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Quantitative moss cell biology
Ralf Reski1,2,3,4
Research on mosses has provided answers to many
fundamental questions in the life sciences, with the model
moss Physcomitrella patens spearheading the field. Recent
breakthroughs in cell biology were obtained in the
quantification of chlorophyll fluorescence, signalling via
calcium waves, the creation of designer organelles, gene
identification in cellular reprogramming, reproduction via motile
sperm and egg cells, asymmetric cell division, visualization of
the actin cytoskeleton, identification of genes responsible for
the shift from 2D to 3D growth, the structure and importance of
the cell wall, and in the live imaging and modelling of protein
networks in general. Highly standardized growth conditions,
simplicity of most moss tissues, and an outstandingly efficient
gene editing facilitate quantitative moss cell biology.
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studies with a fully sequenced genome [3], for biotechnology, e.g., as an efficient cell factory for recombinant
biopharmaceuticals [4] and for synthetic biology with the
first commercial products on the market [5].
In evolutionary terms, mosses bridge the gap of approx.
one billion years between single-celled green algae and
seed plants [6], although the exact phylogeny of the land
plants is still not solved [7]. Unlike seed plants, the
dominant phase of moss development is the haploid
gametophyte, while the diploid sporophyte is short-lived
and dependent on nutrients provided by the gametophyte
(Figure 1). Because most moss tissues are only one cell
layer thick this plant group is especially amenable to
advanced cell biology techniques. Moreover, it can be
grown in highly controlled environmental conditions on
pure mineral media, thus enhancing the reproducibility of
biological observations. In the following, I will review
some of the progress that has been made in the last three
years employing the combination of advanced live cell
imaging and the creation of mutants by highly precise
genome engineering.

Chlorophyll fluorescence
To maintain the efficiency of photosynthesis under varying light conditions and salt stress, photosystems I and II
are dynamically reorganized [8]. Using live-cell imaging it
became evident that the fine thylakoid structures in
Physcomitrella chloroplasts are flexible in time [9].
High-speed 3D laser scanning microscopy in combination
with high-sensitivity multi-channel detection revealed
the excitation energy dynamics in such plastids within
1.5 s intervals, thus reflecting the energy dynamics
between light-harvesting antenna proteins and the photosystems. These results reveal the energetically active
nature of photosynthetic proteins in thylakoid membranes [10].

Designer organelles
Introduction
Research on bryophytes (comprising mosses, liverworts
and hornworts) has contributed towards major breakthroughs in biology. Among them are the first description
of non-Mendelian inheritance, the continuity of chromosomes through mitosis, sex chromosomes in plants
(reviewed in [1]), and the efficient use of gene targeting
to determine plant gene functions by reverse genetics; in
this case the first eukaryotic organelle division protein [2].
From the about 20,000 bryophyte species, the moss
Physcomitrella patens, henceforth named Physcomitrella,
has developed into a model species for plant evo-devo
www.sciencedirect.com

One characteristic of eukaryotic cells is their extensive
compartmentalization to separate incompatible reactions
and processes, and to store high concentrations of products potentially harmful to the cell. In Physcomitrella
peroxisomes, the PEX5 receptor protein interacts with
different natural PTS1 amino-acid sequences to control
organellar protein import. In a combinatorial mutagenesis
approach, this protein-protein interaction was changed,
resulting in the downregulation of normal peroxisomal
functions and the establishment of an alternative protein
import pathway. These alterations are regarded as an
essential step towards a designer organelle, valuable for
synthetic biology and biotechnology [11].
Current Opinion in Plant Biology 2018, 46:39–47
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The Physcomitrella lifecycle is an alternation of heterophasic and heteromorphic generations. Life cycle starting at top and proceeding counterclockwise. Haploid spores germinate under the influence of light and water to give rise to the filamentous haploid protonema. Some protonema
cells give rise to buds (developing gametophores), which proliferate via three-faced apical cells to give rise to the haploid rhizoids, stems and
leaves (phyllids), the adult gametophyte, which is also called the leafy gametophore. It carries the male (antheridium) and female (archegonium)
sexual organs (gametangia). Buds, stems and leaves are covered by a phenol-enriched cuticule that reduces water loss and enables erect growth.
The antheridium generates bi-flagellated sperm that actively swim in a film of water to the archegonium for fertilization. The diploid zygote is the
stem cell that gives rise to the embryo, the sporophyte. Embryo and sporophyte grow via two-faced apical cells. The spore capsule (sporangium)
is covered by an epidermis that contains, after reprogramming of the epidermal cells, stomata that facilitate gas exchange and provide a fitness
advantage. The spore capsules contain spore mother cells, which after meiosis give rise to the haploid spores that are covered by sporopollenin.
Physcomitrella spore capsules do not have specific structures for spore release but simply break open under suitable environmental conditions to
release the spores. Taken from [20].

Cell reprogramming
In some eukaryotes, differentiated cells can reprogram to
pluripotent stem cells under specific physiological conditions. Mosses are special in this respect, as most differentiated cells reprogram directly into a stem cell that
mimics the spore and regenerates into a protonema (Figure 1), when isolated from their neighbouring cells; even
sporophytic cells behave like this. In contrast, cells from
vascular plants undergo a callus phase upon stimulation
Current Opinion in Plant Biology 2018, 46:39–47

and need subsequent hormone treatments to reprogram
into differentiated cells. Interestingly, callus formation
was not observed in mosses, contrary to the situation in
vascular plants. When two adjacent Physcomitrella leaf
(phyllid) cells are isolated as a cell pair from their leaf
tissue by laser ablation, normally only one reprograms into
a stem cell, while the other does not divide. The same is
true for a triplet of three adjacent cells outside the leaf
tissue. In this scenario, the middle cell does not divide,
www.sciencedirect.com
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while the two cells at the margins reprogram. Collectively, the results reveal an anisotropic inhibitory signal
that blocks stem cell formation in Physcomitrella leaves
[12]. A positive regulator of this process is a cold-shock
domain protein that shares conserved domains with the
induced pluripotent stem cell factor Lin28 in mammals,
an RNA-binding protein [13].

Sexual attraction
The reproduction of mosses relies on motile, bi-flagellated sperm cells [14] that need water to swim down the
archegonial neck to fertilize the egg cell within the
archegonium (Figure 1). It was clear for decades that
sperm movement is directed by positive chemotaxis.
Only recently was it shown that Physcomitrella sperm
cells contain glutamate receptor-like protein channels
that facilitate the influx of calcium ions. These channels
are important for directed sperm movement, and activate
the expression of the homeobox protein BELL1
[15,16], a master regulator of embryogenesis in Physcomitrella [17]. Internal calcium fluxes that are important for many differentiation processes can now be quantified better in vivo by a new generation of biosensors [18].
Notably, a combination of at least three MADS-box
transcription factors is necessary for sperm motility in
Physcomitrella, although the structural background of
this influence is not yet clear [19,20]. Similarly, a RecQ
DNA-helicase is pivotal for moss embryogenesis, with no
mechanistic model available so far [21].
It is becoming increasingly clear that autophagy plays a
role in plant cell differentiation via control of programmed cell death (PCD). In Physcomitrella, ATG5mediated autophagy leads to a reduced density of the
egg cell-mediated mucilage around the mature eggs,
thus indicating a role of autophagy in extracellular mucilage formation in this moss [22]. In addition, ATG5meditated and ATG7-mediated autophagy is pivotal for
the differentiation and cytoplasmic reduction of the biflagellated motile sperm and thus for fertility. The
striking similarities between the need of macroautophagy for sperm cell differentiation in moss and mouse
reveal a deeply conserved evolutionary function of
autophagy [22].

Asymmetric cell division
Plant cells assemble a mitotic spindle to separate the
replicated chromosomes, and to complete cell division, a
phragmoplast. The phragmoplast is a structure composed
of aligned microtubules and actin filaments, to facilitate
the transport of vesicles that contain new cell wall material. Myosin motors drive vesicle transport during interphase. In Physcomitrella, a myosin XI associates with the
kinetochore immediately after nuclear envelope breakdown, associates with the spindle’s midzone, and concentrates at the cell plate when the phragmoplast is
formed. This protein partially overlaps with a v-SNARE
www.sciencedirect.com

vesicle marker but does not co-localize with the ER.
These observations suggest an only partial involvement
of actin in myosin XI function during cell division [23].
Land plants lack centrosomes, the dominant microtubule-organizing centre (MTOC) that guides asymmetric
cell division in animals. Instead, they use a microtubular
ring structure, the preprophase band (PPB) for orienting
and guiding the mitotic apparatus. In Physcomitrella
gametophores, acentrosomal MTOCs appear de novo
and transiently in the prophase cytoplasm independent
of PPB formation. They are dispensable for spindle
formation but necessary for metaphase spindle orientation in a spatial window that allows subsequent finetuning of the division plane axis by the guidance
machinery [24].

The actin cytoskeleton
The actin cytoskeleton is essential for tip growing plant
cells, including Physcomitrella protonemata. Possible
mode of actions could be a regulatory role during vesicle
secretion or an actin-based vesicle transport. In Physcomitrella protonema growth, vesicles are transported to the
tip in an actin-dependent manner. A combination of
pharmacological approaches, FRAP (fluorescence recovery after photobleaching) analyses, and modelling
revealed that the second of these hypotheses is true, at
least in Physcomitrella protonemata [25]. Three experimental systems most widely used to study tip growth are
moss protonemata, pollen tubes and root hairs, each with
their own characteristics. High-resolution live-cell imaging with much improved live-cell F-actin probes have
helped the field reach a consensus with regard to the
dynamic apical actin structures in tip growing cells. In
addition, microtubules and complex dynamic calcium-ion
(Ca2+) gradients play a more prominent role than previously thought, while the signalling role of the cell wall is
still underexplored [26].
In a very elegant study, Storti et al. [27] visualized,
using the FRET (Förster resonance energy transfer)based genetically encoded fluorescent sensor Cameleon
YC3.60, long distance calcium waves in Physcomitrella
during dehydration and rehydration. Ca2+ waves originated from the basal part of a gametophore (Figure 1)
and were directionally propagated towards the top of the
plant (Figure 2). Ca2+ concentrations were monitored in
vivo with high spatiotemporal resolution inside different
cell types and compartments over a whole plant, a
significant advantage over vascular plants, which are in
general much taller. Interestingly, propagation of these
waves was slower than in Arabidopsis thaliana under
similar conditions, probably due to the lack a vasculature
in mosses.
Cell walls and membranes are remodelled by exocytosis,
facilitated by the exocyst. In mosses, but not in other
Current Opinion in Plant Biology 2018, 46:39–47

42 Cell biology

Figure 2
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In vivo analysis of Ca2+ dynamics in response to osmotic stress in Physcomitrella gametophores accumulating the Cameleon YC3.60 in the
cytoplasm. (a) Representative snapshots of fluorescence imaging of one gametophore. False colors reflect the ratio of the cpVenus to the CFP
fluorescence emission at the specified time point (see panels B and C for the full kinetics). (b) Acquisition of cpVenus and CFP fluorescence
emission during continuous perfusion in the absence or in the presence of an osmoticum. Top panel and bottom panels show respectively the
signal acquired at the level of phyllids or at the base of the gametophore. (c) Quantitative analysis of cpVenus/CFP fluorescence ratio
measurements for the gametophore base and phyllids shown in panel B. Credit: Alessandro Alboresi.

plants, a gene controls exocytosis, which encodes a fusion
of the exocyst protein subunit Sec10 and the actin-nucleation factor formin, the moss-specific protein For1F.
Although the fusion of the two protein domains is not
essential, it may have had selective advantages during
moss evolution, such as a more tight regulation of gene
expression of the two proteins that link exocyst formation
to actin polymerization in Physcomitrella [28]. Multivariate time-lapse imaging and finite element computational
modelling revealed that actin, the endomembrane and
the cell wall are coordinated to control plant growth. Leaf
epidermal cells from vascular plants utilize a diffuse
growth mechanism and contain stable actin meshworks
that organize actin bundle networks and intracellular
transport at cellular spatial scales [29]. Similar investigations are lacking for mosses.

From 2D to 3D
A major transition in moss development (Figure 1) is the
switch from the filamentous growth of the protonema
with apical cell division (2D) via a bud with a three-faced
apical cell to growth of the leafy gametophore (3D). Such
a 3D-growth appears to be a prerequisite of the
Current Opinion in Plant Biology 2018, 46:39–47

colonization of the landmasses by the earliest plants.
Moody et al. [30] have identified in Physcomitrella
the NOG1 (NO GAMETOPHORES 1) gene, which is
present in all land plant genomes, as encoding an ubiquitin-associated protein. Mutants lacking this protein can
only grow as protonema, so that targeted protein degradation seems to be an important regulatory mechanism in
the transition from 2D to 3D plant development.
The combination of different fluorescent proteins and
advanced fluorescence microscopy enabled the analysis of
the organization and dynamic changes of most organelles
and subcellular compartments of living plants. Mosses are
specifically well-suited objects for such studies, because
most of their tissues are only one cell layer thick [1]. With
the implementation of different superresolution microscopical techniques, such as structured illumination
microscopy, it is now feasible to quantitatively analyse
the dynamics of plant development at the nanoscale [31].
FRAP (fluorescence recovery after photobleaching) is an
important cell biological tool to study diffusion and
binding kinetics of molecules or structures within cells.
Kingsley et al. [32] developed a 3D computational model
www.sciencedirect.com
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of the FRAP process that incorporates particle diffusion,
cell boundary effects, and the optical properties of the
scanning confocal microscope. They validated their
model using the tip-growing protonema filaments of
Physcomitrella, and applied it to a variety of yeast, plant,
and animal cell systems. At a bigger scale, now even the
analysis of more complex 3D plant forms is possible with a
combination of multidisciplinary methods, including
tracking the movement of cellular landmarks in a developing structure [33].
One fundamental difference between animal and plant
cells is the plant polysaccharide-rich extracellular matrix,
the cell wall that shapes the plant cell and constricts its
growth or movement. Mechanical modelling has been
applied successfully to correlate composition, structure
and mechanics of the wall with the shape of cells and
organs. In this context, the finite element method has
proven to be a powerful tool to solve questions in continuum mechanics, specifically in single cell morphogenetic
processes like trichome branching, pollen tube growth or
opening and closing of stomata [34]. All of these techniques could also be applied to moss cell morphogenesis,
because the first two processes resemble protonema
growth and branching, and opening and closure of stomata might be similar between higher plants and moss
sporophytes [35].
While stomata closure is regulated by ABA, most developmental steps in mosses are regulated by auxin and
cytokinin. Key to polar transport of the hormone auxin
is the asymmetric location of PIN-FORMED (PIN)
efflux carriers in the plasma membrane. These transport facilitators are evolutionary conserved and pivotal
for Physcomitrella protonema development, leafy
gametophores and sporophyte development [36]. Using
an in vivo assay for radiolabelled auxin it was shown that
up to 90% of the auxin is secreted from protonema cells
into the environment [37], independently confirming
previous results on extracellular auxins and cytokinins
in Physcomitrella liquid cultures [38]. Loss-of-function
mutants of the plasma-membrane targeted PIN-proteins proved the importance of polar auxin transport
in the moss, as they were defective in protonema and
gametophore development [39].
Although the cultivation of mosses on pure mineral
media under highly standardized environmental conditions are a major advantage for quantitative cell biology,
this can be enhanced even further: Bascom et al. [40]
reported long-term growth of Physcomitrella protonemata in polydimethylsiloxane microfluidic devices.
These authors were able to reliably quantify growth
rates of wild type and mutant, chloronema-to-caulonema
transition, filament bending, and bud induction. Moreover, utilizing fluorescent tags and confocal laser scanning microscopy, subcellular structures and events, like a
www.sciencedirect.com

tip-focused accumulation of Golgi dictyosomes, became
visible [40].

The cell wall
Mosses are a kind of amphibian plant that need wet
environments for survival. Consequently, they employ
a poikilohydric strategy for surviving in dry surroundings,
meaning that they have evolved biochemical mechanisms
to cope with water loss. Consequently, they tolerate
dehydration to low water content and swiftly recover
from it. In contrast, vascular plants have evolved a suit
of morphological characteristics to regulate water homeostasis and are therefore homeohydric. Hence, it can be
assumed that the cell walls of mosses differ from that of
vascular plants, although it is well established that the
cell-wall remodelling alpha-expansins and beta-expansins
are present in Physcomitrella like in seed plants [41].
Immuno and affinity cytochemical labelling together with
flow cytometry were used to examine the Physcomitrella
cell walls in the different tissue types. Collectively, the
results revealed developmental and cell type-specific
differences in the cell wall composition [42]. Despite
such differences, cellulose is the main component of
all plant cell walls. Live cell imaging of fluorescently
tagged Cellulose Synthase (CESA) in Cellulose Synthesis
Complexes (CSCs) has helped to understand the dynamics of cellulose biosynthesis and its connection to cell
morphogenesis and revealed differences in CSC intracellular trafficking, cell growth and integrity between Physcomitrella and A. thaliana [43].
In the aerial parts of plants, a cuticle covers the cell walls
as the outer physical barrier. Cuticle formation in Physcomitrella starts with the developing bud where it facilitates the unfolding of the shoot apical meristem, and
continues on stems and leaves where it provides stiffness
for erect growth and protection against dehydration
[44]. An enlarged archegonial venter, the calyptra, covers the developing moss sporophyte. A comparative quantitative cell biology analysis revealed that taller sporophytes are associated with larger calyptrae and thicker
calyptra cuticles. This maternal feature promotes offspring survival as it protects the developing spores from
dehydration [45]. Besides endogenous developmental
programs, environmental parameters like humidity regulate cuticle formation. Here, pathogen attack, abscisic
acid (ABA) signalling and cell death/reactive oxygen
species signalling are involved. Collectively, an ABAsignalling branch regulates the responses to changes in
the environment [46].

Protein networks
Filamentous protein networks, such as the cytoskeleton,
are highly complex and dynamic structures that play
various roles in biological environments. Analyzing the
detailed spatial structure of these networks may lead to
new insights into biological functions and consequently
Current Opinion in Plant Biology 2018, 46:39–47
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malfunctions. While it was scientific consensus that the
cytoskeleton was an evolutionary invention of eukaryotes
and thus bacteria do not have such structures, the description of a filamentous network in Physcomitrella chloroplasts, termed ‘plastoskeleton’ (from ‘plastid’ and
‘skeleton’), consisting of nuclear-encoded FtsZ (Filamenting temperature-sensitive Z)-monomers [47], paved
the way to the discovery of bacterial cytoskeletons. Based
on these findings, Asgharzadeh et al. [48] described a new
method to quantitatively model such protein networks
based on high resolution 3D confocal laser scanning
microscopy with living cells, segmentation of the

microscopic raw data, quantification of the network gross
morphology with a volume model and a spatial model, and
finally linking both scales (Figure 3). Ongoing work will
focus on the dynamics of the plastoskeleton over time
(4D analysis) to address questions like ‘how is the network built?’, ‘how do the plastoskeleton grow?’, and ‘how
is mechanic stability achieved at the nanoscale?’.
Although the existence of the plastoskeleton as a general
feature of land plant plastids is a matter of debate, it is
generally accepted that the dynamic nature of FtsZfilaments, including assembly, disassembly and

Figure 3
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Quantitative analysis of FtsZ-EGFP network morphology from a Physcomitrella chloroplast. Quantitative analysis of FtsZ-EGFP network
morphology. For illustration a single FtsZ2-1-EGFP image has been processed and analysed. (a) The first step of the network quantification is the
segmentation of the raw image and isolation of a single skeleton from the skeletons of the surrounding chloroplasts. Left panel: volume rendering
of the deconvolved image. Right panel: segmented and isolated skeleton of a single chloroplast. This binary image is used for the subsequent
processes. (b) Segmentation is followed by the creation of a spatial graph and extraction of morphological and connectivity features of the
network. Left panel: the spatial graph created based on the segmented image in (a). The spatial graphs are the mathematical representations of
images and carry a wide range of descriptive data related to the 3D architecture of the network. The nodes (indicated as white spheres) are
intersections of the filaments. Segments are sections of the filaments connecting two nodes. Each node and segment has an ID number which
can be used to access the structural information related to specific structural components of the network. In the figure thinner segments are
represented in red and the segments become more yellow with increased thickness. Right panel: a small subset of the descriptive data and
statistics extracted from the spatial graph in the left panel. Credit: Bugra Özdemir.
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Figure 4
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Investigating organelle and protein dynamics in Physcomitrella. (a) Confocal sections of Physcomitrella protoplasts constitutively expressing a
mitochondria marker (mtmEOS, orange), transiently transfected (arrowhead) with MELL1:GFP (green) and an ER marker (cyan), see [56]. Magenta:
chlorophyll autofluorescence. MELL1 (mitochondria-ER-localized LEA-related LysM domain protein 1) overexpression leads to mitochondrial fusion
and accumulation of ER around mitochondria. Asterisk: un-transfected protoplast showing normal mitochondrial morphology and number. Scale
bars 5 mm. (b) To investigate genes driven by their endogenous promoter, proteins can be tagged with a fluorescent protein using homologous
recombination at the endogenous locus (see [55]). Confocal sections of OEP16-2.2 (outer envelope protein of 16 kDa), internally tagged with
Citrine (green) show the presence of the protein in stromules of a moss leaf where stromule formation was induced by cold treatment. Magenta:
chlorophyll autofluorescence; scale bars 10 mm. Credit: Stefanie Mueller.

heterodimerization, is conserved across the photosynthetic lineages [49]. It is increasingly clear that our current
view on chloroplast morphology and evolution is limited
[50]. Some groups of plants, like the mosses, have
retained a peptidoglycan wall around their chloroplast,
or in the intermembrane space of the Physcomitrella
chloroplast, as evidenced by single-pixel densiometry
[51]. This rudimentary feature is correlated with the
occurrence of a third type of FtsZ-protein [52]. This
FtsZ3-protein is dually targeted to the chloroplasts and
the cytosol in Physcomitrella, and is of importance for a
variety of physiological and structural features of this
moss [53].
Contrary to common belief, chloroplasts are not isolated
entities but may connect to other organelles, including
other chloroplasts, via so-called stromules. These are
highly dynamic tubular structures emanating from the
plastids. They facilitate protein trafficking from one
plastid body to another as has been shown by photobleaching and photoconversion. Stromule conversion can
even been triggered on isolated chloroplasts. The driving
forces behind stromule formation have not been elucidated yet [54]. By full metabolic labelling of
www.sciencedirect.com

Physcomitrella with 15N and subsequent bioinformatics
analyses Mueller et al. [55] have identified a set of
proteins that specifically localize at the emanation points
of stromules and that may serve as transporter proteins
(Figure 4). Moreover, proteins have been identified in
this moss that may regulate the intracellular flux of
information via connectivity with mitochondria and the
ER [56,57].

Conclusions
Quantitative moss cell biology, spearheaded by research
on Physcomitrella, has already contributed significantly to
biology. An ever-growing number of researchers appreciate the unique combination of features this model species
offers. To fully exploit the potential of the embryophytes,
more and more species will be analysed, especially from
the hornworts and the liverworts.
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