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Abstract

Numerous fungal species respond to contact with a surface by undergoing differentiation. Contact
between plant pathogenic fungi and a surface results in the elaboration of the complex structures that
enable invasion of the host plant, and for the opportunistic human pathogen Candida albicans, contact
with a semi-solid surface results in invasive growth into the subjacent material. The ability to sense
contact with an appropriate surface therefore contributes to the ability of these fungi to cause disease
in their respective hosts. This Review discusses molecular mechanisms of mechanosensitivity, the
proteins involved, such as mechanosensitive ion channels, G-protein-coupled receptors and integrins,
and their putative roles in fungal contact sensing.

As free-living organisms in nature, many fungi, including plant pathogenic fungi, are exposed
to widely varying environments and must adapt to stressful conditions. Appropriate responses
to environmental cues are therefore crucial for survival. Candida albicans inhabits the
relatively protected environment of the human body but nevertheless colonizes multiple
sites? and thus encounters a variety of environmental conditions. Environmental sensing is
therefore also of paramount importance to this human commensal and opportunistic pathogen.

Several types of environmental sensing and response have been characterized in fungi,
including responses to low oxygen?, nutrient deprivation® and osmotic stress?. In addition, as
with mammalian cells, many fungi respond to contact with surfaces, using contact sensing as
a means to gain important information about their physical environment. Contact sensing in
mammalian cells regulates proliferation, differentiation and apoptosis (reviewed in Refs 5:5).
Contact sensing in fungi regulates differentiation and, for pathogenic fungi, is important for
virulence.

Many plant pathogenic fungi respond to contact with an appropriate surface by undergoing a
complex differentiation programme, producing specialized cell types and elaborate
structures’+8. For example, Uromyces appendiculatus and Magnaporthe grisea produce
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structures termed appressoria (BOX 1), which produce infection pegs that invade plant tissues
and allow these fungi to attack the host plant.

Contact sensing by C. albicans results in the formation of invasive hyphae®. These hyphae
penetrate and grow within the underlying material, which can be a host tissue or laboratory
culture medium (FIG. 1a). Within a host, the penetrating hyphae allow the organism to reach
the bloodstream, setting the stage for disseminated, life-threatening infections. Contact sensing
thus makes an important contribution to the pathogenic lifestyles of many fungi. The
remarkable similarities in pathogenic strategies used by fungal pathogens of plants and animals
have recently been reviewed10.

The goals of this Review are to discuss the molecular mechanisms by which membrane proteins
respond to forces that act on the membrane and present examples of the use of these
mechanisms in contact-dependent fungal differentiation. This Review is not meant to be
comprehensive but rather to illustrate molecular principles. Therefore, the focus will be on
well-studied, well-understood molecules, which might prove paradigmatic for events that
occur during fungal contact sensing.

Mechanosensitive ion channels

One well-studied mechanism that underlies responses to mechanical stimuli in many cell types
involves the use of mechanosensitive (MS) ion channels. MS channels open in response to
physical stimuli that affect the membranel1:12, The changes in ion flux that result from channel
opening bring about changes in cellular physiology and thus a biological response occurs as a
result of a mechanical stimulus. This mechanism is used, for example, in the sense of
hearing?2 and, in microbial cells, in responses to hypo-osmotic stress't. Such channels also
participate in some types of fungal contact sensing.

One of the best-studied MS channels is the Mscl protein of bacteria. Mscl proteins are encoded
in the genomes of numerous bacterial species but not in eukaryotes, which encode other types
of MS channels. Mscl produces a large conductance channel, which is not selective for
ions4. The Mscl protein from Mycobacterium tuberculosis has been crystallized in the closed
statel® and the resulting structure showed that Mscl is a pentamer (FIG. 2a). Each subunit has
two transmembrane a-helices (TM1 and TM2), and cytoplasmic n- and C-terminal domains.
In the closed state, the TM1 helices of each subunit lie close together so that the central region
is closed. Models of the open state predict that by tilting the TM helices with respect to the
plane of the lipid bilayer, a water-filled pore of diameter >25A can be created6:17 (FIG. 2a).
Thus, during the transition from the closed to the open state, a large conformational change
causes the pore to open.

To study the types of bilayer perturbations that result in channel opening, Perozo et al. used
nitroxide spin labelled Mscl that was reconstituted in various types of liposomes or detergent
micelles and carried out electron paramagnetic resonance spectroscopy8. Spin-labelled Mscl
reconstituted into dioleoylphosphatidylcholine (PC) liposomes generated a spectrum that
corresponded to the closed state (FIG. 2a). Mscl that was reconstituted in the detergent dodecyl
maltoside and studied under the conditions used for crystallization also produced a spectrum
that was characteristic of the closed state. By contrast, the addition of an amphiphilic molecule
(lysophosphatidylcholine, IPC), which inserts into one leaflet of the bilayer and causes bilayer
deformation, led to a conformational change to the open state (FIG. 2a). Measurement of
channel conductance also showed that the addition of IPC opens the channel, providing further
evidence that bilayer perturbation results in a conformational change in Mscl. Importantly,
reconstitution of spin-labelled Mscl into liposomes composed of mixtures of PC and IPC
generated the closed conformation of Mscl. Thus, the mere presence of IPC in the bilayer is
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not the crucial factor that leads to channel opening; rather, it is the asymmetric distribution of
IPC and the resulting bilayer distortion that is important.

In summary, the conformation of Mscl is influenced by distortion of the lipid bilayer, which
can arise following asymmetric insertion of amphiphilic molecules or other events. As a result,
there is a change in the orientation of crucial helices and a change in the functionality of the
protein. In this way, the protein produces a chemical response — a change in intracellular ion
concentrations — in response to physical distortion of the membrane.

Box 1. Magnaporthe grisea appressorium formation

Magnaporthe grisea, the causative agent of the economically important infection rice blast,
is an example of an organism in which appressorium development is triggered by contact
(see the figure). In nature, M. grisea conidia (also called spores) are dispersed by wind or
rain and deposited on the leaves of susceptible plants. When the deposited conidia are in an
environment with a ready supply of water (for example, a dew drop), they germinate to
produce elongated cells named germ tubes, that are the precursors to hyphae (see the figure;
reviewed in Ref. 46). If the germ tube senses contact with an appropriate ‘inductive’ surface,
it ceases growth and produces an appressorium. The appressorium acquires water from the
dew drop by accumulating glycerol and other compatible solutes. Eventually, the
appressorial glycerol concentration exceeds 3 M and, as a result, extremely high turgor
pressure is generated4’. Using this high turgor pressure, the penetration plug and secondary
germ tube that are produced by the appressorium exert sufficient force to breach the cuticle
of the plant or, in vitro, to push through inert non-biological materials such as Mylar
membranes#’. Once within the epidermal cells of the plant, ‘infection hyphae’ grow
intracellularly and spread from cell to cell, producing the characteristic lesions of rice blast.

MS ion channels in fungi

Although similar structural studies have not been performed on MS channels from fungal
organisms, MS channel activity has been detected by patch clamping membranes from several
fungi1®:20 and a role for MS channels in a striking response to features of the physical
environment has been described for the bean rust fungus, U. appendiculatus.

U. appendiculatus germ tubes form appressoria, the differentiated structures that produce
specialized components for plant leaf invasion, specifically over stomata. To learn how U.
appendiculatus cells locate the stomata, Hoch et al. studied the response of cells to artificial
surfaces?L. Their results showed that the formation of appressoria by U. appendiculatus can
be induced on artificial surfaces that contain scratches or ridges. Polystyrene surfaces
containing 0.5 micrometre ridges support efficient appressorium formation, and the efficiency
of appressorium formation on surfaces with 0.25 micrometre or 1 micrometre ridges is only
one-tenth of the efficiency of appressorium formation on 0.5 micrometre ridges?t. The
experimentally determined optimal ridge height corresponds to the height of the ridges that are
found naturally on stomatal guard cells?. This suggests that by sensing this environmental
feature, U. appendiculatus germ tubes can identify stomata and initiate appressorium formation
at these sites. U. appendiculatus has therefore evolved a mechanism for sophisticated sensing
of the features of its substratum to allow differentiation to occur at specific sites on host leaves.

Nat Rev Microbiol. Author manuscript; available in PMC 2009 October 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kumamoto

Page 4

Kung and co-workers proposed that when U. appendiculatus cells contact ridges, MS ion
channels are activated. Thus, the activation of MS channels is proposed to be the sensing
mechanism that allows the germ tube to identify the stomata and initiate differentiation.
Consistent with this model, MS channel activity was detected by whole-cell patch clamping
of protoplasts that had been produced from germinated U. appendiculatus spores!®. In addition,
like many MS channels, the U. appendiculatus MS channel is inhibited by gadolinium
(Gd3*) and Gd3* was found to inhibit U. appendiculatus differentiationl®. These results support
the hypothesis that MS channels contribute to contact sensing and initiation of differentiation
in this organism.

Other responses of fungi to the physical features of the environment require the activity of MS
ion channels. C. albicans hyphae exhibit a behaviour termed thigmotropism (FIG. 2b).
Thigmotropic responses of C. albicans that can be measured in the laboratory, such as the
reorientation of hyphae in response to encounters with ridges, are inhibited by treatment with
Gd3* (Ref. 20), suggesting that C. albicans MS channels are involved in thigmotropism.
Consistent with this notion, deletion of the C. albicans MID1 gene, which encodes a component
of an MS channel, results in diminished thigomotropic responses, such as a decreased ability
to reorientate at ridges?2.

In summary, these results show that fungal MS ion channels allow fungi to respond to the
presence of topographic features of the physical environment. This type of sensing might occur
because there is a deformation of the membrane bilayer that is produced when the growing
germ tube contacts a ridge or other environmental feature. For U. appendiculatus, sensing the
presence of ridges is key to identifying the appropriate site for appressorium development. For
C. albicans, thigmotropism might guide invading hyphae towards gaps between cells,
facilitating the entry of the organism into host tissues. Thus, the use of MS channels as a
mechanism for environmental sensing contributes to the virulence of these fungal pathogens.

Box 2. Contact-dependent filamentation of Candida albicans and Saccharomyces
cerevisiae

During infection of susceptible hosts, such as immunocompromised humans, Candida
albicans produces hyphae that invade host tissue. Hypha formation is important for infection
and is tightly co-regulated with virulence factor gene expression®L. In addition to promoting
escape from phagocytic cells, hyphae allow the organism to breach epithelial surfaces and
reach deeper tissue (FIG. 1a).

C. albicans cells monitor a wide variety of environmental parameters, permitting the
organism to produce invasive lesions in diverse body sites®2. Contact with a semi-solid
surface, such as agar, is one of numerous environmental cues that regulate hyphal
differentiation®3 (FIG. 1b). The hyphal response to contact can occur in the absence of other
types of signals, such as high temperature or the presence of special medium components.

Interestingly, on solid surfaces, C. albicans cells produce a different response. Under these
conditions, biofilms (three-dimensional communities composed of attached cells

surrounded by exopolymeric matrix) are produced®* (FIG. 1a). Differences in the genetic
regulation of invasive filamentation and biofilm formation®® indicate that C. albicans cells
sense the properties of the surface in order to produce the appropriate biological response.

The model fungal organism, Saccharomyces cerevisiae, also undergoes contact-dependent
morphogenesis. In response to nutrient deprivation, certain strains of diploid S.
cerevisiae, including wild strains cultivated from natural sources®®, produce
pseudohyphae®’. This response to low nutrients is observed only when the cells are grown
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on the surface of semi-solid medium and not during growth in liquid medium®8, Thus, as
described for C. albicans, contact is sensed by S. cerevisiae and promotes filamentation.

G-protein-coupled receptors

G-protein-coupled receptors (GPCRs) comprise a large family of receptors and are encoded in
the genomes of diverse eukaryotic species. Many GPCRs are activated by ligand binding or,
in the case of rhodopsin, by light absorption. In addition, GPCRs have been implicated in
cellular responses to mechanical forces?3=2%, The mechanism of signalling by GPCRs is
thought to involve rearrangements of side chains2® rather than large movements of helices as
seen in Mscl. GPCRs are composed of seven transmembrane helices. High-resolution crystal
structures of the ground state of two GPCRs, bovine rhodopsin2’:28 and the human 26, show
that the seven B,-adrenergic receptor (B,AR) TM helices have similar arrangements in the two
proteins. These structures have allowed the structures of other proteins in this class to be
modelled.

Conformational changes that occur in GPCRs in response to mechanical forces have been
detected using various types of probes. With the angiotensin Il type 1 receptor, rotation of one
of the TM helices in response to mechanical stretching of the membrane was detected by
changes in the accessibility of the ligand-binding pocket to an inactivating reagent2®. A
bradykinin GPCR, modified form of the human B, which was fused to two fluorescent proteins
(cyan fluorescent protein and yellow fluorescent protein) to allow fluorescence resonance
energy transfer (FRET) between the two fluorescent proteins, was shown to undergo
conformational changes that reduced FRET in response to shear stress?3. Similar reductions
in FRET occurred in response to other membrane perturbations, such as hypotonic stress or
incubation with molecules that enhance membrane fluidity. Thus, GPCRs are
mechanosensitive and undergo conformational changes in response to mechanical forces, such
as stretching.

GPCRs and fungal contact sensing

The plant pathogen M. grisea, the causative agent of rice blast, undergoes appressorium
formation following contact with a surface (BOX 1). Contact with a hard surface is required
for appressorium formation and neither soft surfaces nor liquids are inductive for appressorium
development.

To identify components that participate in M. grisea contact sensing and other aspects of M.
grisea differentiation, insertional mutagenesis and screening for mutants that were defective
in plant infection3® was performed. PTH11, which encodes a GPCR3!, was identified because
a pth11 null mutant is markedly reduced in efficiency of appressorium formation (10%
efficiency for the mutant compared with 97% for the wild type) on barley leaves. However,
some steps in the differentiation process still occurred in the pth11 null mutant and therefore
some elements of contact sensing remain intact in the absence of Pth11p.

As a GPCR, Pth11p is predicted to interact with a heterotrimeric G protein(s). The M. grisea
genome encodes 3 Ga subunits, 2 Gp subunits and one Gy subunit32. Deletion of some of these
subunits results in mutants that are defective in formation of appressoria32:33, and G-protein-
activating mutations result in mutants that form appressoria robustly on inductive surfaces and
some non-inductive surfaces343%. Taken together, these results indicate a role for a GPCR and
heterotrimeric G proteins in the regulation of M. grisea appressorium development.

Members of the GPCR family also regulate morphogenesis in C. albicans and in the model
organism Saccharomyces cerevisiae. In C. albicans, the formation of filamentous hyphae is
promoted by numerous cues from the environment, including contact (BOX 2; FIG. 1b).
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Contact sensing results in the formation of hyphae that penetrate into the substratum below the
C. albicans cells (FIG. 1a). Filamentation in response to contact is defective in C. albicans
mutants that lack the GPCR Gprlp, whereas filamentation of this mutant in response to other
environmental cues is normal36—38, S, cerevisiae forms pseudohyphae when grown in contact
with agar medium of the appropriate composition (for example, a low nitrogen content) and
S. cerevisiae GPR1 is important for pseudohyphal development3?. S. cerevisiae Gprip binds
sugars such as glucose and sucrose directly and is thought to be a nutrient sensor4%:41, Although
the mechanosensitivity of these fungal GPCRs has not been directly investigated, the
mechanosensitivity of other members of this protein family suggests that fungal GPCRs might
respond to physical forces that act on the membrane.

In summary, GPCR signalling is a conserved feature of contact-dependent morphogenesis in
several fungal species. The observation that activation of some GPCRs is influenced by
mechanical forces that act on the membrane suggests that contact-dependent perturbation of
the membrane could potentiate or activate GPCRs in fungal contact sensing.

Integrin signalling

Mammalian integrins are well-characterized mechano-receptors*2. Integrins are heterodimeric
transmembrane proteins that bind proteinaceous components of the extracellular matrix outside
the cell and components of the cytoskeleton inside the cell. Thus, these proteins anchor
mammalian cells to the substratum and connect to the cytoskeleton. Unlike MS channels, which
respond to forces within the plane of the membrane, integrins transmit and respond to forces
that are exerted perpendicular to the surface of the membrane (reviewed in REF. 42),

The physical forces that act on integrins regulate their function (reviewed in REFS 42:43). For
example, when cells are bound to a rigid surface, large amounts of tension generated by the
cytoskeleton are exerted on the sites that anchor the cell to the surface. Under these conditions,
integrins recruit other proteins and form large complexes, called focal adhesions, which attach
the cell tightly to the surface (FIG. 3a). By contrast, when cells are attached to a soft, flexible
surface, the tension that is exerted on the integrin-containing sites is reduced and large, stable
focal adhesions do not form. Thus, the properties of the surface and the amounts of tension
that are generated influence integrins.

The binding affinity of a purified integrin fragment for an adhesion molecule is affected by
shear stress**. When the integrin fragment is coupled through its C terminus to a microbead,
its conformation is influenced by shear-force-dependent movement of its C-terminal helix.
Thus, the functionality of the protein is changed directly by physical force.

Integrin-like mechanosensing in fungi?

Fungal cells are surrounded by a cell wall and so proteins such as integrins that anchor the cell
to an extracellular matrix might not be important for mechanosensing. However, the fungal
cell wall could be considered to be a “portable extracellular matrix’ that allows fungal cells to
grow in suspension culture. One can imagine that plasma membrane proteins that interact with
the cell wall could experience inward force applied by molecular motors, as shown in FIG. 3b.
The high turgor pressure that is characteristic of fungal cells could provide the outward force
that prevents the wall from collapsing. Evidence to support the idea that inward forces are
applied to the yeast cell wall comes from a study that used atomic force microscopy to analyse
the surface of S. cerevisiae cells*. The results showed that, in live cells, the cell wall undergoes
an oscillating motion. The frequency of oscillation is affected by temperature and is inhibited
by sodium azide treatment, indicating that the oscillation is the result of biological activity.
Pelling et al. suggested that the motion of the cell wall reflects the concerted action of molecular
motors and the cytoskeleton. Therefore, yeast cells might contain molecules that attach to the
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cell wall and connect to the cytoskeleton, allowing force to be exerted on the cell wall. If the
motor-dependent inward forces and turgor-generated outward forces are balanced, contact-
dependent deformation of the cell surface could be sensed as a change in the balance of forces.
Thus, as in mammalian cells, tension exerted on fungal plasma membrane proteins and cell-
wall attachment sites might allow environmental sensing.

Conclusions and future directions

Fungi respond to contact with a surface by undergoing complex differentiation programmes.
The characterized mechanisms used by MS proteins found in other organisms have roles in
fungal contact sensing. For example, bacterial Mscl responds to alterations of the membrane
that are produced by distortion of the phospholipid bilayer. In fungi, when a growing germ
tube contacts an obstruction such as a ridge, bilayer perturbation as a result of membrane
curvature can occur. The resultant distortion of the membrane causes fungal MS channels to
open, which leads to a characteristic fungal response. In addition, it is possible that other types
of membrane proteins similarly undergo conformational changes in response to alterations in
the structure of the phospholipid bilayer. Although such proteins might not function as
channels, they could be signalling proteins that would activate downstream signalling cascades
and result in a change in the physiology of the cell (BOX 3). Elucidation of the mechanisms
used by fungal contact sensing proteins that behave in this manner remains a challenge for
future research.

Box 3. Sensors of the S. cerevisiae cell-wall integrity pathway

Pertubation

Hh'l
GTP )
| Rhol T—

MAP kinase pathway

The Saccharomyces cerevisiae cell-wall integrity pathway is a mitogen-activated protein

(MAP) kinase signal-transduction pathway that is activated when the fungal cells
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experience cell-wall or plasma-membrane perturbation owing to the presence of cell-wall-
damaging agents or other types of stress (for a recent review, see reference Ref. 59). Changes
in the cell wall or plasma membrane are sensed by the plasma-membrane proteins Wsc1p
and its paralogues, or Mid2p and its paralogue. The large extracellular domains of these
proteins require glycosylation for full biological function69=62 and the short cytoplasmic
tails bind partners that regulate downstream signalling. For Wsc1p and Mid2p, the
cytoplasmic tails bind the guanine nucleotide-exchange factor Rom2p62, which activates
the small GTP-binding protein Rholp; Rholp activation ultimately leads to activation of
the cell-integrity MAP kinase cascade (see the figure). The cytoplasmic protein Zeolp binds
to the C-terminal tail of Mid2p and might be a negative regulator of Mid2p function®3,

The mechanism by which these proteins detect membrane or cell-wall perturbation is not
well understood. Interestingly, activation of the cell-integrity pathway occurs when S.
cerevisiae cells are treated with the amphiphilic compound chlorpromazine®4. Like
lysophosphatidylcholine, chlorpromazine induces membrane curvature, which suggests
that one or more of the cell-integrity pathway sensors is responsive to changes in the
membrane bilayer. This sensor might undergo a conformational change that results in
binding (or release) of cytoplasmic partners and initiation of signalling. Thus, it is possible
that the sensors that are involved in the cell-integrity pathway are receptors that respond to
changes in the structure of the membrane bilayer.

In several fungi, responses to contact with a surface are promoted by GPCR family members.
As some GPCRs have been shown to be mechanosensitive, the mechanical forces that result
from contact might activate fungal GPCRs and contribute to contact-dependent differentiation.
The details of how mechanical forces influence GPCR function await clarification.

Mammalian integrin receptors respond to forces that are exerted perpendicular to the plane of
the membrane. In fungal cells, a delicate balance of forces — outwardly directed turgor pressure
balanced by inward contractile forces — might be maintained under normal conditions, and
disruption of this balance might be sensed, leading to physiological changes in the cells. Future
studies might uncover fungal ‘integrin-like’ plasma-membrane proteins that participate in both
the application of contractile forces to the cell membrane and the sensing of the balance of
forces.

Finally, the complex responses of fungi to contact with a surface probably require integration
of information from several mechanosensing systems. Fungal cells discriminate between types
of surfaces (for example, hard surfaces are inductive for M. grisea appressorium formation
whereas soft surfaces are non-inductive) or produce different responses on different types of
surfaces (for example, biofilm formation versus invasive filamentation in C. albicans). The
use of a collection of MS proteins might underlie the cell’s ability to produce specialized
biological responses to particular types of surfaces.

In pathogenic fungi, contact sensing promotes fungal virulence. In mammalian cells, contact
sensing is crucial for the regulation of mitogenesis, differentiation and apoptosis. Thus, the
ability to sense contact is of fundamental importance for numerous organisms. Future studies
will further illuminate the conserved mechanisms of contact sensing and their central
importance for cellular physiology.
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The swollen end of a fungal hypha that is involved in host infection.

Hypha
A filament that is composed of highly elongated cells that lack constrictions at
the septa and remain attached after division.

Patch clamping
Atechnique whereby a small electrode tip is sealed onto a patch of cell membrane,
making it possible to record the flow of current through individual ion channels
or pores in the patch.

Germ tube
An elongated daughter cell that is the precursor to a hypha.

Stomata
Pores found on the undersides of leaves that open and close to regulate gas and
water exchange.

Guard cells
A pair of cells in the centre of a stomatal complex that flank the stomatal pore.

Thigmotropism
The ability of cells to orientate growth with respect to features of the physical
environment.

Pseudohyphae
Chains of attached, elongated cells with constrictions at the septa.
Biofilm
A three dimensional community of cells that are attached to a surface, are
surrounded by exopolymeric matrix and exhibit distinctive phenotypes.
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Figure 1. Candida albicans differentiation

a. Colonies growing on the surface of agar medium were washed off the medium and cells that
had invaded the agar were examined. A cross section of the agar plate is shown (left image).
The white arrowhead indicates the top of the agar and the black arrow indicates an invading
filament. The central image shows cells that were inoculated into a rabbit ligated ileal loop. A
section of the ileum stained with Gomori methenamine silver is shown; the lumen is above.
The arrow indicates filamentous fungal cells (dark stain) invading the gut-associated lymphoid
tissue. The right image shows a micrograph of a mature Candida albicans biofilm composed
of yeast-form cells and filamentous cells. b. Several environmental cues — contact, nutrients,
temperature and pH — promote the conversion of yeast-form cells to filamentous hyphae.
Micrograph courtesy of L. Julia Douglas, Division of Infection and Immunity, Faculty of
Biomedical and Life Sciences, University of Glasgow.
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Figure 2. Function of mechanosensitive ion channels

a. A structural model of Mycobacterium tuberculosis MscL in the closed state is shown on the
left; the central and right images show the effect of the membrane environment on the
conformation of MscL. In a symmetric environment, such as a liposome that is composed of
dioleoyl-phosphatidylcholine (PC), MscL is in the closed conformation. When the cone-
shaped, amphiphilic molecule lysophosphatidylcholine (LPC) is inserted into one leaflet of the
bilayer, perturbation of the bilayer results in opening of the channel. b. Model of the role of
mechanosensitive (MS) channels in Candida albicans thigmotropism. A growing germ tube
contacting a ridge is illustrated. When the tip of the hypha contacts the ridge, membrane
deformation occurs, resulting in MS channel opening. In other parts of the germ tube, MS
channels are closed. The structural model in part a is reproduced, with permission, from Ref.
12 © (2007) Macmillan publishers limited. All rights reserved. The rest of part a is adapted,
with permission, from Ref. 18 © (2002) Macmillan publishers limited. All rights reserved.
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Figure 3. Sensing of cytoskeletal forces

a. Focal adhesion in an adherent mammalian cell is depicted. Integrins bind to the extracellular
matrix (ECM) and anchor the cell. Integrins are part of focal adhesions, which are connected
to stress fibres composed of actin and actin-associated proteins. Inward contractile force is
exerted by molecular motors. b. In this model of a fungal cell, the cell wall and plasma
membrane are held together by hypothetical transmembrane plasma-membrane proteins. An
anchorage site — a large complex of transmembrane and cytoplasmic proteins — is bound by
cytoskeletal elements. Turgor pressure provides an outward force and molecular motors pull
inwards. The balance of forces is sensed and membrane perturbation caused by contact might
alter the balance of forces.
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