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Forces that shape fission yeast cells

ABSTRACT One of the major challenges of modern cell biology is to understand how cells 
are assembled from nanoscale components into micrometer-scale entities with a specific size 
and shape. Here I describe how our quest to understand the morphogenesis of the fission 
yeast Schizosaccharomyces pombe drove us to investigate cellular mechanics. These studies 
build on the view that cell shape arises from the physical properties of an elastic cell wall in-
flated by internal turgor pressure. Consideration of cellular mechanics provides new insights 
into not only mechanisms responsible for cell-shape determination and growth, but also cel-
lular processes such as cytokinesis and endocytosis. Studies in yeast can help to illuminate 
approaches and mechanisms to study the mechanobiology of the cell surface in other cell 
types, including animal cells.

INTRODUCTION
The fission yeast Schizosaccharomyces pombe serves as a simple, 
tractable model to study the fundamental mechanisms underlying 
cell morphogenesis. Along with its bacterial counterpart Escherichia 
coli, rod-shaped eukaryotic S. pombe is one of the simplest model 
systems for elucidating core concepts that can be applied to more 
complex, larger cells (Chang and Huang, 2014; Marshall, 2014). In a 
field populated largely by molecular geneticists and cell biologists, 
my group and other labs have identified and characterized many of 
the intracellular molecules, including polarity factors and regulators 
of the actin and microtubule cytoskeleton, that organize these rod-
shaped cells (Chang and Martin, 2009). However, about 10 years 
ago, I felt that solely studying the function of each gene product and 
its localization is not sufficient to address the larger questions that 
interest me the most: how is the shape and size of the cell deter-
mined at the micrometer scale? How are rounded shapes such as 
rods formed? How are the dimensions of cells determined? What 
are the advantages and disadvantages of certain cell shapes? It was 
telling that most of the mutants in key polarity programs still formed 
rod-shaped cells. We seemed to be missing some critical concep-
tual ingredient.

Nicolas Minc (a physicist postdoc at the time) pointed me to a 
rich literature on the physics of walled cells, which has been devel-
oped primarily in the context of plant cells. These articles posit that 
the shape of walled cells can be modeled using simple mechanical 
principles by considering the cell wall as a thin elastic shell inflated 
by turgor pressure, similar to a rubber balloon (Boudaoud, 2003; 
Dumais et al., 2006; Campas and Mahadevan, 2009). Simulations of 
tip growth based on these physical models predict cell shapes that 
are eerily similar to cellular forms seen in real life, including the fa-
miliar “rod” and pear-shaped “shmoo” shapes that appear across 
kingdoms (Figure 1). These models immediately inspired me to con-
sider whether similar physical mechanisms can explain the shaping 
of yeast cells.

However, in the context of yeast, this physical view was largely 
uncharted territory. It was not clear whether these models—devel-
oped for plant cells—could also explain the shape of yeast cells. Key 
parameters such as the mechanical properties of the cell wall and 
turgor pressure were unknown. In fact, at the time, most yeast cell 
biologists generally ignored the presence of the cell wall and turgor 
pressure in their thinking.

Why was this aspect of yeast biology so understudied? One likely 
reason stems from the sociological structure of science: we usually 
justify studying yeast as a model for studying conserved processes 
that are also important in human cells. Hence the perception is that 
it is easier to obtain funding to study highly conserved proteins such 
as Cdc42 and actin that have clear counterparts in humans, whereas 
it seems decidedly risky to focus on yeast cell walls and fungal-spe-
cific factors. (However, an equally valid justification for working on 
fungi is to understand fungi: fungal infections are a significant cause 
of death in human populations and have few effective treatments, 
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∼2.5 h; G1 and S phases occur just around the time of cell septation 
and division, and much of the cell cycle is composed of a long G2 
phase.

Although S. pombe cells are highly regular in shape, closer in-
spection of these cells reveals many subtle features. Most cells have 
birth scars, which are circumferential ridges of cell wall left from pre-
vious cell divisions. Cells also expand slightly over generations, and 
so different parts of an individual cell can have slightly different 
widths. In addition, the shapes of the two cell ends differ slightly 
from each other (Abenza et al., 2015; Atilgan et al., 2015). Fission 
yeast undergo a specific growth program in which they initially grow 
from only one end (the old end) just after division and then in G2 
phase initiate growth from the other end (the new end) in a process 
known as new-end takeoff.

Like plants, bacteria, and other fungi, fission yeast cells are en-
cased in a cell wall that gives the cell its shape and dimensions. 
When a portion of the wall is digested away, the “naked” mem-
brane-bound cell leaks out of the wall and adopts a spherical shape, 
leaving behind the empty rod-shaped shell of cell-wall material (a 
“ghost”), which maintains the rod shape. The cell wall is ∼200 nm 
thick and composed primarily of α, β-glucans and galactomannans, 
but it apparently lacks chitin (Perez and Ribas, 2004). In general, the 
organization of the yeast cell wall is not known, but intriguing elec-
tron micrographs of protoplasts regrowing their walls reveal bundles 
of glucan fibers without obvious set orientations (Osumi, 1998).

In fission yeast, many of the intracellular molecular mechanisms 
underlying cell polarity and cytokinesis have been elucidated 
(Chang and Martin, 2009; Martin and Arkowitz, 2014). Mutant 
screens have identified a menagerie of distinct cell shapes, ranging 
from round, bent, and ovoid shapes to branched T shapes (Verde 
et al., 1995). Analyses of the gene products represented by these 
mutants, as well as characterization of the microtubule and actin cy-
toskeletons, led to the identification of factors that affect cell shape 
and division. The spatial axis of the cell, which helps to specify the 
“middle” and “ends” of the cell, is designated in part by interphase 
microtubules (Chang, 2001; Piel and Tran, 2009). These dynamic 
microtubule bundles define the cell “middle” by positioning the 

and fungi in general play important roles in agriculture, ecology, and 
environmental science.) Another reason was the expertise of the 
field at the time: most of us, including me, were used to thinking 
more about proteins than about physics. Despites anxieties about 
moving into an unfamiliar field and concerns for my next grant re-
newal, I decided that in order to fully understand cell morphogene-
sis, we simply had to incorporate physical-based mechanisms into 
our thinking. Thus, working with physicists, we set off in new direc-
tions in the lab to explore the mechanics of fission yeast cells.

Here I introduce fission yeast and then describe our forays into 
cellular mechanics, giving a personal perspective on this scientific 
journey. I describe how we measured the mechanical properties of 
the cell and how new perspectives on cellular mechanics yield new 
insights into the mechanics of cytokinesis, endocytosis, and estab-
lishment of cell shape. Finally, I describe how studies of yeast me-
chanics may be applied to understanding the mechanobiology of 
mammalian and other cell types.

FISSION YEAST PRIMER
Regular size, shape, and cell-cycle periods make fission yeast a pow-
erful model for studying cell morphogenesis and division (Figure 2). 
S. pombe are rod-shaped cells ∼8–14 μm in length and ∼4 μm in 
width. These cells have a similar aspect ratio and shape as E. coli 
cells but are ∼100-fold larger in volume. Fission yeast cells grow by 
tip extension during interphase in the cell cycle and cease growth 
during mitosis and cytokinesis (Figure 2). During cytokinesis, they 
divide medially through construction of a cell-wall septum. Under 
optimal growth conditions, the cell cycle of wild-type cells takes 

FIGURE 1: Physical models of tip growth in walled cells recapitulate 
cell shapes across kingdoms. These simulations depict (A) the 
emergence of a polarized projection from a sphere; (B) transition from 
tip growth to the formation of a spherical knob; (C) how changes in 
parameters alter tip shape; (D) periodic rates of tip growth; and 
(E) the formation of a beaded rod shape via periodic regulation of 
cell-wall properties at the growing tip. Reproduced with permission 
from Dumais et al. (2006).

FIGURE 2: The cell cycle of fission yeast. During interphase,  
S. pombe cells grow from the cell tips (orange arrows) to 14 μm in 
length. During mitosis, the cell ceases growth, the mitotic spindle 
segregates chromosomes, and the actin-based contractile ring (red) 
assembles at the cell middle. During cytokinesis, the medial septum 
(blue) grows inward as the contractile ring constricts. Upon cell–cell 
separation, the cell wall at the septum rapidly adopts a rounded 
shape to form the new end. The relative size of E. coli is depicted for 
scale (bottom right).
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stretches uniformly in all directions (for a fuller discussion, see Chang 
and Huang, 2014). We also measured how much cells shrink in re-
sponse to a range of sorbitol concentrations. Dose–response curves 
indicated that at 1.5 M external molarity, cells shrink to the dimen-
sions of the relaxed state of the cell walls. These results, coupled 
with theoretical modeling, led to an estimate of internal pressure of 
∼1.5 MPa, which yields a Young’s elastic modulus of ∼50 MPa.

In a second set of experiments, we inserted yeast cells into mi-
crofabricated circular wells made of polydimethylsiloxane (PDMS) of 
varying elasticity (Minc et al., 2009). Cells distorted chambers fash-
ioned from soft PDMS, whereas chambers with stiff PDMS bent cells 
like a fortune cookie (Figure 3C). We estimated the stiffness of the 
cell by modeling the cell as a beam that buckles under compressive 
forces. Despite different approaches, these studies gave estimated 
parameters similar to the analyses in the preceding paragraph. Fur-
ther, analyses of cells growing and distorting PDMS wells generated 
force–velocity curves for cell growth.

These estimated parameters revealed that fission yeast are strik-
ingly tough and strong (Minc et al., 2009; Atilgan et al., 2015). 
Turgor pressure of 1.5 MPa (15 atm) is similar to the pressure found 
inside a steam engine or within a racing bike tire. The elasticity of 
the cell wall is similar to that of tough rubber. The stall force of the 
growing tip is estimated at 1 μN/μm2, which is similar to a human 
hand supporting hundreds of kilograms—a force that is sufficient for 
the yeast cell to pierce skin. These forces are orders of magnitude 
higher than those present when animal cells interact with substrates 
(du Roure et al., 2005; Style et al., 2014).

Why might a yeast cell need to have such high turgor pressure? 
One likely answer is that turgor pressure is suited for the lifestyle of 

nucleus in the middle of the cell through a microtubule-pushing 
mechanism (Tran et al., 2001). The position of the nucleus and spa-
tial cues from cell-tip proteins are used to specify the site of cell divi-
sion by localizing the anillin-like Mid1 protein (Daga and Chang, 
2005). Microtubules also regulate cell polarity at the cell ends by 
transporting Tea proteins to the cell tips, which regulate formin-me-
diated actin assembly there (Martin et al., 2005). Many polarity fac-
tors, such as the small GTPase Cdc42, localize in dynamic cap distri-
butions at cell ends to coordinate the polarized localization of actin 
assembly, secretion, and endocytosis (Das et al., 2012). Similarly, for 
cytokinesis, much is known about molecular mechanisms of assem-
bly of the actin-based contractile ring and the regulation of cell divi-
sion (Pollard and Wu, 2010). Thus, although we understand quite a 
bit about these intracellular factors and how they are organized spa-
tially, how they ultimately modulate the cell wall and its mechanical 
properties remain relatively unknown.

DEFINING THE MECHANICAL PARAMETERS  
OF THE YEAST CELL
At the onset of our studies of S. pombe mechanics, surprisingly little 
was known about the mechanical properties of these cells. My pre-
conception was that the cell wall was a rather static, concrete-like 
rigid shell. To begin testing the physical models of cell morphogen-
esis, we focused on measuring key parameters: turgor pressure and 
mechanical properties of the cell wall. We discovered that, as pre-
dicted by the models, the yeast cell wall is not like concrete but has 
elastic properties akin to those of rubber. We could, for instance, 
repeatedly bend a cell with an external force, and each time, upon 
release, it popped back into a straight shape (Minc et al., 2009). Ad-
dition of an osmotic agent such as sorbitol into the medium causes 
a decrease in turgor pressure and shrinkage of the cell and its wall 
(Atilgan et al., 2015); this shrinkage is reversible, as subsequent re-
moval of sorbitol restores normal turgor pressure, and the cell wall 
reinflates to its original size (Nakayama et al., 2014).

A variety of methods have been developed to determine the 
mechanical properties of walled cells (Milani et al., 2013). In general, 
these measurements are challenging and often require creative ap-
proaches to suit the particular cell type. Fission yeast offers certain 
technical advantages for studying cellular mechanics. The simple 
rod shape greatly facilitates the measurement of cellular dimensions 
and growth rates. Experiments on turgor pressure are often compli-
cated by cellular adaptations to changes in turgor pressure; in fis-
sion yeast, this adaptive response, which involves synthesis of glyc-
erol that gradually restores turgor pressure, can be largely abrogated 
by mutating a glycerol synthesis gene, gpd1 (Minc et al., 2009). Cell 
geometry can be controlled in fission yeast through genetic pertur-
bations, as well as by physical manipulation with microfabricated 
devices (Terenna et al., 2008; Minc et al., 2009; Piel and Tran, 2009; 
Zhou et al., 2015b).

In fission yeast, we have employed multiple approaches that 
have yielded consistent estimates of mechanical parameters. Our 
simplest approach has been to measure the dimensions of S. pombe 
cells when turgor pressure is reduced by breaking the cell or adding 
sorbitol to the medium (Atilgan et al., 2015). When the cell is bro-
ken, for instance, by a laser shot to the cell surface, it rapidly deflates 
17% in width and 9% in length, indicating that turgor pressure nor-
mally inflates the cell wall by >50% by volume (Figure 3, A and B). 
The finding that cell wall stretches twofold more in width than in 
length is also significant.  For a cylindrical thin shell, the stress (force 
per unit area) around the cell circumference is two times greater 
than the stress along the longitudinal axis; this twofold ratio in ex-
pansion thus suggests that the cell wall is an isotropic material that 

FIGURE 3: Measuring mechanical properties of fission yeast cells. 
(A) Modeling the cell wall as an elastic shell that is inflated by turgor 
pressure. (B) The cell shrinks upon loss of turgor. Bright-field images 
of a fission yeast cell before (top) and after (bottom) turgor pressure 
has been released via a laser cut to the cell surface. Reproduced with 
permission from Atilgan et al. (2015). (C) Images of fission yeast cells 
inserted into microfabricated chambers of varying stiffness (left to 
right: hard to soft) to measure cellular mechanical properties. 
Reproduced with permission from Minc et al. (2009). Scale bars, 5 μm.
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2006; Campas and Mahadevan, 2009). After the cell wall is inserted 
in a specified region at the cell tip, it may flow like a viscous material 
and stretch like an elastic material as it moves from the tip to be-
come the lateral cell wall. A maturation process may lead to stiffen-
ing of the cell wall as it travels from cell tip to the lateral side of 
the cell.

Modulation of cell-wall insertion and mechanical properties in 
space and time dictate the shape and size of the growing tip (Chang 
and Huang, 2014). Models of these processes (Figure 1), which were 
developed for plant cells, have recently been applied to cell-tip 
growth in fission yeast (Drake and Vavylonis, 2013; Abenza et al., 
2015). The intracellular machinery of polarity factors, membrane 
trafficking, and cytoskeleton that regulates cell-wall synthases, mod-
ifying enzymes, and mechanical inputs may all modulate the proper-
ties of the cell wall to produce a cell tip with a particular shape. Re-
cent studies suggest that this interplay may be quite complex; for 
instance, there may be mechanisms in which the mechanical proper-
ties of the cell wall feed back on the regulation of the polarity ma-
chinery (Bonazzi et al., 2014). In general, there is still much to do to 
test and further develop these models to integrate the mechanical 
and molecular data. Important questions to address include where 
cell wall is synthesized at the cell tips, how polarity factors modulate 
the assembly and mechanical properties of the cell wall, and how 
mechanics and geometry feed back on polarized growth. Analyses 
of mutants with altered shapes and/or mechanical properties will 
provide important tests of the models (Chang and Huang, 2014).

MECHANICS OF CYTOKINESIS
Turgor pressure pushes outward on the plasma membrane against 
the wall and thus is predicted to oppose the inward movement of 
the plasma membrane. Our measurements of high turgor pressure 
suggest that quite significant forces at the cytokinetic furrow and 
endocytic pit may be needed to move the plasma membrane in-
ward in opposition to this pressure. However, it is also possible that 
the cell has mechanisms that somehow compensate for these high 
pressures. Thus we sought to test experimentally whether turgor 
pressure affects the mechanics of these processes.

Cytokinesis in fission yeast requires both an actomyosin-based 
contractile ring and assembly of the cell-wall septum (Figure 4A; 
Pollard and Wu, 2010). The ring assembles in the medial region of 

the cell during mitosis. After the chromo-
somes are segregated, the ring gradually 
constricts as the septum is formed. During 
this process, much of the machinery that 
produces wall at the cell tips is relocated to 
the medial portion of the cell to build the 
septum. To move the plasma membrane 
into the cell for furrow ingression, the actin 
ring, which is attached to the membrane in-
side the cell, pull inward on the membrane; 
in addition, the growth of the cell wall at the 
septum outside the membrane may push 
the membrane inward. Based on analogy to 
the contractile ring in animal cells, the com-
mon assumption was that ring constriction 
provides the primary force.

To test the contribution of turgor pres-
sure, we added a low concentration of sor-
bitol to cells to lower turgor pressure and 
found that the furrow ingresses faster, pro-
viding initial evidence that turgor pressure is 
relevant to ingression (Proctor et al., 2012). 

fungal cells in their natural environment. Although we understand 
little about the natural habitat of fission yeast, these cells may live in 
soil with variable osmotic conditions, and thus high turgor pressure 
could facilitate their growth in confined spaces and provide suffi-
cient force to pierce objects in search of food. These measurements 
raise interesting questions about how cells set and regulate their 
turgor pressure and how these mechanical properties affect cell fit-
ness, growth, and other cellular processes.

THE ROLE OF TURGOR PRESSURE IN SHAPING 
THE CELL
One function of turgor pressure is to inflate the cell wall to shape the 
cell and drive cell growth. We began our studies of cell-shape me-
chanics by investigating a cell-shape transition during “new-end” 
formation (Atilgan et al., 2015). On separation of two daughter cells 
at the end of cytokinesis, the flat septum cell wall adopts a rounded 
shape at the new end (Figure 2). This change in shape could in prin-
ciple arise from active cell growth and wall remodeling, or, alterna-
tively, it could arise as a simple bulging of the cell wall in response 
to turgor pressure, without additional cell-wall growth. We tested 
these possibilities through a series of experiments and modeling. 
One key experiment showed that in a septated cell, lysis of one of 
the sister cells causes the septum to rapidly bulge out into the lysed 
cell, presumably driven by turgor pressure in the intact cell. In other 
experiments, we discovered that cells treated with the actin inhibi-
tor latrunculin A are still able to complete cytokinesis and form the 
rounded new ends, suggesting that active growth is not needed for 
this shape change. Decreasing turgor pressure led to flatter cell 
ends. Finite-element modeling demonstrated that the effect of tur-
gor pressure on the cell wall is sufficient to explain the rounded 
shape of the new end. In addition, modeling suggested that the cell 
wall at the end is not only thinner but also two times softer than the 
mature lateral cell wall. Thus shaping the new end is one of the 
simplest examples of how turgor pressure alone can shape the cell 
wall.

Turgor pressure is also predicted to drive the much more com-
plex process of tip growth (Chang and Huang, 2014). Physical mod-
els of tip growth posit that new cell wall is deposited at the growing 
cell tip, and turgor pressure drives the mechanical expansion of the 
viscoelastic wall (Lockhart, 1965; Boudaoud, 2003; Dumais et al., 

FIGURE 4: Mechanics of cytokinesis in fission yeast. (A) Ingression of the cleavage furrow 
during cytokinesis involves assembly of the septum and constriction of the contractile ring (red). 
(B) Model of forces involved in furrow ingression at the leading edge of the furrow (blue arrow in 
A). Septum assembly provides the major force by pushing the membrane inward, opposing 
turgor pressure. The actin-based contractile ring (red), which is attached to the plasma 
membrane via membrane proteins (turquoise), provides relatively small pulling forces on the 
membrane, which may shape the septum by stimulating the activity of glucan synthases (bgs 
proteins, purple). Adapted from Proctor et al. (2012) and Zhou et al. (2015b). 
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Bayly, 2014; Dmitrieff and Nedelec, 2015; Dmitrieff and Nedelec, 
2016).

PRESSURE IN ANIMAL CELLS
The study of cell mechanics in yeast may establish a framework for 
studying mechanics in other cell types. Although mammalian cells 
have long been believed to have negligible internal pressure, recent 
studies have shown that they do have pressure, which drives signifi-
cant changes in cell shape. Of interest, pressure is regulated in the 
cell cycle: during mitosis, cells swell due in part to an increase in 
osmotic pressure (Son et al., 2015; Zlotek-Zlotkiewicz et al., 2015). 
Current estimates of intracellular pressure are in the range of 100 
kPa at mitosis, ∼10-fold lower than in fission yeast (Zlotek-Zlotkie-
wicz et al., 2015). As in yeast, internal pressures in animal cells are 
likely to affect processes such as the generation of cell shape, endo-
cytosis, cell migration, and division (Charras et al., 2005; Boulant 
et al., 2011; Sedzinski et al., 2011; Houk et al., 2012; Salbreux et al., 
2012). In a recent example, internal pressure was shown to affect 
cytokinesis in an optogenetically controlled Rho system (Wagner 
and Glotzer, 2016). Instead of a thick cell wall, in mammalian cells, 
the actin-rich cortex and the extracellular matrix may contribute to 
the mechanical properties of the cell surface. Thus, although I had 
initially believed that these studies on turgor pressure in yeast would 
not be so applicable to animal cells, it is becoming apparent that the 
concepts and approaches developed in yeast and other walled cells 
are quite relevant for understanding aspects of the mechanobiology 
of animal cells.

CONCLUSION
In this Perspective, I have described our scientific journey in study-
ing cell mechanics in fission yeast. We have been challenged to 
develop new approaches and learn new concepts, and we have 
been rewarded with exciting new views of cell morphogenesis and 
division. These initial studies now raise a plethora of fascinating new 
questions to investigate. For instance, how are mechanical param-
eters set and maintained by the cell, and how do mechanical signals 
regulate cellular processes such as cell-wall synthesis and cell polar-
ity mechanisms in order to shape the cell? Why do cells ”care” to 
adopt a particular shape (Chang and Huang, 2014)? The many ex-
perimental advantages in yeast will allow relatively rapid progress in 
studying how molecules and mechanics affect each other and will 
lead to more comprehensive models that incorporate both mole-
cular and physical features.

These are still early days of studying the quantitative bases of cell 
morphogenesis. Using a simple and experimentally tractable model 
such as yeast enables us to define universal concepts and elucidate 
conserved molecular and physical features underlying cell morpho-
genesis. Just as yeast is well appreciated as a model to elucidate 
molecular mechanisms, it may also serve as a powerful model sys-
tem for studying cellular mechanics and the basic design principles 
of cellular form across the kingdoms of life.

We then asked, what provides the force for ingression, the constric-
tion of the actin ring, or septum formation? Back-of-the-envelope 
estimates suggested that the collective forces from the ring are in-
sufficient by orders of magnitude to work against this pressure. 
When the cell wall is removed, the ring is unable to pinch the cell 
membrane but instead slides itself in the plane of the membrane; 
analysis of this process provided an estimate of ring-constriction 
force that is much smaller than turgor pressure (Stachowiak et al., 
2014). Instead of relying on the ring to divide, it is theoretically pos-
sible that the assembly of glucan strands by cell-wall synthases at 
the plasma membrane provides sufficient force for ingression (Proctor 
et al., 2012). Consistent with this hypothesis, we discovered that, 
remarkably, ingression of the furrow continued even upon loss of the 
actin ring (Proctor et al., 2012). These findings suggest that cell-wall 
assembly, and not the contractile ring, provides the primary force for 
furrow ingression in fission yeast.

Then what is the function of the contractile ring? One function 
is to set the position of the machinery that builds the septum. An-
other function may be to spatially control septum formation as the 
furrow ingresses. When the ring is disrupted during ingression, the 
septum continues to grow inward but often in a disorganized man-
ner so that the furrow is no longer circular (Zhou et al., 2015b). As 
shown in cells manipulated into different shapes, the ring appears 
to promote cell-wall growth in a curvature-dependent manner; 
curved parts of the septum grow significantly faster than flat por-
tions. This property suggests a model in which pulling forces from 
the actin ring, which are predicted to be curvature dependent, lo-
cally stimulate the cell-wall synthesis machinery through a mecha-
nosensitive mechanism (Figure 4B). This mechanism may ensure 
that the septum maintains circularity as it grows inward in order to 
make cytokinesis more robust (Thiyagarajan et al., 2015; Zhou 
et al., 2015b).

At the end of cytokinesis, the two sister cells split apart when the 
completed septum that holds them together is digested away. Tur-
gor pressure may drive this splitting, helping to tear apart the sep-
tum and rapidly push the sister cells away from each other as the 
septum bulges out into the new end (Atilgan et al., 2015; Zhou 
et al., 2015a). This splitting may function to organize cells in the 
microcolony and enable cells to grow from the new end. These 
studies on cytokinesis illustrate how the measurement of a particular 
parameter (in this case, of turgor pressure) can lead to new insights 
into cellular mechanism.

MECHANICS OF ENDOCYTOSIS
During endocytosis, the plasma membrane moves inward to form 
the endocytic pit. As with cytokinesis, we asked whether turgor 
pressure affects the endocytic process. Clathrin-mediated endocy-
tosis in yeast requires a branched network of actin that assembles 
around the endocytic pit (Sirotkin et al., 2010). These actin filaments, 
coupled with myosin type I motor proteins, may provide the force 
necessary to oppose turgor pressure. We found that reducing turgor 
pressure with sorbitol significantly accelerates an early step of endo-
cytosis by up to 40% (Basu et al., 2014; see also (Aghamohammad-
zadeh and Ayscough, 2009). Addition of sorbitol also suppresses 
endocytic defects caused by partial loss of actin or in certain endo-
cytosis mutants such as WASp mutants, further supporting the idea 
that actin-dependent forces oppose turgor pressure. Similar actin-
dependent mechanisms may oppose membrane tension for endo-
cytosis in animal cells (Boulant et al., 2011). These studies highlight 
the mechanical requirements of endocytosis and have inspired re-
cent models of endocytosis that examine how actin filaments gener-
ate significant local forces to oppose turgor pressure (Carlsson and 
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