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Abstract

The liverwort Marchantia polymorpha has been known to man for millennia due to its
inclusion Greek herbals. Perhaps due to its familiarity and association with growth in,
often, man-made disturbed habitats, it was readily used to address fundamental biolog-
ical questions of the day, including elucidation of land plant life cycles in the late 18th
century, the formulation of cell theory early in the 19th century and the discovery of
the alternation of generations in land plants in the mid-19th century. Subsequently,
Marchantia was used as model in botany classes. With the arrival of the molecular
era, its organellar genomes, the chloroplast and mitochondrial, were some of the first
to be sequenced from any plant. In the past two decades, molecular genetic tools have
been applied such that genes may be manipulated seemingly at will. Here, are past,
present, and some views to the future of Marchantia as a model.

Land plants dominate nearly all terrestrial ecosystems and their origin dra-
matically changed Earth’s geochemical cycles, as well as the evolutionary
trajectories of many other lineages of life. Land plants evolved from an ances-
tral freshwater charophycean alga, with the extant lineage of land plants aris-
ing near the base of the Dapingian in the mid-Ordovocian, ca 470 MYA
(e.g., Delwiche & Cooper, 2015; Edwards, Morris, Richardson, &
Kenrick, 2014; Strother & Taylor, 2018). Perhaps unsurprisingly, due to
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the open ecological niches available, land plants rapidly diversified, with all
six extant land plant lineages (liverworts, mosses, hornworts, lycophytes,
ferns, seed plants) established by the Middle Devonian (Morris et al.,
2018). By the end of the Devonian, complex ecosystems with metazoan
herbivory and fungal and bacterial detritivory similar to those of the present
had evolved. From a botanical perspective, other than the lack of flowers and
recognizable species, one might not have felt “out of time” walking through
the Late Devonian forests with layered canopies and large trees. To recon-
struct the nature of the ancestral land plant and its subsequent evolution, the
interrelationships of extant land plant lineages and sister lineages of char-
ophycean algae must be resolved and combined with morphological and
anatomical attributes gleaned from extant and fossil plants. Given the pivotal
nature of the origin of a land flora, it has been a subject of investigation and
speculation for more than a century, but only recently have hypotheses con-
verged on a scenario that is generally agreed upon. This is in large part due to
the development of relevant genetic and/or genomic land plant and char-
ophycean algal model systems in which evolutionary questions can be
addressed.

The transition to a terrestrial habitat necessitated physiological adapta-
tions to cope with abiotic stressors (e.g., desiccation and UV radiation) as
well as developmental innovations to disperse desiccation tolerant spores.
For example, at a fundamental level, at least two major changes in life cycle
histories must have accompanied the origin and diversification of land plants.
First, the sister charophycean algae have a haplontic life cycle with a mul-
ticellular haploid phase and a single-celled diploid zygote. In contrast, land
plants have complex multicellular bodies in both their haploid and diploid
phases, and the evolution of a multicellular diploid embryo gives land plants
their taxonomic name, Embryophyta. This innovation allowed the produc-
tion of a large number of spores from a single aquatic fertilization event, an
often-limiting factor in terrestrial habitats. Second, extant land plants may
have life cycles in which the haploid phase is dominant, with the diploid
phase largely dependent and ephemeral, as in all extant bryophytes (liver-
worts, mosses, hornworts), or a life cycle in which the diploid phase is dom-
inant and the haploid phase transitory, as in all extant vascular plants
(Iycophytes, ferns, seed plants). Due to their being the source of much
(or all) of our food, fiber, and timber almost all land plant model systems
are seed plants, with nearly all models being angiosperms. However, in
recent decades it has become apparent that having model systems in each
of the six lineages would be useful to address fundamental questions
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concerning land plant evolution. Several recent reviews have focused on the
liverwort Marchantia polymorpha, including ones covering anatomical details
of the life cycle (Shimamura, 2016), the history of its use in experimental
biology (Bowman, 2016), the development of genetic and genomic tools
(Ishizaki et al., 2015; Ishizaki, Nishihama, Yamato, & Kohchi, 2016;
Nishihama, Ishida, Urawa, Kamei, & Kohchi, 2016; Sauret-Gueto et al.,
2020), nomenclatural issues (Bowman, Araki, et al., 2016), recent advances
in understanding its physiology and development (Hisanaga et al., 2019;
Kohchi, Yamato, Ishizaki, Yamaoka, & Nishihama, 2021; Romani &
Moreno, 2021), and the coevolution of land plants with associated microbial
symbionts and pathogens (Delaux & Schornack, 2021). In this review, I
trace the history of using Marchantia as a model system and attempt to high-
light both recent discoveries that have expanded our knowledge and areas in
which additional investigation might be fruitful.

1. Why a liverwort and why Marchantia?

While M. polymorpha, hereafter Marchantia, has been utilized as a
model system to investigate biological questions since the Enlightenment
(discussed in more detail below), it’s modern incarnation as model system
dates to the past few decades. When cladistics began to be applied to the
question of the origin and evolution of land plants, DNA sequence data
was not widely available, and morphology and anatomy provided the bulk
of the phylogenetically informative characters. On these criteria, liverworts
were resolved as the first lineage of land plants to diverge from the others,
largely on the basis of their lack of stomata, which are present is all other land
plant lineages (e.g., Kenrick & Crane, 1997). Subsequently, when nucleic
acid sequences became more plentiful, in many studies liverworts continued
to be placed as the diverging from the most basal node within land plants
(e.g., Qiu et al., 2006). It was with perspective in mind that two research
groups, Takayuki Kohchi’s (University of Kyoto) and my own (Monash
University), proposed a Marchantia genome project to the US DOE Joint
Genome Institute in 2007. During the time that this genome project took
to reach fruition (published in 2017), our views of the relationships between
the six land plant groups also evolved. Although nearly every possible topol-
ogy has been proposed at some time, phylogenomic analyses have converged
upon a consensus topology wherein the three bryophyte lineages are a clade
and the three vascular plant lineages are a clade (e.g., de Sousa, Foster,
Donoghue, Schneider, & Cox, 2019; Nishiyama et al., 2004; Puttick
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etal., 2018; Wickett et al., 2014). While this topology is the consensus, it is
only supported by about half of individual gene trees, perhaps reflecting the
rapid divergence of the six lineages from one another, especially those of the
three bryophytes (Fig. 1). In this respect, each of the six extant lineages has
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Fig. 1 The Phylogenetic context of Marchantia. The sister taxon to land plants is the
Zygnematophyceae, a group that includes both multicellular filamentous forms, such
as Spirogyra (1), and unicellular species, such as Closterium (2) and Penium (3). The six
major extant lineages of land plants diverged by the middle Devonian, with the three
lineages of bryophytes diverging from one another as early as the Ordovician. The three
major extant lineages of both liverworts and mosses also diverged during this time
frame. Representative models with genome sequence available of five land plant line-
ages are at the right—each of these is amenable to both forward and reverse genetic
approaches, with the exception of Selaginella for which transgenic plants have not yet
been reported. Key innovations during the evolution of land plants (black), liverworts
(green), vascular plants (red), and seed plants (dark red) are listed, with allusions to many
of these in the text. The green arrow on the Marchantiopsida lineage indicates the origin
of derived characters, including complex thallus with air chambers, gametangiophores,
and pegged rhizoids, found in Marchantia. Flowering plants, one of two seed plant lin-
eages evolved later, with the blooming of the first flowers (purple) estimated to be
around 180 MYA. The approximate divergence times of nodes in the trees were adapted
from previous estimates of early land plant divergences (Morris et al., 2018), with the
timing of the initial divergence between bryophytes and tracheophytes adjusted to
470 MYA corresponding to the origin of land plant cryptospore morphology
(Strother & Taylor, 2018).
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been on its own isolated evolutionary trajectory for the past 400+ million
years (Bowman, 2013). If the currently accepted consensus topology is
indeed a genuine reflection of evolutionary history, the liverworts do not
occupy a unique position, but rather all bryophyte lineages are equally
related to those of vascular plants, and as discussed elsewhere, resolution
of monophyletic clades of bryophyte and vascular plants renders many
ancestral attributes, including the nature of the life cycle, ambiguous
(Bowman, Briginshaw, & Florent, 2019). Thus, in the reconstruction of
ancestral character states, analyses should focus on comparisons amongst
members of all six extant lineages.

The usefulness of a model system depends upon both its suitability for use
in experimental (e.g., laboratory) studies and its unique combination of
synapomorphies and derived characters that facilitate the investigation of
particular biological questions (Fig. 1). While Marchantia’s modern incarna-
tion as a model system is founded on its facile genetics and genomic simplic-
ity, previous manifestations (Table 1) were likely primarily due to its
familiarity as a colonizer of man-made disturbed habitats (Schuster, 1992).
As such, Marchantia has been known to man for millennia, being one of
the several hundred medicinal plants first described by Dioscorides and
Pliny in the first century CE, and then continuously in herbals through
to the Renaissance (Bowman, 2016). Following the Enlightenment,
Marchantia was employed in studies to elucidate the bryophyte life cycle
(Hedwig, 1783), and then with the advent of microscopy where spherical
and chromatic aberrations were corrected, Marchantia was utilized for studies
on cell theory (Mirbel, 1835), motility of bryophyte sperm (Unger, 1837),
and Hofmeister’s discovery of the alternation of generations, which unified
land plants as a natural group (Hofmeister, 1862). During this time, related
liverwort species were used as models to investigate the structure and func-
tion of shoot meristems, with the discovery that many shoot meristems pos-
sess a single apical cell from which the remainder of the plant body is derived
(Nageli, 1845).

The ubiquity of Marchantia led to its use in the classroom as a model for
both botany and general microscopy from the mid 19th century onwards,
with some enthusiastically endorsing liverworts to entice students: But if
you wish to elicit from your audience exclamations of delight, put on the slide a freshly
ruptured spore-case of one of the larger HepaticaeermMarchantia, Asterella, or
Conocephalum will answer. The lively way in which the spiral elaters toss the spores
about is sure to “bring down the house” (Blanchard, 1891). However, not all
were enamored with the use Marchantia due to its derived features, and it
was written in a review of Scott’s botany textbook in Bohr, 1897:
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Table 1 Landmarks in the history of Marchantia.

1st—17th  Description of Marchantia as a Bowman (2016)
centuries treatment to prevent inflammation
of wounds in Greek herbals

1713 Jean Marchant provides a name Marchant (1713)

1783 Hedwig’s use to discover the Hedwig (1783)
bryophyte life cycle

1835 Mirbel’s use in investigating cell Mirbel (1835)
theory

1837 Unger’s discovery of motile sperm in Unger (1837)
bryophytes

1845 Nageli’s investigation of apical cells  Nageli (1845)
(in a related species)

1851 Hofmeister’s elucidation of the Hofmeister (1862)
alternation of generations

1917 Allen’s discovery of sex chromosomes Allen (1917)
in Sphaerocarpos

1928 Heitz’s description of Heitz (1928)
heterochromatin in Pellia

1943 Burgeff’s genetic studies of Marchantia Burgeff (1943)

1986 Marchantia paleacea chloroplast Ohyama et al. (1986)
genome sequence

1992 M. paleacea mitochondrial genome  Oda et al. (1992)

sequence
2007 JGI Marchantia genome project https:/genome.jgi.doe.gov/
initiated portal/Marpha_FD/Marpha_

FD.info.html

2008 Transformation via Agrobacterium Ishizaki, Chiyoda, Yamato, and
Kohchi (2008)

2013 Homologous recombination Ishizaki, Johzuka-Hisatomi,
Ishida, Tida, and Kohchi (2013)

2014 CRISPR/Cas9 genome editing Sugano et al. (2014) and Sugano
et al. (2018)

2016 Conditional knockouts Nishihama et al. (2016)

2017 Nuclear genome sequence Bowman et al. (2017)

2020 Chromosome based nuclear sequence Montgomery et al. (2020)
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“which its complex and highly specialised structure render it eminently unfit
to occupy” (Bohr, 1897). Due to the influx and availability of plants sourced
from all over the globe, this era encompassed the flourishing of gardening.
Marchantia was noted in this context as well, but not in a good light, as it was
described as a “troublesome weed” (Smee, 1872) and “the greatest enemy”
(Robinson, 1910). However, even the gardeners occasionally marveled at its
beauty, “Although so troublesome a weed, it is welcome in small quantities, and is
one of our finest natural plants” (Smee, 1872).

‘With the advent of the chromosome theory of inheritance, the first plant
sex chromosomes were discovered in a related liverwort, Sphaerocarpos
texanus (Allen, 1917), and the first description of eukaryotic heterochroma-
tin was made in the liverwort Pellia epiphylla (Heitz, 1928). Following
Muller’s demonstration that X-rays are mutagenic, Marchantia and related
liverwort species were subjected to intensive genetic studies, many aimed
at elucidating the biology of sex chromosomes (Bowman, 2016), with clas-
sical genetic experiments culminating in Burgeff’s monograph on the
genetics of Marchantia (Burgeff, 1943). In the molecular era, sequence of
the complete chloroplast genome of Marchantia paleacea was the second
determined for any plant species (Ohyama et al.,, 1986) and that of the
M. paleacea mitochondrial genome was the first land plant sequence available
(Oda etal., 1992). Note that these two genomes were originally published as
those of M. polymorpha, but were later shown to be derived from M. paleacea
cultures (Bowman et al., 2017). Thus, the use of Marchantia as a model sys-
tem has paralleled advances in biological thought and technological advances
over the past few centuries.

While most research over the past few decades on land plant biology has
been concentrated on flowering plant species, there has been a recent resur-
gence of interest in phylogenetically diverse land plants to address issues of the
origin and diversification of a land flora. For this, Marchantia is well suited as a
model system due to its genetic and genomic attributes. Perhaps due to its
“weedy” nature, M. polymorpha is easy to grow in the laboratory, with its life
cycle completed in as little as 3 months. M. polymorpha is a dioicious species,
1.e., with separate male and female plants, and as such crosses between lines are
easily accomplished. As has been reviewed in more detail elsewhere (Ishizaki
et al., 2016), the creation of transgenic plants via multiple methods (Ishizaki
etal., 2008; Kubota, Ishizaki, Hosaka, & Kohchi, 2013; Tsuboyama, Nonaka,
Exura, & Kodama, 2018), including insertion of multiple different transgenes
simultaneously (Ishizaki et al., 2015), insertion of DNA via homologous
recombination (Ishizaki, Johzuka-Hisatomi, et al., 2013), CRISPR-Cas9
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mediated genome editing (Sugano et al., 2014; Sugano et al., 2018), and
conditional alleles (Flores-Sandoval, Dierschke, Fisher, & Bowman, 2016;
Nishihama et al., 2016), is routine, and in general, not limiting. Since the dom-
inant generation is haploid, the time from the designing of guide RNAs for
CRISPR-Cas9 genome editing to observing a mutant phenotype can be as
little as two months, although subsequent genetic work would be required
to confirm the genetic lesions. Thus, the creation of loss-of-function and
gain-of-function alleles as well as reporter lines, either using histochemical
or fluorescent proteins encoded by reporter genes, can be accomplished rap-
idly. Such ease of genetic manipulation facilitates construction of more sophis-
ticated genetic combinations, such as conditional alleles to circumvent lethality
of null alleles (Nishihama et al., 2016).

One advantageous feature that was foreshadowed by early work on spe-
cific gene families is the lack of whole genome duplications (WGDs) in
Marchantia. This feature is characteristic of liverworts, which appear to lack
ancient WGDs as a group. Thus, gene families, specifically those encoding
regulatory proteins, have minimal numbers of paralogs, simplifying mutant
studies. Further, as a consequence of the lack of WGDs, the regulatory
genome of Marchantia may closely resemble that of the ancestral land plant
(Bowman et al., 2017). It was postulated that the lack of ancient WGDs in
Marchantia, and liverworts in general, was due to the early evolution of
highly dimorphic sex chromosomes (Bowman et al., 2017; Iwasaki et al.,
2021). Thus, the evolution of sex chromosomes may have facilitated pres-
ervation of ancestral genomic characteristics in this lineage. More than a half
century ago Ohno proposed that a lack of WGDs might constrain subse-
quent evolution, which would then be canalized without a mechanism
for large scale gene duplication (Ohno, 1970). Ohno suggested that the evo-
lution of novelty would be more likely to arise from extant lineages that
could undergo WGDs, as they would have the potential to possess a large
number of paralogs that could subsequent neofunctionalize, leading to
new evolutionary trajectories (Ohno, 1970). Given the lack of ancient
WGDs in liverworts, it can be speculated that the gene regulatory networks
of liverworts have been evolutionarily constrained, and thus may more
closely resemble ancestral gene regulatory networks. Whether morpholog-
ical evolution within the liverwort lineage has been similarly canalized is an
open question.

The remainder of this review is an outline of the Marchantia life cycle, in
which is embedded a discussion of synapomorphies and derived features
(i.e., features and limitations), that make Marchantia a model system for
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the investigation of various biological processes. Only references to the orig-
inal discoveries and studies in Marchantia in the post-genomic era are
highlighted, and for reasons of space limitations, this review is focused on
developmental and evolutionary questions. In addition, a non-exhaustive
set of specific questions of interest, from the authors perspective, are in italics
throughout the text.

2. The sexual life cycle

A detailed description of the modern view of the Marchantia life cycle
is presented in Shimamura (2016), however, many morphological and ana-
tomical details were worked out prior to the turn of the 20th century
(Fig. 2). Some older references are highlighted here along with relevant ones
subsequent to Shimamura (2016).

2.1 The haploid gametophyte generation

Dispersed haploid spores that initiate the gametophyte generation (1) will
germinate in the presence oflight and moisture, the first sign being a swelling
of the spore (2) with rupture of the exospore preceding accumulation of
chlorophyll (Leitgeb, 1877a; O’Hanlon, 1926). Addition of exogenous
auxin, a phytohormone, can induce germination in the dark, in essence
substituting for the light stimulus (Fitting, 1939). Auxin is arguably the most
important phytohormone, and transcriptional changes downstream of auxin
signaling affect nearly all of plant development, prominently including
tropic responses to gravity and light. Marchantia has been instrumental as a
model system to reveal that auxin transcriptional signaling evolved in the
ancestral land plant and, due to the lack of genetic redundancy of auxin
signaling components in Marchantia, it was clarified that auxin acts as a
facilitator, rather than a determiner, of developmental decisions (Bowman
et al., 2017; Flores-Sandoval et al., 2018; Flores-Sandoval, Eklund, &
Bowman, 2015; Kato et al., 2015; Kato et al., 2017; Kato et al., 2020).
This topic has recently been reviewed (Bowman, Flores-Sandoval, &
Kato, 2021; Suzuki, Kohchi, & Nishihama, 2021).

The first division of the germinating spore is usually asymmetric (3) pro-
ducing a basal cell that will differentiate into a rhizoid and an apical cell that
will give rise to the sporeling shoot (Mirbel, 1835; O’Hanlon, 1926). The
genetic and physiological bases of this initial asymmetric division are not known,
although auxin (see above) is likely to play a role. The apical region of
the sporeling continues to proliferate producing a mass of cells (4), and
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Fig. 2 The sexual life cycle of M. polymorpha. In the green shaded region is the haploid
gametophyte and in the blue region is the diploid sporophyte, with spore dispersal in
aqua. Individual numbered stages described in the text. Drawings from Groenland
(1854); Hedwig, 1783), Henfrey (1853), Hofmeister (1862), Leitgeb (1881), Marchant
(1713), Mirbel (1835), Mottier (1891), Schwann and Schleiden (1847), Thuret (1851),
and Unger (1837).

subsequently a single apical cell is specified in a region corresponding to the
highest incident light (Hansel, 1876; Leitgeb, 1877a). The specification of an
apical cell defines the prothallus (5), with the apical cell having two division
planes such that a heart-shaped unistratose structure develops (Bischoft,
1835; Leitgeb, 1881; Menge, 1930). The molecular mechanism by which a single



The liverwort Marchantia polymorpha 11

cell is chosen to be the apical cell is unknown, but again, light and likely auxin are
both critical, as loss of auxin biosynthesis results either in a failure to specify
or maintain an apical cell (Eklund et al., 2015).

Under optimal growth conditions the prothallus rapidly transitions into a
complex thallus (characteristic of, and specific to, the class Marchantiopsida
of liverworts), with dorsal air chambers and ventral scales and rhizoids,
which will be described later. However, under suboptimal low light condi-
tions, it may revert back to a filamentous protonemal growth until it reaches
a more suitable light environment (Leitgeb, 1877a; Schostakowitsch,
1894). A similar extension of filamentous sporeling growth is observed when
grown under red light (Téodoresco, 1929). During the transition from pro-
thallus to complex thallus, the apical cell also transitions from possessing two
cutting faces to four cleavage planes: dorsal, ventral and two lateral faces
(Leitgeb, 1881; Mottier, 1891). How the transition from 2-dimensional to
3-dimensional growth is regulated is unknown, but it too is facilitated by auxin
signaling since disruption of auxin signaling can results in plants failing to
make the transition (Flores-Sandoval et al., 2015). While the precise pattern
has not been observed in Marchantia, in Blasia a regular spiral pattern (lateral
to dorsal to lateral to ventral) occurs (Leitgeb, 1874), and this likely to be the
case for Marchantia (Apostolakos, Galatis, & Mitrakos, 1982) In longitudinal
sections (6) the apical cell is conspicuous, but in transverse section, the apical
cell is difficult to distinguish from immediate lateral derivatives (7), sometimes
referred to as subapical cells (Leitgeb, 1879; Leitgeb, 1881; Mottier, 1891).
However, both on anatomical and theoretical grounds, each apex harbors
only a single apical cell (Douin, 1921; Mottier, 1891). While branching has
not been directly observed due to lack of appropriate markers, it is likely to
be pseudo-dichotomous, as has been observed in Jungermanniopsida simple
thalloid and leafy liverworts (Kny, 1865; Leitgeb, 1877b), wherein the original
apical cell is retained and a new apical cell is specified from a recent lateral
derivative a cell or two distant from the original apical cell. The molecular mech-
anisms of (pseudo)dichotomous branching are unknown, however reduction in auxin
levels can reduce branching (Eklund et al., 2015). Further, the land plant spe-
cific CLE peptide signaling systems modulate meristem function. Two distinct
CLE peptide signaling systems, CLV3 and TDIF, existed in the ancestral land
plant. In Marchantia, MpCLE1, a TDIF-type, restricts the proliferative activ-
ity of the gametophyte shoot meristem, in contrast to the stem cell promoting
activity of TDIF in angiosperm vascular meristems (Hirakawa et al., 2019).
Conversely, MpCLE2, a CLV3-type, promotes the accumulation of stem
cells, likely apical cell derivatives, within the Marchantia gametophyte shoot
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meristem (Hirakawa et al., 2020). For instance, application of exogenous
CLE2 peptide can cause an excessive accumulation of stem cells with the
potential to become multiple apical cells, and conversely, loss-of-function
alleles have a reduced number of meristematic cells (Hirakawa et al., 2020).
The regular periodic dichotomous branching of the vegetative thallus suggests a broader
intercellular signaling network, perhaps involving an interaction between the CLE and
auxin signaling pathways and as yet unknown other factors. That the orthologous
CLE signaling systems operate in angiosperm sporophyte meristems in the
opposite manner, suggests that while gametophyte and sporophyte shoot mer-
istems share some genetic components, their genetic wiring may be substan-
tially different. The relationship between the shoot meristems of the gametophyte and
sporophyte generations raises the question as to whether the two generations are
homologous, i.e., utilizing a shared ancestral genetic program, or antithetic, whereby
they would have two distinct evolutionary origins and trajectories.

Similar to the predicted ancestral liverwort, Marchantia is dioecious with
sex determined chromosomally (see Bowman, 2016, for review of sex chro-
mosomes). Sex chromosomes in plants were first discovered in a related liv-
erwort, S. texanus (Allen, 1917), and it has been suggested that the ancestral
liverwort possessed sex chromosomes (Berrie, 1963). Two of the four mei-
otic products inherit a U (X in the older literature) chromosome and
develop as female (8), while the other two meiotic products inherit a V
(Y) chromosome and develop as males (9). In phylogenetically divergent liv-
erworts (Marchantia, Sphaerocarpos, Pellia) genetic experiments have impli-
cated a U chromosome feminizer locus that is sufficient to specify female
sex (Haupt, 1932; Knapp, 1935; Lorbeer, 1936; Heitz, 1949-1951).
Marchantia has proven an excellent model for the investigation of sex
determination and the evolution of sex chromosomes (Bowman et al.,
2017; Montgomery et al., 2020; Yamato et al., 2007). In M. polymorpha
the feminizer locus encodes a member of the plant-specific BASIC
PENTACYSTEINE transcription factor family, MpBPCU (Iwasaki et al.,
2021). Surprisingly, MpBPCU has a homolog (gametolog) on the V chro-
mosome, MpBPCV/, and both genes act in the reproductive transition but
only BPCU possesses a function in sex determination (Iwasaki et al., 2021).
MpBPCU negatively regulates SUPRESSOR OF FEMINIZATION, a cis
acting antisense non-coding RNA, that in turn negatively regulates
MpFGMYB, an autosomal gene encoding a land plant specific MYB tran-
scription factor that promotes feminization (Hisanaga et al., 2019; Iwasaki
et al., 2021). Arabidopsis FGMYB orthologs were also shown to promote
female gametophyte development (Hisanaga, Okahashi, et al., 2019),
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providing an example of discoveries made in Marchantia informing investi-
gations in other more intensively studies taxa. Whether the molecular identity of
the feminizer is conserved throughout liverworts and beyond or whether there has been
“turnover” of the sex determining gene are open questions.

Gametangia are borne upon gametangiophores, which are specialized
extensions of the dorsal-ventral thallus that grow orthotropically to facilitate
gamete and spore dispersal (Bischoff, 1835; Hofmeister, 1862; Mirbel, 1835;
Sachs, 1882). Gametangiophores evolved early in the Marchantiopsida lin-
eage following the divergence of the Blasiales, and were subsequently lost in
several taxa (Goebel, 1930). Marchantia is a long day plant (Benson-Evans,
1961; Wann, 1925), making the transition to reproduction in the spring
in response to changes in light quality, i.e., red to far-red ratios (Courtoy,
1964), such that mature sporophytes are usually conspicuous in early sum-
mer in temperate climates (e.g., Bock, 1552). Experiments in Marchantia
have demonstrated that the molecular machinery regulating the day-length
dependent reproductive transition is at least partially shared across land plants
(Kubota et al., 2014). For example, the single phytochrome protein,
MpPHY, encoded in the genome acts as a red and far-red light receptor
whose action is mediated via the downstream transcription factor MpPIF
(Inoue et al., 2016). MpPHY is required for the reproduction transition,
with loss-of-function alleles failing to initiate anatomical or morphological
changes associated with the reproductive transition (Inoue, Nishihama,
Araki, & Kohchi, 2019). Similarly, circadian clock genes conserved as well
(Linde et al., 2017), with one output of the clock being rhythmic growth, or
nyctinasty (Lagerkrantz, Billhardt, Rousku, Ljung, & Eklund, 2020).

During the reproductive transition, gametangiophores develop from one
of two apices (10) produced from the most recent thallus bifurcation
(Leitgeb, 1881). In Marchantia the gametangiophore capitula are the product
of three (usually) rapid bifurcations forming eight meristems (Leitgeb,
1880Db), each of which produce a series of gametangia, either archegonia
or antheridia, from dorsal epidermal derivatives (11, 12) (Hofmeister,
1862). These rapid bifurcations are then elevated via elongation of modified
thallus growth, forming the gametangiophore which serves to elevate both
the gametangia pre-fertilization and the sporophyte post-fertilization. The
activity of a regulatory module involving a land plant-specific transcription
factor, MpSPL2 and microRNA156/529 is required for proper gamet-
angiophore development (Tsuzuki et al., 2019). Furthermore, the transition
to reproductive growth and the specification of both male and female gen-
erative cells in Marchantia is dependent upon a land plant-specific bHLH
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transcription factor, MpBONOBO, which is expressed in archegonial and
antheridial initial cells (Yamaoka et al., 2004; Yamaoka et al., 2018).
BONOBO orthologs also have a role in generative cell specification in
Arabidopsis male gametophytes (Yamaoka et al., 2018), highlighting the
conservation of molecular mechanisms of reproductive development across
land plants. The molecular mechanisms by which environmental signals are trans-
duced to activate BONOBO, and furthermore in only one apex of a recently bifur-
cated shoot, remain unknown. Archegonia and antheridia are innovations of the
ancestral land plant (Fig. 1) and the two structures are thought to be homol-
ogous (Goebel, 1902). While no archegonia or antheridia specifying gene has yet
been identified, the two structures might be specified by the activity of BNB and
FGMYB, with BNB alone conferring antheridial identity and the combination of
both conferring archegonial identity.

Archegonia harboring a single egg cell ensheathed in unistratose
archegonium wall (Hofmeister, 1862; Mirbel, 1835; Strasburger, 1869)
(13) are produced in a row with the oldest towards the outside of the
archegoniophores (11) (Bischoff, 1835; Mirbel, 1835) due to epinastic
growth of the apex displacing the apical cell ventrally (Hofmeister, 1862;
Leitgeb, 1881). Egg cells are, at least in part, specified by the activity of
an RKD transcription factor, MpRKD, and in its absence, the cell that
would normally differentiate into an egg cell does not arrest and instead con-
tinues to divide (Koi et al., 2016; Rovekamp, Bowman, & Grossniklaus,
2016). Likewise, antheridia (14) form in irregular rows, but with the oldest
towards the center of the capitulum (12) (Hedwig, 1783; Schmidel, 1762).
Sperm mother cells are formed by synchronized cells divisions within sectors
of the antheridia (14). Motile sperm with two anterior flagella (15) (Unger,
1837) are extruded through antheridial pores due to swelling of the mucilage
containing antheridial jacket cells when in contact with water (Bergdolt,
1926; Goebel, 1898; Strasburger, 1869). Sperm differentiation is regulated
in part by the MYB transcription factor MpDUO (Higo et al., 2018), whose
Arabidopsis ortholog also regulates sperm difterentiation. The role of DUO
in regulating sperm morphogenesis likely predates land plants, with its origin
in an ancestral charophyte alga at the time that anisogamy evolved in the
Streptophyte lineage (Higo et al., 2018). The mechanism by which male gametes
are specified remains unknown, as does the mechanisms by which MpRKD is acti-
vated in the egg cell.

Fertilization is aquatic, but it is likely sperm swim only a short distance,
with other mechanisms facilitating long distance events. Males produce
gametangiophores earlier than females, and those of males elongate as
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antheridia are maturing, while those of females harbor mature egg cells
before substantial elongation has occurred. In some Marchantiopsida sperm
are forcibly ejected (Cavers, 1903; Peirce, 1902; Thuret, 1851), but not in
Marchantia. However, the elevated antheridiophore forms a splash platform
from which a limited amount of sperm may be dispersed short distances
(Duckett & Pressel, 2009; Strasburger, 1869). However, it is not free sper-
matozoid cells that are ejected, but rather sperm that are still contained in
their mother cell membrane (Strasburger, 1869), which allows the sperm
to be transported via spread of a lipophilic layer on water surfaces
(Muggoch & Walton, 1942). Thus, the 200,000+ sperm produced per
antheridia (Bolleter, 1905; Johnson, 1904) could spread tens of meters from
the source (Pressel & Duckett, 2019). The scales and rhizoids on the ventral
thallus surface, as well as in the archegoniophore rhizoid furrow, allow rapid
transport via capillary action (Duckett, Ligrone, Renzaglia, & Silvia, 2014;
McConaha, 1941) to the top of the archegoniophores, such that the sperm
may only have to swim >1mm (Shimamura, 2016). Thus, in a natural set-
ting, fertilization was observed to occur between male and female plants
located almost 20m apart (Pressel & Duckett, 2019). While the mucilage
extruded by the archegonia is thought to provide chemotactic cues for
sperm (Strasburger, 1869), the precise nature of the chemicals involved is unknown
despite some chemicals acting as chemo-attractants in vitro (Akerman, 1910;
Lidforss, 1904-5).

2.2 The diploid sporophyte generation

Following fertilization, the diploid zygote representing the sporophyte gen-
eration expands to fill the venter (16) (Hofmeister, 1862). The genetic
mechanism by which the diploid sporophyte gene expression program is
activated likely involves paralogous homeodomain genes, as such a system
is active diverse eukaryotes and likely represents a character of the ancestral
eukaryote (Bowman, Sakakibara, Furumizu and Dierschke, 2016). In extant
unicellular Viridiplantae, two paralogous TALE-homeodomain genes have
mutually exclusive gamete specific expression patterns (Lee, Lin, Joo, &
Goodenough, 2008). However, such systems may be more complex in mul-
ticellular lineages as there exists evidence that one, e.g., in the moss
Physcomitrium (Horst et al., 2016; Sakakibara et al., 2013; Sakakibara,
Nishiyama, Deguchi, & Hasebe, 2008), or both, e.g., in the brown alga
Ectocarpus (Arun et al., 2019), TALE-homeodomain paralogs are expressed
in both types of gametes. Indeed, in M. polymorpha one class of
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TALE-homeodomain paralog, MpKNOX1, is expressed in the egg cell and
is absolutely required for activation of the diploid sporophyte program,
while genes of the other class of TALE-homeodomain gene, MpBELL3
and MpBELL4, are expressed in both the the egg cell and developing sperm
(Dierschke et al., 2021; Hisanaga et al., 2021). Loss of either male or female
BELL greatly reduces efficient of activation of the diploid program and loss
in both parents resembles loss of MpKNOX1 (Dierschke et al., 2021;
Hisanaga et al., 2021). How the diploid sporophyte program is specifically activated
post-fertilization in systems in which one or both TALE-homeodomain paralogs are
expressed in both parents is unknown.

The first division of the zygote is usually transverse, with the epibasal cell
(the one closer to the archegonial neck) eventually giving rise to the capsule
and the hypobasal cell (the one closer to the archegonial stalk) giving rise to
the foot and short seta (Leclerc du Sablon, 1885). The next divisions are typ-
ically vertical resulting in a “quadrant” embryo (17). There is no conspic-
uous apical meristem, but rather, cell divisions are dispersed through the
embryo (Kienitz-Gerloff, 1874), and after a couple weeks differences are
evident between the cells of the foot and seta compared to the cells that will
give rise to the capsule (Durand, 1908; Kienitz-Gerloff, 1874) (18). Little
is known about the genetic basis of patterning events during early sporophyte
development, 1.e., how the foot, seta and capsule are specified. During the early
growth of the embryo, both periclinal and anticlinal divisions in the game-
tophytic calyptra occur (17) such that its growth keeps pace with that of the
ensheathed sporophyte (19) (Hofmeister, 1862). The developing sporo-
phyte is also surrounded by a gametophytic pseudoperinath that develops
post-fertilization and groups of archegonia derived from the same apical cell
are surrounded by an involucre, such that three gametophytic tissues sur-
round developing sporophytes (Mirbel, 1835). The biochemical nature of
communication pathways between the two generations remains to be explored.

Subsequently, internal cells of the capsule begin to elongate in the
vertical plane (20) and a subset of these cells, elaterocytes, are set aside to
differentiate into diploid elaters (21) while the other cells are sporogenous
and divide transversely to produce sporocytes (22) (Henfrey, 1853). In
Marchantia, the sporogenous cells typically divide five times producing
32 sporocytes, each of which undergoes meiosis generating four haploid
spores (Henfrey, 1853) (23), for a total of 128 spores per elater (O’Hanlon,
1926). Each sporophyte can generate approximately 300,000 spores
(O’Hanlon, 1926). Little is understood about the specification of elaterocytes versus
sporogenous cells, or of the regulation of the number of divisions of the latter before their
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specification as meiocytes. The foot is the conduit between the maternal game-
tophyte generation and the diploid sporophyte generation, providing both
nutrients and water. While there are no plasmodesmatal connections between
generations (Kelley, 1969), extensive ingrowths occur in presumed transfer
cells of both generations (Ligrone, Duckett, & Renzaglia, 1993). The signaling
networks that must be involved in establishment of communication and nourishment
channels between the generations are as yet unexplored. Further, whether there is
any genomic imprinting associated with the dependency of the embryo on the female
gametophyte is unknown. Prior to capsule rupture the seta elongates, as in other
liverworts, via cell elongation (Thomas, 1980), with the relatively short seta of
Marchantia being a derived condition since the gametangiophores serve to
elevate the sporophytes to facilitate spore dispersal.

The unistratose capsule wall ruptures (20, 24) aided by annular cell wall
thickenings, similar to other liverworts (Leclerc du Sablon, 1885), and
hygroscopic elaters, which are dead at maturity, facilitate spore dispersal
(25, 26) (Marchant, 1713). The identity of the presumed carbohydrate polymers
responsible for the hygroscopic movements of the elaters are not yet identified.
Under natural conditions, spore longevity in M. polymorpha is limited, with
viability dropping substantially between 12 and 18months post dispersal
(Inoue, 1960; O’Hanlon, 1926). The smooth spores coated in sporopol-
lenin, the most durable biological polymer known, can be dispersed widely
enabling the colonization of distant disturbed, often recently burnt, habitats
(e.g., Skutch, 1929; Torrey, 1932). The mechanism of sporopollenin deposition is
enigmatic as a tapetum is lacking in livenworts. Spores have been detected in
rainwater (Pettersson, 1940) and transoceanic dispersals have occurred within
the genus as evidenced by colonization of oceanic islands (Bischler-Causse,
1989; Young & Klay, 1971).

2.3 The vegetative thallus of the gametophyte

M. polymorpha is a complex thalloid liverwort with the vegetative gameto-
phyte having a distinct dorsal-ventral structure (Fig. 3). The dorsal side (1) is
characterized by a latticework of air chambers, while the ventral side (2) is
covered with a patterned network of scales and rhizoids. Air chambers
develop close to the apical mersitem from the dorsal epidermal and epider-
mal cell layers (Barnes & Land, 1907) (3) with each chamber having a cen-
trally located multistratose air pore (Nageli, 1842) (4, 5) and basal
photosynthetic assimilatory filaments (5). The extent of air chamber devel-
opment is influenced upon light quality and intensity (Stahl, 1882), moisture
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Fig. 3 M. polymorpha vegetative thallus anatomy. Dorsal (1) and ventral (2) overviews of
vegetative thalli. Development of air chambers and pores (3, 4) and a fully developed air
chamber (5). Cross section through mature vegetative thallus (6); unistratose scales arise
in 2—4 rows flanking the ventral midrib, enveloping bundles of pegged rhizoids (6, 7).
Smooth rhizoids arise from near the ventral midrib, but are not shown in this view. Fours
lines at left highlight oil body cells (6). Individual numbered images described in the
text. Drawings from Leitgeb (1880a), Mirbel (1835), and Nageli (1842).

(Ruge, 1893), and CO2 concentration (Téodoresco, 1899). The archi-
tecture of air chambers does not correspond to merophytes, implying a
requirement of cell-cell communication to coordinate their development
(Suzuki, Harrison, Shimamura, Kohchi, & Nishihama, 2020). The E3
ubiquitin ligase NOPPERABO1 is required for the initial stage of formation
of the intercellular spaces, with mutants lacking both air chambers and pores
(Ishizaki et al., 2013). The intercellular communication pathways responsible for the
stereotypic pattern of air chambers and pores is not known. While mostly inconspic-
uous elsewhere, the deposition of a cuticular layer is prominent on the air pore
and surrounding cells (Schonherr & Ziegler, 1975). As in flowering plants, a
land plant specific MYB transcription factor, MpMIXTA, regulates cuticle
biosynthesis genes in Marchantia (Xu et al., 2021).
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Ventral parenchyma acts as a storage tissue, and is interspersed with oil
body cells, a plesiomorphic character of liverworts (6). While many roles
have been postulated in the past, in Marchantia they do not play a role in
abiotic stress responses, but rather provide protection against herbivores
(Kanazawa et al., 2020; Romani et al., 2020), as postulated more than a
century previously (Stahl, 1888). As predicted from earlier studies that
placed terpene synthases at the oil body membrane (Suire et al., 2000),
the oil bodies of Marchantia are filled with sequiterpenes and bis-bibenzyl
compounds (Romani et al., 2020; Takizawa et al., 2021; Tanaka et al.,
2016). Two unrelated transcription factors, MpERF13 and MpC1HDZ
are required for oil body formation (Kanazawa et al., 2020; Romani
et al., 2020), and the involvement of a SNARE protein, MpSYP12B, sug-
gests that oil body formation within a cell involves a cell biological process
similar to a typical plant cell division, i.e., that the oil body membrane is
analogous to the plasma membrane lipid bilayer (Kanazawa et al., 2020).

From the ventral epidermis are formed 3—4 pairs scales in rows flanking
the midrib (Taylor, 1837) (6). The proper development of the scales requires
the transcription factor MpLOS1, which is predominantly expressed in scales
and differentiating ventral tissues but also affects shoot meristem activity
non-autonomously (Naramoto et al., 2019). The ventral scales, as well as
the ventral epidermis are often pigmented red to purple (Nagai, 1915), which
is thought to provide protection from UVB radiation. The pigment, a cell
wall-bound auronidin, was recently shown to be formed via a phenylpro-
panoid biosynthetic pathway distinct from that leading to anthocyanins, the
primary red pigments in flowering plants (Berland et al., 2019). However,
the auronidin biosynthetic pathway is regulated via MpMYB14, an ortholog
of land plant specific MYB genes that regulate anthocyanain biosynthesis
in angiosperms (Albert et al., 2018; Kubo et al, 2018). MpMYB14
gain-of-function mutants that have increased flavonoid production have
increased UVB tolerance, with UVR8-mediated induction in response
to increased UVB conserved across land plants (Clayton et al., 2018).

Two types of rhizoids are produced, smooth and pegged (Gasparrini,
1856), and both consist of single cells that can be millimeters in length.
The large diameter smooth rhizoids are negatively phototropic, tip grow-
ing, and emanate from near the midrib and act in anchorage and nutrient
absorption (Haberlandt, 1889; Molisch, 1884; Pfefter, 1871). The identifi-
cation of a common conserved module involving bHLH transcription
factors (MpRSL1 in Marchantia) regulating genes encoding proteins involved
in tip growth revealed molecular conservation between Marchantia rhizoid
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and Arabidopsis root hair development (Honkanen et al., 2016; Proust et al.,
2016). Although M. polymorpha does not exhibit interactions with mycor-
rhizal fungi, in related species, such as M. paleacea, the smooth rhizoids
provide an avenue of entry for mycorrhizal fungi (Radhakrishnan et al.,
2020). The ability to interact with mycorrhizal fungi is ancestral, and is
thought to have been crucial during the early terrestrial evolution of land
plants (Rimington, Duckett, Field, Bidartondo, & Pressel, 2020; Strullu-
Derrien, Selosse, Kenrick, & Martin, 2018). While the signaling pathway
genes in M. polymorpha are reduced to pseudogenes, M. paleacea provides
an excellent model to study mycorrhizal interactions by harnessing the geno-
mic tools and technologies developed for M. polymorpha (Radhakrishnan
et al., 2020).

In contrast to the smooth rhizoids, the pegged rhizoids (7) are dead at
maturity (Cavers, 1904; Kamerling, 1897), and act in conjunction with
the scales in capillary water transfer across the ventral surface of the thallus
(Bowen, 1935; Duckett et al., 2014; McConaha, 1941). Little is known about
whether these cells undergo a typical programmed cell death program, or whether their
cell wall thickenings are regulated in a similar manner as those of vascular cells that also
undergo programmed cell death in vascular plants. As of yet, no mutant has been
reported that differentially affects smooth or pegged rhizoids.

2.4 Asexual reproduction

M. polymorpha can propagate asexually via the production of gemmae, which
are produced in gemmae cups, which in turn are produced from the dorsal
surface of the vegetative thallus (Fig. 4). Gemmae cup formation requires the
function of the MYB transcription factor GCAM1 (Yasui et al., 2019) and
the cytokinin signaling pathway (Aki et al., 2019; Flores-Sandoval et al.,
2016). Gemmae develop from dorsal epidermal cells (Barnes & Land,
1908) just distal the apical meristem (1), initially via tip growth from single
cells in the cup base (Hofmeister, 1862) (2). That each gemma is derived
from a single epidermal cell allows the use of gemmae in “purifying”
mutations generated by CRISPR-Cas9 genome editing occurring during
sporeling development. Gemma initiation requires MpRSL1, perhaps due
to both rhizoids and gemma having their origin in outgrowths from single
epidermal cells (Proust et al., 2016). Likewise, mucilage cells have a similar
origin and also require MpRSL1 (Proust et al., 2016). In contrast, gemma
initiation requires the ROP-GEF, KARRAPO, while neither rhizoids
nor mucilage cells requires its function (Hiwatashi et al., 2019).
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Fig. 4 Asexual reproduction in M. polymorpha. Developing gemmae cups and gemmae
(1, 2). Mature gemmae cup with gemmae (3). Mature gemma (4); the central hyaline cells
are rhizoid precursor cells, which may differentiate into rhizioids depending upon light
and gravity cures. Regeneration can occur from almost all cells, except rhizoids; regen-
eration from vegetative thallus from which the shoot apex was removed (5), and from
an excised archegoniophore (6). Individual numbered images described in the text.
Drawings from Hofmeister (1862), and Mirbel (1835), and Vochting (1885).

Hofmeister suggested that gemmae are not oriented at random, but have their
surfaces perpendicular to the longitudinal axis of thallus (Hofmeister, 1862),
suggestive of a polar signal emanating from the thallus, with the obvious can-
didate being auxin, which has been postulated to be transported from the apex
into older tissues (Eklund et al., 2015; LaRue & Narayanaswami, 1957;
Maravolo, 1976). Auxin transcriptional signaling is also important during pat-
tern formation of developing gemmae, with its disruption leading to altered
patterns of cell division planes and supernumerary shoot meristems (Kato
et al., 2017).

Mature gemmae cups (3) act as splash cups with raindrops displacing the
uppermost gemmae away from the parental plant (Brodie, 1951). For nearly
the past two centuries the irreversible dorsiventrality induced in the initially
“two-sided” lenticular gemmae (4) by light (primarily) and gravity has been
investigated [see (Bowman, 2016) for review|. While gemmae reside in the
cup they remain dormant, only resuming growth once displaced, with early
experiments suggesting signals from outside the cup as well as within are
required to impose and maintain dormancy (Molisch, 1922; Oppenheimer,
1922; Tarén, 1958). Genetic approaches have revealed that at least three
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phytohormones participate in gemmae dormancy — an auxin signal, perhaps
derived from the apical meristem and more locally at the base of the cup
(Eklund et al., 2015), and a signal involving abscisic acid, a phytohormone
known to be involved in dormancy throughout land plants, acting within
the gemmae in the cup (Eklund et al., 2018) are both required for dormancy.
Finally, the ethylene signaling pathway may provide an intermediary between
these other two signals (Ruge, 1893; Eklund et al., 2018). One the first ana-
tomical changes during gemmae germination is the growth of rhizoids from
rhizoid initial cells, which are dispersed on both sides of mature gemmae (4).
‘While the transcription factors promoting rhizoid and root hair growth are
orthologous, the generation of a dispersed pattern produced by lateral inhibi-
tion is via independently evolved molecules, with a microRINA performing
this function in Marchantia, as opposed to a protein based system in root hair
patterning (Honkanen, Thamm, Arteaga-Vazquez, & Dolan, 2018; Thamm,
Saunders, & Dolan, 2020).

As in many other bryophytes, M. polymorpha exhibits a high capacity for
regeneration from gametophytic tissues from which the shoot meristem has
been removed (5, 6) (Dickson, 1932; Kreh, 1909; Nagai, 1919; Vochting,
1885). In Marchantia, light, primarily via perception by phytochrome of red
light, promotes regeneration, with the process greatly reduced under far-red
light or dark conditions (Nishihama etal., 2015). Consistent with auxin hav-
ing a role in regeneration, an ARF transcription factor, MpARF3, that may
negatively regulate auxin signaling in some capacity, is required for efficient
regeneration (Flores-Sandoval et al., 2018). Indeed, a reduction is auxin
signaling is required for induction of a land plant-specific AP2 transcription
factor, MpLAXR, that subsequently promotes regeneration (Ishida et al.,
2022). The processes of shoot regeneration and apical cell specification in the shoot
meristem share genetic programs and studies on each should inform the other.

3. The future

In order to ascertain the ancestral or derived nature of characters it is
imperative to develop model systems amenable to both forward and reverse
genetics in as many of the six major lineages as feasible. Such models could
help overcome a major bias in current analyses by establishing a broader
baseline for comparisons, rather than assuming the character states, often
derived, in angiosperms as the standard. While past incarnations of
Marchantia as a model system were primarily due to its familiarity, the present
manifestation is based on a combination of phylogenetic relationships, facile
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genetics and a regulatory genome that exhibits a paucity of genetic redun-
dancy. This latter feature makes Marchantia well suited to large-scale exper-
iments aimed at the identification of putatively ancestral land plant gene
regulatory networks, as a baseline to determine how they have been mod-
ified and elaborated over evolutionary time. With its amenability to high
throughput genetic manipulation and genomic editing Marchantia will be
one of the languages of the Rosetta stone of land plants for some time
to come.
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