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About Me

• 2011–2015: UG/Honours, University of Adelaide
• Free surface flow over topography

• 2016–2019: PhD, University of Adelaide
• Modelling yeast biofilm growth

• Sep 2019–present: Postdoc, UQ
• Modelling actomyosin networks in the cell cortex

• Twitter: @xelamaths
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Yeast

• Single-cell fungi used in food and drink production (beer, wine,
bread, vegemite)
• Bakers’ yeast is a common model organism

• Shares important characteristics with plant and animal cells
• First eukaryotic genome to be completely sequenced
• Helps develop antifungals and understand (cancer) cell division
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Fungal Infections

• Pathogenic yeasts (e.g. Candida albicans) colonise medical
devices and cause persistent infections
• Resist antimicrobial therapy — expensive surgery often needed
• Especially dangerous to immunocompromised people
• Affects 1–2% of ICU patients, with up to 40% mortality rate1

• Emerging pathogen C. auris: Japan 2009, 5 continents since
• Highly resistant and difficult to diagnose

• We seek common mechanisms underlying yeast biofilm growth

1P. G. Pappas et al., Nat. Rev. Dis. Primers 4 (2018), 18026.
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Yeast Biofilms

• To help them survive, pathogenic yeasts form biofilms: sticky
communities of cells and fluid existing on surfaces
• Lab-grown biofilms of bakers’ yeast form a floral pattern2

(a) Day 3 (b) Day 5 (c) Day 7 (d) Day 10

• Mechanisms of floral pattern formation only understood
qualitatively
• Nutrient-limited growth
• Mechanical forces (e.g. extracellular fluid flow, adhesion,

surface tension)

2T. B. Reynolds and G. R. Fink, Science 291 (2001), pp. 878–881.
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Quantifying Biofilm Patterns
• We ran 13 experiments, and took 4 photographs of each
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• Use spatial statistics to quantify biofilm size and shape
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Modelling Pattern Formation

Biofilm

MechanochemicalReaction–diffusion

• James Murray, 1980s
• Mechanical/chemical
interactions between
cells and environment
(e.g. adhesion, fluid
mechanics)
• More detail, complexity

• Alan Turing, 1952
• Movement &
consumption of
nutrients, cell
proliferation
• Well-established
analytical methods
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Modelling Pattern Formation

Biofilm

MechanochemicalReaction–diffusion
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Nutrient-Limited Growth: Reaction–Diffusion Model

• Reaction–diffusion system with non-linear degenerate diffusion
for cell spread
• Enables cell density profiles with compact support
• Models random motion of cells with non-unity aspect ratio3

• n(x, t): numerical cell density
• g(x, t): nutrient concentration
• D: diffusion coefficient ratio, Dn/Dg

• Consider planar geometry accurate for r →∞

∂n
∂t

= D ∂

∂x

(
n ∂n
∂x

)
+ ng

∂g
∂t

=
∂2g
∂x2 − ng

3M. J. Simpson, R. E. Baker, and S. W. McCue, Phys. Rev. E 83 (2011),
0121901.
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Travelling Wave Analysis

• Travelling waves are a possible explanation for constant-speed
expansion
• Introducing the travelling wave co-ordinates z = x − ct and

applying BCs yields a system of ODEs
• Defining ζ =

∫ z
0 n−1 ds removes singularity as n→ 0

n = 1
g = 0
w = 0

ndn
dz =

1
D (c − cn − w − cg)

dg
dz = w

dw
dz = ng − cw

n = 0
g = 1
w = 0

n(z)

g(z)

z
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Travelling Wave Analysis
• Travelling waves are a possible explanation for constant-speed
expansion
• Introducing the travelling wave co-ordinates z = x − ct and

applying BCs yields a system of ODEs
• Defining ζ =

∫ z
0 n−1 ds removes singularity as n→ 0

n = 1
g = 0
w = 0

dn
dζ

=
1
D (c − cn − w − cg)

dg
dζ

= nw

dw
dζ

= n2g − cnw

n = 0
g = g0

w = 0

n(ζ)

g(ζ)

ζ
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Estimating the Diffusion Ratio
• There is a unique4 (minimum) wave speed c corresponding to

each D
• We estimate D using experimental expansion speed
• Mean data: D = 0.47; Experimental range: D ∈ [0.18, 1.02]
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4J. Müller and W. van Saarloos, Phys. Rev. E 65 (2002), 061111.
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2D Linear Stability Analysis

ξ = z + εeiqy+ωt

n(ξ, y , t) = n0(ξ) + εn1(ξ)eiqy+ωt +O(ε2)

g(ξ, y , t) = g0(ξ) + εg1(ξ)eiqy+ωt +O(ε2)
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2D Linear Stability Analysis

0 5 10 15 20 25 30

Experiments (13)
Theory
Circular Numerics

Dimensionless petal width
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Sliding Motility

• We now consider mechanics in addition to nutrient limitation
• One hypothesis is that yeast biofilms expand by sliding
motility5

• Yeast adheres weakly to substratum — enables radial growth as
cells proliferate

• Biofilm takes up nutrients from the substratum
• Nutrient consumption produces new cells and extracellular fluid
• Cells and fluid spread passively as a unit

Low surface tension

Nutrients

Weak adhesion

Mixture of cells and ECM

Substratum

5T. B. Reynolds and G. R. Fink, Science 291 (2001), pp. 878–881.
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Two-Phase Fluid Model

Substratum z = −Hs

z

Rb

Free surface z = h(r,t)

r

Hb
 S(t)

Mixture of cells and ECM

• Axisymmetric cylindrical geometry.
• Biofilm occupies 0 ≤ r ≤ S(t) and 0 ≤ z ≤ h(r , t)

• Biofilm is a mixture of two Newtonian viscous fluid phases:
• Living cells φn(r , z, t) and ECM φm(r , z, t), with φn + φm = 1
• Similar physical properties: ρn = ρm, µn = µm, etc.
• Large interphase drag: un = um

• No tangential stress on biofilm–substratum interface
• Thin aspect ratio

Hs
Rb

= ε� 1, Hb
Rb

= O(ε)
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Governing Equations
• Mass balance (fluid phases)

∂φn

∂t
+ ∇ · (φnu) = ψnφngb − ψdφn

∂φm

∂t
+ ∇ · (φmu) = ψmφngb + ψdφn

• Mass balance (nutrients in the substratum and biofilm)

∂gs

∂t
= Ds∇2gs

∂gb
∂t

+ ∇ · (gbφmu) = Db∇2gb − ηφngb

• Momentum balance (fluid mixture)

∇ · σ = 0

14



Boundary Conditions
• Boundary conditions for nutrients and fluids close the model

z = −Hs

z

z = 0

 S(t)

No-flux

No-flux

No radial stress
Mass transfer

No penetration, no tangential stress

• Nutrient transfer conditions on z = 0:

Ds
∂gs

∂z
= −Q (gs − gb) , Db

∂gb
∂z

= −Q (gs − gb)

• No tangential stress on the substratum models weak adhesion
• Free surface normal stress proportional to local curvature:

n̂ · (φασ · n̂) = −γκ on z = h
15



Extensional Flow Scaling
• Scaling based on relevant physics

• Thin biofilm (aspect ratio ε� 1)
• Low surface tension
• Nutrient-limited growth

• Variables

(r , z) = (Rb r̂ , εRb ẑ), (ur , uz ) = (ψnGRb ûr , εψnGRb ûz ),

t =
t̂

ψnG , gs = Gĝs , gb = Gĝb, p = ψnGµp̂

• Parameters (estimated based on experiments)

Ψm =
ψm
ψn

= 0.11, Ψd =
ψdG
ψn

= 0, γ∗ =
εγ

ΨnGRbµ
= 0,

D =
Ds

ψnGR2
b

= 4.34, Pe =
ψnGR2

b
Db

= 0.95, Υ =
ηR2

b
Db

= 3.15,

Qs =
QRb
εDs

= 2.09, Qb =
QRb
εDb

= 8.65
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Thin-Film Model
• Expand variables

h ∼ h0(r , t)+ε2h1(r , t), φn ∼ φn0(r , z, t)+ε2φn1(r , z, t), etc.
• Dimensionless model (dropping hats)

1
r
∂

∂r
(rur ) +

∂uz

∂z
= (1 + Ψm)φngb

∂φn

∂t
+

1
r
∂

∂r
(rurφn) +

∂

∂z
(uzφn) = φngb −Ψdφn

∂gs

∂t
= D

[
1
r
∂

∂r

(
r ∂gs

∂r

)
+

1
ε2
∂2gs

∂z2

]
Pe

(
∂gb

∂t
+ ∇ · [(1− φn)gbu]

)
=

1
r
∂

∂r

(
r ∂gb

∂r

)
+

1
ε2
∂2gb

∂z2 −Υφngb

− ∂p
∂r

+
2
r
∂

∂r

(
r ∂ur

∂r

)
−2
3
∂

∂r

[
1
r
∂

∂r
(rur ) +

∂uz

∂z

]
+
∂

∂z

(
∂uz

∂r
+

1
ε2
∂ur

∂z

)
− 2

r 2 ur = 0

− ∂p
∂z

+ 2 ∂
2uz

∂z2 −
2
3
∂

∂z

[
1
r
∂

∂r
(rur ) +

∂uz

∂z

]
+

1
r
∂

∂r

[
r
(
∂ur

∂z
+ ε2 ∂uz

∂r

)]
= 0
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Thin-Film Model
• Expand variables

h ∼ h0(r , t)+ε2h1(r , t), φn ∼ φn0(r , z, t)+ε2φn1(r , z, t), etc.
• Simplified leading-order model

1
r
∂

∂r
(rur 0) +

∂uz 0

∂z
= (1 + Ψm)φn0gb0

∂φn0

∂t
+

1
r
∂

∂r
(rur 0φn0) +

∂

∂z
(uz 0φn0) = φn0gb0 −Ψdφn0

∂2gs 0
∂z2 = 0

∂2gb0
∂z2 = 0

∂2ur 0

∂z2 = 0

− ∂p0

∂z
+

1
3
∂

∂z

[
1
r
∂

∂r
(rur 0) +

∂uz 0

∂z

]
+
∂2uz 0

∂z2 = 0
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Thin-Film Model
• Integrating across biofilm depth eliminates z dependence

φ̄n =
1
h

∫ h

0
φn dz.

• Applying BCs gives a 1D system for r ∈ [0,S(t)]

∂h0

∂t
+

1
r
∂

∂r
(rur 0h0) = (1 + Ψm) φ̄n0gb0h0

∂φ̄n0

∂t
+ ur 0

∂φ̄n0

∂r
= φ̄n0

[
gb0 −Ψd − (1 + Ψm) φ̄n0gb0

]
∂gs 0
∂t

= D
[
1
r
∂

∂r

(
r ∂gs 0
∂r

)
− Qs (gs 0 − gb0)

]
Pe

[
h0
∂gb0
∂t

+
1
r
∂

∂r
(
rur 0

(
1− φ̄n0

)
gb0h0

)]
=

1
r
∂

∂r

(
rh0

∂gb0
∂r

)
+ Qb (gs 0 − gb0)−Υφ̄n0gb0h0

4 ∂

∂r

[
h0

r
∂

∂r
(rur 0)

]
− 2ur 0

r
∂h0

∂r
= 2 (1 + Ψm)

∂

∂r
(
φ̄n0gb0h0

)
− γ∗h0

∂

∂r

[
1
r
∂

∂r

(
r ∂h0

∂r

)]
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Numerical Solutions
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Effect of Parameters on Expansion Speed
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What About Surface Tension?

• In different experiments, yeast colonies can contain ridges6

S-D-lactoylglutathione, and GLO2 and GLO4, which
convert this intermediate to D lactate and glutathione,
are also upregulated (2-fold and 1.8-fold respectively).

Stress responses, the pentose phosphate pathway and
redox states
Thirty-seven genes with roles in various stress responses
were upregulated in aerial cells, compared to only seven
genes found upregulated in roots (Table 1). Thirteen of
these stress-response related genes in aerial cells
encoded proteins involved in protein folding or refold-
ing. Another four genes (GRE1, SIP18, STF2 and
YJL144W) are involved in desiccation-rehydration pro-
cesses, three genes (MSH2, PHR1 and ULP2) in DNA re-
pair and five genes in oxidative stress defense (CTT1,
GTO1, TRR2, RNY1 and GPX1). Five of the seven genes
upregulated in root cells are involved in oxidative stress
response (GPX2, TRR1, SRX1, FRM2 and CCS1).
Genes for alternative isozymes of transketolase, transaldo-

lase, 6-phosphogluconolactonase and 6-phosphogluconate

dehydrogenase involved in PPP were upregulated in aerial
(TKL2, NQM1, SOL4 and GND2) and root (TKL1, SOL3
and GND1, the last two genes 1.8-fold and 1.7-fold respect-
ively) cells (Fig. 5), indicating that PPP output is shifted
towards precursors of amino acid/nucleotide biosynthesis in
roots and towards production of NADPH (and thus redox-
state balancing) in aerial cells [17]. The RKI1 gene for
ribose-5-phosphate ketol-isomerase, which generates im-
portant precursors of amino acid biosynthesis from the pen-
tose phosphate pathway [18], was also upregulated in roots.
This finding fits with the observation of upregulated amino
acid metabolism in roots and increased stress responses of
cells in aerial regions.

Autophagy in aerial cells
Autophagy genes (11 genes) are upregulated in aerial
cells compared with root cells. 2PE-CM of cross-
sections of colonies of BR-F producing cytosolic or per-
oxisomal GFP-tagged proteins showed accumulation of
GFP in vacuoles of aerial cells (a sign of active autoph-
agy delivering cytosolic proteins/peroxisomes to the
vacuole for degradation) (Fig. 3c). No GFP was observed
in the vacuoles of root cells. Active autophagy in aerial
cells was confirmed by western blot of aerial/root cells
of an Arg1p-GFP-producing strain; the tagged cytosolic
protein is degraded to free GFP in the vacuoles only in
aerial cells. This observation fits with the transcripto-
mics data and indicates that autophagy is active in aerial
cells but not in the root cells.

Expression of alternative isozymes indicates different
glucose levels in root and aerial parts
As shown in Fig. 5, isogenes of different metabolic en-
zymes and some transporters are differently expressed in
aerial and root samples. Isogenes that are more highly
expressed in carbon-limited (low glucose) conditions,
such as GND2, TKL2, NQM1, ACS1, HXK1, PDC6,
ALD2, ALD3, GAL2, HXT5, HXT6, HXT10, and HXT14,
are upregulated in aerial samples and those that are
more highly expressed on fermentable carbon sources,
such as GND1, TKL1, SOL3, ACS2, HXK2, PDC1, and
ACO2, are upregulated in root samples. As colonies were
grown from the outset on respiratory GMA agar without
glucose, potential differences in intracellular glucose/
sugar levels could be due to differences in cell subpopu-
lation metabolisms. Some glucose and/or other sugars
can originate from polysaccharides of the extracellular
matrix synthesized from glycerol earlier in colony devel-
opment (ECM starts to be produced within ~ 30 h old
colonies; [3]). In addition, observed isogene expression
differences are consistent with an upregulation of gluco-
neogenesis that provides glucose to root cells and an
upregulation of glycolysis that degrades glucose in
aerial cells.

Fig. 6 Glycogen and trehalose content in colonies. a Presence of
glycogen (in brown) in 3-day-old BR-F colonies. Thin cross-sections
of colonies were stained and observed using transmitted light. b
Glycogen and trehalose content in aerial cells from wt, gip2Δ, pig1Δ
and pig2Δ colonies. The mean of three biological and 3-4 technical
replicates each is shown ± SD, ***p < 0.0001

Maršíková et al. BMC Genomics  (2017) 18:814 Page 9 of 16

• Surface tension does not affect biofilm size, but can inhibit
ridge formation
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6J. Maršíková et al., BMC Genom. 18 (2017), pp. 1–16.
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Summary

• Yeast biofilms are a leading cause of bloodstream infections
• We modelled two hypothesised biofilm growth mechanisms

• Nutrient-limited growth
• Sliding motility

• Reaction–diffusion model with nonlinear degenerate cell
diffusion could explain expansion speed and floral pattern7

• Two-phase thin-film fluid model for sliding motility predicts
expansion in greater detail8

• Future work: 2D solutions to the fluid model
Acknowledgements:
• Supervisors and co-authors
• Funding: A. F. Pillow Trust and Research Training Program

7A. Tam et al., J. Theor. Biol. 448 (2018), pp. 122–141.
8A. Tam et al., Proc. Royal Soc. A 475 (2019), 20190175.
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UQ Project: Actomyosin Networks

• Actin and myosin interactions in the cortex govern cell shape,
movement, and division
• In experiments, disordered actomyosin networks contract
• Mechanisms of contractile stress generation currently disputed
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