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Cyril Libourel ® "'"*%, Duchesse Lacourt Mbadinga Zamar',
Karima El Mahboubi', David J. Hoey ®2, George R. L. Greiff>'8, Jean Keller®’,
Canmille Girou', Helene San Clemente', Issa Diop®*, Emilie Amblard’,

Baptiste Castel ®', Anthony Théron®, Stéphane Cauet®°5, Nathalie Rodde ®°5,
Sabine Zachgo ® ¢, Wiebke Halpape ® ’2, Anja Meierhenrich® %,

Bianca Laker ® ", Andrea Brautigam’®, The SLCU Outreach Consortium®*,

Peter Szovenyi**, Shifeng Cheng ®°%, Yasuhiro Tanizawa'®, Simon Aziz",
James H. Leebens-Mack ® 2, Jeremy Schmutz® '*', Jenell Webber®,
Jane Grimwood ® ™, Christophe Jacquet®’, Christophe Dunand’,
Jessica M. Nelson®™, Fabrice Roux® ¢, Hervé Philippe®",

Sebastian Schornack ® 2, Maxime Bonhomme®'

& Pierre-Marc Delaux®'

Plant adaptation to terrestrial life started 450 million years ago and has played
amajor roleinthe evolution of life on Earth. The genetic mechanisms allowing
this adaptation to adiversity of terrestrial constraints have been mostly
studied by focusing on flowering plants. Here, we gathered a collection of

133 accessions of the model bryophyte Marchantia polymorpha and studied
itsintraspecific diversity using selection signature analyses, agenome-
environment association study and a pangenome. We identified adaptive
features, such as peroxidases or nucleotide-binding and leucine-rich repeats
(NLRs), also observed in flowering plants, likely inherited from the first

land plants. The M. polymorpha pangenome also harbors lineage-specific
accessory genes absent fromseed plants. We conclude that different land
plantlineages still share many elements from the genetic toolkit evolved by
their most recent common ancestor to adapt to the terrestrial habitat, refined
by lineage-specific polymorphisms and gene family evolution.

Following their transition from an aquatic to a terrestrial habitat,
plants had already diversified in two main lineages 400 million years
ago':thevascular plants (tracheophytes), whichinclude all flowering
plants, and the nonvascular plants (bryophytes), which encompass
hornworts, mosses and liverworts. The long-lasting colonization of
terrestrial habitats by bryophytes and tracheophytes is the result
of aninitial burst of innovations®* followed by continuous adapta-
tions to new environments, leading to the spread of plants in most
ecosystems on Earth.

The genetics of population adaptation to environmental con-
straints has been explored by genome-environment association (GEA)
studies in crops and in nondomesticated model angiosperms’. These
led to the discovery of genetic variants ranging from SNPs® to structural
and gene presence-absence variations when species pangenomes were
used”'®, demonstrating the diversity of the genetic bases of adaptation
inangiosperms. These approaches facilitated the identification of loci
tobe used as breeding or genome-editing targets for crop improvement
even between species™ ",

A full list of affiliations appears at the end of the paper. *A list of authors and their affiliations appears at the end of the paper.
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Fig.1| M. polymorpha collection, phylogenetic tree and population
structure. a, Pictures of representative M. polymorpha accessions. Tak-1, CA,
BoGa, Gen-B, RES49 and Nor-E belong to M. polymorpha ssp. ruderalis. RES52
belongs to M. polymorpha ssp. montivagans. b, Phylogenetic tree of the

M. polymorpha subspecies complex, comprising 104 M. polymorpha ssp. ruderalis,
16 M. polymorpha ssp. montivagans and 13 M. polymorpha ssp. polymorpha
accessions. The phylogenetic tree was computed using a dataset of 107,744
pruned SNPs. Dots on the world map indicate the sampling location, and colors
represent country or geographic regions of origin. Some sampling locations

= Germany
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O Males

are linked to their tree branch to give examples of the discrepancy between
geographical origin and phylogenetic position. The colored branches on
the tree also correspond to the geographic origin. Bar plots on the top of the
tree indicate the assignment probability of each M. polymorpha accession
to each of the five main genetic groups (the three subspecies and three
populations in the ruderalis subspecies, colored in shades of blue and
green). These clusters were identified by the Bayesian clustering algorithm
implemented in the fastSTRUCTURE software. Map data from CIA World
DataBank Il (https://www.evl.uic.edu/pape/data/WDB/).

The response of individual plants to environmental factors has
been studied in tracheophytes and in bryophytes, leading to the
discovery of transcriptomic and physiological responses to abiotic
stresses'*" and to pathogenic or mutualistic biotic interactions*'*™,
Combined with phylogenomics and evo-devo, these approaches
revealed that part of the molecular mechanisms regulating these
responses to environmental factors are highly conserved across land
plants. Although lineage-specific mechanisms occur, this suggests
that studying bryophytes can inform work in angiospermes, including
for applied purposes.

We hypothesize that, beyond the characterized molecular
mechanisms conserved in tracheophytes and bryophytes studied
by evo-devo approaches, gene families might have beeninvolvedin
the adaptationto environmental factorsin the two groups. However,

adaptive traits evolved by bryophytes over the last 450 million years"
as well as their potential conservation in other lineages have not
been explored.

Amongthebryophytes, the liverwort M. polymorpha hasbecome a
model*° thanks toits fast life cycle, vegetative reproduction viagemmae
and available genetic tools such as efficient transformation®’, CRISPR-
Cas9 (ref. 21) and collections of DNA modules?. Comparing various
aspects of its biology with model tracheophytes helped to infer the
nature of the most recent common ancestor of land plants using evo-
devo approaches®. Beyond evo-devo, genetics conducted in M. poly-
morpharevealed* mechanisms defining cell polarity in eukaryotes®,
pathways controlling rhizoid development? or a conserved pathway
for rapid auxin responses”. M. polymorpha thus represents the ideal
model to study the genetics of adaptationin bryophytes.
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Fig.2| Genome-wide distribution and allele frequency spectrum of the
main functional variant categories and functional enrichment analysis of
genes putatively under background selection or balancing selectionina
collection of104 accessions of M. polymorpha ssp. ruderalis. Ina, atotal
of 5,439,674 SNPs (4,363,099 intergenic, 509,964 inintrons, 115,218 missense,
88,163 synonymous, 183,858 3’ UTR, 154,8215’ UTR and 24,551 5 UTR premature
start codon gain, thatis, avariantina 5’ UTR region producing a three-base
sequence that can be astart codon) were used to construct the allele frequency
spectrum. Inb, a total of 7,823 SNPs (4,010 stop gained, 1,948 stop lost, 608 stop
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retained, 606 splice acceptor, 385 splice donor and 266 start lost) were used to
construct the allele frequency spectrum. AllSNPs ina,b are distributed on the
eight autosomes and sexual chromosome U or V. In ¢, functional enrichment
analysis of alist of 777 genes putatively under background selection (top 10% of
genes by Zheng’s E negative value). Ind, functional enrichment analysis of alist
of1,814 genes putatively under balancing selection (top 10% of genes by Tajima’s
Dpositive values).Inc,d, IPR terms are ordered from top to bottom according to
decreasing significance (false discovery rate g value < 0.05), together with some
associated known gene names.

Here, we collected 133 accessions of the liverwort M. polymorpha,
covering the three subspecies (ssp. ruderalis, ssp. montivagans and ssp.
polymorpha), and resequenced their nuclear genomes. This dataset
was augmented with two long-read genomes for one European and one
North American accession. This sequencing effort provides the genomic
andresource needed to explore intraspecific diversity in abryophyte.
Inaddition, a pangenome for M. polymorphawas built. Performing GEA
on climate variables, identifying the signatures of selection across the
genome and investigating gene presence-absence variation revealed
the strategies deployed by M. polymorphato adapt to diverse environ-
ments. Our findings suggest that environmental adaptationin M. poly-
morphais partly achieved by mechanisms similar to those describedin
angiosperms, thus likely ancestralinland plants, and by lineage-specific
polymorphisms, some originating from horizontal gene transfer.

Results

M. polymorpha intraspecific diversity resources

M. polymorpha encompasses three subspecies, ssp. ruderalis, ssp.
montivagans and ssp. polymorpha. Separation of the three subspe-
cies is supported by phylogenetic analysis*® and infertility between

some intersubspecific crosses. M. polymorphais distributed mostly in
the northern hemisphere, excluding the arctic regions, with ecologi-
cal specificities for each subspecies. M. polymorpha ssp. polymorpha
grows in natural riparian sites. M. polymorpha ssp. montivagans is
usually found at higher elevation. M. polymorpha ssp. ruderalis is a
rapid colonizer adapted to human-disturbed habitats and is the most
common of the three subspecies®. Two accessions from Japan, Tak-1
and Tak-2, have been widely used by the community. The Tak-1nuclear
genome, composed of eight autosomes and completed by the two
sexual chromosomes from Tak-1and Tak-2, was sequenced**. To maxi-
mize theintraspecific diversity, we collected 133 additional accessions
from four main geographic areas: south of France, the UK, a transect
between Switzerland and Sweden and the USA (Fig.1a and Supplemen-
tary Table 1). The collection sites ranged from sidewalks to soil near
pondsandfromsealevel toanelevation of 1,124 m. Most of the UK acces-
sions were collected in the framework of a citizen science project™®.
Gemmae were collected from a single individual for each accession
and propagated in vitro following sterilization. This collectionincludes
103 accessions from M. polymorpha ssp. ruderalis, 16 from M. polymor-
pha ssp. montivagans and 14 from M. polymorpha ssp. polymorpha.
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Fig. 3 | Identification of loci associated with climatic conditions by gene-
environment association analyses in M. polymorphassp. ruderalis.

a, Principal-component (PC) plot of 96 M. polymorpha ssp. ruderalis individuals
based on temperature-linked bioclimatic variables (BIO1 to BIO11). Var., variance.
b, Contributions of temperature-linked bioclimatic variables (BIO1to BIO11)

to the two first principal components. ¢, Miami plots (mirror comparison of

two Manhattan plots) of the GEA results on the first components of distinct

PCA for two categories of bioclimatic variables from the WorldClim 2 data:

LysM

temperature-linked (BIO1 to BIO11) and precipitation-linked (BIO12 to BIO19)
variables. These Miami plots result from a classical genome-wide association
analysis performed with GEMMA, followed by use of the local score technique on
SNP Pvalues (bilateral Wald test) to amplify the signal between SNPs in LD. The
result of this process is a Lindley value that has been used instead of a Pvalue to
plot the y values of the Manhattan plots. The dashed lines represent significance
thresholds for each chromosome (resampling thresholds from the local score
method). TF, transcription factor.

Allaccessions were sequenced by lllumina with amean genome cover-
age of 110x (Supplementary Table 1). Scaffolds were de novo assembled
(Nsoaverage = 49.8 kbp; Supplementary Table 2) and annotated, leading
to an average of 19,705 genes predicted per accession. The average
benchmarking universal single-copy orthologs (BUSCO) completeness

reached 88.5% (Supplementary Table 2). Inaddition, the M. polymorpha
ssp. ruderalis accessions CA (USA) and BoGa crossline 5 (BoGa-L5)
(Osnabriick, Germany) were sequenced using long-read technolo-
gies (V5o =5.991Mb and L, =12 for CAand N5, =26.28 Mbp and L, = 4
for BoGa-L5). The CA genome assembly and gene annotations for the
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133 accessions are available on MarpolBase (https://marchantia.info).
The BoGa genome assembly is available at https://doi.org/10.4119/
unibi/2991996. As M. polymorpha is a dioicous species, the sex of the
collected accessions was determined using PCR markers onindividuals
intheinvitro collection and bioinformatic analyses of the sequenced
genomes. Among the 133 accessions, 80 appeared to be females and
44 were males. For 11accessions, the results of the sexing analyses are
uncertain. Two accessions (NILSC14 and Mns-A) displayed inconsistent
sexing between the in vivo and in silico collections.

We provide here a genomic and physical collection covering the
intraspecific diversity of abryophyte.

M. polymorpha population structure

To characterize M. polymorpha intraspecific diversity, reads from
all accessions were mapped on the reference Tak-1genome (V6.1r2,
whichincludes the female Uchromosome from Tak-2), and SNPs were
extracted. We identified 12,281,497 autosomal SNPs in the collection
including all three M. polymorpha subspecies. Among these SNPs,
5,307,425 (<1SNP every 40 bp) segregated in M. polymorpha ssp. rud-
eralis. In addition, 51,607 SNPs (-1 SNP every 88 bp) and 12,314 SNPs
(-1SNP every 613 bp) segregated on the U and V chromosomes of 61
females and 34 males from this subspecies, respectively. The SNP data
mapped onthe Tak-1assembly can be explored on MarpolBase (https://
marchantia.info/).

We reconstructed the phylogeny of the accessions using a dataset
0f107,744 selected SNPs and performed Bayesian clustering population
structure analyses (using a dataset of 20,146 SNPs; Methods). Although
the exact relationship within each subspecies is likely not precisely
captured, these analyses resolved three main clades corresponding
tothethree M. polymorpha subspecies. Inaddition, we observed three
main genetic groups within the subspecies ruderalis (Fig. 1b). The
accession Pra-B, from the subspecies polymorpha, displayed mixed
subspecies ancestry (Fig. 1b). Although adenser sampling effortin the
UK and Franceincreased the phylogenetic clustering in these regions,
we observed a weak correlation between genetic and geographical
distances among accessions within the M. polymorpha ssp. ruderalis
clade (Mantel statistic r= 0.087, P=0.074), suggesting substantial
gene flow and recombination events across its broad geographical
range and extending previous findings at a regional scale (Southern
Ontario, Canada) in M. polymorpha®. Additional identity by descent
(IBD) analyses revealed contrasted patterns of genetic structure across
autosomes and Uand V chromosomes, suggesting differential dispersal
ability between sexes in ssp. ruderalis, and distance-based analyses
confirmed the accession Pra-B as a recent intersubspecific hybrid
and identified multiple historical introgressions in the genome of
M. polymorpha subspecies (Supplementary Note1).

These results support M. polymorpha as a subspecies complex*
undergoing gene flow within subspecies throughout a broad geo-
graphical range, as shown in M. polymorpha ssp. ruderalis, but also
between subspecies as the result of historical introgression events.

Selection in the genome of M. polymorpha ruderalis

Using the SNP data for M. polymorpha ssp. ruderalis, we determined
the genome-wide population-scaled mutation rate (Watterson’s f esti-
mator, 6,*%) tobe 0.00539, which s similar to that of angiosperm species
with comparable sample sizes****. Asliding window scan of Tajima’s D,
Wu’s H and Zheng’s E was carried out on the whole genome (avail-
able at https://marchantia.info/) as well as on gene sequences. The
average values of gene-based Tajima’s D and Zheng’s E statistics were
negative (D=-0.356, E = —-0.317), indicating a genome-wide excess of
low-frequency variants (Supplementary Fig. 3). This signature sug-
gests demographic expansion, with low population substructure in
M. polymorpha ssp. ruderalis, in agreement with phylogenetic and
population structure analyses.

Eighty percent of SNPs were located in intergenic regions. In
genic regions, SNPs were similarly frequent in intronic (9%) and in
non-intronic (11%) regions (Fig. 2a). The genome-wide allele frequency
spectrumwas L shaped as expected under neutral evolution. However,
we observed an excess of rare missense, 5’ untranslated region (UTR),
3”UTR and gain of premature start codon in 5’ UTR SNPs, relative to
intergenic, intronic or synonymous SNPs, most probably reflecting
stronger purifying selection on the former, compared, for instance, to
intergenic variants (Fig. 2a). Loss-of-function SNPs predominantly led
to stop codon gain or loss (51% or 25%) (Fig. 2b). The allele frequency
spectrum of such SNPs was also L shaped, with an excess of rare stop
gains and splice acceptor SNPs, reflecting strong purifying selection
against variants leading to molecular phenotypes associated with
truncated proteins and retained introns (Fig. 2b).

Toidentify genes under selective pressures in M. polymorpha ssp.
ruderalis, we computed Tajima’s D, H and E statistics (Methods). Of
18,920 genes, 3,965 genes exhibited the most pronounced selection
signatures (777 under background selection, 1,374 under soft or hard
selective sweep and 1,814 under balancing selection; Methods and
Supplementary Table 5). Using functional enrichment analysis, we
found that genes with pronounced signature of background selection
in M. polymorpha ssp. ruderalis were enriched in various molecular
functions (Fig. 2cand Supplementary Table 6), among them, the ones
encoding the DNA repair proteins DNA meiotic recombinase 1 and
RADiation sensitive protein 51 that are essential for meiotic recombina-
tionand highly conservedin eukaryotes, or cytoskeleton components.
Functional enrichment analysis of genes under balancing selection
revealed awider array of functionsinvolving highly polymorphicgenes,

Fig. 4| Anatypical kinase linked to the response of M. polymorphato
temperature and precipitation variation. a, Haplotype block illustration

of the genomic region on chromosome 8 associated with both temperature-
linked and precipitation-linked variables in M. polymorpha ssp. ruderalis and
containing two genes: one coding for an ABCl atypical kinase (Mp8g04680)
and one for a cytochrome C1 protein (Mp8g04690). The block on the left side
of the figure represents bioclimatic variable values at the sampling site of each
accession that led to the identification of the ABC1 cytochrome Clregion via
GEA. The main matrix represents the allelic status of the SNPs in this region for
each accession. The clustered matrix was generated with the ComplexHeatmap
R package. Precip, precipitation; temp, temperature; srad, solar radiation;
prec, precipitation. b, Close-up view of Tajima’s D sliding window analysis in the
genomic region surrounding the ABCIK gene of M. polymorpha ssp. ruderalis
(Mp8g04680) on the genome browser (https://marchantia.info/variants/).

This view highlights the specificity of balancing selection (high Tajima’s
Dvalues) observed in the coding sequence of Mp8g04680 and in its promoter
region compared to the local genomic region (50- and 200-kb windows at the
top and bottom, respectively). The gold boxes represent the genomic location

of Mp8g04680. M, million. ¢, Phylogenetic tree of the orthologs of the ABCIK
gene of M. polymorpha ssp. ruderalisillustrating direct orthology with the
ABCIK7 genein A. thaliana. The names of the different species from which

the ABCIK genes originate are specified with a six-letter code (Ulvmut, Ulva
mutabilis; Chlrei, Chlamydomonas reinhardtii; TrespOTUL, Trebouxia spOTUL;
Klenit, Klebsormidium nitens; Chabra, Chara braunii; Mesend, Mesotaenium
endlicherianum; Selmoe, Selaginella moellendorffii; AntagrOXF, Anthoceros
agrestis cv. oxford; Marpal, M. paleacea; Marpolrud, M. polymorpha ssp. ruderalis;
Phypat, Physcomitrium patens; Cerpur, Ceratodon purpureus; Adicap, Adiantum
capillus-veneris; Nymcol, Nymphaea colorata; Ambtri, Amborella trichopoda;
Phaequ, Phalaenopsis equestris; Bradis, Brachypodium distachyon; Spipol,
Spirodela polyrhiza; Zosmar, Zostera marina; Procyn, Protea cynaroides; Aqucoe,
Aquilegia coerulea; Helann, Helianthus annuus; Daucar, Daucus carota; Camsin,
Camellia sinensis; Budalt, Buddleja alternifolia; Sollyc, Solanum lycopersicum;
Jugreg, Juglans regia; Drydru, Dryas drummondii; Aratha, A. thaliana; Medtru,

M. truncatula; Cepfol, Cephalotus follicularis; Thecac, Theobroma cacao; Betpat,
Beta patula; Cucsat, Cucumis sativus; Poptri, Populus trichocarpa; Eucgra,
Eucalyptus grandis).
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HOGs. Colors represent the geographic origin of each accession. b, Genetic
features and traits shared by all species in the Marchantia genus.

including those encoding receptor-like kinase-Pelle and lectins, known
for their functionin mediating plant-environment interactions. Some
genesinvolved in fundamental molecular functions also seemed to be
subjected tobalancing selection, such as the four histone H4 genes H4e,
H4f, H4g and H4h (Fig. 2d and Supplementary Table 6). Finally, genes
putatively under selective sweep showed enrichmentinawide variety
of functions,among them genes encoding for MADS box transcription
factors or glycoside hydrolases from family 16 (Supplementary Fig. 4
and Supplementary Table 6).

To identify gene families that might be under a similar selec-
tion regime in both angiosperms and bryophytes, we computed the
same statistics for two model angiosperms with available population
genomic SNP datasets, Arabidopsis thaliana and Medicago truncatula
(Supplementary Table 7). We compared the statistics of M. polymorpha
ssp. ruderalis to those of A. thaliana and M. truncatula using ortho-
groups, aproxy for gene families, which were filtered to identify those
containing genes under a particular selection regime (background,
balancing or sweep). The number of overlapping orthogroups for each
selection regime was significantly higher than random expectation.
We detected 40 orthogroups, encompassing genes under strong back-
ground selectioninall species, including genes encoding the cellulose
synthase MpCSLD10, members of the histone fold Hap3-NF-YB family™*
or the receptor-like kinase of the CrRLKL1L-1 family MpFERONIA or
MpTHESEUS crucial for Marchantia and angiosperm development
(Supplementary Table 8)*°*%. In addition, we detected 86 orthogroups
containing genes under balancingselectioninall species (Supplemen-
tary Table 8), such as those encoding peroxidases, polyphenol oxidases
and PR5 (pathogenesis-related) proteins as well as lipoxygenases or the
terpenoid synthases MpTPS1and MpTPS4 (Fig. 2d and Supplementary
Table 8). Two evolutionary scenarios may explainthe shared selection
patterns between gene families in bryophytes and in tracheophytes.
First, these genes families may have maintained genes under balancing
selection, irrespective of lineage-specific expansions, since their most
recent common ancestor. Alternatively, the selection signatures have
evolved independently in M. polymorpha and the two angiosperms in
a convergent manner. In both cases, these gene families can be con-
sidered tunable nodes repeatedly recruited for adaptation across the
land plants. Exploring intraspecific diversity in other plant lineages
will allow us to test these two hypotheses.

To conclude, analyzing the selection signatures in M. polymor-
pha ssp. ruderalis (1) revealed that purifying selection is pervasive
on functional variants at the genome level, as probably the conse-
quence of the predominant haploid phase and (2) identified highly
conserved and highly polymorphic genes and gene families either

specific to M. polymorpha or showing similar intraspecific diversity
intwo angiospermes.

GEAin M. polymorpha ssp. ruderalis

The autosomal genome-wide average recombination rate was esti-
mated at 1.5 x 107 crossing-over per base pair per meiosis (+0.2 x 107°).
Weidentified agenome-wide average one-halflinkage disequilibrium
(LD) decay of 3.6 kbp. Considering the low genetic structure and the
shape of LD observed in our sampling, agenetic mapping approach can
be thus implemented through genome-wide association approaches
(Supplementary Fig. 5). We performed GEA on 96 accessions using 19
bioclimatic variablesrelated to precipitationand temperature as well
asdataonmonthly average precipitation, solar radiation, water vapor
pressure and altitude (see the list of all detected genomic regions in
Supplementary Table 9). To mitigate the correlations among biocli-
matic variables, we first ran two principal-component analyses (PCA)
on the bioclimatic variables related to (1) temperature and (2) pre-
cipitation. The first three principal components of temperature- and
precipitation-related variables, explaining 95% and 98.4% of the total
variance, respectively, were retained to describe the main results of
the GEA. A clear geographical structuring of temperature variation is
illustrated by principal-component plots of M. polymorpha ssp. ruder-
alisindividuals (Fig. 3a) and contributions of bioclimatic variables to
these principal components (Fig. 3b).

We identified genomic regions and candidate genes robustly
associated with temperature and precipitation variation across the
range of M. polymorpha ssp. ruderalis (Fig. 3c). Among the identi-
fied loci was a region on chromosome 8 coding for a cytochrome C1
protein (Mp8g04690) and an ABCl atypical kinase (Mp8g04680).In
this locus, the minor haplotype, present in 25% of the accessions
(24 0f 96), is associated with high values of temperature and precipita-
tion (Fig. 4a). The ABCIK gene in this locus is in the top 16% of genes
under balancing selection, and Tajima’s D sliding window analysis
indicates the specificity of this selection signature to the coding
sequence but also to the promoter region of the gene, compared
to the local genomic region (Fig. 4b). ABCIK is orthologous to the
ABCIK7 protein in A. thaliana (Fig. 4c), which acts in concert with
ABCI1K8toregulate the response to the stress hormone abscisic acid
moderating the oxidative stress response®. Abscisic acid has been
provento havearolein desiccationtolerance in M. polymorpha, which
could explain the link between the ABCIK gene and fluctuations in
temperature and precipitation. Other loci detected are detailed in
Supplementary Note 2, such as the one encoding the peroxidase
MpPOD128 (Mp5g17500).
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Comparisons of the 198 candidate genes with RNA-sequencing
(RNA-seq) studies on the response of M. polymorpha ssp. ruderalis
to the pathogen Phytophthora palmivora*® and to various abiotic
stresses' allowed the identification of 97 genes differentially regu-
latedin atleast one tested condition (Supplementary Table 10). Among
them, MpNBS-LRR11 (Mp4g08790) was found differentially expressed
inresponse to abiotic stresses and pathogen infection, and the associ-
ated locus was detected in GEA for bioclimatic variables linked to hot
and humid conditions, often linked to higher pathogen pressure**%,
This gene encoding a coiled-coil NOD-like-receptor (NLR) may thus
play arolein the adaptation of M. polymorpha to pathogens.

Many M. polymorpha ssp. ruderalis genes identified via GEA are
from familiesimportant for abioticand biotic stressresponsesin angio-
sperms (for example, peroxidases, leucine-rich repeat receptor-like
kinases, NLRs). This suggests that plant adaptation relies on ancestral
mechanisms, enhanced by lineage-specific duplications that diversify
paralogs across plant lineages.

Pangenomic variations in M. polymorpha

Intraspecific diversity can be characterized using SNPs and by focus-
ing on gene content variation between accessions. To identify pres-
ence-absence variation, 128 lllumina-based and long-read genomes of
M. polymorphassp. ruderalis and reference genomes of M. polymorpha
ssp. montivagans and ssp. polymorpha®® and Marchantia paleacea®
were used to generate a Marchantia genus pangenome, although lim-
ited to only two Marchantia species. This gene-centered pangenome
represents gene repertoires across genomes, excluding structural vari-
ations not detectable with the available data (Methods; for a detailed
version of this section, see Supplementary Note 3).

To explore the distribution of the gene space annotated for each
accession, we clustered the predicted proteomesin hierarchical ortho-
groups (HOGs) (Supplementary Table11). These HOGs represent groups
of orthologs, which are either specific to afew accessions or shared by
most of them (Fig. 5a). Of the 25,648 total HOGs, 3,542 were specific
to one of the subspecies (Supplementary Table 12), while 7,292 HOGs
were shared by accessions from all three subspecies and M. paleacea
(Supplementary Table 13). These ‘shared Marchantia HOGs’ include
genes present across land plants for conserved functions, such as the
formation of epidermal structures (that is, RSLI). Cross-referencing
the list of ‘shared Marchantia HOGs’ with single-cell RNA-seq data**
revealed significant enrichment in genes expressed in the ‘cells sur-
rounding the notch’ cluster (Supplementary Table 13), aligning with
the role of these cell populations in structuring Marchantia’s devel-
opment.Inaddition, genes thus far only functionally characterized in
M. polymorpha Tak-1 clustered in the ‘shared Marchantia HOGs’,
indicating that the molecular mechanisms controlling traits such
as gemma cup formation (MpGCAMI) are likely conserved in the
Marchantia genus beyond Tak-1(Supplementary Table 13 and Fig. 5b).

The M. polymorpha ssp. ruderalis pangenome was obtained
using gene predictions from 100 ruderalis accessions, three ruderalis
long-read genomes and two outgroup genomes (ssp. polymorpha and
ssp. montivagans). The specific OrthoFinder analysis carried out on
this sampling identified 28,143 HOGs representing M. polymorpha ssp.
ruderalis gene content (Supplementary Table 14 and Fig. 6a). These
HOGs were categorized as core (containing genes in nearly all acces-
sions, tolerating six lower-quality ones), accessory (HOG containing
genes frommore than four accessions but not core) and cloud genome

(HOG containing genes from four accessions or less) (Supplemen-
tary Table 15 and Methods). Core HOGs represent 35.2% of the total
pangenome HOG content, while accessory HOGs account for 49.2%
(Fig. 6b). The cloud HOGs should be taken with caution because they
are enriched in genes from long-read genomes and therefore may be
absent from other accessions for technical reasons (Supplementary
Fig. 6). The sex ratio in all HOGs was shown to be 1.8 female for one
male (similar to the sex ratio of the whole collection, * = 0.98) (Supple-
mentary Fig. 7 and Supplementary Table 15); therefore, the sex of the
accessions should notimpact the orthogroup categories.

Cross-referencing core and accessory genes with scRNA-seq
data revealed that the expression cluster corresponding to ‘cells
surrounding the notch’ was the most significantly enriched in core
M. polymorphassp. ruderalis genes (Supplementary Table15), similar to
the Marchantia pangenome. The expression clusters with asignificant
proportion of accessory genes were the ones linked to gemma and oil
body cells. Among the 283 genes of the gemma cell cluster, 83 were
accessory and mainly linked to specialized metabolism (for example,
chalcone synthases, cytochrome P450). For the oil body cell cluster,
52 of the 177 assigned genes were accessory, many of which were also
involved in specialized metabolism (for example, microbial terpene
synthase-like (MTPSL) and polyphenol oxidase genes). Copy number
variation had already been observed in M. polymorpha’s MTPSL between
two accessions®, corroborating enrichmentin the accessory genome.

Coreandaccessory HOGs in the pangenome were cross-referenced
with Tak-1 RNA-seq data. Conditions with significantly more core
or accessory genes deregulated were scrutinized (Supplementary
Table 16). Most stress conditions showed downregulation of signifi-
cantly more core genes than accessory genes (Supplementary Fig. 9).
On the contrary, an equal number of stress conditions significantly
upregulate more accessory genes or more core genes. (Supplementary
Fig. 9). This suggests that core genes are more often downregulated
during stress and that specific environmental constraints can trigger
either core or accessory genome upregulation.

We performed an InterPro (IPR) domain enrichment on core
and accessory compartments of the M. polymorpha ssp. ruderalis
pangenome. As expected from other pangenomic studies*®*, the core
genome was enriched in domainsinvolved in housekeeping functions
(Supplementary Table 17). The enrichment on the accessory genome
included many functions linked to multiple stress responses (peroxi-
dases and isoprenoid synthases) or more specifically to biotic (NLRs,
chitinases) or abiotic (aquaporins) stresses (Fig. 6c and Supplementary
Table17).

The M. polymorphassp. ruderalis pangenome highlights the acces-
sory genome’s role in the stress response, extending findings from
flowering plantsto a distant lineage and possibly to the entire diversity
ofland plants.

Horizontal gene transfer aided plant terrestrial adaptation

The IPR domain analysis identified one atypical domain enriched in
the accessory genome compartment, the fungal fruit body lectin.
Fungal fruit body lectins have been reported in M. polymorpha ssp.
ruderalis Tak-1and some other bryophytes and described as fungal
horizontal gene transfer (HGT)*®. To verify their distribution in land
plants, we searched for orthologs of the nine fungal fruit body lectin
genes presentinthereference genome of M. polymorpha ssp. ruderalis
Tak-linadatabase containing genomes from all the main clades of land

Fig. 6| The pangenome of M. polymorpha ssp. ruderalis. a, Increase in
pangenome size and decrease in core genome size when adding accessions to the
M. polymorpha ssp. ruderalis pangenome (500 random samplings for the box plot,
for which the center is the median of values, bounds of the boxes are the first and
third quantiles, that s, the 25th and 75th percentiles, and the whiskers are distant
fromthe quantiles by 1.5 times the interquantile range). This saturation plot
indicates a closed pangenome in M. polymorpha ssp. ruderalis. b, Composition

ofthe pangenome regarding the HOG categories (core, accessory and rare). The
histogram shows the number of HOGs with different frequencies of presence in
accessions, and the pie chart shows the proportion of HOGs in each category.

¢, Bar plot representing IPR terms significantly enriched in the accessory genome.
Redundant IPR terms and IPR terms linked with transposable elements and viral
proteins were discarded toimprove readability. d, Phylogeny of the orthologs of
fungal lectin genes present in M. polymorpha ssp. ruderalis.
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plants (Supplementary Table 18) and transcriptomes*’. We detected
orthologsinliverworts and mosses but also in ferns (two genomes and
21transcriptomes) (Fig. 6d). These lectins had not been identified in
ferns or any tracheophytes. Indeed, these genes are missing from the
two previously screened genomes of aquatic ferns’® and may represent
aloss following the reversion to an aquatic environment™. This pres-
ence of fungal fruitbody lectinsin terrestrial ferns gives awhole other
perspective on the gain of these domains in plants: they might have
beentransferred fromafungustothe ancestor ofland plants and then
lostin three clades (hornworts, lycophytes and seed plants) (Fig. 6d).
Seven of the nine fungal fruit body lectin genes present in Tak-1are dif-
ferentially expressed instress conditions, with most being upregulated
inresponse to drought (Supplementary Table 16).

Our results suggest that a gene family originating from fungal
HGT before the diversification of land plants contributes to drought
adaptationin M. polymorphassp. ruderalis, while it wasindependently
lost in other lineages, illustrating the different adaptive landscape in
land plants after 450 million years of evolution on land.

Discussion
By gatheringalarge collection of wild collected accessions of M. poly-
morpha,we aimed to provide aresource for the community, toidentify
genetic polymorphism correlating with environmental variables and
to discover gene families sharing patterns of selection across land
plants. Three approaches were combined: population genomic-based
selection analyses, genotype-environment association analyses and a
gene-centered pangenome. Comparing the genes identified through
these approaches with knowledge from angiosperms, we identified
commonalities in the genetic strategy for adaptation to the environ-
mentbutalso Marchantia-specificinnovations. Two gene families stood
out when comparing adaptation in M. polymorpha and angiosperms:
those encoding class Ill peroxidases and NLRs. Class Il peroxidases
are extremely diversified in angiosperms (75 in A. thaliana) as well as
in M. polymorpha (190 genes), which is surprising considering that
liverworts did not experience whole-genome duplication like angio-
sperms®. In M. polymorpha, this diversity results from clade-specific
tandem duplications, as illustrated by POD128 identified in the GEA
(Fig. 3c).In addition to these independent gene family expansions,
peroxidase-encoding genes are among those with the strongest balanc-
ing selection signaturein M. polymorpha, A. thaliana and M. truncatula,
correlating with their known roles in development and adaptationin
angiosperms®. NLRs were the second class of proteins with diversity
and polymorphism patterns in M. polymorpha reminiscent of the one
foundinangiosperms, clearly associating NLRs with adaptation. In the
future, conducting genome-wide association studies in response to
pathogens would reveal the genetic basis of resistance in M. polymorpha
and could confirm the link between NLRs and immunity, well known
in angiosperms. Peroxidases and NLRs associated with adaptationin
bothbryophytes and angiosperms may reflect ancestral traits retained
since the most recent common ancestor of land plants.
Lineage-specific genes and adaptation signatures were also
detected. These may have coevolved with morphological adaptation.
Inthatrespect, theimportance of the gemmaand oil body cell clusters
in adaptation processes in M. polymorpha has been underscored by
cross-referencing scRNA-seq data with GEA candidates and the acces-
sory genome. Oil bodies are the biosynthesis and storage sites of many
specialized metabolites and contribute to resistance to abiotic stress
in M. polymorpha®**°. By examining oil body clusters, which mainly
express genes related to specialized metabolite synthesis, a clear pat-
ternbetween the core and accessory genome arises. Core genes (such
as/DS1,encoding an upstream enzyme in terpenoid biosynthesis) are
more likely to be upstream genes, whereas accessory genes, such as
those encoding terpene synthases, likely contribute to the final steps
of the pathways. The transfer of such terminal genes might represent
an option for the production of antimicrobial compounds in crops.

Afern-specificinsecticidal protein-coding gene originating from HGT,
Tmal2, was successfully transferred to cotton, conferring resistance
towhiteflies®**’”. Suchacase of HGT expanding the abilities to interact
with the microbiotais reminiscent of fungal fruit body lectin proteins,
identified in the M. polymorpha accessory genome and originating
from HGT (Fig. 6d), previously linked with resistance to insects*®**. We
traced their acquisition to the last common ancestor of land plants. It
istherefore possible that other horizontally transferred genes present
inbryophytesand lostin angiosperms were acquired by their common
ancestor and that the role of HGT in the terrestrialization process is
even more important than suspected™.

Our study provides a genomic and physical resource to explore
intraspecific diversity in the model liverwort M. polymorpha, pro-
viding a reservoir of genetic novelties with potential for use in crop
improvement. We identified genetic polymorphisms correlating with
environmental variables in this species, revealing similarities with
angiosperms together with lineage-specific novelties. M. polymorpha
alsoretains adaptation-related genes inherited from the most recent
common ancestor of land plants but lost in angiosperms.
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Methods

Plant material

Plants were collected directly in sampling pots and brought to the
laboratory. After growing individual thalli from each accession in
potting soil, gemmae were collected and sterilized as described by
Delauxetal.”. Cultures were initiated from single gemma, and asingle
plant was conserved for each accession and grown on 0.5% B5 medium
(G0209-0025, Duchefa Biochemie) as described by Rich et al.* and
supplemented with 1% sucrose (200-301-B, Euromedex), with 16:8-h
day:night cycles at 22 °C under fluorescent illumination with a light
intensity of 100 pmol um™s™. Note that, due to the COVID-19 pan-
demic, a total of 38 accessions, at the time being propagated for the
first round of gemmae, were lost.

BoGa-L5 accession long-read sequencing

DNA extraction, library preparation and long-read sequencing of
BoGa-L5. M. polymorpha ssp. ruderalis ecotype BoGa-L5 plants were
raised on Gamborg B5 medium (Duchefa Biochemie) at room tempera-
ture withaday-night cycle of 16 h of light to 8 h of darkness. Male plants
were collected at 44 d after germination, and high-molecular-weight
DNA was extracted from1gof material according to anadapted CTAB
DNA extraction protocol in which chloroform-isoamyl alcohol was
replaced with dichloromethane (https://www.protocols.io/view/
plant-dna-extraction-and-preparation-for-ont-seque-kxygxenmkv8j/
v1). DNA quality was checked with the Invitrogen Qubit 4 fluorometer
(Thermo Fisher Scientific). DNA was size selected with the short-read
eliminator kit (PacBio), and sequencing libraries were prepared with
theligation sequencing gDNA kit (SQK-LSK109-XL, Oxford Nanopore
Technologies (ONT)). The libraries were sequenced on a GridION plat-
form using one R9.4.1 and one R10.0 flow cell, and bases were called
with MinKNOW v.21.02.5 software (high-accuracy basecalling with
Guppy 4.3.4) (ONT).

Short-read sequencing of BoGa-L5. A paired-end sequencinglibrary
was prepared using the extracted genomic DNA of BoGaand the TruSeq
DNA Nano Kit according to the TruSeq DNA Sample Preparation v.2
Guide (Illumina). The library was sequenced in 2 x 150-bp paired-end
mode onaNovaSeq500 sequencer (Illumina). Raw reads were quality
trimmed using Trimmomatic v.0.39 (ref. 60) with parameters ‘LEAD-
ING:34 TRAILING:34 SLIDINGWINDOW:4:15 ILLUMINACLIP:2:34:15
MINLEN:100".

Computation of a chromosome-scale BoGa genome assembly.
BoGa long reads were assembled with Canu v.2.2 (ref. 61) (setting
‘genomeSize=280m’). The genome assembly was polished with Racon
v.1.4.20 (ref. 62) and minimap v.2.22-1101 (ref. 63) using the parameters
“m8-x-6-g-8-t40’, with medakav.1.4.3 (https://github.com/nanopo
retech/medaka) and with Pilon v.1.24 (ref. 64). Medaka polishing was
run one round with the raw ONT reads from the R9.4.1flow cell and the
parameter ‘r941_min_high_g360” and one round with reads from the
R10.0 flow cell and the parameter ‘r103_min_high_g360’. Pilon polish-
ing was carried out three times using BWA-MEM v.0.7.17 (ref. 65) and
the trimmed genomic short-read data of BoGa-L5. The polished contig
sequences were anchored to pseudochromosomes based onthe March-
antia reference genome sequence assembly Tak v.6.1 (ref. 24,66) with
RagTagv.2.0.1(ref. 67), allowing 100-bp gaps between sequences. For
this, chromosome U, which represents the female sex chromosome,
and unplaced scaffolds of the Tak assembly were disregarded and an
artificial chromosome O was generated from unplaced sequences of the
BoGa assembly. The assembly was repeat masked with RepeatModeler
v.2.0.2 (ref. 68) with the parameter -LTRStruct’ and RepeatMasker
v.4.1.2 (ref. 69) with the softmasking option enabled.

The completeness of the BoGa genome assembly was determined
with the BUSCO tool v.5.4.4 (ref. 70) using the database Viridiplantae
0odb10t093.1%.

Chloroplast and mitochondrion contig sequences in the BoGa
assembly were identified through a blastn search (package v.2.11.0+)
against the M. polymorpha chloroplast (National Center for Biotech-
nology Information (NCBI) accession number NC_037507.1) and the
mitochondrion genome sequence assembly (NCBI accession num-
ber NC_037508.1), resulting in one full sequence each. Overlaps were
trimmed for the chloroplast contig with Berokka v.0.2 (https://github.
com/tseemann/berokka) and for the mitochondrion contig through
identification of overlapping ends with a blastn search against itself.
The contigs were oriented according to the references used with blastn.
The gene annotation of the BoGa chloroplast sequence was computed
with GeSeq (v.2.03)", applying tRNAscan-SE (v.2.0.7), Chloe version
0.1.0, HMMER v.3.3.1 and BLAT". The gene annotation of the BoGa
mitochondrion genome sequence was calculated with GeSeq using
tRNAscan-SE (v.2.0.7) and BLAT. The results were filtered, discarding
annotations with HMMER score <15, BLAT score <20 and tRNAscan
score < 20. As GeSeq outputs overlapping genes resulted from the
different prediction programs, only one gene annotation was kept at
asequenceregion.Ifthe overlapping genes had the same startandend
position, the prediction of BLAT was prioritized, followed by HMMER,
followed by Chloe and followed by tRNAscan. If the start or end posi-
tion or both differed and the overlapping genes were named equally,
thelongest gene annotation was kept. The assembly and all associated
datacanbeaccessed at https://doi.org/10.4119/unibi/2982437.

CA accession long-read sequencing

Preparation of high-molecular-weight DNA for sequencing. DNA
was isolated from dark-treated 3-week-old thalli using the QIAGEN
Genomic-tips 500/G kit (10262) following the tissue extraction pro-
tocol. Briefly, 13.5 g of young leaf material was frozen and ground in
liquid nitrogen with a mortar and a pestle. After 3 h of lysis at 50 °C
and one centrifugation step (15,000g), the DNA was immobilized on
the column. After several washing steps, DNA was eluted from the
columnand thendesalted and concentrated by alcohol precipitation.
DNA was resuspended in EB buffer. DNA quality and quantity were
assessed respectively using the NanoDrop One spectrophotometer
(Thermo Scientific) and the Qubit 3 fluorometer using the Qubit dSDNA
BR assay (Invitrogen). DNA size was assessed using the Femto Pulse
system (Agilent).

Preparation and sequencing of the HiFi PacBio library. AHiFi SMRT-
bell library was constructed using the SMRTbell Template Prep Kit
2.0 (Pacific Biosciences) according to PacBio recommendations (PN
101-853-100, v.5). Briefly, high-molecular-weight DNA was sheared
by using the Megaruptor 3 system (Diagenode) to obtain an average
size of 20 kb. Following enzymatic treatment of 5 pg of sheared DNA
sample for removing single-stranded overhangs and DNA damage
repair, ligation with overhang adaptors to both ends of the targeted
double-stranded DNA molecule was performed to create closed,
single-stranded circular DNA. Nuclease treatment was performed by
using the SMRTbell Enzyme Clean-Up Kit 2.0 (Pacific Biosciences). Due
to the limited quantity of libraries, no size selection was performed.
Size and concentration of the final library were assessed using the
Femto Pulse system (Agilent) and the Qubit fluorometer and the Qubit
dsDNA HS reagents assay kit (Thermo Fisher), respectively.

Sequencing primer v2 and Sequel Il DNA Polymerase 2.0 were
annealed and bound, respectively, to the SMRTbell library. The library
wasloaded ontwo SMRT Cells 8M atan on-plate concentration of 70 pM
using adaptive loading. Sequencing was performed on the Sequel I
system using the Sequel Il sequencingkit 2.0, arun movietime of 30 h
with a 120-min pre-extension step and software v.9.0 (PacBio) by the
Gentyane Genomic Platform (INRAE).

Whole-genome assembly. The data were assembled using hifi-
asm assembler (v.16.1 (ref. 73)). Hifiasm is able to produce a primary
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assembly and an alternative assembly (incomplete alternative assem-
bly consisting of haplotigs under heterozygous regions). We then
filtered the primary assembly from organelles and low-quality contigs.
Organelles were identified by mapping contigs on NCBI reference
assemblies. The closest references (AP025455.1and AP025456.1) were
found with MitoHiFi software™. We finally removed 601 contigs from
the primary assembly (mitochondrial and chloroplastic contigs identi-
fied, high-coverage (>100x), low-coverage (<1x) and high GC percent
(>50%) contigs). All the metrics correspond to the filtered primary
assembly used for the next analysis. We obtained 527,046 corrected
reads (N, =17.6 kbp, genome coverage = 23x) that were assembled
and filtered, resulting in 109 contigs (N5, = 5.99 Mbp, L, =12 contigs,
GC content = 43.34%).

To assess the completeness and quality of the genome, we used
the BUSCO v.5.4.4 (ref. 75) tool on the Viridiplantae odb10 database
(n=425 (ref. 70)). We obtained a 99.1% complete BUSCO score on
the assembly.

Short-read sequencing
DNA extraction, library preparation and DNA sequencing (Illu-
mina). Genomic DNA was extracted for all accessions, either from
invitro-propagated material or from plants grown in pots. For plants
sequenced at BGI Shenzhen or at a service company, genomic DNA
was extracted using a CTAB modified protocol from Healey et al.”.
Approximately 0.1 g of cleaned young thalli (2-3 weeks) from March-
antia populations was reduced in a fine powder in nitrogen liquid.
Because Marchantia tissues contain high amounts of phenolic com-
pounds and other molecules that can interfere with DNA extraction,
1ml STE (sucrose, 0.25M (200-301-B, Euromedex); Tris, 0.1 M (26-
128-3094-B, Euromedex); and EDTA, 0.05 M (EU0O007, Euromedex))
wash buffer was previously added to the fine powder in the Eppendorf
tube. Next, the mixture was thoroughly vortexed and centrifuged for
5minat15,000g. After centrifugation, the supernatant was removed,
and washing of ground tissues with STE buffer was repeated until
the supernatant was clear. Once ground tissues were clearly washed,
DNA extraction and NanoDrop quality assessment were performed as
described by Healey et al.” by adjusting volumes to the 0.1 g of starting
powder. lllumina libraries were prepared according to manufacturer
instructions. [lluminasequencing was performed using either Illumina
sequencing technology (HiSeq 2000 and HiSeq 4000) or the Illumina
NovaSeq 6000 at BGIShenzhen or the service company, respectively,
inboth casesusinga2 x 150 paired-end configuration. For accessions
sequenced at JGI, DNA was extracted using the CTAB-STE method”".
Libraries were prepared following manufacturer instructions and
sequenced on an lllumina NovaSeq 6000 instrument using a 2 x 150
paired-end configuration.

Allsequenced libraries are available under BioProject PRINA931118
atthe Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra/).

Assembly and cleaning of 129 M. polymorpha Illumina sequences.
For 129 accessions that were of good enough quality, short reads
were processed and adaptors were removed with Trim Galore v.0.6.5
(ref. 78) with the -q 30 option and then assembled with MEGAHIT v.1.1.3
(ref. 79) with default parameters. These assemblies were then cleaned
by discarding the contigs not complying with the following character-
istics: GC content inferior to 55, at least one hit but no bacterial one in
thetop tenblast hits of the contig against the RefSeq database from the
NCBI (from February 2023), length of the contig superior to 500 bp.

Prediction and functional annotation of protein-coding genes

Genome assemblies were softmasked using Red v.2.0 (ref. 80), and
structural annotations were made using the BRAKER2.1.6 pipeline®°.
BRAKER2 wasrunwith --epmode --softmasking --gff3 --cores 1’ options.
In epmode, the ProtHint pipeline generates hints for AUGUSTUS
training and predicts protein-coding genes. The OrthoDB input

proteins used by ProtHint are a combination of ones from https://
busco-data.ezlab.org/v5/data/lineages/viridiplantae_odb10.2024-
01-08.tar.gz and proteins from seven species (A. agrestis cv. BONN,
A. agrestis cv. OXF, Anthoceros punctatus®, C. purpureus strain R40
(NCBI GCA_014871385.1), M. paleacea®, M. polymorpha ssp. ruderalis
Tak-1 (https://marchantia.info/download/MpTak_v6.1/), P. patens®
and Sphagnum fallax®). Only the predicted genes partly supported by
this protein database were kept using the script at https://github.com/
Gaius-Augustus/BRAKER/blob/report/scripts/predictionAnalysis/
selectSupportedSubsets.py.

The long-read genomes of M. polymorpha ssp. ruderalis, M. poly-
morpha ssp. polymorpha, M. polymorpha ssp. montivagans® and M.
paleaceawere reannotated in the same fashion as well as the two new
long-read genomes from the accessions CA and BoGa-L5.

The completeness of the predictions in each accession was
assessed withBUSCO v.5.4.4 against the Viridiplantae odb10 (n = 425).

The predictions were functionally annotated with InterProScan
5.51-85.0 (refs. 94,95) with options —iprlookup and -goterms.

Mapping and SNP calling of the 135 accessions

Trim Galore v.0.6.5 (ref. 78) was used to remove 3’ bases with a quality
score lower than 30, trim [lluminaadaptors and only keep reads longer
than 20 bp. Bowtie2v.2.3.5.1(ref. 96) was then used to map reads from
the 135 accessions to the reference genome of M. polymorpha ssp.
ruderalis (Tak-1 accession, MpTak v.6.1 genome version®®) without
permissiveness for discordant and mixed alignment. Polymorphic
variants with a minimum of four supporting reads, a minimum base
quality of 30, aminimum variant allele frequency of 0.97 and a P-value
threshold of 0.01 were then called with VarScan v.2.4.2 (refs. 97,98).
The resulting VCF was then filtered with VCFtools v.0.1.16 to discard
indels and two accessions of low quality and keep only biallelic sites
withinformationin atleast 50% of the accessions, leading to a total of
12,519,663 SNPs in the 133 remaining accessions and 5,414,844 in the
104 M. polymorpha ssp. ruderalis accessions. The SnpEff v.5.0e pro-
gramwas used to predict the effect of SNPs in the ruderalis subspecies.

Sex assignment of the 135 accessions
Thesexof the135accessions was determined by evaluating the mapping
of reads on the U and V chromosomes of the reference genome with
Indexcov?”. This was complemented by PCR sexing for 104 accessions,
based onthe primers presented by Hoey et al.>°, as well as an additional
bioinformatic check up by performing ablastn search (e-value thresh-
old of 1x107%)'° of these same primers on the accessions’ assemblies.
Thisled to asex assignment consensus for the 124 remaining ones
displaying anambiguous signal. Eighty of these accessions are females,
and 44 are males. PCR and bioinformatic prediction disagreed for two
accessions: NILSC14 and Mns-A.

Phylogeny and population structure analysis

A total of 107,744 multiallelic and biallelic SNPs from the autosomes,
pruned with the R package SNPRelate v.1.30.1 (ref. 101) foran LD < 0.3
on 1,500-bp windows and with missing data <4%, were kept for phy-
logenetic analysis on the 133 M. polymorpha accessions. A SNP-based
phylogenetic tree was inferred with IQ-TREE v.2.1.2 (ref. 102) and
ModelFinder'® with an SH-like approximate likelihood ratio test'**
and ultrafast bootstrap'® (with 10,000 replicates). The tree was then
visualized using the phytools R package'*®.

Population structure analysis was performed on 124 nonredun-
dant M. polymorpha accessions from the SNPs with the same filters
astheones usedin the phylogeny, and an additional filter on 5% MAF
(20,146 SNPs) was used in fastSTRUCTURE 1.0 (ref. 107). Population
numbers (K) from 2 to 7 were tested with five cross-validation test
sets, pointing to an optimal K between 4 and 6. Tracts of IBD among
pairs of 116 nonredundant accessions were identified by using the
programhmmIBDv.2.1.3 (ref.108), with the same parameters as those
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reported by Sandler et al.’": recombination rate of 4.54 x 107 ¢cM per
bp and number of chromosomes set to eight for the autosomes. The
IBD analysis was also performed independently on the 44 male and 80
female sex chromosomes, setting the same recombination rate and
the number of chromosomes to one.

Detecting genomic fragments resulting from recent
introgressions using a distance-based method

We took advantage of the shape of the phylogenetic tree con-
structed based on the whole SNP dataset (Fig. I1 from the file Figure-
introgressions-Marchantia-v4 at https://doi.org/10.6084/m9.figshare.
25574100; very long basal branches and very short terminal branches)
to develop a method to detect short (for example, 500 nucleotides)
fragments resulting fromrecentintrogressions. For each accession of a
givensubspecies, we expect thatits distance to the other accessions of
this subspecies (terminal branches) should be much smaller than the
mean distance between subspecies (internal branches). Our method
thereforelooksforaccessionstoo dissimilar fromtheir ownsubspecies;
this allows us to detect introgression from the ghost lineage, which is
not possible with IBD. Simulations allowed us to determine param-
eters (for example, window size) that produce a very limited number
of false positives (window size = 25). Details of the distance-based
method and additional results are provided at https://doi.org/10.6084/
m9.figshare.25574100.

Determination of selection signature on genes

Selection signatures were detected with indicators based on the AFS:
Tajima’s D'°°, Fay and Wu's H"'° and Zeng’s £'"'. By exploiting the biallelic
SNP dataset in the three subspecies with PLINK v.1.90b6.21 (ref. 112),
the ancestral or derived state of each allele in M. polymorpha ssp. rud-
eraliswas determined. For the polymorphic positionsin M. polymorpha
ssp. ruderalisthat were fixed the same way in the two other subspecies
(allowing missing information in one accession of each subspecies),
the M. polymorphassp. ruderalis allele corresponding to the fixed allele
in M. polymorpha ssp. montivagans and M. polymorphassp. polymorpha
was considered to be the ancestral allele. Thisled to areduced dataset
of'1,344,013 unfolded SNPs that were used to calculate the Hand F
indicators. We used the folded SNP dataset (5,414,844 SNPs) to calculate
Tajima’s D. Calculation of the D, Hand E statistics was performed with
a custom R script™: 6, 6, and 6, were calculated for each SNP, with

-1
Ow :('E 1) 0, = :("’;‘:"l’)and 6, = %(with n,and n,being the copy num-

ber of the ancestral and derived alleles, respectively, in the case of H

and E calculations), which allowed the correction of the values for the
6, —6w 0,—6,

missing data present at eachsite. The D = — H= Wi and
66w : .
= —mvalues obtained for eachsite were then averaged over the

SNPs present in each of the 18,920 gene models, allowing us to deter-
mine the global selective pressure acting on each gene. The same
method was used to determine the selection signatures in sliding
windows of different sizes (20 kb, 5 kb and 0.5 kb, with asliding of 20%
ofthe window size) over the whole genome of M. polymorpha (available
for visualization on the genome browser hosted by MarpolBase at
https://marchantia.info/). Genes with pronounced selection signa
tures were determined based on a dataset of 18,140 genes with at least
four folded SNPs to calculate Tajima’s D statistics. Based on this, we
selected the top 10% of genes (that is, 1,814) with the highest values of
Tajima’s D as a gene set with the most pronounced signature of balanc-
ing selection. Among the remaining 16,326 genes, based on the ances-
tral-derived SNP dataset (1,344,013 SNPs), we selected 11,932 genes
for whichthe ancestral-derived allele identification could be inferred
foratleast 50% of the SNPs. This gene set allowed us to select 777 genes
with a marked signature of background selection based on Zeng’s
Evalue <10% genome-wide (18,140 genes) quantile value. Finally, the
same gene set allowed usto select 1,374 genes with marked signatures

of soft or hard selective sweep based on Fay and Wu'’s H value <10% or
Evalue >90% genome-wide (18,140 genes) quantile value. Hence, 3,965
genes were considered as having pronounced selection signatures
based on the three neutrality test statistics D, Hand E.

The calculation of D, H and E statistics and the selection of genes
with pronounced selection signatures were performed in the same
way for the angiosperm model species A. thaliana and M. truncatula.
For A. thaliana, the SNP dataset from the 1001 Genomes Consortium
(https://1001genomes.org/data/GMI-MPI/releases/v3.1/ (ref. 114)) was
used, coupled with mapping and calling of A. thaliana SNPs on sequenc-
ing datafrom 30 Arabidopsis halleri (PRINA592307) and 29 Arabidopsis
lyrata (PRJNA357372) accessions on the Arabidopsis TAIR10 reference
genome. Reads from the two outgroups were processed with Trim Galore
similarly to what was done with M. polymorpha and then mapped with
Bowtie 2 v.2.3.5.1 with permissiveness for discordant and mixed align-
mentand with analignmentscore lower than the minimal score threshold
of -1.5+-1.5 x L to allow mapping of reads from distant species. The
polymorphic variants present in A. thaliana were called with VarScan
v.2.4.2inthe two other subspecies, with aminimum of four supporting
reads, aminimum base quality of 30, aminimum variantallele frequency
0f 0.97 and a P-value threshold of 0.01, leading t0 9,500,949 sites for ssp.
halleriand 9,206,703 sites for ssp. lyrata. The unfolded A. thaliana sites
werethe ones bearing the sameallelein 100% of the accessions from ssp.
halleriand ssp. [yrata and with less than 30% of missing values. This led
to 3,641,556 SNPs with ancestral allele information, with which Hand £
were calculated. Tajima’s D was calculated on the 11,458,975 SNPs from
thel,135accessions of the 1001 Genomes Consortium. For M. truncatula,
the SNP dataset based on mapping of 317 accessions (among which 285
are from the M. truncatula species) on v.5 of the A17 genome was used
(https://data.legumeinfo.org/Medicago/truncatula/diversity/A17.gnm5.
div.Epstein_Burghardt 2022/ (refs. 115,116)). The 50,885,956 biallelic
SNPs with minimum base quality of 30, no half calls and a maximum
of 50% of missing data were used to calculate Tajima’s D. SNP calling of
eight accessions from various other species phylogenetically close to
the M. truncatulaspecies (species Medicago turbinata, Medicago italica,
Medicago doliata, Medicago littoralis, M. turbinata, Medicago tricycla
and Medicago soleirolii), performed by Epstein and collaborators, was
taken as the outgroup dataset. The ancestral allele was determined for
sites that were fixed the same way in all eight outgroup accessions, with
atolerance for missing data in one accession only, leading to a dataset
0f 12,129,573 unfolded M. truncatula SNPs, on which H and E were cal-
culated. The values of the D, Hand E statistics calculated for A. thaliana
and M. truncatula SNPs were then averaged over their gene models. We
compared M. polymorphassp. ruderalis, A. thaliana and M. truncatulaD,
Hand E datasets by using orthology relationships to compare selection
signatures across species (OrthoFinder analysis on a representative
sample of land plants). To account for the deep and complex evolution-
ary divergence between bryophytes and angiosperms, notably due
to several rounds of whole-genome duplication, we focused on HOGs
showingin each of the three species at least one gene thatisin their top
20% of genes under background, balancing or sweep selection at the
intraspecific level (Supplementary Table 8). To determine whether the
number of orthogroups sharing genes under the same selection regime
for all three species was significantly different from random expecta-
tion, the value of selection signature for each species was shuffled and
the overlap was determined. This shuffling was conducted 1,000 times,
leading to amean often orthogroups (highest value of 20 orthogroups)
with common background selection and 29 orthogroups with com-
mon balancingselection (highest value of 46 orthogroups), values well
below those found in the analysis on real selection signatures of the
three species.

Estimation of recombination rates and of LD decay
The genome-wide landscape of recombination was determined based
on the SNP data, using ReLERNN v.1.0.0 (ref. 117). For the simulation

Nature Genetics


http://www.nature.com/naturegenetics
https://doi.org/10.6084/m9.figshare.25574100
https://doi.org/10.6084/m9.figshare.25574100
https://doi.org/10.6084/m9.figshare.25574100
https://doi.org/10.6084/m9.figshare.25574100
https://marchantia.info/
https://1001genomes.org/data/GMI-MPI/releases/v3.1/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA592307
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA357372
https://data.legumeinfo.org/Medicago/truncatula/diversity/A17.gnm5.div.Epstein_Burghardt_2022/
https://data.legumeinfo.org/Medicago/truncatula/diversity/A17.gnm5.div.Epstein_Burghardt_2022/

Article

https://doi.org/10.1038/s41588-024-02071-4

phase, the assumed mutation rate was 10® and the assumed genera-
tion time was 1 year. The other phases (train, predict and BScorrect)
were run with default parameters. LD decay in M. polymorpha ssp.
ruderalis was determined on the dataset of 5,414,844 SNPs called on
the 104 ssp. ruderalis accessions, using PopLDdecay"® with a MAF of
0.05 and a maximum pairwise SNP distance of 40 kb. The LD decay
was also computed on each chromosome separately.

Genome-environment association analyses

GEA analyses were carried out to identify genomic regions in which SNP
alleles displayed statistical association with the bioclimatic variables
extracted from the WorldClim 2 database (https://www.worldclim.
org/ (ref.119)). We performed analyses on each of the 19 bioclimatic
variables (BIO1 to BIO19), on monthly average precipitation, solar
radiation (k) m2d™) and water vapor pressure (kPa) and on elevation
(meters above sea). To integrate the correlations among bioclimatic
variables, we performed PCA separately on temperature (BIO1to BIO11)
and precipitation (BIO12 to BIO19) variables, monthly precipitation,
solar radiation (k] m2d™) and water vapor pressure (kPa). The first
three principal components were then used for the GEA analyses. GEA
analyses were performed using the mixed linear model implemented
in GEMMA software (v.0.98.1(ref.120)). We used adataset of 2,155,434
SNPs with minor allele frequencies of 0.05 and a maximum of 10%
missing data on a set of 96 accessions of M. polymorpha ssp. ruderalis
for which climatic data were available. To estimate the SNP effects
and their significance, the model used a centered kinship matrix as
a covariable with random effects and a Wald test. SNP P values from
GEMMA were processed using alocal score approach®'*to help detect
robust loci across analyses. The local score is a cumulative score that
takes advantage of local LD among SNPs. This score, defined as the
maximum of the Lindley process over a SNP sequence (that is, a chro-
mosome), was calculated using a tuning parameter value of {=2, as
suggested by simulation results'”. Chromosome-specific significance
thresholds (a = 5%) were estimated using aresampling approach. The
Rscripts used to compute the local score and significance thresholds
are available at https://forge-dga.jouy.inra.fr/projects/local-score/
documents. Visualization of the candidate loci was carried out with

the ComplexHeatmap R package'”.

OrthoFinder analysis on arepresentative sample of land plants
To compare genes across evolutionarily distant species, A. thaliana, M.
truncatulaand M. polymorpha orthogroups were reconstructed using
OrthoFinderv.2.5.2 (ref.124). To ensure an accurate reconstruction of
orthogroups, 36 species covering the main lineages of land plants were
added to the above-mentioned species. A first round of OrthoFinder
was performed, and a careful inspection of the estimated species was
conductedtoensure the absence of errors compared to the phylogeny
ofland plants**'®, A consistent tree was reconstructed, and the tree was
used for a second run of OrthoFinder with the option ‘msa’, enabling
ustoreconstruct the orthogroups using alignment and phylogenetic
reconstruction methods.

Gene-centered pangenome construction

The presence-absence variation of genes in M. polymorpha and in
the subset of M. polymorpha ssp. ruderalis accessions was deter-
mined based on orthogroup inference. The proteins predicted from
the short-read and long-read assemblies were pooled together, and
OrthoFinder was run independently on the dataset of 104 genomes
for the ssp. ruderalis pangenome and on the dataset of 134 genomes
for the Marchantia complex pangenome. The OrthoFinder analyses
were run a first time with default parameters, the resulting species
tree was then rerooted (on M. paleacea for the Marchantia complex
pangenome and on the ssp. montivagansreference genome for the ssp.
ruderalis pangenome), and a second OrthoFinder run forced on this
tree topology was performed with the multiple-sequence alignment

parameter. To remove any remaining contamination, all the proteins
used inthis orthogroup inference were blasted against the nonredun-
dant protein database from the NCBI (NR version from 20 February
2023) using DIAMOND v.2.0.8 (ref. 126) with an e-value threshold of 1073,
a maximum of ten target sequences and a block size of 4. HOGs with
75% of Viridiplantae DIAMOND hits over all genes were considered reli-
able; the other ones were discarded. This cleaning led to 25,648 HOGs
in the Marchantia complex pangenome (initially 33,418 HOGs) and
28,143 HOGs in the ssp. ruderalis pangenome (initially 35,004 HOGs).
Two accessions were removed from the ensuing analyses because
they hadless than 10,000 genes assigned to HOGs. Core orthogroups
were determined in each subspecies. M. polymorpha ssp. montivagans
orthogroups containing 15 of the total 17 accessions were considered
core (because two accessions from this subspecies were absent from
many core orthogroups), while the M. polymorpha ssp. polymorpha
core orthogroups had to contain all accessions. For the ssp. ruderalis,
the core orthogroups were defined as orthogroups containing all
accessions, with tolerance for six specific accessions with lower quality,
meaning that some or all of them could be absent from the HOG and
the HOG would still be considered as core in the subspecies. The list of
shared orthogroups among the Marchantia complex was determined
by crossing those core orthogroup listsin each subspecies with the list
of orthogroups presentin M. paleacea. HOGs were considered specific
toasubspeciesifthey contained at least one accession of the subspe-
cies and were absent from all accessions of other subspecies. For the
M. polymorpha ssp. ruderalis pangenome, the core genome was deter-
mined inthe same way as the Marchantia complex pangenome (shared
by all accessions with the tolerance margin for the six lower-quality
accessions) but on the orthogroups generated by the OrthoFinder
run on the 104 genomes. The accessory genome is constituted of the
remaining HOGs that are present in more than four accessions, and
the cloud genome comprises HOGs present in four accessions or less.

Pangenome saturation

The ssp. ruderalis pangenome and core genome saturation were stud-
ied by determining the number of HOGs present (whole pangenome)
and the number of HOGs shared between the accessions (core genome)
foragiven number of accessions. For each given number of accessions,
500 random samplings were conducted. The corresponding numbers
of HOGs present in the sample and shared between accessions were
plotted separately as box plots.

Pangenome InterPro term enrichment

Enrichment analyses were performed on the compartments deter-
minedinthe M. polymorphassp. ruderalis pangenome, comparing the
IPR domains presentinthe core and accessory genometo the content
ofthe whole pangenome. The presence of multiple genes for anacces-
sioninthe same HOG was accounted for by multiplying the IPR count
ofeach HOG by the median number of genes per accessioninthe HOG.
The IPR content of each compartment was then compared to the IPR
content of the whole pangenome with ahypergeometrictest, IPR terms
present less than five timesin the whole pangenome werefiltered out,
and multiple-testing correction was computed on the remaining IPR
terms (Benjamini-Hochberg, false discovery rate). IPR terms with a
corrected Pvalue less than 0.05 were considered significant.

Candidate gene phylogenetic analysis

Theorthologs of some GEA candidates (like ABCIK7) were determined
by BLASTp+v.2.12.0 (maximum of 4,000 target sequences and evalue of
107%) against a database of 37 streptophytes (Supplementary Table 18).
The resulting sequences were aligned with Muscle5 v.5.1 (ref. 127) and
trimmed with trimAl v.1.4 to discard positions with more than 60% of
gaps. The phylogenetic tree was computed with IQ-TREE v.2.1.2, and
the best-fitting evolutionary model was selected using ModelFinder
according to the Bayesian information criterion. Branch support was

Nature Genetics


http://www.nature.com/naturegenetics
https://www.worldclim.org/
https://www.worldclim.org/
https://forge-dga.jouy.inra.fr/projects/local-score/documents%22%20/t%20%22_blank
https://forge-dga.jouy.inra.fr/projects/local-score/documents%22%20/t%20%22_blank

Article

https://doi.org/10.1038/s41588-024-02071-4

estimated with 10,000 replicates of both SH-like approximate likeli-
hood ratio and ultrafast bootstrap (details of the models chosen and
log likelihood for each tree are in Supplementary Table 19).
Phylogenetic analysis of M. polymorpha fungal lectins was per-
formed by blasting (BLASTp+v.2.12.0) their protein sequence against
transcriptomes of the 1KP initiative*, a database of fungal genomes
from MycoCosm'® (last time consulted, February 2019), a database
of algal genomes and a database of plant genomes (Supplementary
Table 18), each with an e value of 10~ and maximum of 2,000 target
sequences. Muscle5 was used to align the sequences, trimAl was used to
discard positions with more than 60% of gaps, and IQ-TREE 2 was used
to compute the tree, in the same way as for the previous phylogenies.

Statistical analyses

Statistics applied in the present study were performedinR (v.4.2.2)'”
and are provided alongside the respective analysis in Methods, the
main text and figure legends. The statistical significance tests in GEA
and functional enrichment analyses have been described above.

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

Data availability

Rawilluminareads generated for this study are available at NCBlunder
BioProject PRINA931118. The SNP data mapped on the Tak-1assembly
(VCF format) and genome assemblies (FASTA) as well as their annota-
tions (protein FASTA and GFF) for the 133 accessions sequenced in this
paper and a graphical representation of the sliding window scan of
Tajima’s D, Wu's Hand Zheng’s F are available at MarpolBase (https://
marchantia.info/). The M. polymorpha ruderalis accession CA anno-
tated genome assembly and raw sequencing data are also available at
NCBlunder BioProject PRINA1021402. The BoGa genome assembly is
available at https://doi.org/10.4119/unibi/2991996.

Code availability
Custom code used inthis study isavailable at https://doi.org/10.6084/
mo.figshare.24428083 (ref. 113).
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Novel plant genotypes  no novel genotypes were produced in the frame of this project.
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