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Abstract

Bryophytes are nonvascular spore-forming plants. Unlike in flowering plants, the gametophyte (haploid) generation of
bryophytes dominates the sporophyte (diploid) generation. A comparison of bryophytes with flowering plants allows us to
answer some fundamental questions raised in evolutionary cell and developmental biology. The moss Physcomitrium patens
was the first bryophyte with a sequenced genome. Many cell and developmental studies have been conducted in this
species using gene targeting by homologous recombination. The liverwort Marchantia polymorpha has recently emerged as
an excellent model system with low genomic redundancy in most of its regulatory pathways. With the development of
molecular genetic tools such as efficient genome editing, both P. patens and M. polymorpha have provided many valuable
insights. Here, we review these advances with a special focus on polarity formation at the cell and tissue levels. We examine
current knowledge regarding the cellular mechanisms of polarized cell elongation and cell division, including symmetric
and asymmetric cell division. We also examine the role of polar auxin transport in mosses and liverworts. Finally,
we discuss the future of evolutionary cell and developmental biological studies in plants.

Introduction

During 470 million years of evolution, the body plans of dif-
ferent groups of land plants diversified independently
among the gametophyte and sporophyte generations
(Nishiyama et al, 2003; Puttick et al, 2018). In extant
bryophytes, the sister group of the tracheophytes, the game-
tophyte generation is dominant over the sporophyte genera-
tion. The gametophyte comprises an apical-basal axis with
an apical stem cell producing 3D shoot tissues in which the

gametes (antheridia and archegonia) develop (Bennici,
2008). In contrast, the sporophyte in bryophytes consists of
a single terminal sporangium (monosporangiate), which is
remarkably different from the polysporangiophyte in, for
example, flowering plants (Kenrick and Crane, 1991; Ligrone
et al, 2012). Three taxonomic bryophyte groups have been
recognized and are represented by the three main divisions:
Marchantiophyta (liverworts), Bryophyta (mosses), and
Anthocerotophyta (hornworts) (Wickett et al., 2014). It has
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been proposed that extant bryophytes are paraphyletic and
liverworts may retain many more ancestral characteristics
than other lineages (Bowman et al,, 2017). Recent phyloge-
netic studies, however, overturned this view (Puttick et al,
2018). These studies suggested that bryophytes are mono-
phyletic and that the ancestral embryophytes possessed
more complex structures than had been envisaged.
Therefore, the current simple body plan of liverworts is con-
sidered to be the result of the loss of many characteristics
and transformations (Wickett et al, 2014; Puttick et al,
2018; de Sousa et al, 2019; Harris et al, 2020). Bryophyte
monophyly suggests that all extant bryophytes and tracheo-
phytes share a last common ancestor, from which they
diverged and evolved the characteristics specific to their lin-
eage. Therefore, comparing several bryophyte lineages is cru-
cial to obtain insights into plant evolutionary developmental
biology. Among bryophytes, the liverwort Marchantia poly-
morpha and the moss Physcomitrium patens (previously
known as Physcomitrella patens) are established as model
species (Prigge and Bezanilla, 2010; Rensing et al, 2020;
Kohchi et al, 2021). In contrast, the development of tools
and resources for studying hornworts is still in progress, de-
spite their importance for understanding the evolution of
key land plant traits (Frangedakis et al., 2021a, 2021b).

Physcomitrium patens generates filamentous protonemata,
the juvenile phase of the gametophyte, which emerge on
spore germination (Figure 1A). The protonema possesses a
stem cell at the tip (apical stem cell) and undergoes tip
growth by performing polarized cell expansion and asym-
metric cell division (Figure 1, B-D). Protonemata also branch
by generating new apical stem cells (Figure 1E; Menand et
al, 2007; Kofuji and Hasebe, 2014). Throughout these pro-
cesses, the apical stem cell undergoes asymmetric cell divi-
sion in a single plane, resulting in 1-D filamentous growth
(Figure 1, A-F). In contrast, protonemata subsequently
develop a leafy gametophore that exhibits 3D growth by
generating a different type of apical stem cell (Figure 1G).
This apical cell divides asymmetrically with three cleavage
planes, which generates leaf initials in a spiral pattern
(Figure 1, H-K; Harrison et al,, 2009).

Marchantia polymorpha also develops protonemata upon
spore germination (Figure 2, A—C). These protonemata, how-
ever, exhibit 1D growth only for a short period before differ-
entiating into a flat mat-like tissue called a prothallus, which
possesses an apical stem cell at the tip (Figure 2, C-F). While
the prothallus apical stem cell performs asymmetric cell divi-
sion in two planes, which leads to growth in two dimensions,
this apical cell later begins to undergo asymmetric cell divi-
sion with four planes and generates 3D tissues called thalli
(Figure 2, G-O; Bowman et al, 2016; Shimamura, 2016;
Kohchi et al, 2021). Thalli differentiate gemma cups on their
dorsal tissues, where gemmae can be clonally propagated.
Due to the ease of propagation of gemmae through vegeta-
tive growth, gemmalings (immature thalli that develop from
gemmae) are one of the main targets of cell and
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developmental biological studies (Kato et al., 2020; Kohchi et
al, 2021).

With the numerous approaches available in P. patens and
M. polymorpha, the study of these model plants can vyield
fundamental advances in our understanding of cellular and
developmental mechanisms in an evolutionarily informative
plant lineage (Rensing et al,, 2020; Kohchi et al., 2021). Here,
we review current advances obtained by cell biological stud-
ies in P. patens and M. polymorpha with an emphasis on po-
larity formation during cell differentiation and tissue
morphogenesis. We first examine mechanisms of polarized
elongation in protonemata and rhizoids because cell polarity
is best understood in these cell types. We also describe the
mechanisms and evolution of symmetric and asymmetric
cell divisions, the latter accomplished based on polar signals
within a cell, which play crucial roles in the specification of
differential cell fate during morphogenesis. Finally, we exam-
ine how bryophytes utilize the molecular machinery of polar
auxin transport, a mechanism that coordinates cell and tis-
sue polarity in flowering plants.

Part I: polarized cell elongation in
bryophytes

Cell shape changes and cell proliferation are two fundamen-
tal strategies for morphogenesis in both unicellular and mul-
ticellular organisms. Polarized cell elongation contributes to
changing cell shapes by orienting cellular processes. Tip
growth, an extreme form of polarized cell growth, is a com-
mon mode of cell expansion and morphogenesis seen in
various organisms. Examples of tip growth include hyphal
growth in fungi, the directional cell extension of root hairs
and pollen tubes in flowering plants, and the growth of neu-
ral axons in animals (Manck et al, 2015; Yogev and Shen,
2017; Orr et al, 2020). The central questions regarding the
mechanisms of tip growth are how cells specify the growth
domain and determine the direction of cell elongation, and
how this directional growth is maintained.

Polarized cell elongation in P. patens

Physcomitrium patens protonemata are an excellent system
to address these questions due to their simple filamentous
structures in which the apical stem cell undergoes tip
growth (Menand et al, 2007; Vidali and Bezanilla, 2012).
Studies in P. patens have revealed that the actin cytoskele-
ton plays an essential role in tip growth (Figure 3A).
Pharmacological interference of actin polymerization severely
inhibits tip growth (Harries et al, 2005). Loss-of-function of
actin-depolymerizing factor (cofilin) and profilin, which are
actin-binding proteins involved in the turnover and recon-
struction of the actin cytoskeleton, induces the formation of
stunted, small, depolarized cells (Vidali et al, 2007
Augustine et al, 2008). Formins, which nucleate and elon-
gate actin filaments, are also involved in tip growth (van
Gisbergen et al,, 2012). Formins are grouped into two classes
in flowering plants and are conserved in bryophytes. RNAI-
based approaches in P. patens suggested that class Il formins
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Figure 1 lllustration of gametophyte development in P. patens. Protonemata germinate from spores (A) or emerge from protoplasts (B) and ex-
hibit filamentous tip growth, which is dependent on polarized cell elongation and subsequent asymmetric cell divisions of apical stem cells lo-
cated at the tip of each filament. Protonemata can also regenerate from excised cells and tissues upon physical damage (C). Concomitant with tip
growth (D), protonemata undergo side branching by performing additional asymmetric cell divisions at the apical end of each cell (except for the
apical cell) (E). At a still poorly defined time frame during filamentous growth, chloronemata, a type of juvenile protonemata, transition to caulo-
nemata, which serve as precursor cells that have the potential to generate buds (F). While branching produces new apical stem cells that exhibit
1D growth, bud formation accompanies the formation of a single tetrahedral apical stem cell that undergoes 3D growth, a critical step for game-
tophore formation (G-K). This single apical stem cell in the shoot displays a spiral pattern of asymmetric cell division and produces merophytes
(K), whose subsequent cell division activity results in the formation of leaves (I and J). Most of the tissues generated under these developmental
processes have simple tissue structures and are a single cell layer thick (Menand et al., 2007; Kofuji and Hasebe, 2014; Falz and Miiller-Schussele,
2019). These characteristics present significant advantages for studies in cell and developmental biology and prompted researchers to study the
mechanisms of tip growth, asymmetric cell divisions, cell differentiation, and other cell biological phenomena. For example confocal images, a pro-
tonemata tip cell stained with FM1-43 (L-N) and time-lapse images of a dividing protonemata tip cell co-expressing o-tubulin:GFP and
histoneH2B:RFP (O) are shown (Hiwatashi et al.,, personal communication). Bright-field images (L) are shown in gray, fluorescence images of FM1-
43 (M and N) and a-tubulin:GFP (O) are shown in green, and autofluorescence of chloroplasts (N), as well as fluorescence images of histone
H2B:RFP (O), are shown in magenta. “v” and “n” indicates vacuoles and nucleus, respectively. Yellow-colored cells with an asterisk indicate apical
stem cells. The square labeled X or Y in (H) indicates a horizontal or vertical section of the shoot apical meristem. The schematic illustration of
the horizontal section (1) or vertical section (J) was drawn based on Harrison et al., 2009 and it is labeled as X or Y, respectively. Scale bars 20 pm
(L-N) and 5 pm (O).



Evolutionary cell biology of bryophytes THE PLANT CELL 2022: 34: 228-246 231

A Spore L O Air Pore

Chamber

Assimilatory

G

Filament

C Thallus Dorsal
Gemma Cup

Ventral

Rhizoid Protonema

Rhizoid Ventral Scale

k
Ventral Scale
K Lateral J
Merophyte
%
P
N )
Prothallus orse Apical ’
Merophyte yentral cell
Merophyte Ventral Scale

Figure 2 lllustration of gametophyte development in M. polymorpha. Marchantia polymorpha produces protonemata following spore germina-
tion (A—C). Spores exhibit asymmetric cell division, producing one large and one small cell (A and B). While the small cell directly differentiates
into a rhizoid, the large cell undergoes several rounds of transverse cell division, leading to the generation of small protonemata (C). In contrast to
the filamentous protonemata seen in P. patens, protonemata in M. polymorpha subsequently divide irregularly and generate cell clusters with
spherical structures (D). They further generate an apical stem cell that undergoes oblique cell division with two cutting faces, leading to the for-
mation of a 2D heart-shaped body called the prothallus (E and F). Alongside the growth of the prothallus, the apical stem cell eventually begins
to exhibit cell division with four cutting faces (G-K) and produces 3D vegetative thalli containing dorsal and ventral tissues (L—O). Rhizoids differ-
entiate in ventral tissues and undergo tip growth (O), while air chambers and gemma cups differentiate in the dorsal tissues (G, L-N). Thalli also
undergo periodic dichotomous branching via doubling apical meristems (G). Marchantia polymorpha has recently established as a model organ-
ism. Its simple genome structure with low gene redundancy as well as the availability of Agrobacterium-mediated T-DNA transformation provide
it with significant advantages for performing molecular biology, including the isolation of large populations of mutants and the comprehensive es-
tablishment of fluorescent protein-tagged organelle marker lines (Kanazawa et al,, 2016; Minamino et al., 2018). Yellow-colored cells with an aster-
isk indicate an apical stem cell. The square labeled X or Y in (G) indicates a vertical longitudinal or vertical transverse section of the apical
meristem. K, Shows the apical cell and the merophytes that are cut off from the apical cell. X and Y in (H-)) indicate a vertical longitudinal (1) and
vertical transverse (J) section of the apical stem cell. H, Shows a horizontal section of the apical stem cell. L-N, Show the developmental process
of air pores, which undergo several rounds of regular cell division. The schematic illustrations of the prothallus are drawn based on Kny 1890.

with a phosphatase and tensin homologous (PTEN) domain specifically bind to phosphatidylinositol-3,5-bisphosphate,
are involved in tip growth, while class | formins are not  and this binding appears to be indispensable for controlling
(Vidali et al, 2009). PTEN domains in class Il formin  tip growth (Figure 3A). Essential roles of actin in tip growth
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have also been reported in flowering plants (Rounds and
Bezanilla, 2013). These findings highlight the evolutionarily
conserved function of the actin cytoskeleton in regulating
tip growth (Table 1).

The actin cytoskeleton could function in tip growth by
providing the tracks for the movement of exocytic vesicles
toward the apical tip (Vidali and Bezanilla, 2012). Actin fila-
ments accumulate strongly near the cell apex, where myosin
Xl and secretory vesicles spatially colocalize. Loss of myosin
Xl does not affect actin dynamics but causes defective tip
growth; similar phenotypes have been observed in mutants
of the actin-related genes mentioned above (Vidali et al,
2010). Although the cargos of vesicles transported by myo-
sin XI remain to be elucidated, myosin XI presumably medi-
ates the polarized secretion of new extensible cell wall
compounds and membranes to the apex of the cell.

Microtubules are also involved in controlling tip growth in
P. patens. Microtubules align along the longitudinal axis of
protonemata (Figure 3A). The depolymerization of microtu-
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multiple tips (Doonan et al, 1988). The plus end (the end
that grows more rapidly) of each microtubule grows toward
the apical expansion zone and converges to a single point
just behind the cell apex (Hiwatashi et al, 2014).
Importantly, plant-specific kinesins (KINID1) accumulate in
this region where they control the organization of microtu-
bules by bundling their plus ends during tip growth
(Figure 3A). A recent study also identified the involvement
of kinesin-8, kinesin-13, and kinesin-14 family kinesins with a
calponin homology domain (KCH) in controlling the direc-
tionality of tip growth (Yamada and Goshima, 2018; Leong
et al, 2020; Li et al, 2021). While KINID1 and KCH play
essential roles in the formation and maintenance of micro-
tubule convergence, kinesin-8 and kinesin-13 appear to be
involved in stabilizing the position of microtubule conver-
gence. These findings suggest that microtubules play a criti-
cal role in determining the directionality of cell expansion
(Table 1).

The interactions between actin filaments and microtu-

bules by drug treatments produces bent, swollen, or even bules play crucial roles in diverse cellular functions
A B
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KCH Formin
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Figure 3 Current model for tip growth in P. patens. A, Cytoskeletal structures and their regulatory proteins in a protonemata apical stem
cell. Cytoskeletons play crucial roles in tip growth of protonemata. While actin filaments mediate polarized elongation, microtubules regulate the
directionality of tip growth. Actin filaments are enriched at apical regions and form cluster-like structures. In contrast, microtubules align along
the longitudinal axis of protonemata with their plus end directed to the apical region. The plus ends of microtubules are converged by kinesin
motor protein KINID1 and KCH just beneath apical actin clusters. Actin clusters and microtubule convergence are thought to be interconnected,
where the microtubule spatially restricts actin polymerization and vesicle clustering. The interconnection between actin clusters and microtubule
convergence is mediated by cytoskeletal motor proteins, including myosin VIII and KCH. B, Proposed model for the positive feedback loop
between actin filaments and microtubules. The convergence of forward-oriented microtubules confines the distribution of class Il formins that
generate actin filaments. Actin filaments thereafter induce microtubule convergence through the function of myosin VIII. This positive feedback

loop ensures persistent polarized growth.

Table 1 Key findings of Part I: polarized cell elongation in bryophytes

® Actin filaments play crucial roles in polarized cell elongation of the apical cell, while microtubules are involved in determining the directionality of

polarized cell elongation of the apical cell in P. patens protonemata.

including myosin VIII and KCH, mediate the interconnection.

The interconnection between actin filaments and microtubules is critical for tip growth of P. patens protonemata, where cytoskeletal motor proteins,

® The mechanisms underlining tip growth are largely evolutionarily conserved across different eukaryotic organisms, in which cytoskeletal regulators,

such as ROP GTPase, myosin, and kinesin motor proteins, play crucial roles.
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(Takeuchi et al, 2017). During tip growth in protonemata,
microtubule convergence at the cell apex intersects the api-
cal actin clusters (Figure 3A). Myosin VIII proteins are local-
ized to the regions between converging microtubules and
actin clusters. Loss-of-function of myosin VIl genes induces
the collapse of microtubule convergence, as well as the in-
stability of both the sizes and shapes of actin clusters (Wu
and Bezanilla, 2018). Furthermore, microtubule convergence
requires actin and KCH motor proteins, which can also bind
to actin filaments (Yamada and Goshima, 2018). These find-
ings suggest that myosin VIIl and KCH crosslink the actin fil-
aments and microtubules (Figure 3A). Importantly,
microtubules also direct the localization of formins that me-
diate actin nucleation and elongation, which in turn speci-
fies the tip localization of microtubules (Wu and Bezanilla,
2018). This positive feedback loop between actin polymeri-
zation and microtubule localization ensures persistent cell
elongation in defined locations during the growth of proto-
nemata (Figure 3B).

Rho/Rac of plants (ROP) small GTPase has been implicated
in polarized tip growth of root hairs and pollen tubes in
flowering plants (Feiguelman et al., 2018). Similarly, in P. pat-
ens, ROP GTPase plays an essential role in tip growth of pro-
tonemata (Burkart et al, 2015; Cheng et al, 2020). ROP
GTPase localizes to the apical plasma membranes (PMs) of
tip-growing protonemata (Figure 3A), and its loss-of-function
mutant fails to initiate tip growth. The dynamics of actin fila-
ments, as well as cell wall depositions, are also affected in
this loss-of-function mutant (Burkart et al, 2015). Notably,
systematic loss-of-function analysis of ROP regulators and
effectors, such as the GTPase-activating proteins and guanine
nucleotide exchange factors for ROP GTPase, further con-
firmed the crucial role of ROP GTPase in protonemal tip
growth (Bascom et al, 2019). Several studies in animals and
yeasts have uncovered the roles of the Rho/RAC/CDC42
family of small GTPases in regulating tip growth (Etienne-
Manneville and Hall, 2002). These findings suggest that the
mechanisms underlying tip growth are evolutionarily con-
served across different eukaryotic organisms (Table 1).

Polarized cell elongation in M. polymorpha

Rhizoid growth in M. polymorpha is also a good experimen-
tal system for studying tip growth. These rhizoids are unicel-
lular, with a filamentous shape and few chloroplasts, and
undergo persistent polarized cell elongation (Shimamura,
2016; Kohchi et al, 2021). As in other systems, microtubules
in M. polymorpha rhizoids play a crucial role in specifying
the directionality of tip growth. Microtubules align along the
longitudinal axis and converge at the apical tip. NIMA
(never in mitosis gene a)-related protein kinase, which is
known to be involved in regulating microtubule organiza-
tion in Arabidopsis, specifically localizes at microtubule con-
vergence and controls the direction of cell elongation
(Takatani et al, 2017; Otani et al, 2018; Takatani et al,
2020). A T-DNA mutant screening of M. polymorpha
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sporelings (immature thalli that develop from spores) with
defective rhizoid growth and subsequent sequence
polymorphism-based genetic mapping identified 33 genes
involved in rhizoid growth (Honkanen et al, 2016). The re-
sponsible genes encode proteins involved in cell wall biosyn-
thesis (i.e. cellulose synthase-like class D and rhamnose
biosynthesis) and cell wall integrity sensing (i.e. CrRLK1L
family receptor kinase and PTI-like serine/threonine kinase).
They also encode proteins involved in vesicle transport and
the cytoskeleton (i.e. Rab GEF, Rho GAP, and class XI myo-
sin) along with proteins that have not yet been functionally
characterized in plants. In addition to being a tour de force
of genetic analysis, these findings further confirmed the no-
tion that the mechanisms of tip growth are conserved
among land plants and were active in the earliest land
plants (Table 1).

Part ll: symmetric and asymmetric cell
division in bryophytes

Polarized cell elongation contributes to changing cell shapes,
representing fundamental strategies for morphogenesis in
both unicellular and multicellular organisms. Besides polarized
cell elongation, cell division (both symmetric and asymmetric)
is another fundamental strategy for morphogenesis in living
organisms (Tajbakhsh et al, 2009). Symmetric cell division
expands the mass of similar cells within tissues, while asym-
metric cell divisions presage cellular differentiation, generating
new cell types: daughter cells with distinct sizes, shapes, and
developmental fates based on positional and polarity informa-
tion within the mother cells (Sunchu and Cabernard, 2020).
Asymmetric cell division plays pivotal role in controlling pat-
tern formation and maintenance of stem cells (Munoz-Nortes
et al, 2014; Santoro et al, 2016). Therefore, understanding the
mechanism of symmetric and asymmetric cell division is cru-
cial for gaining insights into plant development (Pillitteri et
al, 2016; Shao and Dong, 2016). In this section, we first ex-
plain the basic mechanisms of plant cell division and its evo-
lution. Next, we introduce current concepts regarding the
mechanisms of asymmetric cell division in bryophytes. Finally,
we describe how the changes in division planes are associated
with the elaboration of the body plan in bryophytes. We also
discuss the underlying mechanism that mediates the change
in bryophyte body plans.

Cell division machinery in flowering plants

Cell division in plants requires the building of a new cell
wall (cell plate) between two daughter nuclei. In flowering
plants, the cell plate is formed at the midline of the cell.
The cytoskeletal cellular structure known as the phragmo-
plast mediates the trafficking of vesicles carrying cell wall
components toward the cell plate (Jiirgens, 2005; Smertenko
et al, 2017) (Figure 4A). Cell wall deposition is initiated by
the homotypic fusion of vesicles delivered in the region
within the bipolar phragmoplast where phragmoplast micro-
tubules overlap. Microtubule overlap zones are thought to
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Figure 4 lllustration of the cytoskeletal organization in a dividing plant cell. A, Stages of plant cytokinesis in flowering plants. The PPB forms dur-
ing the G2 phase at the future division site and persists throughout prophase. Although the PPB disassembles as the mitotic spindle forms during
the transition to metaphase, the PPB leaves behind information that determines the future division site. This information, the PPB memory, is
composed of several proteins, such as the motor proteins POK1, KCBP, and myosin VIII. During cytokinesis, two antiparallel cytoskeletal structures
form a phragmoplast with their plus ends facing the nascent cell plate. The cell plate and phragmoplast expand gradually until they reach the PM.
When the phragmoplast reaches the PM, the cell plate and parental membrane fuse, completing cytokinesis. y-tubulin complexes and Augmin
are thought to be involved in organizing the spindle and phragmoplast microtubule arrays, where Augmin activates the y-tubulin ring complex to
generate spindle and phragmoplast microtubules (Ho et al, 2011b; Hofmann, 2012). B, Proposed mechanism of phragmoplast guidance. MAP65
resides between interdigitating (antiparallel overlapping) microtubules in the phragmoplast midplane, where it confines deposition of the cell
plate membrane to a well-defined plane. Class Il formin, localized at the phragmoplast midzone, generates actin filaments, which interact with
myosin VI localized at the CDS and peripheral microtubules. While peripheral microtubules with plus ends associated with myosin VIII translo-
cate on actin filaments and are incorporated into the expanding phragmoplast, cortical myosin VIII reels the growing phragmoplast toward the
CDS based on its motor activity. In addition to myosin VIII, the myosin/kinesin-chimera protein KCBP is also involved in phragmoplast guidance.
KCBP localizes at the CDS and interacts with microtubules at the phragmoplast periphery, whereby KCBP reels in the growing phragmoplast to
ensure the correct landing of the phragmoplast at the CDS. In P. patens, microtubule overlap zones are thought to be established by the microtu-
bule cross-linking protein Map65 and their regions confined by kinesin-4, which in turn recruits the exocyst complex to define the region where
vesicles are delivered to build the new cell plate (Kosetsu et al,, 2013; de Keijzer et al,, 2017; Tang et al,, 2019). Although PPBs do not exist in some
cell types in P. patens, the cellular functions and structures of phragmoplasts are conserved between P. patens and flowering plants. This suggests
that homologs of the kinesin-4 and exocyst complex in flowering plants are also involved in defining the regions of cell plate formation.

be established by the microtubule cross-linking protein
MAPG5 (Figure 4B; Mller et al, 2004; Ho et al, 2011a). The
phragmoplast that formed at the center of the cells expands
toward the edges of the cell as cytokinesis progresses, finally
reaching the mother cell wall and completing cell division
(Rasmussen et al, 2013; Livanos and Mdiller, 2019). The
following three steps, which are repeated cyclically, are
proposed as the mechanism for this centrifugal expansion of

the phragmoplast microtubule array: (1) attachment of y-tu-
bulin complexes onto the microtubules at the leading edge;
(2) the promotion of microtubule nucleation by y-tubulin
complexes, followed by microtubule elongation; and (3)
bundling of nascent microtubules (Murata et al, 2013).

The mechanism that attracts the phragmoplast to the PM
at the cortical division site (CDS), a specialized layer of cyto-
plasmic proteins on the inner face of the PM where the cell
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plate fuses with the parental cell walls, is called phragmo-
plast guidance. This process plays an important role
in determining the position and orientation of division
planes (Livanos and Mdiller, 2019). The guidance of the
phragmoplast is mediated by ring-like structures called pre-
prophase bands (PPBs) that encircle the premitotic cell in
flowering plants (Figure 4A). PPBs contain microtubules and
actin filaments and are enriched in endoplasmic reticulum
(ER) (Zachariadis et al, 2001). PPBs form during the G2
phase at the future division plane and are known to be an
active site of endocytosis (Karahara et al., 2009). PPBs persist
throughout prophase but disassemble as the mitotic spindle
forms at the transition to metaphase, suggesting that PPBs
leave behind a “memory” that attracts the phragmoplast
during cytokinesis (Figure 4A). In fact, motor proteins such
as POK1 kinesin, the myosin/kinesin-chimera protein KCBP,
and myosin VIIl remain at the CDS from prophase to the
end of cytokinesis in flowering plants and function as the
PPB memory (Xu et al, 2008; Lipka et al, 2014 Wu and
Bezanilla, 2014; Buschmann et al,, 2015). Moreover, the RAN
GTPase-activating protein and  microtubule-associated
TANGLED also function as the PPB memory in flowering
plants (Walker et al,, 2007; Xu et al., 2008). The exact mech-
anisms of phragmoplast guidance remain to be elucidated,
but the emerging picture is that microtubules and actin
filaments work together to achieve phragmoplast guidance
(Figure 4B). Phragmoplast microtubules are oriented with
their plus ends toward the cell plate. The plus ends of actin
filaments are anchored to the phragmoplast mid zone, while
the minus ends (the slow-growing ends) are located in the
cytosol in flowering plants (Figure 4B; Wu and Bezanilla,
2014). One possible mechanism is that the motor activity of
KCBP (kinesin-like calmodulin) toward the minus end of the
microtubule and that of myosin VIII toward the plus end of
actin reel the growing phragmoplast toward the CDS collab-
oratively (Figure 4B). Altogether, the cooperative action of
the PPB and the phragmoplast plays an important role in
determining the cell division planes and cell plate formation.
In addition to the PPB, another type of microtubule called
the polar cap plays a critical role in determining the cell
division planes (Lloyd and Chan, 2006, Kosetsu et al., 2017).
The polar cap that encases the nuclear surface is formed at
opposite sides of the nuclear envelope during prophase
(Lloyd and Chan, 2006). A lack of polar caps induces misor-
ientation of spindles and division planes, indicating that the
polar caps play important roles in determining spindle and
cell division axes (Kosetsu et al, 2017). Until recently, the
PPB has thought to play dominant role in determining divi-
sion plane orientation, but reassessment of the function of
PPB on division plane orientation has recently advocated
(Schaefer et al, 2017). A study of trm678 mutants (lacking
PPBs) suggested that the PPB is not required for determining
division orientation but is instead required for stabilizing or
fine-tuning division orientation (Schaefer et al, 2017). Taking
this finding into account, it can be concluded that polar
caps play a major role in determining division orientation.
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Cell division machineries in M. polymorpha and

P. patens and their evolutionary implications

The mechanisms of cell division in plants have undergone
significant divergence during evolution. Centrosomes are
typical animal cell structures that are present in some green
algae, but not in flowering plants. Notably, liverworts and
mosses display intermediate evolutionary forms between
those of algae and flowering plants (Buschmann and
Zachgo, 2016). Marchantia polymorpha exhibits a phragmo-
plast and PPBs but also employs a so-called polar organizer
(PO), a centrosome-like microtubule-organizing center lack-
ing centrioles, in gemmalings (Buschmann et al,, 2016). POs
are formed by late interphase and localize to the opposite
ends of the preprophase nucleus, where they nucleate
microtubules and produce astral microtubules. Interestingly,
astral microtubules are connected to the PPB, implying a
functional link between them. In fact, interfering with POs
by treatment isopropyl N-(3-chlorophenyl)-carbamate,
which affects the splitting or replication of the microtubule-
organizing centers in various eukaryotes, disturbs the forma-
tion of PPBs (Buschmann et al., 2016). This strongly suggests
that POs are required for PPB formation and, in turn, in
division plane alignment.

Physcomitrium patens also exhibits centrosome-like struc-
tures called gametosomes in leafy gametophore cells, while
such structures are not observed in protonemata (Kosetsu
et al, 2017). Unlike centrosomes and POs, microtubules are
loosely focused in the gametosome, and their center cannot
be unambiguously assigned (Kosetsu et al, 2017). This mi-
crotubule cloud transiently appears in the cytoplasm during
prophase and while it is dispensable for spindle formation, it
is necessary for metaphase spindle orientation, which con-
tributes to division plane determination. Interestingly, both
division plane determination and the biogenesis of gameto-
somes appear to be independent of PPBs, as PPBs are not
present in early gametophore cells. The role of gametosomes
in controlling division plane determination both with and
without PPB formation in P. patens, as well as the presence
of centrosome-like structures and PPBs in the same cells in
M. polymorpha, suggest a stepwise transition between
ancient and modern cell division machineries during plant
evolution (Table 2).

Asymmetric cell division in spores and protoplasts

and its similarity to zygotic division in fucoid algae

Asymmetric cell division plays a crucial role in maintaining
stem cells and generating a population of differentiated cells
(Pillicteri et al, 2016; Shao and Dong, 2016). During their
first division, P. patens protoplasts undergo asymmetric cell
division, in which they produce one small apical stem cell
and one large, differentiated cell (Figure 1A; Kofuji and
Hasebe, 2014). Similarly, M. polymorpha spores undergo
asymmetric cell division and produce one small rhizoid and
one large nonrhizoid cell (Figure 2, A and B; Shimamura,
2016; Kohchi et al, 2021). Despite the obvious asymmetric
cell divisions and the simple cellular structures, the mecha-
nisms underlying these processes have not yet been studied.
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Table 2 Key findings of Part Il: symmetric and asymmetric cell division in bryophytes

® Bryophytes utilize both centrosome-like structures (gametosomes in P. patens and POs in M. polymorpha) and PPBs.
® The cooperative activities of kinesin motor proteins, including KCBP, ARK, and KCH, regulate the position of the nucleus, which is critical in determin-

ing the division plane in P. patens protonemata.

® In P. patens protonemata, branch initiation requires asymmetric cell divisions at the apical end of each cell, in which ROP GTPase and cytoskeletal

elements are involved in determining the division planes.

Gametosomes and CLV pathways are involved in division plane determination for asymmetric cell division during bud initial formation in P. patens.

Interestingly, these asymmetric cell divisions are reminiscent
of the first asymmetric cell division in zygotes of fucoid
brown algae, although they have different evolutionary ori-
gins (Bisgrove et al, 2003). In the fucoid zygote, the initial
polarity cue is provided by sperm entry, but this cue is over-
ridden by directional environmental cues, such as light and
gravity. Cortical actin patches form based on these polarity
cues, whereby they initiate rhizoid growth. Notably, auxin
and polar auxin transport are implicated in this polarization
process, which suggests that directional environmental cues
may be translated into an intracellular auxin gradient or a
nonuniform pattern of auxin efflux that orients zygotic
polarity (Sun et al, 2004). It is interesting to speculate
that similar mechanisms controlling asymmetric cell division
in spores and protoplasts may exist in P. patens and
M. polymorpha.

Asymmetric cell division in the filamentous tissue
and leafy gametophore of P. patens

Physcomitrium patens protonemata exhibit asymmetric cell
division in tip-growing apical cells (Menand et al, 2007;
Kofuji and Hasebe, 2014; Figure 1D). During this process, the
place where the cell plate forms is controlled by the position
of the nucleus. The migration of the nucleus during tip
growth and asymmetric division depends on the cooperative
activity of kinesin motor proteins, including KCBP,
ARMADILLO REPEAT KINESINT (ARK), and KCH. KCH and
ARK show minus end-directed and plus end-directed motor
activity, respectively, and their mutations cause a change in
nuclear positions (Jonsson et al, 2015 Miki et al, 2015
Yamada et al, 2017). Moreover, knockout mutants of KCH
display an apical shift of the cell division planes according to
the position of the nucleus, pointing to the role of this pro-
tein in determining the division plane position (Miki et al,
2015 Yamada and Goshima, 2018). This nuclear migration
subsequently collaborates with the mechanisms that guide
the phragmoplast to the CDS, whereby myosin VIII pulls the
phragmoplast microtubule to the CDS along actin filaments
(Figure 4B). This mechanism helps ensure that cell plate
expansion occurs along a plane defined by the CDS
(Table 2; Wu and Bezanilla, 2014).

Branching processes in P. patens protonemata also accom-
pany asymmetric cell division, generating new apical stem
cells at the apical ends of cells (Kofuji and Hasebe, 2014;
Figure 1E). As is the case with tip-growing cells, polarized
cell expansion, as well as nuclear migration, has been
reported during side branch formation. A recent study
revealed that ROP small GTPase localizes at the future

bulging site several hours before the polarized cell expansion
(bulging) occurs (Cheng et al, 2020). Notably, this process
occurs earlier than the nuclear migration to the apical end
of the cell, indicating that ROP GTPase acts as an upstream
factor involved in controlling nuclear migration and there-
fore the position of asymmetric cell division. ROP GTPase
regulates actin filament dynamics as well as cell wall remod-
eling, which induces polarized cell expansion (Cheng et al,
2020; Yi and Goshima, 2020). Although the mechanism is
unknown, this bulging in turn exerts a guidance cue for con-
trolling microtubule-dependent nuclear migration, which
determines the asymmetric positioning of the division
planes. Importantly, mutants with loss-of-function of ROP
GTPase display defective bulge formation and abnormal cell
division planes aligning in the transverse direction (Cheng et
al, 2020; Yi and Goshima, 2020). These findings indicate that
ROP GTPases and cytoskeletal elements control nuclear po-
sitioning and asymmetric cell division during the branching
of P. patens filamentous tissues (Table 2).

In addition to filamentous tissues, the leafy gametophore
in P. patens also displays asymmetric cell division. During
bud formation, shoot initials undergo asymmetric cell divi-
sion 4 times to establish the tetrahedral shape of gameto-
phore apical stem cells (Figure 1G). The established
tetrahedral apical stem cell continuously divides asymmetri-
cally into three planes, which generates leaf initials, a critical
step in acquiring leafy structures (Figure 1, I-K; Harrison et
al, 2009). The orientation of the cell division planes during
tetrahedral apical cell formation is thought to be controlled
by gametosomes, the acentrosomal structures that regulate
spindle orientation (Table 2; Kosetsu et al,, 2017). Moreover,
a recent study also uncovered critical functions of the
CLAVATA (CLV) peptide and receptor-like kinase pathway
in controlling the division planes during this process
(Whitewoods et al, 2018). Defects in gametosome formation
induce the deviation of division plane angles, and loss-of-
function of the CLV pathway induces cell division that is
parallel rather than perpendicular to the first division, result-
ing in the finger-like projection of gametophores. Notably,
gametosomes have not been observed in protonemata, and
loss-of-function of the CLV pathway does not affect proto-
nemal growth, suggesting that gametosomes and the CLV
pathway specifically regulate asymmetric cell division during
leafy gametophore development (Table 2).

The asymmetric cell division machinery in P. patens
appears to vary depending on the types of cells. A single
gametosome is detected during the first three asymmetric
cell divisions of the gametophore initials, and the number of
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gametosomes eventually increases in the leaf initial cells.
PPB has not been detected in protonemal cells or in early
leafy gametophore cells, while PPB is present in leaf initial
cells (Doonan et al, 1987 Spinner et al, 2010; Wu and
Bezanilla, 2014). Moreover, loss-of-function of TONNEAU1, a
cellular component implicated in PPB formation, leads to
the misorientation of cell division in leaf-like gametophore
cells but not in protonemal cells (Spinner et al, 2010).
These findings suggest the existence of a PPB-independent
cell division plane orientation mechanism in protonemata
and gametophore initial cells. They also suggest that PPBs
and gametosomes control cell division orientation in leaf-
like gametophore cells, although their interplay is unclear
(Kosetsu et al., 2017).

Asymmetric cell division and body plan transition

in mosses and liverworts

The gametophyte body plans of mosses and liverworts are
highly dependent on the type of division planes in the apical
stem cells. A single plane cleavage of the apical stem cells
generates 1D filamentous structures such as protonemata
(Figures 1, A-F and 2, A-C), while a two-plane cleavage gen-
erates 2D mat-like structures such as leaves or simple thal-
loids (Figures 1, H-) and 2, E and F). Cleavage in three or
four planes enables the onset of 3D growth, generating
bushy leafy shoots or complex thalloids, respectively
(Figures 1, H-K and 2, G-O; Niklas et al,, 2019). The acquisi-
tion of apical stem cells with three or four cleavage planes
during evolution played an important role in enabling the
colonization and radiation of plants on land (Moody, 2020).

In the lifecycles of P. patens and M. polymorpha, a transi-
tion between filamentous, planar, and bushy growth is ob-
served (Harrison et al., 2009; Shimamura, 2016; Kohchi et al,
2021). Germinated spores undergo single plane cleavage,
producing protonemata with transitory filamentous struc-
tures (Figures 1, A—F and 2, A-C). In P. patens, protonemata
subsequently form apical stem cells that undergo asymmet-
ric division with three cleavage planes, spirally generating
leaf initials that divide into two planes to facilitate planar
growth (Harrison et al, 2009; Figure 1, H-K). In contrast,
M. polymorpha protonemata develop apical stem cells
with two cleavage planes, which produce a prothallus with a
planar shape (Figure 2, E and F). The apical stem cell in the
prothallus subsequently transforms into an apical stem cell
with four cleavage planes, generating a thallus with dorso-
ventrality (Figure 2, G—O; Shimamura, 2016; Naramoto et al,,
2019; Kohchi et al,, 2021).

A study in P. patens proposed a model for the mechanism
of the body plan transition. APETALA2-type transcription
factors orthologous to Arabidopsis AINTEGUMENTA,
PLETHORA, and BABY BOOM (APB) were revealed to
function as a molecular switch to induce 3D growth (the
development of a shoot-like gametophyte apical stem cell)
by activating cytokinin biosynthetic genes (Aoyama et al,
2012). Ubiquitin-associated protein NO GAMETOPHORES1
(NOG1) acts antagonistically to DEFECTIVE KERNEL1, a
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membrane-anchored protein with a C-terminus similar to
animal calpain domains Il and lll, to induce the degradation
of a repressor of APB activity (Perroud et al,, 2014; Johansen
et al, 2016 Moody et al, 2018; Perroud et al, 2020).
Moreover, the activation of cytokinin biosynthesis by APB
induces the expression of NOG2 (encoding a shikimate
o-hydroxycinnamoyl-transferase), leading to the activation of
a local auxin response that is dependent on the CLV path-
way (Moody et al, 2021). This auxin—cytokinin crosstalk is
hypothesized to modulate the local concentrations of auxin
and cytokinin to ensure the proper orientation of cell divi-
sion within buds to initiate 3D growth and to prevent the
formation of unnecessary buds (Moody et al,, 2021).

A study in M. polymorpha provided important insights
into the function of the CLV pathway in bryophytes. CLV3/
EMBRYO SURROUNDING REGION-RELATED (CLE) family
genes are divided into two subgroups based on the initial
amino acid in the mature form of the peptide hormone,
where the H-type includes Arabidopsis TDIF and the R-type
includes Arabidopsis CLV3. The M. polymorpha genome
contains two CLE genes, MpCLET and MpCLE2, belonging to
the H- and R-type, respectively (Hirakawa et al, 2019). The
R-type CLE peptide MpCLE2/CLV3, an ortholog of PpCLV,
acts as a positive regulator of stem cell maintenance in the
M. polymorpha gametophyte body (Hirakawa et al, 2020).
This function is different from that of PpCLV, which controls
the division plane for the initiation of 3D growth.
Furthermore, MpCLE1, a H-type CLE peptide, negatively reg-
ulates stem cell activity and controls cell division orienta-
tion, which is reminiscent of the function of the P. patens
R-type CLE peptide (Hirakawa et al, 2019). It appears that
the M. polymorpha H-type CLE peptide possesses similar
functions to the P. patens R-type CLE peptide in terms of
stem cell regulation, while the biological functions of the
R-type CLEs in P. patens and M. polymorpha are different.
The finding that 3D growth in M. polymorpha is normal in
the absence of MpCLE2 also suggests that the transition
mechanism from 2D to 3D growth is at least partially differ-
ent between mosses and liverworts, even though the 3D
growth system is thought to have been established in their
common ancestors (Harrison, 2017).

Part IlI: polar auxin transport in bryophytes

Morphogenesis of multicellular organisms requires coordi-
nated cell elongation and cell division relative to the body
axis (Yoshida et al, 2019). In plants, auxin regulates multiple
aspects of plant development, including cell division and cell
elongation. In particular, the vectorial transport of auxin
within tissues, called polar auxin transport, coordinates cell
and tissue polarity (the body axis), forming the basis for
shoot branching, stem cell maintenance, vascular differentia-
tion, and tropic responses in angiosperms (Peer et al, 2011).
The direction of polar auxin transport is determined by the
PIN-formed (PIN) proteins, which localize to the PMs in a
polar manner (Krecek et al,, 2009). Several genes that regu-
late the polar localization of PINs have been identified from
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studies in Arabidopsis (Adamowski and Friml, 2015;
Naramoto, 2017). A recent comparative genomic analysis
shows that many of these genes are conserved in liverworts,
mosses, ferns, and seed plants (Suetsugu et al, 2016;
Bowman et al, 2017). Moreover, polar auxin transport has
been observed in various gametophytic and sporophytic
tissues in mosses and liverworts (Cooke et al, 2002; Poli et
al, 2003; Fujita et al, 2008). These findings lead us to ask
questions about the origin and evolution of polar auxin
transport and how PIN-mediated auxin transport controls
development in bryophytes. Here we provide a summary of
current knowledge regarding PIN-mediated auxin efflux and
its role in the development of mosses and liverworts.
We also examine the evolutionary process of polar auxin
transport systems involving PIN-dependent and -indepen-
dent auxin transport.

PIN-mediated auxin efflux during P. patens
gametophyte development

Studies in P. patens have provided some important findings
concerning polar auxin transport (Figure 5, A—C). Like the
angiosperm Arabidopsis, the P. patens genome also encodes
two types of PIN proteins, long- and short-type PINs, which
differ in the length of the hydrophilic loop between the
transmembrane regions. Long-type PINs are canonical PIN
proteins that efflux auxin from a cell, and short-type PINs
are noncanonical PIN proteins with postulated roles in auxin
metabolism and homeostasis within a cell (Viaene et al,
2013; Bennett, 2015). Auxin efflux mediated by long PINs
plays crucial role in the growth and development of proto-
nemata and leafy gametophores (Viaene et al, 2013;
Bennett, 2015). Loss-of-function of the long-type PIN genes
PpPINA and PpPINB leads to an earlier cell fate transition
from chloronemata to caulonemata (Figure 1F; Viaene et al,,
2014). The change in PIN activity affects cell division and
cell elongation in the leaves of leafy gametophores. It also
affects shoot tropism upon light or gravity stimuli (Table 3;
Bennett et al, 2014b). Furthermore, treatment with N-1-
naphthylphthalamic acid (NPA), an inhibitor of polar auxin
transport, disrupts the extension of the proximodistal
and mediolateral axes of the developing leaf as well as the
function of the apical meristem of the gametophore.
Importantly, PpPINA and PpPINB localize to the apical side
of the PM (toward the growing tip of filamentous tissue) in
protonemata (Table 3; Figure 5B). They also exhibit polar lo-
calization at the young leaf stage while possessing the capac-
ity to change their localization within the PM from bipolar
to symmetrical during the developmental transition to cell
elongation (Viaene et al, 2014; Bennett et al, 2014b). These
findings suggest that PIN-mediated auxin transport regulates
multiple aspects of moss development throughout the
gametophytic generations (Table 3). The recruitment of
PIN-mediated auxin transport to regulate shoot tropism and
meristem function has clear parallels among land plants.
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The conserved roles of PIN-mediated polar auxin
transport in moss sporophyte development
Bryophyte sporophytes undergo polarized growth to form
linear tripartite axes. Moss and liverwort sporophytes de-
velop an apical capsule, a basal foot, and an intermediate
seta (stalk), whereas hornwort sporophytes consist of an
elongated apical sporangium and a basal foot with an inter-
vening intercalary meristem (Ligrone et al, 2012). Among
these, young setae from moss sporophytic tissues are the
only structures that can transport auxin in a polar manner
at measurable levels (Figure 5A; Rose and Bopp, 1983; Cooke
et al, 2002; Poli et al, 2003; Fujita et al, 2008). In P. patens,
inhibition of polar auxin transport by NPA induces the for-
mation of multiple sporangia (Fujita et al, 2008). Knockout
mutations of PpPINA and PpPINB induce a similar pheno-
type (Bennett et al, 2014b). These findings suggest that
sporophyte development in moss is regulated by polar auxin
transport, although the subcellular localization of PINs has
not yet been determined (Table 3; Fujita et al, 2008;
Bennett et al, 2014b). This multiple sporangium phenotype
could be derived from the early embryonic duplication of
the apical cell or bifurcation. Interestingly, this phenotype
resembles the branching morphologies of the early prevascu-
lar fossils. Polar auxin transport is known to play a crucial
role in determining the architecture of angiosperms, and the
changes in apical meristem function underpin architectural
divergence among plant groups (Philipson, 1990; Harrison,
2017; Harrison and Morris, 2018), suggesting that
PIN-mediated auxin transport has contributed to the mor-
phological diversification during land plant evolution.

Polar auxin transport during liverwort gametophyte
development

Even though sporophytic tissues in liverworts do not exhibit
clear polar auxin transport, gametophytic tissues can trans-
port auxin in a polar manner (Figure 5, D-F Maravolo,
1976; Gaal et al, 1982). In M. polymorpha, auxin is basipe-
tally transported along the thallus midvein (Figure 5E), and
this transport is inhibited by 2,3,5-triiodobenzoic acid
(TIBA), cinnamic acid, and ethylene, known inhibitors of po-
lar auxin transport in tracheophytes (Maravolo, 1976).
Moreover, interference with energy-yielding metabolism
(due to anaerobic conditions) reduces basipetal transport.
These findings indicate that liverwort gametophytes carry
out typical polar auxin transport, as do flowering plants
(Table 3).

Polar auxin transport is thought to play crucial roles in
the growth and development of gametophytes throughout
the vegetative lifecycle of bryophytes. In M. polymorpha,
TIBA treatment induces the production of numerous rhi-
zoids from both the dorsal and ventral surfaces of gemma
upon germination (Allsopp et al, 1968). Abnormally shaped
gemmae also form within gemma cups in the presence of
TIBA in M. nepalensis (Kaul et al, 1962). Whereas the
gemma structures in wild-type plants are symmetrical, with
a single notch on either side (Figure SE), TIBA treatment
induces abnormal numbers and positions of apical notches,



Evolutionary cell biology of bryophytes

THE PLANT CELL 2022: 34: 228-246 239

A Sporophyte B Protonema C Gametophore
Auxin
/ ]
Branch -
Moss Formation Auxin?
. \\
P v Branch
Auxio Formation
Basipetal Acropetal Polal:l 2:;‘;232;’30”
D Sporophyte E Thallus F  Gemmaling
4 Apical
. Auxin
n Gemma Cup .
. ", Formation Auxin
Liverwort Auxin \
u Light ‘ Gravity
L] Basal
v > <
Developing Gemma —=_ S A .
— Rhizoid Formation

Bottom of Gemma Cup
Polar auxin transport

Not Detected Dorsal - Ventral

Basipetal
Figure 5 Auxin transport in gametophytic and sporophytic tissue of mosses and liverworts. A-C, Transport patterns of auxin and its role in moss
development. Polar auxin transport has been experimentally measured in sporophytic tissue in P. patens (A) but not in gametophytic tissue in
protonemata (B) or the leafy gametophore (C). Polar auxin transport inhibits branch formation in sporophytic tissues, which is reminiscent of the
apical dominance mediated by polar auxin transport in flowing plants. In protonemata, acropetal auxin transport is expected due to the apical lo-
calization of PIN proteins (B). It is also thought that auxin is diffusively transported through plasmodesmata, which may inhibit shoot branching
in P. patens (C). Note that bidirectional polar auxin transport has also been reported in Polytrichum (another moss genus) sporophytes. The differ-
ent sensitivities of polar auxin transport inhibitors between acropetal and basipetal transport suggest that these processes are regulated by differ-
ent cellular machineries (Poli et al., 2003). D-F, Transport patterns of auxin and its role in liverwort development. Polar auxin transport is not
detected in sporophytic tissue (D) but is detected in gametophytic tissue in liverworts (E and F). In M. polymorpha, auxin is basipetally trans-
ported along the midvein, which is thought to regulate gemma cup formation (E). Within gemma cups, the growth and development of gemma,
including the number and position of apical notches (E, inset in pink circle), are regulated by polar auxin transport. The expression pattern of
ProGH3:GUS, an auxin response marker, suggests that auxin accumulates at the bottom of gemma cups (Ishizaki et al, 2012). Therefore, auxin
may be transported from apical notches to the stalk attached to the bottom of the gemma cup (E, inset in the pink circle). In addition to basipe-
tal auxin transport, auxin may be transported from dorsal tissues to ventral tissues during the germination process of gemmalings (F). This auxin
transport toward ventral tissues determines dorsoventral tissue patterning, which in turn promotes rhizoid formation at ventral tissues
(F). Interfering with either polar auxin transport or light and gravity signals induces rhizoid formation from both dorsal and ventral tissues
(Halbsguth and Kohlenbach, 1953; Allsopp et al,, 1968). This suggests that light and gravity signals are translated into polar auxin transport to
specify dorsoventral patterning of gemmalings. Blue arrow indicates the direction of auxin flow. Arrowhead in the inset of (E) indicates the apical
notch. Stalk is abbreviated as “S.”

Table 3 Key findings of Part IlI: polar auxin transport in bryophytes

® PIN proteins localize to the apical PMs in P. patens protonemata.

® |n P. patens, PIN proteins mediate leaf development and shoot tropism in the leafy gametophore, while they inhibit the duplication of sporangium in
sporophytic tissues.

® Auxin is basipetally transported along the midvein in M. polymorpha.

In M. polymorpha or M. nepalensis, polar auxin transport regulates gemma and gemma cup development. Polar auxin transport is also involved in regu-

lating the dorsoventral tissue patterning of gemmalings and in determining the numbers and positions of apical notches in gemmae.
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such as gemmae without an apical notch or with one or
three apical notches, and gemmae with two asymmetrical
apical notches (Kaul et al, 1962). Moreover, fewer gemmae
and gemma cups form in the presence of TIBA. Similar phe-
notypes are also observed in auxin signaling mutants and
transgenic lines of M. polymorpha in which auxin
biosynthesis has been modified. Auxin response factor1
(Mparf1) mutants show defective positions and numbers of
apical notches in M. polymorpha (Kato et al, 2017). A domi-
nant mutation of Indole-3-Acetic Acid (MplAA) repressors,
overexpression of the co-repressor MpTPL (TOPLESS), or re-
duced MpYUC2 (YUCCA?2) auxin biosynthesis activity inhibit
gemma cup formation (Eklund et al, 2015; Kato et al, 2015;
Flores-Sandoval et al, 2015). The subcellular localization of
MpPIN1, as well as the developmental phenotypes of
Mppin1 mutants, have not yet been determined, and thus
the role of MpPIN is unclear. Nevertheless, these findings
suggest that polar auxin transport plays important role in
gametophyte development in liverworts (Table 3).

Plasmodesmata as symplastic auxin transfer routes
between tissues

Shoot branching plays a major role in determining plant ar-
chitecture, which has evolved independently in sporophytic
and gametophytic tissues in flowering plants and in bryo-
phytes, respectively (Kenrick and Crane, 1997; Edwards et
al, 2014; Harrison, 2017). PIN-mediated auxin transport
is known to be involved in inhibiting shoot branching in
vascular plant sporophytes (Prusinkiewicz et al, 2009
Shinohara et al, 2013). Similarly, auxin is thought to inhibit
the branching of leafy gametophores in P. patens
(Figure 5C). A mathematical modeling approach combined
with physiological experiments suggested a requirement for
bi-directional (or diffusion-like) auxin transport away from
the apex to generate realistic branching patterns in P. patens
(Figure 5G Coudert et al, 2015). In contrast to the findings
in flowering plants, however, pina pinb mutants, as well as
NPA-treated plants in P. patens, exhibit mildly disrupted
branching patterns. Moreover, treatment with 2-[4-(dime-
thylamino)-2-hydroxybenzoyl]benzoic acid, an inhibitor of
ATP binding cassette class B/P-glycoproteins (ABCB/PGPs),
which function as auxin transporters, does not result in any
branching phenotypes. This indicates that the PIN and
ABCB/PGP family transporters are not significant contribu-
tors to the branching pattern. Interestingly, the branching
pattern is sensitive to the application of the callose synthesis
inhibitor  2-deoxy-D-glucose  (Coudert et al, 2015).
Considering that auxin can move between cells through
plasmodesmata in Arabidopsis (Han et al, 2014; Gao et al,
2020), these data suggest that auxin can move with diffusive
properties via callose-gated plasmodesmatal connections
between cells, which contributes to shoot branching by
maintaining auxin concentration gradients between cells.

Evolution of the auxin transport system
It has been proposed that short-type PIN proteins that lo-
calize to the ER were the ancestral form of PIN proteins
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(Viaene et al, 2013). However, a subsequent phylogenetic
and structural analysis, with a massive increase in taxon
sampling compared to previous studies, overturned
this view (Bennett et al, 2014a; Bennett, 2015). Notably,
long-type PIN is present in all land plants, but short-type
PIN is not present in some, such as lycophytes and monilo-
phytes, demonstrating that long-type PIN is the ancestral
form (Bennett et al, 2014a; Bennett, 2015). Moreover,
contrary to previous reports (De Smet et al., 2011; Viaene et
al, 2013), the primary structures of PIN proteins in charo-
phyte algae (Klebsormidium nitens and Spirogyra pratensis)
are not similar to the structures of short-type PIN proteins
(Hori et al,, 2014; Bennett et al, 2014a). These algal proteins
have long loops with no obvious homology to the canonical
long loop. This suggests that short-type PIN proteins evolved
repeatedly and independently from within the canonical
long-type PIN lineage and underwent neofunctionalization
events (Bennett et al, 2014a; Bennett, 2015).

In addition to PIN proteins, auxin transport is also regu-
lated by ABCB/PGPs transporters and plasmodesmata.
Orthologs of ABCB/PGP family transporters have been iden-
tified in the Chlorophyta and Streptophyta (charophyte
algae and all land plants) (De Smet et al, 2011). In contrast,
plasmodesmata are thought to have emerged after the di-
vergence of the charophyte alga K. nitens (Nishiyama et al,,
2018). Importantly, recent analysis suggested the existence
of PIN-mediated auxin transport in K. nitens, although the
exact function is not clear (Skokan et al., 2019). These obser-
vations, together with the finding that PINs are not present
in the Chlorophyta, suggest that ABC/PGPs may function as
the most ancestral auxin transport system, although it is
nearly impossible to perform sequence-based assignment of
functional orthologs due to the significant functional diversi-
fication within ABCB/PGPs. A plasmodesmata-mediated
transport system may have been acquired after the emer-
gence of PIN-mediated polar auxin transport systems.

Conclusions and future perspectives

Polarized cell elongation, cell division, and polar auxin trans-
port are critical biological processes for controlling plant
morphogenesis. Studies of P. patens and M. polymorpha and
their comparison with flowering plants provide important
insights into the cell and developmental biological mecha-
nisms underlying these processes. It is clear that highly con-
served cytoskeletal components involving directional vesicle
transport and cell wall remodeling are utilized for controlling
polarized cell elongation among land plants. In addition,
overall, the same molecular components involved in polar-
ized cell elongation, such as the cytoskeletal components of
myosin VIII, formin I, and ROP GTPase, are exploited to
control cell division. Importantly, among land plants, the
cell division plane is regulated by the analogous microtubule
structures (polar caps, gametosome, and POs) that resemble
centrosomes, suggesting that these centrosome-like struc-
tures act as conserved mechanisms for division plane orien-
tation. Furthermore, studies of P. patens have suggested that
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polar auxin transport can act as an evolutionarily conserved
biological system for regulating light and gravity responses
among land plants. Studies in M. polymorpha, which identi-
fied the auxin-dependent pattern formation of gemmae,
also suggested that polar auxin transport can act as an evo-
lutionarily conserved biological mechanism to coordinate
cell and tissue polarity. Altogether, studies of P. patens and
M. polymorpha have contributed to the discovery of impor-
tant cell and developmental biological mechanisms govern-
ing plant morphogenesis, besides contributing to bryophyte
biology.

Bryophytes are attractive plants for studying cell and de-
velopmental biology in the context of evolutionary biology.
Although the gametophytic tissues of bryophytes and the
sporophytic tissues of flowering plants are not evolutionarily
homologous, recent studies have indicated that common
gene regulatory networks are utilized to regulate the growth
and development of analogous structures (Coudert et al,
2015; Naramoto et al,, 2019; Hata and Kyozuka, 2021; Veron
et al, 2021). The tip growth of the P. patens protonemal api-
cal cell and the M. polymorpha rhizoid cell are both medi-
ated by similar mechanisms to those of root hair and pollen
tube development in flowering plants (Table 1; Jones and
Dolan, 2012; Bascom et al., 2018). Moreover, the differentia-
tion of water-conducting cells in P. patens and that of xylem
cells in flowering plants is mediated by a similar mechanism
(Xu et al,, 2014). Importantly, it has been suggested that the
stomata mother cell in monocots, the branching filamen-
tous cell in P. patens, and the gemma initial cell in M. poly-
morpha all utilize ROP GTPase machineries to execute
asymmetric cell division (Humphries et al, 2011; Facette et
al, 2015; Hiwatashi et al, 2019; Yi and Goshima, 2020).
Besides these similarities among land plants, studies in yeast
and mammalian cells, and their comparison with plant cells
(i.e. the tip growth mechanism) suggested that essentially,
there is a widely conserved set of cytoskeletal gene products
that coordinate cell growth, shape, and division within all
classes of eukaryotic organisms. Among all eukaryotic cells,
P. patens has a suite of advantages for cell biological analysis.
The cells are large and exposed and thus easier to access,
and they are easier to culture than mammalian cells.
Resources for forward genetics in P. patens have caught up
with the already unsurpassable resources for reverse genet-
ics. Based on these advantages, we conclude that P. patens
could serve as an outstanding model organism for studying
these essential features of eukaryotic cell structural integrity.

There also appear to be some similarities in the functions
of auxin among land plants. As is the case with flowering
plants (Adamowski and Friml, 2015 Naramoto, 2017),
PIN regulates the responses of the leafy gametophores of
P. patens to light and gravity signals (Table 3; Viaene et al,
2014; Bennett et al,, 2014b). Interestingly, it is suggested that
in M. polymorpha, light and gravity signals mediate the dor-
soventral tissue patterning of the gemmaling and the in-
volvement of auxin in this process has been proposed
(Figure 5F; Fitting, 1936a, 1936b; Halbsguth and Kohlenbach,
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1953; Bowman, 2016). These findings imply that the elabo-
rate regulation of PIN polar localization in the complex tis-
sues of angiosperms can be traced back to simpler polarity
changes in their ancestors. It is tempting to speculate that
light and gravity signals control polar auxin transport, which
in turn mediates the dorsoventral patterning of M. polymor-
pha gemmalings (Figure 5F). Future studies of light and
gravity responses and their involvement in tissue patterning
in M. polymorpha could shed light on the ancient mecha-
nisms of polar auxin transport and its evolutionary process.

In contrast to these similarities, bryophytes also possess
many unique characteristics that are not found in flowering
plants. The reproduction of bryophytes relies on motile, bi-
flagellated sperm cells that require water in order to fertilize
the egg cell (Furuichi and Matsuura, 2016; Horst and Reski,
2017; Meyberg et al., 2020). In this process, many interesting
biological phenomena exist. The recognition system between
the egg and sperm as well as the biogenesis of unique intra-
cellular structures during spermatogenesis, including the
centriole and cilia, are hot research topics. In fact, the che-
motaxis mechanisms of sperm involving calcium ion fluxes
and glutamate receptor-like channels in P. patens have been
elucidated (Ortiz-Ramirez et al., 2017). The processes of cen-
triole biogenesis and maturation in P. patens were analyzed
and novel structures, such as “naked cartwheels,” were iden-
tified (Pereira et al, 2020). Further studies into these pro-
cesses in P. patens and M. polymorpha should provide
important insights into the evolution of the fertilization sys-
tem of land plants.

Physcomitrium patens and M. polymorpha are thought to
represent the monophyletic Setaphyta (Renzaglia et al,
2018), in which M. polymorpha lost genes and regulatory
complexity, while P. patens underwent gene duplication and
increased its gene regulation complexity (Puttick et al,
2018). Their morphologies are somewhat different from typi-
cal mosses and liverworts: short seta in P. patens and the
complex thalloid body in M. polymorpha are not observed
in most mosses and liverworts (Shaw et al, 2011; Kirbis et
al, 2020). As it remains unclear whether they represent typi-
cal mosses and liverworts, it is important to study both
organisms in addition to other plant species. Moreover, the
third major group of bryophytes, the hornwort, has emerged
as a new frontier in evolutionary cell and developmental bi-
ology. The genomes of hornworts (Anthoceros angustus and
Anthoceros punctatus), a sister group to liverworts and
mosses, have recently sequenced (Li et al, 2020; Zhang et al,
2020). Hornworts possess some important traits for studying
evolutionary developmental cell biology (Frangedakis et al,
2021a). The first cell division of the zygote in hornworts is
parallel to the longitudinal direction of the archegonium,
which differs from that of the other bryophytes. The devel-
opment of a basal meristem with perpetual division activity
within sporophyte tissue is also a unique character of horn-
worts. Hornworts also display monoplastidy (one or just a
few chloroplasts per cell), while all other land plants possess
several chloroplasts within a cell. Moreover, hornworts
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undergo symbiosis with cyanobacteria and with arbuscular
mycorrhizal fungi, whereas M. polymorpha and P. patens
do not. A technique for Agrobacterium-mediated T-DNA
transformation of A. agrestis has recently established
(Frangedakis et al, 2021b). Future cell and developmental
studies of hornworts will help elucidate the evolutionary
process of cell and developmental mechanisms of these key
land plant traits.

In addition to bryophytes, studying charophyte algae is
also important for obtaining evolutionary insights into gene
function. The genomes of some charophytes, the sister line-
age of land plants, including K. nitens, Chara braunii,
Spirogloea musicola, and Mesotaenium endlicherianum, have
already been sequenced (Hori et al, 2014; Nishiyama et al,
2018; Cheng et al, 2019). Importantly, a comparative geno-
mic study suggested that many characteristics, such as tip
growth, branching, plasmodesmata, and phragmoplasts,
emerged in the common ancestor of Phragmoplastophyta.
This division of plants comprises three lineages of charo-
phyte algae (Charophyceae, Coleochaetophyceae, and
Zygnematophyceae) and the land plants (Nishiyama et al,
2018). Future cell and developmental biological studies of
A. agrestis and one of the charophyte algae, in addition to
P. patens and M. polymorpha, will help elucidate the origin
and evolution of the key cell biological phenomena and
their relationships with plant body plans.
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