.io/jekyll/
update/2024/04/30/hornwort-genomes/.
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We created 11 new high quality genomes and annotations for species of hornworts spanning the phylum Anthocerotophyta. We
used these genomes to infer structural evolution of their genomes over 300 Ma, and correlated genetic components associated with
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Single spores or tubers were used to create axenic culture lines for each species, propagated on modified Hatcher's medium.
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provide >95% chance of capturing individuals of both sexes, assuming equal germination and establishment rates of males and
females. For RNA expression data in Notothylas, the number of biological replicates was limited by the number of sporophytes that
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Mature sporophytes were collected from their respective locations, desiccated, and brought back to the lab where spores were
germinated. Some spores and axenic cultures were provided by collaborators as noted in the acknowledgments.
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