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The integration of biochemical and biomechanical elements is
at the heart of morphogenesis. While animal cells are relatively
soft objects which shape and mechanics is mostly regulated by
cytoskeletal networks, walled cells including those of plants,
fungi and bacteria are encased in a rigid cell wall which resist
high internal turgor pressure. How these particular mechanical
properties may influence basic cellular processes, such as
growth, shape and division remains poorly understood. Recent
work using the model fungal cell fission yeast,
Schizosaccharomyces pombe, highlights important
contribution of cell mechanics to various morphogenesis
processes. We envision this genetically tractable system to
serve as a novel standard for the mechanobiology of walled
cell.
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Introduction

Growth and form of biological matter ultimately relies on
similar mechanical principles as for non-living matter.
Cells and tissues grow and adopt defined shapes from
the dynamic biochemical regulation of mechanical ele-
ments at multiple scales: from nanometric molecular
motors, to millimetric tissue stress [1,2]. The shape of
animal cells, for instance, is set by a balance between
cortical tension and adhesion [3]. Cortical tension is
mostly regulated by the actin cortex, a thin layer of
branched actin filaments beneath the plasma membrane
[4]. Opposite to animal cells, plants, bacteria and fungj,
possess an extracellular case outside their plasma mem-
brane called the cell wall, which has conceptual equiva-
lence with the actin cortex and/or elements of the
extracellular matrix. The cell wall is thin, typically hun-
dreds of nm, and is made of heterogeneous polysacchar-
ides and glycoproteins interwoven by hydrogen and
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covalent bonds. Walled cells are also characterized by
high internal osmotic pressure, called turgor, typically 3—4
orders of magnitude higher than in animal cells [5-7,8°,9].
The balance between turgor and wall mechanics has long
been recognized to influence the shape and growth prop-
erties of walled cells [10-12]. Recent advances in micros-
copy and biophysical approaches, have allowed to
measure and manipulate relevant mechanical parameters
of cell walls and turgor [6,8°9,13°°]. These technical
progresses, combined with a growing appreciation of
the importance of physical considerations in biology,
may begin to challenge and refine some basic paradigms
in the morphogenesis of walled cells.

Here we focus on recent progress in the mechanics and
morphogenesis of fission yeast cells. These rod-shape
cells exhibit stereotypical tip growth and elongate from
7 to 14 pm in length during interphase, with a near
constant diameter of 4 wm [14,15]. Growth ceases at
mitosis and cells divide in their exact middle [16]. For
tip elongation, polarity machineries organized around
active G'TP-Cdc42 and actin, are targeted to cell tips
to restrict membrane and cell wall addition there [14].
During cell division, similar modules are re-targeted to
the cell middle to drive the assembly of a cytokinetic ring
and septum needed for division [16]. To date, this system
has been mostly used as a model to dissect the basics of
cell-cycle regulation and cytoskeletal assembly which are
conserved from yeast to humans, and their contribution to
growth, size, polarized behavior and cell shape [17]. The
influence of cell mechanics however, is only beginning to
be appreciated. We will first introduce the physical pa-
rameters characterizing fission yeast mechanics, the mo-
lecular elements that control these mechanical properties,
and then discuss how they may influence processes such
as cell shape, growth, division and polarization.

Main text

Mechanical properties of fission yeast cells

The balance between mechanical stress in the cell wall
and turgor pressure contributes to define fission yeast cell
shape (Figure 1). If turgor is reduced by submitting cells
to high osmolarity medium (by adding sorbitol), cells
shrink in a dose-dependent manner, and cease growth
temporarily until turgor has adapted (Figure 1a) [8°%,13°°].
Second, if the cell wall is digested, cells rapidly burst; and
if wall digestion is done in high osmolarity medium, to
reduce turgor, they form round protoplasts which, in
certain conditions can leave behind cell wall remnants
(sacculus) with near intact rod-shapes (Figure 1b) [18].
These extreme experimental evidences, which apply to
most walled cell, suggest that the values of mechanical
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Cell mechanics and cell shape in fission yeast. (a) Cell shape changes upon hyper- (top panel) or hypo- (bottom panel) osmotic shock. Water
permeates the cell, to balance the difference in osmolytes concentration, causing drastic changes in turgor pressure and cell wall stress. As a
result, cells rapidly change shape, by shrinking (hyperosmosis) or swelling (hypoosmosis). (b) Cell shape changes after enzymatic digestion of the
cell wall in hyperosmotic (top) or isoosmotic (bottom) media. In hyperosmotic medium, the cell wall opens, but turgor is low, which yields to the
slow exit of the cell membrane and cytoplasm into a round protoplast leaving behind cell wall remnants, that may maintain near intact rod-shape
in certain conditions. In isoosmotic medium, turgor is high and an opening in the cell wall yields immediate cell lysis since turgor is not balanced

anymore by cell wall stress.

parameters characterizing turgor and cell wall are impor-
tant eclements for morphogenesis. How can they be
measured?

On time scales on the order of few minutes, the fission
yeast cell wall may behave as an elastic material (‘a
spring’). This has been evidenced in experiments in
which cells were pushed into bent shapes into microfab-
ricated wells [8°,19,20]. In this assay, cells occasionally

popped out of microwells and restored their straight rod-
shapes in seconds, suggesting the wall is elastic. On
longer time-scales (tens of minutes to hours), however,
the wall may also incorporate irreversible deformations
and behave more as a plastic material; but relevant
measurements are still lacking to document these aspects.

The bulk elastic modulus, or Young’s modulus of an
elastic material, has units of pressure, and characterizes
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its intensive properties, independently of its geometry.
For the cell wall, it can be seen as a physical measure of
the composition and/or crosslinking of sugars chains. The
surface modulus, which is the product of the bulk modu-
lus with wall thickness, which has been estimated to be
around 200 nm from transmission electron microscopy
images [21,22], has units of tension, and provides the
most relevant parameter to understand the contribution
of wall mechanics to cell shape and growth [8°,23]. A
method often used to compute surface mechanics in
various cell types is atomic force microscopy (AFM)
[24-26]. However, a complication of using this approach
in walled cells, is to separate the contribution of wall
mechanical properties and turgor pressure [9,27,28]. A
rather simpler method, consists of using microfabricated
wells made of elastomers with controlled elastic proper-
ties, as single cell force sensors. When fission yeast cells
are pushed into these wells, they will buckle and deform
the chamber at the same time. The balance between the
buckling force and chamber deformation yields an esti-
mate of the wall surface modulus of 6.5 N m™ ", typically
3—4 orders of magnitude higher than measured surface
tension in animal cells [29], which corresponds to a bulk
elastic modulus of about 30 MPa, similar to that of rubber
[8°].

Estimating the values of internal turgor pressure in small
cells such as yeast, can be challenging, as it involves
impaling cells with pressure probes [6]. Here again
cell-scale microchambers, have been used to estimate
turgor values, by measuring how cells deform an elastic
microchambers, to derive force—velocity relationships for
single growing cells. Based on a minimal model for
growth, these data yield estimates of the maximal force
that yeast cells exert as they grow, to be on the order of
11 wN, which corresponds to a turgor pressure of approx-
imately 0.85 MPa [8°].

These measurements, which fall within the same range as
for other walled cell such as bacteria, plants and other
fungi [6,9,26,30,31]; provide a basic mechanical picture of
fission yeast cells, similar to an inflated tire of a racing
bicycle. They are key to support quantitative descriptions
and modeling, and to test basic concepts in other me-
chanically-driven processes like endocytosis and cytoki-
nesis (see hereafter). These mean values are however not
sufficient to explain the asymmetric morphology of fission
yeast cells [12]. In rod-shaped bacteria, for instance,
anisotropies in the elasticity of the cell wall plausibly
created by a circumferential orientation of wall fibers, are
thought to contribute to define a rod [31,32]. In other
tip-growing cells, like plant pollen tubes, local variations
in wall mechanical properties along the cell perimeter,
associated with spatial pattern of wall composition have
been proposed to guide tip growth [33]. Future work in
fission yeast will reveal which spatial mechanical aniso-
tropies may guide rod-shape establishment, and more

importantly how these anisotropies relate to intracellular
distribution of polarity machineries.

The fission yeast cell wall

The mechanical properties of the cell wall are regulated by
its biochemical composition, but the links between me-
chanics and biochemistry remain poorly described. The
fission yeast cell wall is a polymer network made of two
major polysaccharides: $(1,3) glucan chains with B(1,6)
branches and «(1,3) glucan chains attached to short chains
of a(1,4)glucan; two minor polysaccharides: linear $(1,3)
glucan chains and (1,6) glucan chains with a high amount
of B(1,3) branches; and glycoproteins (a-galactomannan).
Glucan synthases promote the synthesis of sugar chains.
Endoglucanases digest and remodel the cell wall by
shortening the chains, and glucanosyl-transferases may
promote chain elongations and control crosslinking [34].

The architecture, synthesis and mechanics of the cell wall
vary in different life stages of Scdhizosaccharomyces
pombe. In interphase, new cell wall is synthesized at
growing cell tips through the localization and activation
of the B(1,3) glucan synthase Bgs4 and the putative a-
glucan synthase Ags1/Mok1 [35-37]. Bgs1 and Bgs3, two
other putative B-glucan synthases, are also recruited to
cell tips, but their function there remains to be clarified
[38,39]. One glucanase, Exg2, and two B(1,3)-glucanosyl-
transferases Gasl and Gas2 are also localized to cell tips
and could potentially influence wall synthesis or cross-
linking [40,41] (Figure 2a). For cytokinesis, the septum is
assembled in a centripetal manner outside the ring in the
cell middle, and is composed of a central primary septum,
flanked by two secondary septa. Bgsl may be predomi-
nantly involved in assembling the primary septum [42],
while Bgs4 and Ags1 may function in the synthesis of both
primary and secondary septa [35,43,44]. After septum has
finished ingression, it is digested in its middle by the
endoglucanases Engl, Exgl and Agnl to complete cell
separation [40,45,46] (Figure 2b). During mating, and
cell—cell fusion, a local degradation and remodeling of
the cell wall is necessary to allow the fusion of the two
plasma membranes of mating partners. This event is
mechanically challenging because an opening of the walls
before fusion would yield cell lysis; and involves a spe-
cialized focused actin structure which ensures precise
spatio-temporal patterning of endoglucanases and glucan
synthases around mating tips [47°°]. Ascospores, which
are products of meiosis, possess a particular cell wall
composed of an inner spore wall surrounded by a thin
outer spore wall, that confers resistance to spores
[13°°,48]. Although the composition of the spore wall
remain understudied, it may involve in addition to other
aforementioned enzymes a specific set of factors, such as
the B-glucan synthase Bgs2, the a-glucan synthase
Mok12, Mok13 and Mok14, [48-50] and the glucano-
syl-transferase Gas4 for elongation and crosslinks [51]. In
addition, the chitin synthase Chs1 may promote chitin or
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Molecular regulation of fission yeast mechanics. (a) Cell wall synthesis at cell tips during interphase. « and B glucan synthases (Ags1, Bgs4) at the
plasma membrane catalyze the synthesis of sugar chains in the cell wall. Other putative B glucan synthases (Bgs1 and 3) are also rectruited there,
but their role remains uncharacterized. Gas1,2 are glucanosyltransferases that may influence sugar chain elongation and crosslinks. Exg2 is a
predicted glucanase that could remodel or digest the wall. The cell wall is a three layered structure with an inner and outer electron dense layers
and a less dense middle layer. (b) Septum synthesis and degradation during cytokinesis and cell division. Bottom left panel: During cytokinesis «
and B glucan synthases and glucanosyltransferases are recruited at the cell middle to synthesize the septum (PS: primary septum, SS: secondary
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chitosan synthesis, a component absent from vegetative
walls [52]. The outer spore wall features extreme me-
chanical properties, and has been suggested to have a
Young’s elastic modulus 30 times higher than the vege-
tative cell wall [13°°].

Synthesis and remodeling of the cell wall is regulated in
space and time by the Rho GTPases Rhol, Rho2 and
Rhol-homologue Rho5 [53-58]. Rhol regulates the ac-
tivity of B-glucans synthases both directly and/or through
the protein kinases C, Pckl and Pck2, while Rho2, may
regulate a-glucans synthases through Pck2 [57,58]. Dam-
age in the cell wall stimulates the cell wall integrity
pathway mediated by the MAPK cascade Mkh1/Pekl1/
Pmk1 [59], which results in the activation of Pckl and
Pck2 by Rhol and Rho2, for cell wall repair [60,61].
Recent work in budding yeast suggests that cell wall
damage may also be linked to polarity machineries to
ensure the very local recruitment of repairing cell wall
factories [62°°].

Overall, the links between wall assembly/composition,
mechanics and morphogenesis remain poorly established
at a quantitative level. Many mutants in synthases and
Rho GTPases activation display globally thinner or
thicker walls, or dramatic changes in wall composition
[36,42,63-67]; while others may have more localized
defects, at cell tips or septum [40,43]. These defects have
striking consequences on cell shapes and growth patterns;
which support the broad concept that wall properties, and
likely mechanics, is key to control cell shape. Integration
of biochemical tools with mechanical measurements will
be necessary to rigorously establish those links.

Turgor pressure regulation

T'urgor pressure in walled cells is osmotically generated,
and maintained through rapid and efficient homeostatic
systems [68]. In fission yeast, a hyperosmotic stress leads
to the intracellular accumulation of glycerol [69]
(Figure 2c¢). This mechanism is regulated by the stress
activated pathway through the MAPK Sty1, a homolog of
Hogl in budding yeast and p38 in mammalian cells [70-
72]. This cascade is coordinated by Mcs4 which forms a
complex with the two MAPKKK, Win1 and Wis4 [73-76].
In hyperosmotic conditions, the MAPKK Wisl becomes
phosphorylated and unbinds from this complex, to phos-
phorylate the MAPK Styl, which enters the nucleus to
activate the transcription factor Atfl [71,77]. Atfl then
regulates the transcription of 13 core genes [78]. This
includes an increase in the expression of Gpd1 and Gpd2,

glycerol-3-phosphate dehydrogenases, which promote
glycerol synthesis; and the repression of genes involved
in the degradation and translocation of sugars to compen-
sate osmotic imbalance and restore turgor [69,79]. To fine
tune pressure adaptation, Atfl also promotes a negative
feedback loop, through the transcription of psy/ and psy2,
that encode for phosphatases that inhibit Sty1 [71,80]. In
budding yeast, several trans-membrane proteins have
been proposed as upstream ‘osmosensors’ to trigger
Hogl-dependent adaptation [81-83], whether similar
systems exist or function in §. pombe remains to be
explored.

The response to hypoosmotic stress is markedly different,
and admittedly less understood. It leads to cell swelling
and intracellular Ca®* increase [84]. Two homologues of
the E. co/i mechanosensitive channels MscS [85] have
been recently proposed to influence this response: Msyl
and Msy2. Both are ER associated proteins, which be-
come overexpressed in hypoosmotic conditions to support
cell viability, but mechanistic details remain to be estab-
lished [86,87]. Both hyper-osmotic and hypo-osmotic
stress also promote the activation of Pmk1 and the cell
wall integrity pathway, suggesting links between regula-
tory systems of cell mechanical properties [88,89].

Cell mechanics and cell growth

How do walled cell grow is not fully understood. Both
material synthesis (membrane and cell wall) and turgor
pressure are required for growth, yet, how these parame-
ters contribute to define elongation rates is not known [8°].
Without turgor, deposition of new material, is predicted to
yield a thicker wall with no growth, and turgor alone would
only vyield thinning of the wall [90]. Those important
questions have long motivated theoretician, and several
models for walled cell growth have been proposed over the
years [90,91,23,8°,92,13°°,106]. Experimental tests for
these models are still sparse. A commonly used modeling
framework, is to represent growth as a viscoplastic process.
In that view the elastic cell wall freshly deposited at cell
tips, is deformed by the stress exerted by internal turgor
and this deformation becomes irreversible (plastic) passed
a certain deformation threshold. The details for how cell
wall remodeling may relate to viscoplasticity remain how-
ever poorly documented [91]. Conceptually, this amounts
to an ‘ageing’ picture of the wall: as new wall is being
incorporated at the tip it becomes irreversibly stretched
with a certain time scale. Old cell wall may then flow along
cell sides during cell elongation to maintain a constant wall
thickness (Figure 3a).

(Figure 2 Legend Continued) septum, CW: cell wall, PM: plasma membrane). Bottom right panel, glucanases are then targeted to the sides of
the septum to degrade the PS and cell wall edges for cell separations. (c) Osmoadaptation to hyperosmotic shocks. (Left) Upon hyperosmotic
treatments cells first shrink and activate the stress pathway to increase internal turgor and recover their initial length and diameter. (Right) Details
of signaling pathways involved in turgor maintenance upon hyperosmosis. Hyperosmotic stress causes an immediate loss of water from the
cytosol, and consequent decrease in turgor pressure. This activates a MAPK cascade that leads to the expression of several genes, such as gpd1
which promotes glycerol synthesis to balance osmotic differences and restore turgor.
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Influence of cell mechanics on fission yeast growth, division, endocytosis and polarization. (a) During tip elongation, cell wall is added at cell tip,
and strained by the work of turgor and becomes irreversibly deformed for cell length addition. Maintenance of a constant cell wall thickness
implies cell wall flows from the tip to cell sides. (b) Mechanical considerations in fission yeast cytokinesis. During cytokinesis, the acto-myosin ring
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These mathematical models can make interesting pre-
dictions on cell diameters, exact tip shapes, or the de-
pendence of elongation rates on mechanical values. For
instance, a simple scaling model can recapitulate the
variation of cell size observed among many walled cells
based solely on their mechanical properties [23]. The
probably most complete model adapted to fission yeast tip
growth incorporates a spatial distribution of wall synthesis
directly correlated with G'TP-Cdc42 concentration at cell
tips. This model makes important tests on the stability
conditions required to maintain a straight rod-shape axis
and a fixed diameter over generations of dividing cells,
and predicts the existence of complex feedbacks between
cell geometry and Cdc42-based polarity [93°°].

Role of cell mechanics in endocytosis and cytokinesis
How might other mechanically-driven process, like cyto-
kinesis and endocytosis may adapt to the particular me-
chanical properties of fission yeast or other walled cells?
During cytokinesis, for instance, a conserved acto-myosin
contractile ring attached beneath the plasma membrane
has long been thought to provide the mechanical force to
drive membrane ingression [94,95]. However, simple
calculations suggest that the mechanical work exerted
by the ring can only account for a small fraction (around
1%) of the work needed to overcome internal turgor
pressure [96°]. Recent studies indeed indicate that re-
ducing turgor vyields faster constriction rates, and that
once cytokinesis has initiated, the ring may become
dispensable for membrane ingression and septum com-
pletion [43,96°]. This work suggests that most of the
mechanical work may be generated by septum assembly,
rather than the ring, shifting an important paradigm for
cell division in yeast (Figure 3b). The function of the ring,
could be instead to keep an homogenous septum assem-
bly around the cell equator, a process plausibly regulated
by a curvature-dependent septum assembly mechanism
[97°°].

Endocytosis, also involves local inward deformation of the
plasma membrane to invaginate vesicles with a typical
size of tens of nm. This process requires the subsequent
assembly of various coat proteins, such as clathrin, myosin
and BAR-proteins [98]. Although actin is dispensable for
endocytosis in animal cells, it is strictly required in yeast
[99]. Two recent studies, one performed in budding
yeast [99] and one in fission yeast [100°], suggest that
endocytosis also works against turgor, and that actin

polymerization around endocytic vesicles generate the
necessary forces to overcome turgor (Figure 3c¢). One set
of striking evidence supporting these claims is to show
that a reduction in turgor can rescue the defects of
endocytic mutants and the requirement for actin. Alto-
gether these data suggest that the regulation of these
essential processes may have evolved along with extreme
variations in cellular mechanics.

Cell mechanics and polarity

Cell mechanics may also influence cellular spatial organi-
zation. Recent studies in migrating animal cells have for
instance suggested that surface mechanics, regulated by
changes in the actin cortex or membrane tension, could
contribute to cell polarization and directed migration
[101,102]. Similarly, polarized walled cells such as fungi
or plant roots can exhibit thigmotropism, a process during
which polarity reorients as a consequence of mechanical
contact with a physical barrier [103,104]. In fission yeast, a
recent study investigating how initially round spores
define their very first polar growth axis provides initial
evidence that similar mechanical-polarity crosstalk may
exist in these cells [13°°]. A very intriguing observation of
this work was to find that single polarity domains, built
around active Cdc42, spontaneously polarize in germinat-
ing spores, but first exhibit a long unstable phase of
successive assembly and disassembly, to eventually sta-
bilize to promote polar tip extension at outgrowth. Inter-
estingly, this switch in polarized behavior was found to be
concomitant with the opening of the outer spore wall at
the site of outgrowth (Figure 3d). By combining mathe-
matical models and laser ablation of the spore wall, this
study demonstrates that the spore wall has destabilizing
effects on polarity. When the rigid spore wall is intact it
acts as a barrier that hinders growth and destabilizes
polarity, and opening of the spore wall (either naturally
or with a laser) is sufficient to stabilize polarity. These
data suggest the existence of feedback systems between
wall mechanics and polarity machineries. By considering
and testing different hypothesis of feedback (surface
curvature, stress in the wall, among others), the authors
propose that a positive feedback between growth and
polarity, in which polarity localizes growth and more
surface growth tend to maintain polarity in place, can
explain polarity stabilization in outgrowing spores. Future
work should reveal how these feedbacks may be regulat-
ed, and if they have relevance to other cellular states and
cell types.

(Figure 3 Legend Continued) is surrounded by the septum. Forces generated by cell wall assembly (orange arrows) in the septum may support
ring progression against high turgor pressure (adapted from [96°]). (c¢) Mechanical considerations in fission yeast endocytosis. (Left) Endocytic
vesicles at cell tips; (Right) Close up on a single vesicle: invagination of the plasma membrane may be driven by a branched actin network that
polymerizes and pushes against the membrane and cell wall (red arrows) to overcome turgor pressure (adapted from [100°]). (d) Cell mechanics
and polarization in fission yeast spores. In spores the inner wall (ISW) is surrounded by a particular rigid outer spore wall (OSW) which may
mechanically confine spores. Upon germination single polarity domains (red patch) assemble and disassemble around the spore surface
promoting local growth sites that fail to progress. When spores have grown enough, the OSW ruptures at the site of the polarity domain; and this
opening releases the hindering effect of the OSW, and polarity becomes stable for outgrowth and polar tip extension (adapted from [13°°]).
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Conclusion

The contribution of cell mechanics to morphogenesis, is
becoming more and more appreciated in different fields,
from bacterial growth to embryonic development and
tissue homeostasis [1,105]. In fission yeast, which is
probably the most established system to link gene func-
tion and cell shape, the role of turgor and cell wall
mechanics remain surprisingly understudied. This is in
contrast with the literature in plants, bacteria and other
fungal cells, which have long focused on the mechanics of
the wall and turgor for describing morphogenesis. A key
endeavor of future studies in fission yeast, will thus be to
document how cytoskeletal organization, and more gen-
erally gene function, ultimately contribute to pattern and
regulate cellular mechanics. Given the genetic power of
this system, and its quantitative growth and shape habits,
we foresee that it could serve as a novel standard for
establishing the biomechanical rules controlling the mor-
phogenesis of single walled cells.

Acknowledgments

We thank Arezki Boudaoud for suggestions and careful reading of the
manuscript. Our laboratory is supported by the CNRS, and grants from the
FP7 CIG program, the I'TN ‘FungiBrain’ and the ‘Mairie de Paris
emergence’ program.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
oo Of outstanding interest

1. Heisenberg CP, Bellaiche Y: Forces in tissue morphogenesis
and patterning. Cell 2013, 153:948-962.

2. Lecuit T, Lenne PF: Cell surface mechanics and the control of
cell shape, tissue patterns and morphogenesis. Nat Rev Mol
Cell Biol 2007, 8:633-644.

3. Paluch E, Heisenberg CP: Biology and physics of cell shape
changes in development. Curr Biol 2009, 19:R790-R799.

4., Salbreux G, Charras G, Paluch E: Actin cortex mechanics and
cellular morphogenesis. Trends Cell Biol 2012, 22:536-545.

5. Stewart MP, Helenius J, Toyoda Y, Ramanathan SP, Muller DJ,
Hyman AA: Hydrostatic pressure and the actomyosin cortex
drive mitotic cell rounding. Nature 2011, 469:226-230.

6. Bastmeyer M, Deising HB, Bechinger C: Force exertion in fungal
infection. Annu Rev Biophys Biomol Struct 2002, 31:321-341.

7. Boudaoud A: An introduction to the mechanics of
morphogenesis for plant biologists. Trends Plant Sci 2010,
15:353-360.

8. Minc N, Boudaoud A, Chang F: Mechanical forces of fission

. yeast growth. Curr Biol 2009, 19:1096-1101.

This paper uses microfabricated chambers as force sensors to provide
the very first measurements of turgor pressure and cell wall elastic
modulus in fission yeast.

9. Beauzamy L, Derr J, Boudaoud A: Quantifying hydrostatic
pressure in plant cells by using indentation with an atomic
force microscope. Biophys J 2015, 108:2448-2456.

10. Harold FM: To shape a cell: an inquiry into the causes of
morphogenesis of microorganisms. Microbiol Rev 1990,
54:381-431.

11. Harold FM: Force and compliance: rethinking morphogenesis
in walled cells. Fungal Genet Biol 2002, 37:271-282.

12. Chang F, Huang KC: How and why cells grow as rods. BMC Biol
2014, 12:54.

13. Bonazzi D, Julien JD, Romao M, Seddiki R, Piel M, Boudaoud A,

ee Minc N: Symmetry breaking in spore germination relies on an
interplay between polar cap stability and spore wall
mechanics. Dev Cell 2014, 28:534-546.

This manuscript documents the mechanobiology of growing and polariz-

ing spores, and demonstrates novel feedbacks between the mechanics

of the cell wall, cell growth and the stability of polarity machineries.

14. Chang F, Martin SG: Shaping fission yeast with microtubules.
Cold Spring Harb Perspect Biol 2009, 1:a001347.

15. Mitchison JM, Nurse P: Growth in cell length in the fission yeast
Schizosaccharomyces pombe. J Cell Sci 1985, 75:357-376.

16. Chang F, Nurse P: How fission yeast fission in the middle. Cell
1996, 84:191-194.

17. Egel R (Ed): The Molecular Biology of Schizosaccharomyces
pombe. Springer; 2004.

18. Flor-Parra |, Zhurinsky J, Bernal M, Gallardo P, Daga RR:
A Lallzyme MMX-based rapid method for fission yeast
protoplast preparation. Yeast 2014, 31:61-66.

19. Minc N, Bratman SV, Basu R, Chang F: Establishing new sites of
polarization by microtubules. Curr Biol 2009, 19:83-94.

20. Minc N: Microfabricated chambers as force sensors for probing
forces of fungal growth. Methods Cell Biol 2014, 120:215-226.

21. Sugawara T, Sato M, Takagi T, Kamasaki T, Ohno N, Osumi M: In
situ localization of cell wall alpha-1,3-glucan in the fission
yeast Schizosaccharomyces pombe. J Electron Microsc (Tokyo)
2003, 52:237-242.

22. Takagi T, Ishijima SA, Ochi H, Osumi M: Ultrastructure and
behavior of actin cytoskeleton during cell wall formation in the
fission yeast Schizosaccharomyces pombe. J Electron Microsc
(Tokyo) 2003, 52:161-174.

23. Boudaoud A: Growth of walled cells: from shells to vesicles.
Phys Rev Lett 2003, 91:018104.

24. Dufrene YF: Towards nanomicrobiology using atomic force
microscopy. Nat Rev Microbiol 2008, 6:674-680.

25. Dufrene YF: Atomic force microscopy and chemical force
microscopy of microbial cells. Nat Protoc 2008, 3:1132-1138.

26. Zhao L, Schaefer D, Xu H, Modi SJ, LaCourse WR, Marten MR:
Elastic properties of the cell wall of Aspergillus nidulans studied
with atomic force microscopy. Biotechnol Prog 2005, 21:292-299.

27. Vella D, Ajdari A, Vaziri A, Boudaoud A: Indentation of ellipsoidal
and cylindrical elastic shells. Phys Rev Lett 2012, 109:144302.

28. Vella D, Ajdari A, Vaziri A, Boudaoud A: The indentation of
pressurized elastic shells: from polymeric capsules to yeast
cells. J R Soc Interface 2012, 9:448-455.

29. Maitre JL, Niwayama R, Turlier H, Nedelec F, Hiiragi T: Pulsatile
cell-autonomous contractility drives compaction in the mouse
embryo. Nat Cell Biol 2015, 17:849-855.

30. Misra G, Rojas ER, Gopinathan A, Huang KC: Mechanical
consequences of cell-wall turnover in the elongation of a
gram-positive bacterium. Biophys J 2013, 104:2342-2352.

31. Yao X, Jericho M, Pink D, Beveridge T: Thickness and elasticity
of gram-negative murein sacculi measured by atomic force
microscopy. J Bacteriol 1999, 181:6865-6875.

32. Gan L, Chen S, Jensen GJ: Molecular organization of Gram-
negative peptidoglycan. Proc Nat/ Acad Sci U S A 2008,
105:18953-18957.

33. Bosch M, Hepler PK: Pectin methylesterases and pectin
dynamics in pollen tubes. Plant Cell 2005, 17:3219-3226.

34. Perez P, Ribas JC: Cell wall analysis. Methods 2004, 33:245-251.

35. Cortes JC, Carnero E, Ishiguro J, Sanchez Y, Duran A, Ribas JC:
The novel fission yeast (1,3)beta-D-glucan synthase catalytic
subunit Bgs4p is essential during both cytokinesis and
polarized growth. J Cell Sci 2005, 118:157-174.

www.sciencedirect.com

Current Opinion in Microbiology 2015, 28:36-45


http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0530
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0530
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0535
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0535
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0535
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0540
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0540
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0545
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0545
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0550
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0550
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0550
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0555
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0555
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0560
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0560
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0560
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0565
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0565
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0570
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0570
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0570
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0575
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0575
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0575
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0580
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0580
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0585
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0585
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0590
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0590
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0590
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0590
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0595
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0595
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0600
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0600
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0605
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0605
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0610
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0610
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0615
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0615
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0615
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0620
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0620
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0625
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0625
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0630
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0630
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0630
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0630
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0635
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0635
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0635
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0635
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0640
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0640
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0645
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0645
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0650
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0650
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0655
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0655
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0655
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0660
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0660
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0665
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0665
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0665
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0670
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0670
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0670
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0675
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0675
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0675
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0680
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0680
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0680
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0685
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0685
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0685
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0690
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0690
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0695
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0700
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0700
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0700
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0700

44

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

This work evidences the existence of a specialized actin structure (‘actin
aster’) which allows to focus secretion machineries to the exact contact
point of fusing mating partners in fission yeast. A function of this structure
may be to properly pattern degradation and synthesis of the walls for fusion.

48.

49.

50.

51.

Growth and development: eukaryotes and prokaryotes

Hochstenbach F, Klis FM, van den Ende H, van Donselaar E,
Peters PJ, Klausner RD: Identification of a putative alpha-glucan
synthase essential for cell wall construction and morphogenesis
in fission yeast. Proc Natl Acad Sci U S A 1998, 95:9161-9166.

Katayama S, Hirata D, Arellano M, Perez P, Toda T: Fission yeast
alpha-glucan synthase Mok1 requires the actin cytoskeleton
to localize the sites of growth and plays an essential role in cell
morphogenesis downstream of protein kinase C function.

J Cell Biol 1999, 144:1173-1186.

Cortes JC, Ishiguro J, Duran A, Ribas JC: Localization of the
(1,3)beta-D-glucan synthase catalytic subunit homologue
Bgs1p/Cps1p from fission yeast suggests that it is involved in
septation, polarized growth, mating, spore wall formation and
spore germination. J Cell Sci 2002, 115:4081-4096.

Martin V, Garcia B, Carnero E, Duran A, Sanchez Y: Bgs3p, a
putative 1,3-beta-glucan synthase subunit, is required for cell
wall assembly in Schizosaccharomyces pombe. Eukaryot Cell
2003, 2:159-169.

Duenas-Santero E, Martin-Cuadrado AB, Fontaine T, Latge JP, del
Rey F, Vazquez de Aldana C: Characterization of glycoside
hydrolase family 5 proteins in Schizosaccharomyces pombe.
Eukaryot Cell 2010, 9:1650-1660.

de Medina-Redondo M, Arnaiz-Pita Y, Clavaud C, Fontaine T, del
Rey F, Latge JP, Vazquez de Aldana CR: beta(1,3)-glucanosyl-
transferase activity is essential for cell wall integrity and
viability of Schizosaccharomyces pombe. PLoS One 2010,
5:14046.

Cortes JC, Konomi M, Martins IM, Munoz J, Moreno MB, Osumi M,
Duran A, Ribas JC: The (1,3)beta-D-glucan synthase subunit
Bgsip is responsible for the fission yeast primary septum
formation. Mol Microbiol 2007, 65:201-217.

Munoz J, Cortes JC, Sipiczki M, Ramos M, Clemente-Ramos JA,
Moreno MB, Martins IM, Perez P, Ribas JC: Extracellular cell wall
beta(1,3)glucan is required to couple septation to actomyosin
ring contraction. J Cell Biol 2013, 203:265-282.

Cortes JC, Sato M, Munoz J, Moreno MB, Clemente-Ramos JA,
Ramos M, Okada H, Osumi M, Duran A, Ribas JC: Fission yeast
Ags1 confers the essential septum strength needed for safe
gradual cell abscission. J Cell Biol 2012, 198:637-656.

Martin-Cuadrado AB, Duenas E, Sipiczki M, Vazquez de
Aldana CR, del Rey F: The endo-beta-1,3-glucanase engip is
required for dissolution of the primary septum during cell
separation in Schizosaccharomyces pombe. J Cell Sci 2003,
116:1689-1698.

Dekker N, Speijer D, Grun CH, van den Berg M, de Haan A,
Hochstenbach F: Role of the alpha-glucanase Agn1p in fission-
yeast cell separation. Mol Biol Cell 2004, 15:3903-3914.

Dudin O, Bendezu FO, Groux R, Laroche T, Seitz A, Martin SG: A
formin-nucleated actin aster concentrates cell wall hydrolases
for cell fusion in fission yeast. J Cell Biol 2015, 208:897-911.

Garcia |, Tajadura V, Martin V, Toda T, Sanchez Y: Synthesis of
alpha-glucans in fission yeast spores is carried out by three
alpha-glucan synthase paralogues, Mok12p, Mok13p and
Mok14p. Mol Microbiol 2006, 59:836-853.

Martin V, Ribas JC, Carnero E, Duran A, Sanchez Y: bgs2+, a
sporulation-specific glucan synthase homologue is required
for proper ascospore wall maturation in fission yeast. Mo/
Microbiol 2000, 38:308-321.

Liu J, Tang X, Wang H, Balasubramanian M: Bgs2p, a 1,3-beta-
glucan synthase subunit, is essential for maturation of
ascospore wall in Schizosaccharomyces pombe. FEBS Lett
2000, 478:105-108.

de Medina-Redondo M, Arnaiz-Pita Y, Fontaine T, Del Rey F,
Latge JP, Vazquez de Aldana CR: The beta-1,3-
glucanosyltransferase gas4p is essential for ascospore wall
maturation and spore viability in Schizosaccharomyces
pombe. Mol Microbiol 2008, 68:1283-1299.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Arellano M, Cartagena-Lirola H, Nasser Hajibagheri MA, Duran A,
Henar Valdivieso M: Proper ascospore maturation requires the
chs1+ chitin synthase gene in Schizosaccharomyces pombe.
Mol Microbiol 2000, 35:79-89.

Arellano M, Duran A, Perez P: Localisation of the
Schizosaccharomyces pombe rho1p GTPase and its
involvement in the organisation of the actin cytoskeleton.
J Cell Sci 1997, 110(Pt 20):2547-2555.

Nakano K, Arai R, Mabuchi I: Small GTPase Rho5 is a functional
homologue of Rho1, which controls cell shape and septation
in fission yeast. FEBS Lett 2005, 579:5181-5186.

Rincon SA, Santos B, Perez P: Fission yeast Rho5p GTPase is a
functional paralogue of Rho1p that plays a role in survival of
spores and stationary-phase cells. Eukaryot Cell 2006, 5:435-446.

Perez P, Rincon SA: Rho GTPases: regulation of cell polarity
and growth in yeasts. Biochem J 2010, 426:243-253.

Arellano M, Coll PM, Perez P: RHO GTPases in the control of cell
morphology, cell polarity, and actin localization in fission
yeast. Microsc Res Tech 1999, 47:51-60.

Calonge TM, Nakano K, Arellano M, Arai R, Katayama S, Toda T,
Mabuchi |, Perez P: Schizosaccharomyces pombe rho2p
GTPase regulates cell wall alpha-glucan biosynthesis through
the protein kinase pck2p. Mol Biol Cell 2000, 11:4393-4401.

Toda T, Dhut S, Superti-Furga G, Gotoh Y, Nishida E, Sugiura R,
Kuno T: The fission yeast pmk1+ gene encodes a novel
mitogen-activated protein kinase homolog which regulates
cell integrity and functions coordinately with the protein
kinase C pathway. Mol Cell Biol 1996, 16:6752-6764.

Sanchez-Mir L, Soto T, Franco A, Madrid M, Viana RA, Vicente J,
Gacto M, Perez P, Cansado J: Rho1 GTPase and PKC ortholog
Pck1 are upstream activators of the cell integrity MAPK
pathway in fission yeast. PLoS One 2014, 9:e88020.

Ma'Y, Kuno T, Kita A, Asayama Y, Sugiura R: Rho2 is a target of
the farnesyltransferase Cpp1 and acts upstream of Pmk1
mitogen-activated protein kinase signaling in fission yeast.
Mol Biol Cell 2006, 17:5028-5037.

Kono K, Saeki Y, Yoshida S, Tanaka K, Pellman D: Proteasomal
degradation resolves competition between cell polarization
and cellular wound healing. Cell 2012, 150:151-164.

In this paper, the authors use a localized laser to fragilize the cell wall in
budding yeast and show that this leads to the degradation of polarity sites
and de novo assembly of sites of actin nucleation and myosin recruitment
at the site of damage.

63.

64.

65.

66.

67.

68.

69.

Villar-Tajadura MA, Coll PM, Madrid M, Cansado J, Santos B,
Perez P: Rga2 is a Rho2 GAP that regulates morphogenesis
and cell integrity in S. pombe. Mol Microbiol 2008, 70:867-881.

Arellano M, Duran A, Perez P: Rho 1 GTPase activates the (1-
3)beta-D-glucan synthase and is involved in
Schizosaccharomyces pombe morphogenesis. EMBO J 1996,
15:4584-4591.

Arellano M, Valdivieso MH, Calonge TM, Coll PM, Duran A,
Perez P: Schizosaccharomyces pombe protein kinase C
homologues, pck1p and pck2p, are targets of rho1p and rho2p
and differentially regulate cell integrity. J Cell Sci 1999, 112(Pt
20):3569-3578.

Ribas JC, Roncero C, Rico H, Duran A: Characterization of a
Schizosaccharomyces pombe morphological mutant altered
in the galactomannan content. FEMS Microbiol Lett 1991,
63:263-267.

Flor-Parra |, Bernal M, Zhurinsky J, Daga RR: Cell migration and
divisionin amoeboid-like fissionyeast. Bio/ Open 2014, 3:108-115.

Hersen P, McClean MN, Mahadevan L, Ramanathan S: Signal
processing by the HOG MAP kinase pathway. Proc Nat/ Acad
Sci U S A 2008, 105:7165-7170.

Ohmiya R, Yamada H, Nakashima K, Aiba H, Mizuno T:
Osmoregulation of fission yeast: cloning of two distinct genes
encoding glycerol-3-phosphate dehydrogenase, one of which
is responsible for osmotolerance for growth. Mol Microbiol
1995, 18:963-973.

Current Opinion in Microbiology 2015, 28:36-45

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0705
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0705
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0705
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0705
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0710
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0710
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0710
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0710
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0710
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0715
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0715
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0715
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0715
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0715
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0720
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0720
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0720
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0720
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0725
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0725
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0725
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0725
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0730
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0730
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0730
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0730
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0730
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0735
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0735
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0735
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0735
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0740
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0740
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0740
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0740
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0745
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0745
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0745
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0745
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0750
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0750
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0750
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0750
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0750
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0755
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0755
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0755
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0760
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0760
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0760
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0765
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0765
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0765
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0765
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0770
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0770
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0770
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0770
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0775
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0775
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0775
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0775
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0780
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0780
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0780
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0780
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0780
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0785
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0785
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0785
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0785
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0790
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0790
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0790
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0790
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0795
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0795
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0795
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0800
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0800
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0800
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0805
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0805
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0810
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0810
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0810
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0815
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0815
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0815
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0815
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0820
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0820
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0820
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0820
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0820
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0825
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0825
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0825
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0825
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0830
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0830
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0830
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0830
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0835
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0835
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0835
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0840
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0840
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0840
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0845
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0845
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0845
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0845
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0850
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0850
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0850
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0850
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0850
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0855
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0855
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0855
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0855
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0860
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0860
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0865
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0865
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0865
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0870
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0870
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0870
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0870
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0870

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Mechanics and morphogenesis of fission yeast cells Davi and Minc 45

Degols G, Shiozaki K, Russell P: Activation and regulation of the
Spc1 stress-activated protein kinase in Schizosaccharomyces
pombe. Mol Cell Biol 1996, 16:2870-2877.

Shiozaki K, Russell P: Cell-cycle control linked to extracellular
environment by MAP kinase pathway in fission yeast. Nature
1995, 378:739-743.

Perez P, Cansado J: Cell integrity signaling and response to
stress in fission yeast. Curr Protein Pept Sci 2010, 11:680-692.

Shiozaki K, Shiozaki M, Russell P: Heat stress activates fission
yeast Spc1/Styl MAPK by a MEKK-independent mechanism.
Mol Biol Cell 1998, 9:1339-1349.

Morigasaki S, Ikner A, Tatebe H, Shiozaki K: Response regulator-
mediated MAPKKK heteromer promotes stress signaling to the
Spc1 MAPK in fission yeast. Mol Biol Cell 2013, 24:1083-1092.

Morigasaki S, Shiozaki K: Phosphorelay-dependent and -
independent regulation of MAPKKK by the Mcs4 response
regulator in fission yeast. Commun Integr Biol 2013, 6:e25020.

Samejima |, Mackie S, Fantes PA: Multiple modes of activation
of the stress-responsive MAP kinase pathway in fission yeast.
EMBO J 1997, 16:6162-6170.

Nguyen AN, lkner AD, Shiozaki M, Warren SM, Shiozaki K:
Cytoplasmic localization of Wis1 MAPKK by nuclear export
signal is important for nuclear targeting of Spc1/Sty1 MAPK in
fission yeast. Mol Biol Cell 2002, 13:2651-2663.

Chen D, Toone WM, Mata J, Lyne R, Burns G, Kivinen K, Brazma A,
Jones N, Bahler J: Global transcriptional responses of fission
yeast to environmental stress. Mol Biol Cell 2003, 14:214-229.

Aiba H, Yamada H, Ohmiya R, Mizuno T: The osmo-inducible
gpd1+ gene is a target of the signaling pathway involving Wis1
MAP-kinase kinase in fission yeast. FEBS Lett 1995, 376:199-201.

Shiozaki K, Russell P: Conjugation, meiosis, and the osmotic
stress response are regulated by Spc1 kinase through

Atf1 transcription factor in fission yeast. Genes Dev 1996,
10:2276-2288.

Tatebayashi K, Tanaka K, Yang HY, Yamamoto K, Matsushita Y,
Tomida T, Imai M, Saito H: Transmembrane mucins Hkr1 and
Msb2 are putative osmosensors in the SHO1 branch of yeast
HOG pathway. EMBO J 2007, 26:3521-3533.

Tatebayashi K, Yamamoto K, Nagoya M, Takayama T,
Nishimura A, Sakurai M, Momma T, Saito H: Osmosensing and
scaffolding functions of the oligomeric four-transmembrane
domain osmosensor Sho1. Nat Commun 2015, 6:6975.

Posas F, Wurgler-Murphy SM, Maeda T, Witten EA, Thai TC,
Saito H: Yeast HOG1 MAP kinase cascade is regulated by a
multistep phosphorelay mechanism in the SLN1-YPD1-SSK1
“two-component” osmosensor. Cell 1996, 86:865-875.

Batiza AF, Schulz T, Masson PH: Yeast respond to hypotonic
shock with a calcium pulse. J Biol Chem 1996, 271:23357-
23362.

Berrier C, Besnard M, Ajouz B, Coulombe A, Ghazi A: Multiple
mechanosensitive ion channels from Escherichia coli,
activated at different thresholds of applied pressure. J Membr
Biol 1996, 151:175-187.

Nakayama Y, lida H: Organellar mechanosensitive channels
involved in hypo-osmoregulation in fission yeast. Cell Calcium
2014, 56:467-471.

Nakayama Y, Yoshimura K, lida H: Organellar mechanosensitive
channels in fission yeast regulate the hypo-osmotic shock
response. Nat Commun 2012, 3:1020.

Barba G, Soto T, Madrid M, Nunez A, Vicente J, Gacto M,
Cansado J: Activation of the cell integrity pathway is
channelled through diverse signalling elements in fission
yeast. Cell Signal 2008, 20:748-757.

Madrid M, Soto T, Khong HK, Franco A, Vicente J, Perez P,
Gacto M, Cansado J: Stress-induced response, localization,

and regulation of the Pmk1 cell integrity pathway in
Schizosaccharomyces pombe. J Biol Chem 2006, 281:2033-
2043.

90. Dumais J, Shaw SL, Steele CR, Long SR, Ray PM: An
anisotropic-viscoplastic model of plant cell morphogenesis by
tip growth. Int J Dev Biol 2006, 50:209-222.

91. Rojas ER, Hotton S, Dumais J: Chemically mediated mechanical
expansion of the pollen tube cell wall. Biophys J 2011,
101:1844-1853.

92. Campas O, Mahadevan L: Shape and dynamics of tip-growing
cells. Curr Biol 2009, 19:2102-2107.

93. Drake T, Vavylonis D: Model of fission yeast cell shape driven by

ee membrane-bound growth factors and the cytoskeleton. PLoS
Comput Biol 2013, 9:e1003287.

This theoretical paper represents the most complete mathematical model

for fission yeast cell growth and shape determination. The model makes

important prediction for the stability of classical shape phenotypes of

wild-types and mutants.

94. Pollard TD, Wu JQ: Understanding cytokinesis: lessons from
fission yeast. Nat Rev Mol Cell Biol 2010, 11:149-155.

95. Chang F, Woollard A, Nurse P: Isolation and characterization of
fission yeast mutants defective in the assembly and
placement of the contractile actin ring. J Cell Sci 1996, 109(Pt
1):131-142.

96. Proctor SA, Minc N, Boudaoud A, Chang F: Contributions of turgor

e  pressure, the contractile ring, and septum assembly to forces in
cytokinesis in fission yeast. Curr Biol 2012, 22:1601-1608.

This work provides evidence for the provocative idea that the actin ring

may not provide enough pulling force for fission yeast cytokinesis, and

that septum assembly may generate most of the force for ingression.

97. Zhou Z, Munteanu EL, He J, Ursell T, Bathe M, Huang KC,

ee Chang F: The contractile ring coordinates curvature-
dependent septum assembly during fission yeast cytokinesis.
Mol Biol Cell 2015, 26:78-90.

This work which follows upon [96°] introduces an elegant method to

monitor ring constriction and septum assembly ends-on, and suggest

that the function of the ring in fission yeast cytokinesis may be to maintain

an homogenous rate of septum growth around the cell equator.

98. Galletta BJ, Cooper JA: Actin and endocytosis: mechanisms
and phylogeny. Curr Opin Cell Biol 2009, 21:20-27.

99. Aghamohammadzadeh S, Ayscough KR: Differential
requirements for actin during yeast and mammalian
endocytosis. Nat Cell Biol 2009, 11:1039-1042.

100. Basu R, Munteanu EL, Chang F: Role of turgor pressure in

. endocytosis in fission yeast. Mol Biol Cell 2014, 25:679-687.
Following up on previous work in budding yeast [99], this paper shows
that turgor pressure opposes forces of actin polymerization in fission
yeast endocytosis.

101. Houk AR, Jilkine A, Mejean CO, Boltyanskiy R, Dufresne ER,
Angenent SB, Altschuler SJ, Wu LF, Weiner OD: Membrane tension
maintains cell polarity by confining signals to the leading edge
during neutrophil migration. Cell 2012, 148:175-188.

102. Charras G, Paluch E: Blebs lead the way: how to migrate
without lamellipodia. Nat Rev Mol Cell Biol 2008, 9:730-736.

103. Brand A, Vacharaksa A, Bendel C, Norton J, Haynes P, Henry-
Stanley M, Wells C, Ross K, Gow NA, Gale CA: An internal
polarity landmark is important for externally induced hyphal
behaviors in Candida albicans. Eukaryot Cell 2008, 7:712-720.

104. Migliaccio F, Piconese S: Spiralizations and tropisms in
Arabidopsis roots. Trends Plant Sci 2001, 6:561-565.

105. Persat A, Nadell CD, Kim MK, Ingremeau F, Siryaporn A,
Drescher K, Wingreen NS, Bassler BL, Gitai Z, Stone HA: The
mechanical world of bacteria. Cell 2015, 161:988-997.

106. Campas O, Rojas E, Dumais J, Mahadevan L: Strategies for cell
shape control in tip-growing cells. Am J Bot 2012, 99:1577-1582
http://dx.doi.org/10.3732/ajb.1200087.

www.sciencedirect.com

Current Opinion in Microbiology 2015, 28:36-45


http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0875
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0875
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0875
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0880
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0880
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0880
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0885
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0885
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0890
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0890
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0890
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0895
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0895
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0895
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0900
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0900
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0900
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0905
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0905
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0905
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0910
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0910
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0910
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0910
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0915
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0915
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0915
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0920
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0920
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0920
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0925
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0925
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0925
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0925
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0930
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0930
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0930
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0930
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0935
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0935
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0935
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0935
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0940
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0940
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0940
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0940
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0945
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0945
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0945
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0950
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0950
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0950
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0950
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0955
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0955
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0955
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0960
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0960
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0960
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0965
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0965
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0965
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0965
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0970
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0970
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0970
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0970
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0970
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0975
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0975
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0975
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0980
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0980
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0980
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0985
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0985
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0990
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0990
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0990
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0995
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref0995
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1000
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1000
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1000
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1000
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1005
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1005
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1005
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1010
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1010
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1010
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1010
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1015
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1015
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1020
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1020
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1020
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1025
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1025
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1030
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1030
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1030
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1030
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1035
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1035
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1040
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1040
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1040
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1040
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1045
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1045
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1050
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1050
http://refhub.elsevier.com/S1369-5274(15)00101-0/sbref1050
http://dx.doi.org/10.3732/ajb.1200087

	Mechanics and morphogenesis of fission yeast cells
	Introduction
	Main text
	Mechanical properties of fission yeast cells
	The fission yeast cell wall
	Turgor pressure regulation
	Cell mechanics and cell growth
	Role of cell mechanics in endocytosis and cytokinesis
	Cell mechanics and polarity

	Conclusion
	References and recommended reading
	Acknowledgments


