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SUMMARY

Sex chromosomes are expected to coevolve with their respective sex, potentially disfavoring their co-occur-
rence as cosexuality evolves. This effect is expected to be stronger where sex chromosomes are restricted to
one sex, such as in plants expressing sex in their haploid stage. We assess this hypothesis in liverworts with
U/V sex chromosomes, ancestral dioicy, and several independent transitions to monoicy (cosexuality). We
report the chromosome-level genome assembly of Marchantia quadrata, which recently evolved monoicy,
and perform comparative genomic analyses with its dioicous relative M. polymorpha. We find that monoicy
evolved via retention of the V chromosome as a small ninth chromosome, complete loss of the U chromo-
some, and translocation of key U-linked genes to autosomes, among which the major sex-determining
gene (Feminizer) acquired environmental/developmental regulation. Our findings parallel recent observa-
tions on Ricciocarpos natans, which evolved monoicy independently, suggesting genetic constraints that

may make transitions to monoicy predictable in liverworts.

INTRODUCTION

In eukaryotes, sexual function may be partitioned between
males and females (in species with separate sexes) or co-occur
within each individual (in cosexual species). Evolutionary transi-
tions between these reproductive systems are common, with the
shift from cosexuality to separate sexes being well studied.’ In
contrast, the evolutionary trajectory from separate sexes to co-
sexual species remains less understood.*™®

Sex is often determined by sex chromosomes. These origi-
nate from a pair of autosomes starting to diverge by acquiring
a non-recombining sex-determining region and are expected
to accumulate genes/alleles beneficial to one but detrimental
to the other sex.””'° This often leads to sex-specific gene reg-
ulatory networks,'" posing a challenge to the evolution of co-
sexuality from separate sex ancestors.'>'® This is because,
in cosexual organisms descended from unisexual ancestors,
male and female sexual functions enabled by the sex chromo-

somes must be present in each individual, while sexually
antagonistic effects of the sex chromosomes should also be
minimized. Consequently, theory predicts that the co-occur-
rence of both sex chromosomes should be disfavored by
natural selection in the evolution of cosexuality.'*'® The accu-
mulation of sexually antagonistic alleles is expected to be
especially pronounced on sex chromosomes restricted to
one sex.'®'? In a number of eukaryotic photosynthetic organ-
isms, such as green algae, brown algae, and bryophytes, sex
chromosomes are restricted to their respective sex because
sex is expressed in the haploid life cycle stage and is deter-
mined by the presence of a single U (female) or V (male) chro-
mosome.'” Indeed, recent observations suggest that in some
organisms with U/V sex chromosomes, components of a sin-
gle sex chromosome may be preferentially retained as cosex-
uality evolves.'® %2921 However, detailed information on mul-
tiple independent evolutionary transitions is scarce, making it
difficult to draw general conclusions.
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Figure 1. The life cycle of dioicous and
monoicous liverworts and their phyloge-
netic distribution in the clade containing
M. quadrata and R. natans

(A) In dioicous species, e.g., M. polymorpha,
distinct male and female individuals possess sex
chromosomes (V chromosome or U chromosome,
respectively) and develop male or female repro-
ductive receptacles, respectively, from the meri-
stem region at the apex, which contains a stem
cell. Fertilization occurring between a sperm pro-
duced by a (haploid) male gametophyte and an
egg cell produced by a (haploid) female gameto-
phyte results in a (diploid) sporophyte. Through
meiosis, the sporophyte can produce either male
or female spores, which will develop into male or
female individuals.

(B) In monoicous species, e.g., M. quadrata, the
same individual can produce male and female
receptacles, i.e., sperms and egg cells. In
M. quadrata, new thalli frequently emerge from the
ventral side of older thalli, and male and female
reproductive receptacles develop on separate
thalli in such a way that older and younger thalli
have alternating sexes. The sporophyte resulting
from fertilization can produce only one type of
spore, which will result in a cosexual individual.
(C) Phylogenetic relationship and sexual systems
in the liverwort clade, including R. natans and
M. quadrata. Strictly dioicous and monoicous taxa
are shown in black and purple, respectively.
Genera described as having both monoicous and

Gametophyte (n)
Spore

—0

In liverworts, separate sexes (dioicy) are the ancestral condi-
tion, and sex is determined by haploid U and V chromosomes,
whose structure, gene content, and the mechanism of sex
determination are well understood.?* 2° The transition to cosex-
uality (monoicy) has occurred independently multiple times in
liverworts,?” and, in line with theory, a previous study in Riccio-
carpos natans (Figure 1) reported that monoicy evolved via
retention of the V and loss of the U chromosomes and the trans-
location of U-linked genes to autosomes.”’ To assess the
repeatability of this pattern, we investigated genomic and regu-
latory changes associated with the evolution of cosexuality in
another liverwort, Marchantia quadrata, which independently
evolved monoicy about 10 mya®2° (Figure 1). Our comparative
analysis implies that genomic changes associated with the di-
oicy-to-monoicy transition in these species are very similar
and, thus, may be predictable. Furthermore, we show that in
M. quadrata, the major sex-determining gene (BPCU/Feminizer)
has acquired environmental and/or developmental regulation,
enabling the alternate production of male and female reproduc-
tive structures within the same individual. This finding provides
new insights into the fate of liverwort sex chromosomes and
sex-determining genes during the transition to monoicy and,
more broadly, on the genetic underpinnings of the evolution of
cosexuality.
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dioicous species are colored in green. The only
two monoicous species in which the transition to
cosexuality was investigated, i.e., M. quadrata and

R. natans, are shown in bold font. The phyloge-

netic tree was redrawn from Villarreal A et al.”®

RESULTS AND DISCUSSION

Evolution of cosexuality involves the retention of the
male (V) and the loss of the female (U) sex chromosomes
Using a combination of PacBio sequencing and Hi-C scaffolding,
we assembled the M. quadrata genome into nine chromosomes,
most of which contain telomeric sequences onboth ends (Figure 2;
Tables S1 and S2). We also assembled its chloroplast and mito-
chondrial genomes (Figure S1). Similar to the related dioicous
Marchantia polymorpha,®*" the monoicous M. quadrata genome
composed of eight large (84.4-116.1 Mb in length) chromosomes
and a smaller (25.9 Mb) chromosome, referred to as chromosome
928 (Figure 2). The eight large chromosomes are syntenic to the au-
tosomes of M. polymorpha, whereas chromosome 9 is not syn-
tenic to any M. polymorpha chromosome but exhibits several
characteristics typical of sex chromosomes: it is rich in repetitive
sequences, gene poor, and displays a condensed chromatin
three-dimensional structure (Figures 2, 3A, and 3C; Table S3). To
determine whether chromosome 9 derived from the U or V sex
chromosome (or a fusion of both) of the common ancestor shared
by M. polymorpha and M. quadrata, we searched for homologs of
the M. quadrata chromosome 9 genes in M. polymorpha. Of the 45
genes found on chromosome 9, 25 were homologs of either
V-specific genes or genes with both U and V alleles (so-called
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Figure 2. Summary of the M. quadrata genome and comparison with M. polymorpha

(A) Circos plot showing, from outside to inside, (l) the nine chromosomes of M. quadrata, with ticks every 5 Mb; (ll) telomeric repeats (green); (lll) gene density (red);
(IV) transposable element (TE) density (blue); and (V) Copia LTR-RT density (orange). Tracks II-V were calculated in 1 Mb windows.

(B) TE content of the M. polymorpha and M. quadrata genomes. For both species, the fraction of sequence covered by each TE family is reported and colored as

indicated in the legend.

gametologs), and none were homologous to U-specific genes of
M. polymorpha (Table S4). Reconstructing phylogenies including
M. polymorpha gametologs and their M. quadrata homologs re-
vealed that 16 out of the 23 M. quadrata homologs of the
M. polymorpha gametologs occurred on chromosome 9, and 13
of these represented the V-allele (Figure S2; Table S4). Further-
more, M. quadrata contained 14 orthologs of V-gametologs and
16 homologs of V-specific genes out of the 92 V-linked genes of
M. polymorpha but only 3 orthologs of U-gametologs and one ho-
molog of U-specific genes out of 63 U-linked genes. Collectively,
these observations indicate that chromosome 9 of M. quadrata
derived from the V chromosome, while the U chromosome was
lost during the transition from dioicy to monoicy, after transferring
four genes to autosomes (Figures 3B; Table S4). We note that three
of these four U-genes are on M. quadrata chromosome 4, raising
the possibility that they translocated in a single event.

Accessibility of male and female functions is enabled by
the translocation of the Feminizer gene to the
autosomes

In the dioicous M. polymorpha, sexual reproduction begins with
the development of initial cells at thallus apices, which differen-
tiate into either female or male gametangia, accompanied by the
formation of reproductive receptacles in each of the female and
male plants®? (Figure S3). In contrast, in M. quadrata, each indi-
vidual can produce both male and female reproductive recepta-
cles, with male receptacles developing earlier than female ones
during spring (Figures 1A, 1B, and 4A-4F).?®3 This implies that
the molecular machineries essential for both male and female

sexual reproduction must be functional in each M. quadrata in-
dividual. Sex in the dioicous M. polymorpha is determined by the
dominant U-linked Feminizer (BPCU) gene (Figure S3).22 BPCU
represses the transcription of the long non-coding RNA SUF,
thereby enabling expression of the autosomal FGMYB gene,
which promotes feminization.?>?° In the absence of BPCU
(e.g., in males), SUF transcription represses the expression of
the FGMYB gene, resulting in male plants.?®?* On the other
hand, BPCYV (the V-linked gametolog of BPCU) is not involved
in sex determination, but both BPCU and BPCYV play essential
roles in the induction of sexual reproduction.?” If the regulation
of sexual reproduction is conserved between the dioicous
M. polymorpha and the monoicous M. quadrata, we expect ma-
jor regulators to be present and fully functional in each individual
of the cosexual species. We found two BPCU and one BPCV or-
thologs in M. quadrata (Figure S4; Table S4). While BPCV re-
sides on chromosome 9, BPCU was translocated to chromo-
some 4 together with the homolog of a U-specific gene
(MpUg00040), and both were duplicated so that they now occur
in an inverted repeat (Figure S4). The paucity of substitutions be-
tween the two copies of these two gene pairs implies a young
duplication age. We also found one homolog of FGMYB that
has, on its antisense strand, a sequence similar to the regulatory
regions of SUF in M. polymorpha.?* However, the transcript re-
gion is only partially conserved (Figure S5). FGMYB and its pu-
tative cis repressor (SUF) both occur on chromosome 1, as in
the dioicous M. polymorpha,?® implying that its genomic posi-
tion did not change during the transition to monoicy. Taken
together, our data suggest that the translocation of BPCU to
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Figure 3. Chromosome nine of M. quadrata is homologous to the V chromosome of M. polymorpha
(A) Collinearity (gray ribbons connect syntenic blocks of >3 genes), repeat, and gene density of the monoicous M. quadrata and the dioicous M. polymorpha

genomes estimated in 2 Mb sliding windows (500 kb steps).

(B) Microsynteny plot of M. polymorpha chromosome V and chromosome nine of M. quadrata and R. natans. Blue and orange dots represent V-specific genes
and gametologs of M. polymorpha, respectively. Ribbons connect homologs and use the same color code.

(C) Intra-chromosomal interaction decay within chromosomes of M. quadrata.

an autosome was critical for making the molecular machinery of
male and female sexual reproduction accessible in each individ-
ual, thus achieving monoicy.

Altered regulation of the Feminizer gene enables
combined expression of conserved male and female
reproductive programs

To test whether the molecular machinery that determines sex in
the dioicous M. polymorpha has retained its function in the mono-
icous M. quadrata, we compared the expression levels of BPCU,
BPCV, FGMYB, and SUF across different tissues. While BPCU
was strongly expressed in the female reproductive receptacles
and barely detectable in male receptacles, BPCV showed nearly
identical expression levels in both male and female receptacles
(Figures 4G and 4H). Furthermore, FGMYB expression was signif-
icantly higher in female than in male receptacles, while high levels
of antisense transcripts (SUF) were detected in male receptacles
(Figures 41-4K). These observations mirror the regulation of the
FGMYB-SUF module in the dioicous M. polymorpha, indicating
functional conservation.?>* They further imply that BPCU?* ac-
quired new regulatory mechanisms enabling the expression of
both male and female functions in a single individual (Figure 4L).
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Shared genomic changes between M. polymorpha and
R. natans in the transition to cosexuality
Despite the identification of the main sex-determining genes in
M. polymorpha, evidence from reverse genetic experiments
indicates that sex chromosomes carry genes (other than
the sex-determining gene BPCU) that are essential for the dif-
ferentiation of functional male and female gametes.?***® Specif-
ically, mutants carrying the V chromosome but exhibiting the
female phenotype (e.g., suf mutant and male wild type with
introduced BPCU gene) fail to form egg cells,*** while mu-
tants carrying the U chromosome but exhibiting the male
phenotype (e.g., fgmyb mutants) produce immotile sperm.”®
Since both M. quadrata and R. natans have likely retained the
molecular machinery required to produce both male and female
sexual organs and gametes, they are also expected to have
preserved the essential genes necessary to their development.
Homologs of M. polymorpha U- and V-specific genes retained
in R. natans and M. quadrata were highly overlapping (Table S4),
with multiple V-specific but only one U-specific gene homologs
being conserved when using the latest version of the
M. polymorpha genome, v.7.1 (https://marchantia.info). This im-
plies that these homologs may be essential to male and female
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Figure 4. Evolutionary changes underlying the transition from dioicy to monoicy
(A-F) Male (A-C) and female (D-F) sexual receptacles (A, B, D, and E) and sexual organs (C and F) formed on M. quadrata. (C and F) Close-ups of the framed

regions in (B) and (E), respectively. Arrowheads indicate egg cells.

(G-K) Expression levels of (G) BPCU, (H) BPCV, () FGMYB, and (J) SUF homologs in thallus, male receptacles, and female receptacles of M. quadrata. Bars
represent the mean + SE. Symbols above the bars indicate grouping by p < 0.05 in a Tukey-Kramer test (n = 3).
(K) Read accumulation at FGMYB-SUF loci in female and male receptacles. Read coverage on the sense (+) and antisense (—) strands are shown separately, and

the numbers in brackets indicate bins per million mapped reads.

(L) Proposed model for the regulation of sexual differentiation in M. quadrata: in male receptacles, BPCU expression is suppressed; in female receptacles, BPCU
might promote the expression of FGMYB gene as in M. polymorpha. Since BPCV is likely required for the induction of reproductive organs, M. quadrata pos-

sesses both BPCU and BPCV.

(M) Putative evolutionary changes underlying the transition from dioicy to monoicy during the evolution of M. quadrata.

reproductive functions, respectively. On the other hand, there
was no consistency between R. natans and M. quadrata
regarding which gametolog alleles were retained (Table S4; Fig-
ure S2). The BPCU/V gene was the only gametolog for which
both alleles were retained in both species, in line with the finding
that they are necessary for inducing female and male sexual
reproductive organs, respectively.?> Our findings suggest that
there were only two essential genes on the U chromosome
(BPCU and MpUg00040), and this may explain the preferential
retention of the V and loss of the U chromosome in the transition
to monoicy both in M. quadrata and R. natans (Figure 4M). While
details of the mating system transition remain to be revealed

(Figures 4L and 4M), retention of highly overlapping homologous
V- and U-linked gene sets in the two monoicous liverwort spe-
cies suggests that it is driven by functional constraints.

Conclusions

The results observed in M. quadrata and those previously found
in R. natans®’ reveal surprisingly similar evolutionary trajectories
in the transition to monoicy in the two species, namely the
preferential retention of the V-linked and loss of most U-linked
genes. We ascribe this remarkable molecular convergence to
two factors. First, natural selection disfavored the co-occurrence
of U and V sex chromosomes to minimize their sexually
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antagonistic effects while simultaneously enabling male and fe-
male sexual functions in each individual, as predicted by the-
ory.'®'819 second, the V chromosome potentially contains
more genes essential to produce sexual organs and gametangia
than the U chromosome, supported by the observation that a
vastly greater number of V-linked than U-linked genes was re-
tained in both M. quadrata and R. natans. Furthermore, expres-
sion analysis in M. quadrata indicates the functional conservation
of genes involved in sex determination and differentiation during
the transition from dioicy to monoicy, as well as the acquisition of
environmental or developmental regulation of the Feminizer gene
(BPCU), which allows the production of both male and female
reproductive structures in the same individual. We speculate
that the duplication and translocation of the BPCU gene may
have been crucial for achieving monoicy through the expression
of both male and female functions in a single genetic individual.

Does this remarkable molecular convergence extend to other
liverworts and eukaryotes possessing U/V sex chromosomes?
Intriguingly, some evidence suggests preferential retention of
V-linked over U-linked genes in monoicous species of green
and brown algae and mosses.'*'%?° Because these organisms
all possess haploid U/V sex chromosomes, haploidy may be
the primary evolutionary force driving convergence. If this spec-
ulation turned out to be true, it would represent one of the most
remarkable examples of convergent evolution spanning multiple
major eukaryotic lineages. Furthermore, revealing convergent
and divergent evolutionary changes associated with the dioicy-
to-monoicy transition in different groups of eukaryotes with
U/V sex chromosomes would help us to better understand the
ultimate forces, such as the role of additive vs. epistatic effects,
driving sex chromosome evolution in general.'®'?

Limitations of the study

Our study characterized the molecular basis of the transition
to cosexuality in the liverwort M. quadrata and identified an
evolutionary trajectory strikingly similar to that observed in
another species, R. natans.?’ However, two main questions
remain unanswered. First, although we have shown that the
key sex-determining molecular machinery is conserved be-
tween M. quadrata and its dioicous relative M. polymorpha, it
is still unknown which environmental or developmental factors
(or a combination thereof) regulate the independent formation
of male and female sex organs. Second, the observed conver-
gence is based on only two species, making it difficult to gener-
alize our findings to liverworts or eukaryotes more broadly.
Future studies should address these limitations by, for
example, testing the formation of male vs. female sexual struc-
tures under different environmental conditions and extending
our analyses to a wider range of species that have undergone
independent transitions to cosexuality.
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Data and code availability

e This paper does not report original code.

o The raw PacBio HiFi, lllumina DNA sequencing (DNA-seq), and Omni-C
reads, as well as lllumina RNA-seq and Iso-seq data are deposited
in NCBI SRA under the BioProject number PRIJNA1159831 (SRA:
PRJNA1159831) and in DDBJ under the BioProject number
PRJDB18811 (DDBJ: PRJDB18811).

o Assembly and annotation of the M. quadrata genome are available in
Figshare (https://doi.org/10.6084/m9.figshare.27055057) and will also
be released on Phytozome upon publication (https://phytozome-next.
joi.doe.gov/ogg/). Assemblies of the M. quadrata organelle genomes
are deposited in DDBJ under the accession numbers LC853331-
LC853332 (DDBJ: LC853331, LC853332).
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KEY RESOURCES TABLE

Cell Reports

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Marchantia quadrata

Mt Kitadake in Minami Alps city, Japan

isolate Kitadake-1

Chemicals, peptides, and recombinant proteins

Cetyltrimethylammonium bromide
(CTAB)

Plant Agar

Gamborg’s B-5 Basal Medium
with Minimal Organics

RNAJater Stabilization Solution
TRIzol reagent

DNase |, RNase-free
Formaldehyde solution
Ethanol

Acetic acid solution

Technovit 7100

Toluidine Blue

Millipore Sigma

Millipore Sigma
Millipore Sigma

Thermo Fisher
Thermo Fisher
Thermo Fisher
Millipore Sigma
Millipore Sigma
Millipore Sigma
Heraeus Kulzer
Millipore Sigma

CCAS 57-09-0

CCAS 39346-81-1
Cat#12352207

Cat#AM7021
Cat#15596026
Cat#EN0521
Cat#50-00-0
Cat#200-578-6
CCAS 64-19-7
N/A

CCAS 6586-04-5

Deposited data

Raw DNA- and RNA-seq data used
to assemble and annotate the
M. quadrata genome

Genome assembly and annotation
of M. quadrata genome

M. quadrata organelle genomes

NCBI SRA and DDBJ

Figshare and Phytozome

DDBJ

SRA: PRJNA1159831
and DDBJ: PRJDB18811

https://doi.org/10.6084/m9.figshare.27055057;
https://phytozome-next.jgi.doe.gov/ogg/

DDBJ: LC853331, LC853332

Software and algorithms

HiFiAsm 0.19.5-r587

RACON v1.4.3

JUICER pipeline v1.6

Marchantia polymorpha v7. genome

BUSCO v5.6.1
LTR_retriever v2.9.0
GetOrganelle v1.7.7.0
SnapGene v7.2.1

Minimap2 v2.28-r1209

GeSeq v2.03

OGDRAW v1.3.1

BLAT v35.1
HMMER v3.4
ARAGORN v1.2.38
Braker v3.0.1

OrthoDB 10

https://github.com/chhylp123/hifiasm
https://github.com/isovic/racon
https://github.com/aidenlab/juicer

https://marchantia.info/data/
MpTak_v7.1_standard_genome/

https://busco.ezlab.org/busco_userguide.html
https://github.com/oushujun/LTR_retriever
https://github.com/Kinggerm/GetOrganelle

https://www.snapgene.com/
updates/snapgene-version-7-2-1

https://github.com/Ih3/minimap2/
releases?after=v2.5

https://chlorobox.mpimp-golm.mpg.de/
geseq.html

https://chlorobox.mpimp-golm.mpg.de/
OGDraw.html

https://github.com/djhshih/blat
http://hmmer.org/
https://www.trna.se/

https://github.com/Gaius-Augustus/
BRAKER/releases

www.orthodb.org
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N/A
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N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

RepeatModeler v2.0.3 https://github.com/Dfam-consortium/ N/A
RepeatModeler/releases

RepBase https://www.girinst.org/repbase/ N/A

RepeatMasker v4.0.9 https://www.repeatmasker.org/ N/A

HISAT v2.1.0 https://daehwankimlab.github.io/hisat2/download/ N/A

TSEBRA v1.1.2.5 https://github.com/Gaius-Augustus/TSEBRA N/A

Extensive De novo TE Annotator https://github.com/oushujun/EDTA N/A

(EDTA) v1.9.2

OrthoFinder v2.3.11 https://github.com/davidemms/ N/A
OrthoFinder/releases

muscle v5.2 https://www.drive5.com/muscle5/ N/A

IQ-TREE v2.0.6 https://archive.org/details/igtree-2.0.6 N/A

MCScan https://github.com/tanghaibao/jcvi/ N/A
wiki/MCscan-%_28Python-version%29

nfcore/rnaseq pipeline v3.13.2 https://github.com/nf-core/RNAseq/releases N/A

DeepTools v3.5.6 https://github.com/deeptools/deepTools N/A

FeatureCounts v2.18.0 https://subread.sourceforge.net/featureCounts.html N/A

Rv4.1.0 https://www.r-project.org/ N/A

BWA mem2 v2.2.1 https://github.com/bwa-mem2/bwa-mem?2/releases N/A

pairtools v0.3.0 https://github.com/open2c/pairtools/releases N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We collected sporophytes of M. quadrata in the field (at Mt Kitadake in Minami Alps city, Japan, isolate Kitadake-1) and established
an axenic culture from a single spore isolate. This plant was used in the following experiments unless otherwise stated. Under lab-
oratory conditions, plants were grown on half-strength Gamborg’s B5 medium>* containing 1% agar or on BCD medium.*® Plants
were also grown on soil on the balcony at Kyoto University with watering provided every few days.

METHOD DETAILS

Genome assembly

Genomic DNA was isolated from the axenically grown gametophyte material using a modified CTAB protocol”” and sequenced using
PacBio HIFI technology at the Hudson Alpha Institute. The main assembly consisted of 30.35x of CCS PACBIO coverage (16,691 bp
average read size) and was assembled using HiFiAsm-0.19.5-r587+HiC>"*® and the resulting sequence was polished using RACON
v1.4.3.%9 There were no misjoins identified in the polished assembly. Contigs were then oriented, ordered, and joined into chromo-
somes using the JUICER pipeline v1.6.° A total of 100% of the assembled sequence is contained in the chromosomes. Finally, Ho-
mozygous SNPs and INDELs were corrected in the release sequence using ~41.2x of lllumina reads (2x150, 400bp insert).

The nine chromosome-scale scaffolds were ordered and oriented based on the Marchantia polymorpha reference genome (https://
marchantia.info/data/MpTak_v7.1_standard_genome/) and renamed accordingly. The smallest scaffolds of M. quadrata, which did
not show collinearity with any M. polymorpha chromosome was renamed as chromosome 9. The quality of the genome assembly
was assessed using BUSCO v5.6.1 (-m genome; -| embryophyta_odb10)*" and by assessing the LTR Assembly Index (LAl)** with
LTR_retriever v2.9.0.°

GetOrganelle v1.7.7.0** was used to assemble draft plastomes and mitogenomes. The fragmented contigs were manually
anchored using their overlapped region to assemble in circular genomes in SnapGene v7.2.1. Read mapping by Minimap2 v2.28-
r1209° was performed against both genomes and errors were manually corrected to obtain plastome (122,204 bp) and mitogenome
(189,862 bp). Plastome and mitogenome were annotated by GeSeq v2.03"¢ and visualized by OGDRAW v1.3.1.%” To annotate plas-
tome, BLAT v35.1%® and HMMER v3.4 (hmmer.org) profile search (land plants chloroplast) for CDS, tRNA and rRNA and ARAGORN
v1.2.38*° for tRNA were used. Mitogenome was annotated with BLAT search (using Marchantia polymorpha subsp. ruderalis
NC_037508.1 as Refseq reference) for CDS, tRNA and rRNA and ARAGORN v1.2.38 for tRNA.*°

|36

Genome annotation, transposable elements (TE)
For genome annotation, we extracted RNA from gametophyte tissues of about month-old plants using the Spectrum Plant Total Plant
extraction kit (Sigma Aldrich). We prepared both lllumina paired-end directional and isoform sequencing (Iso-Seq) libraries which
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were sequenced on lllumina Novasegx (lllumina) and PacBio sequel lle (PacBio) machines. In addition, we sampled thalli and arche-
goniophores (female receptacle) from axenic plants, whereas we collected antheridiophores (male receptacles) in the field using
RNAlater (Thermo Fisher Scientific) in three biological replicates. Thalli were grown under continuous white light with a cold cathode
fluorescent lamp (OPT-40C-N-L; Optrom, Miyagi, Japan) at 15°C or under short days (8 h light/16 h dark) at 4°C. Total RNA was ex-
tracted using TRIzol reagent (Thermo Fisher Scientific), treated with RNase-free DNase | (Qiagen), purified using the RNeasy Spin
Column of the RNeasy Plant Mini Kit (Qiagen). RNA libraries were prepared using a NEBNext Ultra Il Directional RNA Library Prep
Kit for lllumina (New England Biolabs) and sequenced as single-end reads using Nextseg500 platform (lllumina). To identify gene
models Braker v3.0.1°° was run on the soft-masked M. quadrata genome assembly, using an alignment file that combined lllumina
RNA-seq and PacBio Iso-seq transcriptomic data, and a large protein dataset that we obtained by merging OrthoDB protein dataset
for Viridiplantae (odb10; www.orthodb.org) with the high-quality protein set of seven bryophyte species namely Syntrichia caninervis,
Sphagnum fallax, Ceratodon purpureus GG1, Ceratodon purpureus R40, Anthoceros angustus, Anthoceros agrestis BONN, and An-
thoceros punctatus (Table S5). Repetitive elements were identified in the M. quadrata genome assembly using RepeatModeler
v2.0.3°" and the resulting TE library was concatenated with the RepBase® TE library for plant species. The concatenated TE library
was then used as input, together with the genome assembly, to run RepeatMasker v4.0.9 (-xsmall).>® The lllumina RNA-seq reads
were aligned onto the soft-masked assembly using HISAT v2.1.0 (-dta —-max-intronlen 100000).>* The Iso-seq data was mapped
to the soft-masked assembly using Minimap v2.24 (-ax splice:hq -uf).*® Finally, Braker3 was run using, as input: the soft-masked
genome assembly; the BAM file resulting from merging the alignments of lllumina RNA-seq and PacBio Iso-seq data; the FASTA
file containing the protein dataset. Genes were then renamed using the rename_gtf.py script of the TSEBRA v1.1.2.5 software®
and the longest transcriptional isoform for each gene was identified with a custom script. The quality of the gene annotation was as-
sessed using BUSCO v5.6.1 (-m proteome; -l embryophyta_odb10).*" The annotated gene set was further filtered for complete gene
models containing no internal stop codons and curated manually. Mono-exonic gene models were assessed in an orthofinder ana-
lyses and those with orphan orthogroups, no hits against the NCBI nr database as well as against transcriptomes of other liverworts
were discarded as false positives. These gene models also did not have much transcriptomic/protein support. Transposable ele-
ments (TE) were identified using Extensive De novo TE Annotator (EDTA) v1.9.2,%° a software that combines structure- and homol-
ogy-based approaches for de novo TE identification. The repeat library created by EDTA was then used to annotate the genome as-
sembly using RepeatMasker v4.0.9 (www.repeatmasker.org).>®

Phylogenetic analyses of gametologs

We collected M. polymorpha gametolog gene pairs from published datasets and revised this set using the latest genome version
(https://marchantia.info/data/MpTak_v7.1_standard_genome/). We downloaded the respective sequence data and added the ho-
mologous Ricciocarpos natans®' and M. quadrata gene models as well as further transcriptome sequences (Table S5) to each
tree based on an OrthoFinder v2.3.11 analysis®’ (Table S6). We aligned nucleotide sequences using default parameters in muscle
v5.2.%8 We manually revised the resulting alignments if necessary and reconstructed the phylogeny using IQ-TREE v2.0.6°° applying
1000 ultrafast bootstrap support analyses and default parameters.

30,56

Comparative genomic analysis

To identify collinearity between the M. quadrata and M. polymorpha genomes we used MCScan®® (https://github.com/tanghaibao/
jevi/wiki/MCscan-%28Python-version%29). First, we identified syntenic ‘anchors’ with jevi.compara.catalog ortholog (-min_size =
4 —dist = 40). Then, we generated a succinct form of the ‘anchors’ file with jcvi.compara.synteny screen (-minspan = 30). Whole
genome synteny and microsynteny plots were generated with the jcvi.graphics.karyotype and jcvi.graphics.synteny functions of
MCScan, respectively. Orthologous gene sets were identified among ten proteomes of nine Marchantiales species (Tables S5 and
S6), plus the hornwort Anthoceros agrestis as outgroup, using OrthoFinder v2.3.11°” with default parameters.

Gene expression analysis

The FASTQ files from RNA-seq data using thallus grown at 15°C and sexual receptacles mentioned in the annotation section above
were processed using nfcore/rnaseq pipeline v3.13.2°" with default settings, along with —trimmer fastp option to map reads Bigwig
files were generated using bamcoverage in Deeptools v3.5.6°° with -binSize 10 -normalizeUsing BPM. FeatureCounts v2.18.0°° was
run with the -M -O -s 2 options on the bam files to accurately count reads mapped on the two identical BPCU genes and the FGMYB-
SUF, which have a sense/antisense relationship. Differential expression of the BPCU, BPCV, FGMYB and SUF genes were carried
out using a Tukey-Kramer test (o < 0.05) in R v4.1.0.%*

Histological analysis

Tissues were fixed in formaldehyde/alcohol/acetic acid (FAA) solution under vacuum and dehydrated in a graded ethanol series.
Samples were embedded in Technovit 7100 (Heraeus Kulzer) and sectioned with a microtome (HM 340E; Thermo Scientific Microm).
Sections were stained with Toluidine Blue and observed under the microscope (BZ-X710; Keyence).
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Chromatin conformation analysis

To calculate the decay of chromatin contacts along chromosomes, we first mapped the Omni-C reads (Cantata Bio) against the
genome assembly following the protocol of Dovetail Genomics (https://omni-c.readthedocs.io/en/latest/fastq_to_bam.html). In
brief, reads were mapped with BWA mem2 v2.2.1°° activating the ‘-5SP’ flag to a) take the alignment with the smallest coordinate
(5’ end) as primary, b) skip mate rescue, and c) skip pairing. The resulting SAM file was then processed with three functions of
pairtools v0.3.0,°° in the following order: ‘parse’ (-min-mapq 40 —walks-policy 5unique —max-inter-align-gap 30 —chroms-path),
‘sort’, and ‘dedup’ (-mark-dups). Then, the distance between the two maps was calculated for each read pair representing intra-
chromosomal chromatin contacts and plotted.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantification and statistical analyses for each experimental and computational method used were conducted as described in
the individual method sections above.
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