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Welcome
Welcome to this Institute of Physics Topical Research Meeting and Annual Symposium of the Higgs Centre for
Theoretical Physics on "Physical Principles of Biological and Active Systems".
This topic was chosen for this meeting because it represents the point of convergence between two major themes
that lie at the frontier of research in condensed matter theory today. One is the idea that “More is Different”, in other
words, that the consequence of interactions at one scale leads to emergent principles that apply to matter at a
larger scale. The second relates to the effect of nonequilibrium fluctuations, which remains poorly understood
because the statistical mechanics of Gibbs and Boltzmann applies only to systems at thermal equilibrium, and not
those where time-reversal symmetry is broken by energy fluxes or driving forces, either at the level of individual
particles or the system as a whole.
The topicality of this meeting is further reflected in the fact that many prestigious condensed matter and statistical
physicists have begun to investigate the physical principles that underpin biological and active systems. By seeing
things with a fresh eye, these physicists have brought many new insights and methods of analysis, and asked many
new questions about the building blocks of life. We are delighted to bring together eight such scientists from around
the world as keynote speakers to share their insights with us.
We furthermore selected three specific topics for more in depth discussion in focus sessions. Tackling the problem
of antimicrobial resistance is a public health challenge of major importance, and so we will explore the role that
physical principles can play in overcoming it. The presence of energy fluxes and fluctuations at the subcellular level
places demands on our understanding of nonequilibrium statistical physics, as we will further discuss. Finally, by
consuming energy to generate persistent motion, motile particles exhibit a very different dynamics to that of
classical physical particles, and in particular their collective effects hold many surprises.
We hope you find the meeting stimulating and that you enjoy your visit to the University and City of Edinburgh.
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Wednesday 6 January
09:00 Arrival and registration
09:30 (keynote) Glass and jamming transitions in biological tissues
Cristina Marchetti, Syracuse University, USA
10:15 (keynote) Upside down and inside out: the biomechanics of cell sheet folding
Ray Goldstein, University of Cambridge, UK
11:00 Refreshment break
Focus Session: Physics of bacteria and antimicrobial resistance
Chair: Dr Bartek Waclaw
11:30 Bacterial growth in the presence of antibiotics or multiple carbon substrates
Rutger Hermsen, Utrecht University, The Netherlands
12:00 Investigating the role of structural dynamics in antimicrobial resistance with ultrafast 2D-IR spectroscopy
Neil Hunt, University of Strathclyde, UK
12:15 Aerotaxis in bacterial turbulence
Vicente Fernandez, ETH Zurich, Switzerland
12:30 Exploiting the emergent cytoelectric properties of microbes using dielectrophoresis to isolate and
characterize drug-resistant organisms
Lorenzo D’Amico, Baylor College of Medicine, USA
12:45 Single-cell microscopy of Escherichia coli challenged with sublethal antibiotic concentrations shows
changes in chromosome compaction
Michal Wlodarski, University of Cambridge, UK
13:00 Lunch
14:00 (keynote) One day in the life of a one-dimensional organism
Joel Stavans, Weizmann Institute of Science, Israel
14:45 (keynote) Tracing the cellular basis of epidermal maintenance and cancer
Ben Simons, University of Cambridge, UK
15:30 Refreshment break
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Focus Session: Subcellular statistical physics
Chair: Professor Martin Evans
16:00 Disordered actomyosin contracts in unexpected ways
Martin Lenz, LPTMS - CNRS, France
16:30 Modelling protein biosynthesis: what can we learn from the exclusion process
Juraj Szavits-Nossan, University of Edinburgh, UK
16:45 Intrinsic limits to gene regulation by global crosstalk
Tamar Friedlander, Institute of Science and Technology (IST) Austria, Austria
17:00 Steric effects lead to reaction-diffusion actin bundle sculpting in filopodia
Ulrich Dobramysl, University of Cambridge, UK
17:15 Dynamics and precision of mouse neural tube patterning
Marcin Zagorski, Institute of Science and Technology (IST) Austria, Austria
17:30 Informal discussion
19:30 Conference dinner
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Thursday 7 January
09:00 Informal discussion
09:30 (keynote) The emergent collective behavior of bacteria under stress
Robert Austin, Princeton University, USA
10:15 (keynote) Quantifying the determinants of evolutionary dynamics leading to drug resistance
Tobias Bollenbach, The Institute of Science and Technology Austria, Austria
11:00 Refreshment break
Focus Session: Collective dynamics of motile organisms
Chair: Professor Davide Marenduzzo
11:30 Particle entrainment dominates the interaction of microalgae with micron-sized objects
Marco Polin, University of Warwick, UK
12:00 Fluid-mediated collective phenomena in suspensions of microswimmers
Joakim Stenhammar, Lund University, Sweden
12:15 Microswimmers in oscillatory shear flows: a tale of unexpected resonances
Ottavio Croze, University of Cambridge, UK
12:30 Polar and nematic swarms on curved surfaces
Silke Henkes, University of Aberdeen, UK
12:45 Periodic motion of a circularly confined active nematic
Michael Juniper, Brandeis University, UK
13:00 Lunch
14:00 (keynote) Active droplets and cell motility
Rhoda Hawkins, University of Sheffield, UK
14:45 (keynote) Physics of epithelial tissues
Jean-François Joanny, Institut Curie, France
15:30 Refreshment break
16:00 Close of conference, departure
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Kaja Kostanjevec, University of Aberdeen, UK
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A growing 2D bacterial microcolony as a "Hubble active nematic"
Matthew Blow, University of Edinburgh, UK

P.18

Polymer dynamics in viscoelastic active baths
Hans Vandebroek, Hasselt University, Belgium

P.19

Changing the diet of Bacillus subtilis: a phenomenological model of single cell adaptation
Joachim Rambeau, University of Cambridge, UK
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Crowding and collective behaviour of molecular motors
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Stochasticity in gene expression: A few models solvable by geometric construction
Anna Ochab-Marcinek, Polish Academy of Sciences, Poland

P.23

Coulomb blockade in biological ion channels
Peter McClintock, Lancaster University, UK

P.24

Target search by proteins on coiled DNA
Michael Andersen Lomholt, University of Southern Denmark, Denmark

P.25

Assessing surface motility on adhesive and non-adhesive surfaces
Alessandro Carabelli, University of Nottingham, UK

P.26

Modelling asymmetry, flip-flop and external fields in a phase-separating lipid bilayer
John Williamson, Georgetown University, USA

P.27

Stochastic proofreading mechanism alleviates crosstalk in transcriptional regulation
Sarah Anhala Cepeda Humerez, Institute of Science and Technology (IST) Austria, Austria

P.28

A modular view of gene regulatory networks: universal attenuators and feedback loops
Dianbo Liu, University of Dundee, UK

P.29

Control over phase synchronisation in rotor models of motile cilia
Armando Maestro, University of Cambridge, UK

P.30

Analysis of adhered Staphylococcus Epidermidis to model surfaces by XPS and AFM
Radhika Bava, University of Chester, UK
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Wednesday 6 January
(keynote) Glass and jamming transitions in biological tissues
C Marchetti1, D Bi2, M L Manning1 and X Yang3
1

Syracuse University USA, 2Rockefeller University, USA, 3Northwestern University, USA

Recent experiments have suggested that dense tissues exhibit collective glassy dynamics. In this talk I will describe
a newly developed model of epithelial cell layers that account for cell motility and cell-cell interactions and makes
quantitative prediction for a transition from a liquid-like to a solid-like state in dense tissues. The transition is
controlled by three parameters: the single-cell speed, the persistence time of single-cell motion, and a parameter
that describes cell shape and is determined by the competition between cell-cell adhesion and cortical tension. The
spatio-temporal distribution of mechanical stresses in the tissue can be inferred in this model by generalizing
mechanical inference methods to nonequilibrium systems.
(keynote) Upside down and inside out: the biomechanics of cell sheet folding
R E Goldstein
University of Cambridge, UK
During the growth of daughter colonies of the multicellular alga Volvox the spherical embryos must turn themselves
inside out to complete their development. This process of 'inversion' has many features in common with
gastrulation, the process by which an initially convex spherical shell of animal cells develops an invagination,
leading to the formation of a gastric system. In both cases it is understood that cell shape changes play a major role
in guiding the process, but quantification of the dynamics, and formulation of a mathematical description of the
process, have been lacking. In this talk I will describe advances my group has made recently on both fronts. Using
the technique of SPIM (selective plane illumination microscopy) we have obtained [1] the first real-time threedimensional time-lapse movies of inversion in Volvox, using several species displaying distinct morphological
events. An elastic theory of these processes [1,2], based on the deformations of elastic sheets with intrinsic
curvature, stretching, and compression, will be described.

False-colour image of embryos of Volvox globator in the process of inversion.
[1]
[2]

“Dynamics of a Volvox Embryo Turning Itself Inside Out”, Stephanie Höhn, Aurelia R. Honerkamp-Smith,
Pierre A. Haas, Philipp Khuc Trong, and Raymond E. Goldstein, Physical Review Letters 114, 178101
(2015)
“Elasticity and Glocality: Initiation of Embryonic Inversion in Volvox”, Pierre A. Haas and Raymond E.
Goldstein, sub judice (2015)
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Focus Session: Physics of bacteria and antimicrobial resistance
Chair: Dr Bartek Waclaw
Bacterial growth in the presence of antibiotics or multiple carbon substrates
R Hermsen
Utrecht University, The Netherlands
Many bacteria can utilize a wide variety of substrates, dynamically adjusting their composition to the available
nutrients. At the molecular level, the biochemical network that delivers this feat is highly complex and hard to
grasp. Fortunately, at the "macroscopic" level of cells, cultures, and fluxes, strikingly simple patterns
emerge. Such phenomenological "laws" of bacterial growth have fundamentally changed our understanding of E.
coli's carbon uptake system. In this talk, we will demonstrate that this understanding allows one to derive
quantitative predictions on the growth rate and utilization patterns of bacterial cultures grown in the presence of
antibiotics or in the presence of multiple carbon substrates - topics that have fascinated scientists ever since
Jacques Monod's pioneering experiments from the 1940s.
Investigating the role of structural dynamics in antimicrobial resistance with ultrafast 2D-IR spectroscopy
D J Shaw1, 2, R E Hill3, N Simpson1, G M Greetham4, M Towrie4, A W Parker4, J D Hirst3, P A Hoskisson2 and N T Hunt1
1

University of Strathclyde, UK, 2Strathclyde Institute of Pharmacy and Biomedical Sciences, UK, 3University of
Nottingham, UK, 4STFC Central Laser Facility, UK
The binding of the anti-tuberculosis drug Isoniazid (INH) to its target protein, InhA, from Mycobacterium tuberculosis
has been investigated using ultrafast 2D-IR spectroscopy. INH acts by causing the inhibition of InhA, a 2-transenoyl-acyl carrier protein reductase enzyme that is essential for mycolic acid biosynthesis and the maintenance of
cell walls within M. tuberculosis. Despite the existence of drugs such as INH however, Tuberculosis continues to be a
major global health problem. In particular, the rise in incidences of drug-resistant forms of the bacterium represents
a challenge that urgently needs to be addressed.
One resistance mechanism to INH results from a single mutation of InhA (S94A) near the INH binding site. However,
crystallographic data suggests that the mutation causes virtually no disruption to the protein structure (Fig 1), while
biochemical studies indicate that resistance is not mediated simply through reduced affinity for the active INH-NAD
adduct responsible for inhibition of WT-InhA in vivo. This implies the existence of a more subtle mechanism of
resistance than might be expected.
Uniting ultrafast 2D-IR spectroscopy with molecular biology and computational simulations, we have studied a
series of point mutations of InhA, some of which are implicated in resistance, and demonstrated that INH binding
leads to significant changes in structural dynamics (flexibility) and amino acid interactions (couplings) in the wild
type (WT) protein that are not replicated in the resistant forms. The most striking finding is that the effects are not
localized to the binding site but that INH binding and/or localised mutations have profound effects on inter-residue
interactions across the whole molecule, e.g. linking the INH binding site with the substrate binding loop of InhA and
the protein surface, suggesting that a whole-molecule, dynamic approach is needed to understand the mechanism
of resistance. These results are consistent with recent publications proposing that M. tuberculosis resistance to INH
may be linked to modulation of protein-protein interactions in the essential fatty acid synthase (FASII) mycolic acid
biosynthetic pathway.
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Fig.1: a) Crystal structure of liganded InhA (PDB: 1zid). b) 2D-IR spectrum of wt InhA. c) Network map of interresidue vibrational couplings derived for the structure in a).
Aerotaxis in bacterial turbulence
V Fernandez
ETH Zurich, Switzerland
Concentrated suspensions of motile bacteria such as \textit{Bacillus subtilis} exhibit group dynamics much larger
than the scale of an individual bacterium, visual similar to higher Reynolds number turbulence. These suspensions
represent a microscale realization of active matter.
Individually, \textit{B. subtilis} are also aerotactic, accumulating near oxygen sources over a broad range of
conditions. Using a microfluidic device for generating oxygen gradients, we investigate the relationship between
individuals' attraction to oxygen and the collective motion resultant from hydrodynamic interactions. We focus on
the behaviour revealed by a fluorescently labelled sub-population of \textit{B. subtilis} in the dense suspension.
This approach allows us to examine changes in density and the trajectories of individuals during both the onset of
collective motion as well as in fully developed bacterial turbulence.
Exploiting the emergent cytoelectric properties of microbes using dielectrophoresis to isolate and characterize drugresistant organisms
L D’Amico1,2, P R C Gascoyne2 and J F Petrosino1
1

Baylor College of Medicine, USA, 2Advanced Electrofluidic Systems, USA

Advances in understanding the effects of antimicrobials and developing novel agents for use in medicine and
industry have in large part been achieved using imaging technologies, molecular compositional analyses, and in
vitro cultivation strategies. While much has been learned using these approaches, there remain critical challenges in
quantitatively analyzing phenotypic heterogeneity among microbial communities and in detecting and isolating
drug-tolerant and drug-resistant microbes from complex specimens. Applying a time-varying and spatially
nonuniform electric field to a cell suspension polarizes mobile and bound charge carriers within and about cells,
and produces a force that causes them to orient and translate. The resulting motion is called dielectrophoresis
(DEP), and by observing DEP behavior one gains a direct measure of the intrinsic cytoelectric properties that emerge
from biologically-relevant features such as cell size and morphology, the composition and structural form of
biomembranes, and the composition of the cell interior. As a consequence of the electrodynamics of mobile and
fixed charge carriers in biological matter, the electrical characteristics of specific structures and compartments
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comprising a bacterium can be probe by tuning the frequency of the applied electric field. Our team of
microbiologists and biomedical engineers has overcome important technological challenges to realize microfluidic
devices that harness DEP and other physical forces to i) quantitatively measure the cytoelectric properties of single
bacteria; ii) measure population-wide heterogeneity; and iii) physically separate cells having differing cytoelectric
and other physical properties. DEP microfluidic technologies have been successfully applied in our lab to detect
subtle shifts in the cytoelectric properties of bacteria following exposure to antimicrobials in real-time, even at sublethal concentrations. Mathematically modeling bacteria as a collection of concentric, heterogeneous, conductive
dielectric shells that correspond to specific compartments and membranes permitted the changes in DEP behavior
following drug treatment to be predicted and rationalized in terms of specific physiological changes. These data
demonstrate that this versatile approach is both analytical and preparative; these devices provide new biomarkers
for discriminating and profiling cells, and they can be readily coupled to existing bioanalytical methods to study
subpopulations that have varying degrees of susceptibility to antimicrobial agents in isolation. It is anticipated that
the DEP microfluidic technologies can be further applied to help inform the development of novel biologic and
chemotherapeutic agents, and can potentially accelerate the determination resistance and tolerance phenotypes in
pathogenic bacteria isolated from clinical specimens.
Single-cell microscopy of Escherichia coli challenged with sublethal antibiotic concentrations shows changes in
chromosome compaction
M Wlodarski, G Fraser and P Cicuta
University of Cambridge, UK
Untreatable infections caused by antibiotic-resistant bacteria are a recognised global threat and the second-leading
cause of death worldwide. Consequently, understanding bacterial behaviour is one of the key objectives of modern
medical research. The molecular mode of action of antibiotics is usually well known but their effect on the cell at a
"systems" level (inter-relation of the regulatory networks, metabolism, etc.) is not quantitatively understood.
Population (bulk) assays can be misleading because of population heterogeneity, so to provide an integrated
picture of bacterial response to antibiotics it is necessary to deploy single-cell level microbiology research methods.
We address some of these response phenotypes as a function of antibiotic class and growth conditions.
Specifically, using fluorescence microscopy we study localisation and spatial fluctuations of specific fluorescentlytagged chromosomal loci, which report for the local state of chromosomal compaction. We report that sublethal
antibiotic treatments affect chromosomal motility, and that effects depend on the antibiotic class and drug exposure
time. Our most recent technical advance, necessary to precisely quantify the magnitude of antibiotic-induced
changes to local chromosomal dynamics, is a data treatment procedure that accounts for photo-bleaching and
marker size effects. We link these observations to other single cell measurements: chromosomal position-dependent
gene expression, activation of SOS response, and cell growth rate.
(keynote) One day in the life of a one-dimensional organism
J Stavans1, L Corrales-Guerrero2, A Tal1, R Arbel-Goren1, V Mariscal2, E Flores2 and A Herrero2
1

Weizmann Institute of Science, Israel, 2Instituto de Bioquímica Vegetal y Fotosíntesis, CSIC, Spain

Under prolonged nitrogen deprivation, one-dimensional filaments of the multicellular organism Anabaena undergo a
process of development, forming a pattern consisting of single cells specialized for nitrogen fixation, separated by a
chain of about ten photosynthetic, vegetative cells. The developmental program uses activation, inhibition, and
transport to create spatial and temporal patterns of gene expression, in the presence of unavoidable, coupled
stochastic fluctuations in gene expression among cells. Using a chromosomal fluorescent marker, we followed the
expression of an important regulator in individual cells along filaments, both under abundant nitrogen conditions as
well as at different times after nitrogen deprivation. The results of our statistical analysis of these fluctuations
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illuminate the fundamental role that positive feedback, lateral inhibition and cell-cell communication play in the
developmental program, and establish the spatial extent to which gene expression is correlated along filaments.
(keynote) Tracing the cellular basis of epidermal maintenance and cancer
B D Simons
University of Cambridge, UK
In adult, tissues are maintained and repaired by stem cells, which divide and differentiate to generate more
specialized progeny. The mechanisms that control the balance between proliferation and differentiation promise
fundamental insights into the origin and design of multi-cellular organisms. Using epidermis as a model system, we
show how the combination of genetic lineage tracing assays in transgenic mouse models with simple ideas from
non-equilibrium statistical physics provide a quantitative platform to resolve the stochastic fate behaviour of stem
cells and their progeny in both healthy and diseased states. Furthermore, we describe how these methods can be
adapted to address exome deep-sequening data, providing a new and general method to resolve the pattern of
normal stem cell fate, and detect and characterize the mutational signature of rare field transformations in human
tissues, with implications for the early detection of preneoplasia.

Focus Session: Subcellular statistical physics
Chair: Professor Martin Evans
Disordered actomyosin contracts in unexpected ways
M Lenz
LPTMS - CNRS, France
The motion of living cells is in large part due to the interaction of semi-flexible actin filaments (F-actin) and myosin
molecular motors, which induce the relative sliding of F-actin. It is often assumed that this simple sliding is sufficient
to account for all actomyosin-based motion. While this is correct in our highly organized striated muscle, we
question the application of this dogma to less ordered actomyosin systems, thus reexamining a cornerstone of our
understanding of cellular motion.
Modelling protein biosynthesis: what can we learn from the exclusion process
J Szavits-Nossan
University of Edinburgh, UK
The exclusion process was first introduced in the late 1960s as a kinetic model of protein biosynthesis by ribosomal
translation [1]. At the beginning of the 1990s, the simplest version of this model was recognized as a generic model
of transport far from equilibrium, which was followed by many mathematical results and approaches with farreaching implications on the nonequilibrium statistical physics [2, 3]. Modelling ribosomal translation, in contrast,
requires implementing a lot of microscopic details, which render most of the analytical approaches developed so far
inapplicable. I will review the contemporary models of ribosomal translation based on the exclusion process and
present a novel analytical method [4] to compute many of their steady-state properties that can be directly
compared with the experimental data obtained from ribosome profiling [5]. I will also discuss these findings in the
context of translational efficiency and fidelity.
[1]

MacDonald C T, Gibbs J H and Pipkin A C 1968 Biopolymers 6 1-25
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[2]
[3]
[4]
[5]

Derrida D, Evans M R, Hakim V and Pasquier V 1993 J. Phys. A: Math. Theor. 26 1493
Derrida D, Lebowitz J L and Speer E R 2001 Phys. Rev. Lett. 87 150601
Szavits-Nossan J 2013 J. Phys. A: Math. Theor. 46 315001
Ingolia N T 2014 Nat. Rev. Genet. 15(3) 205-213

Intrinsic limits to gene regulation by global crosstalk
T Friedlander, R Prizak, C C Guet, N H Barton and G Tkacik
Institute of Science and Technology (IST) Austria, Austria
Gene regulation relies on the specificity of transcription factor (TF)-DNA interactions. Limited specificity may lead to
crosstalk: a regulatory state in which a gene is either incorrectly activated due to noncognate TF-DNA interactions or
remains erroneously inactive. Since each TF can have numerous interactions with noncognate cis-regulatory
elements, crosstalk is inherently a global problem, yet has previously not been studied as such. We construct a
theoretical framework to analyze the effects of global crosstalk on gene regulation. We find that crosstalk presents a
significant challenge for organisms with low-specificity TFs, such as metazoans. Crosstalk is not easily mitigated by
known regulatory schemes acting at equilibrium, including variants of cooperativity and combinatorial regulation.
Our results suggest that crosstalk imposes a previously unexplored global constraint on the functioning and
evolution of regulatory networks, which is qualitatively distinct from the known constraints acting at the level of
individual gene regulatory elements.
Steric effects lead to reaction-diffusion actin bundle sculpting in filopodia
U Dobramysl1, G A Papoian2 and R Erban3
1

University of Cambridge, UK, 2University of Maryland, USA, 3University of Oxford, UK

Filopodia are finger-like cell protrusions, formed by many eukaryotic cells, to probe and interact with their
environments. Their lengths and lifetimes are determind largely by the polymerization dynamics of bundles of actin
filaments that form the structural core of filopodia. Polymerization of these microfilaments at the filopodial tip
requires the transport of G-actin from the filopodial base. Cross-linking proteins mechanically couple actin filaments
into tight bundles, however many of these proteins are relatively short which restricts the free diffusion of G-actin in
the bundle interior, and crucially in the bundle core.
Here, we employ a particle-based stochastic simulation approach to investigate the effects of steric restrictions on
G-actin diffusion via the porous structure in a filopo-dial actin bundle. Our results show that excluded volume
interactions yield partial and subsequently full collapse of filaments near the bundle core, leading to a hollow
structure. The activity of cross-linking proteins may then further collapse the bundle radially, thereby producing
tapered filament bundles. Electron microscopy as well as superresolution imaging microscopy studies of mature
filopodia indeed frequently reveal conical actin bundles that are wider at the base and narrow at the tip.
Our work demonstrates that excluded volume interactions in the context of reaction-diffusion processes in porous
structures may lead to unexpected geometric growth patterns and complex, history-dependent dynamics.
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Dynamics and precision of mouse neural tube patterning
M Zagórski1, A Kicheva2, G Tkačik1, J Briscoe2 and T Bollenbach1
1

Institute of Science and Technology (IST) Austria, Austria, 2The Francis Crick Institute, UK

Early in vertebrate development, different neuronal subtypes are generated from neural progenitor cells arrayed
along the dorsal-ventral axis of the neural tube. This pattern of neural progenitors is established by morphogens –
signaling molecules secreted by cells in restricted source regions at the tissue boundaries. In the neural tube, the
morphogens Shh and BMP form opposing concentration profiles which provide positional information to cells and
induce the expression of target genes, such as Nkx6.1 and Pax3, at defined positions. It is not understood how the
two morphogen signals and the regulatory interactions between target genes together determine the target gene
pattern. To address this issue, we measured the two signaling gradients. Further, we quantified the positional
information available to the cells with both direct and Gaussian approximation techniques. Early in development,
positional information is high, enabling patterning at a precision of three cell diameters; after 20h, however,
precision declines significantly in the middle region. Still, after 30h, the expression boundary between Pax3 and
Nkx6.1 is precisely specified in the middle. Based on these observations and explant experiments quantifying
expression of other downstream genes we constructed a decoding map that links morphogen concentrations with
specific gene domains. These results suggest that cells in the central neural tube integrate positional information
from two opposing morphogen gradients early in development to achieve precise target gene boundary positions at
later stages.

Thursday 7 January
(keynote) The emergent collective behavior of bacteria under stress
R Austin
Princeton University, USA
Outside the ivied halls of the academy, Darwinian evolution and competition puts an enormous selection pressure
on organisms. Although physicists tend to think of bacteria as being rather simple entities living rather solitary and
brief lives, our experience has been that under high stress complex environments and at high concentrations they
initiate complex, cryptic signaling and information exchange whose purposes we at this point can only guess at. I’ll
present experiments showing the complexity of the signals that bacteria exchange under stress, and try to provide
some sort of a model for to understand the purposes of this emergent collective behavior.
(keynote) Quantifying the determinants of evolutionary dynamics leading to drug resistance
T Bollenbach
The Institute of Science and Technology Austria, Austria
The emergence of drug resistant pathogens is a serious public health problem. It is a long-standing goal to predict
rates of resistance evolution and design optimal treatment strategies accordingly. To this end, it is crucial to reveal
the underlying causes of drug-specific differences in the evolutionary dynamics leading to resistance. However, it
remains largely unknown why the rates of resistance evolution via spontaneous mutations and the diversity of
mutational paths vary substantially between drugs. We have comprehensively quantified the distribution of fitness
effects (DFE) of mutations, a key determinant of evolutionary dynamics, in the presence of eight antibiotics
representing the main modes of action. Using precise high-throughput fitness measurements for genome-wide
Escherichia coli gene deletion strains we find that the width of the DFE varies dramatically between antibiotics and,
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contrary to conventional wisdom, for some drugs the DFE width is lower than in the absence of stress. We show that
this previously underappreciated divergence in DFE width among antibiotics is largely caused by their distinct drugspecific dose-response characteristics. Unlike the DFE, the magnitude of the changes in tolerated drug
concentration resulting from genome-wide mutations is similar for most drugs but exceptionally small for the
antibiotic nitrofurantoin, i.e. mutations generally have considerably smaller resistance effects for nitrofurantoin than
for other drugs. A population genetics model predicts that resistance evolution for drugs with this property is
severely limited and confined to reproducible mutational paths. We tested this prediction in laboratory evolution
experiments using the ‘morbidostat’, a device for evolving bacteria in well-controlled drug environments.
Nitrofurantoin resistance indeed evolved extremely slowly via reproducible mutations – an almost paradoxical
behavior since this drug causes DNA damage and increases the mutation rate. Overall, we identified novel
quantitative characteristics of the evolutionary landscape which provide the conceptual foundation for predicting the
dynamics of drug resistance evolution.

Focus Session: Collective dynamics of motile organisms
Chair: Professor Davide Marenduzzo
Particle entrainment dominates the interaction of microalgae with micron-sized objects
R Jeanneret, V Kantsler and M Polin
University of Warwick, UK
Micrometric particles buffeted within a suspension of microorganisms diffuse rapidly. Recent particle-tracking
experiments reported up to one order of magnitude increase in diffusivity, a consequence of the random
superposition of microswimmers' far field flows. This non-thermal diffusion should in turn influence dramatically the
particles' dispersal and steady state distribution, but how?
We report on one of the simplest examples of active dispersal: the steady state distribution of negatively buoyant
colloids within a suspension of microswimmers, here unicellular green algae (Chlamydomonas reinhardtii). Our
experiments show that the steady state particle distribution is exponential, as in the equilibrium case. The effective
gravitational length, however, is surprisingly large: more than 40 times the value predicted from enhanced
diffusivities estimated from previous particle tracking experiments. This dramatic enhancement results not from
microswimmers' far field flows but from prolonged entrainment following almost head-on collisions between
particles and microorganisms. These events are rare but ultimately determine of the overall behaviour of the tracers'
suspension in the active bath.
Fluid-mediated collective phenomena in suspensions of microswimmers
J Stenhammar1, R Nash2, D Marenduzzo2 and A Morozov2
1

Lund University, Sweden, 2University of Edinburgh, UK

The emergence of collective phenomena in suspensions of swimming microorganisms such as bacteria and algae
had been extensively studied, both experimentally and theoretically, over the last decade. [1, 2]
However, the computational difficulties related to the simulation of large numbers of hydrodynamically interacting
microswimmers has thus far limited such studies to small systems (N ≤ 1000 particles).
In this work, we present a numerical method based on a Lattice-Boltzmann algorithm which is capable of simulating
hydrodynamic interactions between a large number of model swimmers (N ≥ 105), modelled as extended force
dipoles. [3] The swimmers move off-lattice, and the forces exhibited on the fluid are interpolated onto the lattice
using a regularisation of the Dirac 𝛿 function. Similar to previous studies of this problem, both experimental and
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theoretical, we observe that depending on the concentration of microswimmers, there exists a transition to largescale coherent fluid flows, often referred to as bacterial turbulence. We will also present results on the influence of
the large-scale structures on the enhanced diffusion of tracer particles suspended in a solution of microswimmers.

Figure 1: Schematic picture of the LB algorithm. The microswimmers are modelled as pairs of point forces acting on
the fluid (left panel), which interact hydrodynamically by an interpolation of their forces to the LB lattice (centre and
right panels).
[1]
[2]
[3]

Lauga, E. and Powers, T. R. The Hydrodynamics of Swimming Microorganisms, Rep. Prog. Phys. 72,
096601, 2009
Koch, D. L. and Subramanian, G., Collective Hydrodynamics of Swimming Microorganisms: Living Fluids,
Annu. Rev. Fluid Mech. 43, 637, 2011
Nash, R. and Cates, M. E. Singular forces and pointlike colloids in lattice Boltzmann hydrodynamics, Phys.
Rev. E 77, 026709, 2008

Microswimmers in oscillatory shear flows: a tale of unexpected resonances
A Hope1, O A Croze2, W C K Poon3, M A Bees4 and M D Haw1
1

University of Strathclyde, UK, 2University of Cambridge, UK, 3University of Edinburgh, UK, 4University of York, UK

Oscillatory flows are common in the environment, industrial applications and rheological investigations. In this
study, we experimentally characterise the response of the microalga Dunaliella salina to oscillatory shear flows. We
report the surprising discovery that algal swimming trajectories orient perpendicular to the flow-shear plane. The
ordering has the characteristics of a resonance in the driving amplitude and frequency parameter space. We have
carried out simulations of gyrotactic microswimmers, comparing predictions for classical gyrotactic dynamics and a
recently-proposed model including helical swimming. Both models predict ordering, but only the helical swimming
model reproduces resonances in parameter space like those we experimentally observe. Implications for the
oscillatory rheology of active suspensions, of particular relevance to algal processing applications, will be
discussed.
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Polar and nematic swarms on curved surfaces
R Sknepnek1 and S Henkes2
1

University of Dundee, UK, 2University of Aberdeen, UK

The interaction of active motion and curvature is highly relevant to early development in biology [1], and has
recently emerged as a keystone in the creation of biosynthetic materials such active nematic droplets [2].
Continuum theory has highlighted the interplay between topological constraints imposed by the surface, and the
own internal symmetries of the active material.
Here, we construct a full particle level model of polar and nematic selfpropelled particles on a sphere, and also on
surfaces of variable curvature. A key role is played by Poincare’s index theorem, which requires at least two +1
defects in the polar case, and four +1/2 defects in the nematic case. For polar particles, we find a ‘swarm on a
sphere’ that circulates the equator in a steady-state band, which satisfies both the topological constraints and
active pressure balance of curvature, motility and volume exclusion [3]. At low alignment strength, this gives way to
a rich set of oscillating band-like patterns. The nematic case at low activity shows a tetrahedral defect configuration,
equivalent to the liquid crystal minimal energy configuration, but also the active oscillating states and switches
between two +1 and four +1/2 defects seen in [2], before giving way to nematic active turbulence above a
geometric threshold.
[1]
[2]
[3]

G. Forgacs and S. A. Newman, ‘Biological Physics of the developing Embryo’, Cambridge University Press
(2005)
F. C. Keber et al., Science 345, 6201 (2014)
R. Sknepnek and S. Henkes, Phys. Rev. E, 91, 022306 (2015)

Periodic motion in a circularly confined active nematic
M P N Juniper, A Opathalage, S J DeCamp, S Fraden and Z Dogic
Brandeis University, USA
We study a simplified experimental model of biological active matter, composed of extensile filamentous bundles of
microtubules, driven by clusters of kinesin motors [1]. When this mixture sediments onto an oil-water interface, it
forms an ‘active nematic’ phase [2,3]. Confining this system further, onto circular interfaces of 200 μm diameter,
causes a remarkable novel transition. Unable to produce large-scale fluctuations, the system instead produces
spiralling defects, which drive material towards the edge of the disc. Eventually the microtubule density at the edge
becomes so high that a buckling event occurs, nucleating a fresh defect into the middle to relieve the pressure. This
defect begins to circulate, and the process begins again, with the cyclic behaviour continuing until ATP is exhausted.
The oscillating behaviour is remarkably periodic, with a well-defined period. We will examine the effect of curvature,
and describe a way to impose control on the direction of the circulation.
[1]
[2]
[3]
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"Spontaneous motion in hierarchically assembled active matter," Tim Sanchez, Daniel T. N. Chen, Stephen
J. DeCamp, Michael Heymann and Zvonimir Dogic, Nature 491, 431-434 (2012)
"Topology and dynamics of active nematic vesicles," Felix C. Keber, Etienne Loiseau, Tim Sanchez,
Stephen J. DeCamp, Luca Giomi, Mark J. Bowick, M. Cristina Marchetti, Zvonimir Dogic and Andreas R.
Bausch, Science 345, 1135-1139 (2014)
“Orientational order of motile defects in active nematcs," Stephen J. Decamp, Gabriel S. Redner, Aparna
Baskaran, Michael. F. Hagan and Zvonimir Dogic, Nature Materials, accepted for publication (2015)
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(keynote) Active droplets and cell motility
R Hawkins
University of Sheffield, UK
The cell cytoskeleton can be successfully modelled as an 'active gel'. This is gel that is driven out of equilibrium by
the consumption of biochemical energy. In particular myosin molecular motors exert forces on actin filaments
resulting in contraction. I will present simple models of cell movement using active gel theory. Displacement of a
droplet of active gel is generated by flows of the contractile active gel inside the droplet. I will show how this
depends on the average direction of cytoskeleton filaments and the boundary conditions at the edge of the model
cell, which are set by interactions with the external environment. I will consider the shape deformation and
movement of such model cells.
I will then discuss mechanical models for the cell nucleus and present calculations of the forces required to deform
a nucleus when a cell passes through a constriction.
Finally, I will bring these two aspects together to discuss the shape and motility of a layer of active gel surrounding a
model nucleus.
(keynote) Physics of epithelial tissues
J-F Joanny
Institut Curie, France
Epithelial tissues are the cell layers that line organs. They play a major role in cancer since 80% of the cancers
(carcinoma) originate in epithelial layers. In this talk I review some physical properties of these layers. I will discuss
cell shape and instabilities of the monolayer. The shape of the cells in epithelial layers can be either at along the
monolayer (squamous cells) or elongated perpendicular to the layer (columnar cells). Transitions between these
shapes are discussed based on an effective energy that includes the various interfacial tensions of a cell. Cell
division in the layer creates a negative tension that can lead to a buckling of the epithelial layer. The shape of crypts
and villi of the intestine can be explained quantitatively by this mechanical instability.
I will discuss the role of stem cells and cell differentiation in epithelial monolayers. In the intestinal crypts, stem
cells are located at the bottom of the crypts. Cell dynamics is shown to lead to the formation of different
compartments for stem cells and differentiated cells. By introducing the spontaneous motion of the cells, it is shown
that even for a flat mono-layer there is a patterning of the layer where the densities of stem cells and differentiated
cells vary periodically.
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Poster abstracts
P.01 Physical parameters of metachronal waves in heathy and diseased human airway epithelium
M Chioccioli, L Feriani and P Cicuta
University of Cambridge, UK
The concerted action of large numbers of cilia covering wide areas of the human airways epithelial is essential for
maintaining a proper mucociliary clearance. This is achieved by the ability of the cilia to develop synchronous
beating patterns known as metachronal waves; large-scale modulations of the beating phase [1]. A disruption to
cilia synchronization, whether due to injury, infection or a genetic abnormality, can lead to severe pathologies.
Collective cilia dynamics has been investigated in protists such as Paramecium [2, 3] as well as in the multicellular
alga Volvox carteri [4]. However, a detailed characterisation and understanding of the biophysical parameters of
cilia dynamics of human cells is still lacking.
We are developing an experimental protocol and using high definition video microscopy to characterize the physical
properties of cilia synchronisation in normal human airway epithelial cells, as well as those obtained from patients
affected by various airways malfunctions such as Cystic Fibrosis, chronic obstructive pulmonary disease (COPD)
and asthma. In this way, we aim to understand the role that physical forces may play in the initiation and
maintenance of cilia synchronization, as well as the how these forces mediate the presence of metachronal waves
and thus mucosal clearance.
Our initial findings indicate the presence of characteristic synchrony beating patterns characterised by parameters,
such as frequency, velocity and wavelength, that seem to vary across the different pathologies, and as a function of
the amount of mucus.
Understanding the origin and consequence of these biophysical differences will be important for a better
understanding of ciliopathies and, ultimately, better diagnosis and targeted treatment.
[1]
[2]
[3]
[4]

Knight-Jones, E.W. (1954) Relations between Metachronism and the Direction of Ciliary Beat in Metazoa.
Q. J. Microsc. Sci. 95, 503-521
Tamm, S.L., Horridge, G.A. (1970) The Relation between the Orientation of the Central Fibrils and the
Direction of Beat in Cilia of Opalina. Proc. Royal Soc. B 175, 219-233
Tamm, S.L. (1972) Ciliary Motion in Paramecium: A Scanning Electron Microscope Study. J. Cell Biol. 55,
250- 255
Douglas R. Brumley, Marco Polin, Timothy J. Pedley, and Raymond E. Goldstein. (2015) Metachronal
Waves in the Flagellar Beating of Volvox and Their Hydrodynamic Origin. Journal of the Royal Society
Interface 12, 20141358

P.02 The role of THz modes of vibration in DNA organisation and gene expression
P Weightman
University of Liverpool, UK
Life has evolved at room temperature and the energy available to develop the mechanisms of biological
organisation kT = 6 THz. Consequently it is expected that modes of vibration in this wavelength range (1 THz ~ 300
microns ~ 0.004 eV) play a key role in the activity of DNA and proteins. Theoretical work indicates that THz modes
of vibration are important in DNA replication and are the physical mechanism linking the informational and
thermodynamic aspects of living things. This contribution will review the experimental evidence for the role of THz
modes of vibration in the activity of DNA and in controlling the expression of genes [1-5].
[1]
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Alexandrov et. al. Phys. Lett. A 374 1214 (2010)

Topical Research Meeting on Physical Principles of Biological and Active Systems

[2]
[3]
[4]
[5]

Weightman, Physical Biology 9 053001 (2012)
Williams et. al. Phys. Med. Biol. 58 373 (2013)
Titova et. al. Nature Scientific Reports 3 : 2363 (2013)
Demidova et. al. Bioelectromagnetics 34 15 (2013)

P.03 Pattern formation and clustering in chemorepulsive active colloids
B Liebchen1, D Marenduzzo1, I Pagonabarraga2 and M E Cates3
1

University of Edinburgh, UK, 2Universitat de Barcelona, Spain, 3University of Cambridge, UK

Chemotaxis is the directed motion of organisms in response to a gradient in a chemical signal. It allows microorganisms, like bacteria and algae, to find food and to escape from toxins, but is also implicated in the immune
response, development and fertilization mechanisms in higher organisms. Some microorganisms can produce the
chemical species to which they respond themselves and use chemotaxis for signalling. This can, in the case of
chemoattraction (where particles swim up the chemical gradient), induce an instability of the uniform state leading
to clustering or aggregation of microorganisms. There are now strong indications that also artificial Janus particles
that swim by catalysing reactions in a chemical bath show chemotactic behaviour.
Here, we demonstrate that also chemorepulsion, where particles migrate away from their chemical product can
generate instability of the uniform state leading to clustering. These clusters do not coarsen beyond a characteristic
length scale which increases with self-propulsion velocity (as in experiments on dynamic clustering) and may (or
may not) arrange themselves into a spatiotemporal pattern. We identify two mechanisms which can drive
chemorepulsive instability:
The first mechanism relies on anisotropy in chemical production at the particle surface, as expected for Janus
colloids that move by autophoresis, and leads to 'asters' surrounded by a shell of high chemical density. If this
anisotropy is weak our second mechanism may apply. It relies on a delay in the reorientation response of the active
colloids to local gradients in the chemical density field and leads to moving patterns. When both mechanisms act
together they can create a pattern of “blinking clusters” that continuously exchange particles with each other.
These new mechanisms for the formation of dynamic, finite-sized clusters in active matter might help explain recent
experimental findings on dynamic clustering in active colloids. More generally, they point to novel design principles
for self-assembly of active colloids into spatiotemporal patterns and might also be of interest to biophysics where
the well-known instability for chemoattraction is used for decades to generate and understand structure formation.
P.04 Assessing collective dynamics of motile cilia in human airway cells
L Feriani1, M Juenet1, M Chioccioli1, N Bruot1, C J Fowler1,2, S M Holland2, C E Bryant1 and P Cicuta1
1

University of Cambridge, UK, 2National Institutes of Health, USA

In mammals, airway cilia beat cooperatively, exhibiting metachronal waves, which play essential roles in mucus
clearance. It is not currently well understood how this collective dynamics emerges out of the behaviour of individual
motile cilia. In various genetic and infectious diseases, the cilia motility is compromised.
The assessment of the cilia beating frequency (CBF) is the first test in diagnosing diseases related to the airways,
and specifically primary ciliary dyskinesia (PCD), which is an umbrella of genetic conditions leading to cilia
malfunction. The tools used in clinical settings are manual evaluation of cilia wavebeat, and analysis by Fourier
Transform the intensity level over time of a 4-by-4 pixel region selected by the user, in order to extract a dominant
frequency.
In this work we suggest an alternative based on differential dynamic microscopy (DDM), a technique recently
developed by Cerbino and Trappe to extract wavelength-dependent dynamics in a video [1]. As opposed to previous
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modes of analysis, this video analysis approach is completely automated and requires no user input, thus removing
a possible source of bias, and massively reducing the time required for the analysis.
Our new approach is tested on a video library of clinically relevant conditions, collected by C. J. Fowler and S.
Holland at NIH. The results are compared with CBF analysis carried out by C. J. Fowler using the standard software,
showing good agreement.
In addition to providing a robust and accurate estimate of the ciliary beating frequency, DDM has other unique
advantages, as it can explore parameters of the collective motion of cilia that are not investigated by the standard
approach. We have developed DDM to give an estimate of a lengthscale over which cilia movement is synchronised.
In model data, we show that DDM can also reliably estimate the angular direction of ciliary beating, detect
metachronal waves, and measure their physical parameters.
Given the advantages in term of automation, speed, and completeness of the information assessed, we suggest
DDM as a serious alternative to the established video analysis techniques (based on pixel fluctuation frequency
analysis, segmentation & tracking, or Particle Image Velocimetry) for the analysis of in-vitro ciliated cells in research
and in the clinical environment.
[1]

Cerbino, R., & Trappe, V. (2008). Physical Review Letters, 100, 188102

P.05 Evolutionary accessibility of fitness landscapes with multiple alleles
M Zagórski1,2, Z Burda3 and B Wacław4
1

Institute of Science and Technology (IST) Austria, Austria, 2Institute of Physics, Jagiellonian University, Poland,
3
AGH University of Science and Technology, Poland, 4University of Edinburgh, UK
The question of accessibility of global fitness maximum has a long history. Dating back to works of Wright and
Fisher, there are two competing pictures about how increasing dimensionality of fitness landscape affects its
accessibility. On the one hand, increasing size of fitness landscape results in higher number of local fitness peaks
that act as evolutionary dead-ends rendering the global peak inaccessible. On the other hand, with increasing
dimensionality of fitness landscape local peaks become saddle points keeping the global peak accessible. For the
fitness landscape with two alleles (genes being ON or OFF) the former picture dominates. However, it remains
unclear how considering multiple alleles instead of only two will affect the accessibility. To address this, we
performed exhaustive enumeration of all accessible pathways for fitness landscapes with up to 16 alleles and 2^28
genotypes. We also run Moran type simulation of population evolution to independently verify our conclusions. The
resulting estimates of asymptotic accessibility give 12%, 50%, 69%, 81% for fitness landscapes with 2, 4, 8 and
16 alleles respectively. The evolutionary pathways on fitness landscapes with multiple alleles are typically much
longer (a few times) and have more backward mutations than on landscapes with two alleles.
P.06 Formation of gyrotactic algal plumes in Poiseuille flow

D Jin and O Croze
University of Cambridge, UK
The transport of active particles such as motile algae cells differs significantly from passive particles. These
photosynthetic swimmers have evolved mechanisms to propel themselves towards light, up nutrient gradients, and
against gravity, giving rise to collective behavior yet to be accurately described theoretically. For many
biotechnologies that require cultivation of algae cells in flows, the ability to predict their collective behavior is
relevant to growth control. In this study, we predict the cell distributions of swimming algae in a downward pipe flow,
a flow which exists in cultivation systems of photosynthetic cells. It is known that under laminar flow condition, algal
cells focus at the axis of the pipe and form a plume due to cell
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bottom-heaviness and reorientation by flow shear. In this study, we quantify the focusing dynamics. We use imaging
to spatiotemporally measure the distribution of cells for given flow conditions and compare our results with
established bio-hydrodynamic theory and simulations.
P.07 Viscoelastic and elastomeric active matter: linear instability and nonlinear dynamics
E J Hemingway1, M E Cates2,3 and S M Fielding1
1

Durham University, UK, 2University of Edinburgh, UK, 3University of Cambridge, UK

We consider a continuum model of active viscoelastic matter, whereby a model of an active nematic liquid-crystal is
coupled to a minimal model of polymer dynamics with a viscoelastic relaxation time 𝜏𝐶. To explore the resulting
interplay between active and polymeric dynamics, we first generalise a linear stability analysis (from earlier studies
without polymer) to derive criteria for the onset of spontaneous ow. Perhaps surprisingly, our results show that the
spontaneous ow instability persists even for divergent polymer relaxation times. We explore the novel dynamical
states to which these instabilities lead by means of nonlinear numerical simulations. These reveal oscillatory shearbanded states in 1D, and activity-driven turbulence in 2D, even in the limit 𝜏𝐶 → ∞. Adding polymer can also have
calming effects, increasing the net throughput of spontaneous ow along a channel in a new type of "dragreduction", an effect that may have implications for cytoplasmic streaming processes within the cell.
P.08 High frequency magnetic field effect on e.coli
J C Martínez-Espinosa1, J J Bernal-Alvarado2, P Villegas-Molina1 and T Cordova-Fraga2
1

Instituto Politecnico Nacional-UPIIG, Mexico, 2Universidad de Guanajuato, Mexico

Microorganisms are widely used in large-scale production of industrial items; therefore, the bacterial growth and its
studies are a key point in the development of this technology. In this study, it is shown a non-chemical growth
acceleration procedure by the use of a magnetic field stimulation system, in vortex mode, on Escherichia coli (ATCC
27270) colonies. It were used cycles with five different frequencies in the sinusoidal signal applied (100, 800,
1500, 2450 and 2500 Hz), at 35 °C and 75 rpm constant stirring. The results have shown that magnetic
stimulation has a proliferative effect when the stimulus is continuous, comparing with either intermittent or unstimulated samples. The growth of E. coli could be altered under the action of the magnetic field. E. coli cultures
exposed at 1.13 to 4.13 mT during 20.15 h, exhibited higher changes in its viability compared to unexposed cells. It
is also possible to highlight the models associated obtained in this investigation; the models are set, in a first
instance, to a logarithmic describing the growth constants throughout the experiment; an typical parameters of
these models are y = −0.026 * ln(x)+ 0.0946 , obtained for the growing of the intermittent stimulated samples. The
increasing in the rates of microbial growth can accelerate some of the fermentative processes in the food industry,
or allow greater obtaining of biomass of producer strains of molecules with high biotechnological value as
biopolymers, biopharmaceuticals and nanomaterials of biomedical use.
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P.09 Motility of active fluid drops on surfaces
D Khoromskaia and G P Alexander
University of Warwick, UK
Drops of active liquid crystal have recently shown the ability to self-propel, which was associated with topological
defects in the orientation of active filaments [1]. To understand and control such biomimetic behaviour it is useful to
look at minimal models of active systems in confined geometries. For instance, an active drop on a solid surface
can spread [2] or become motile due to large-scale active flows, which could be related to flows of intracellular fluid
in crawling cells on substrates.
We have studied the onset and different aspects of motility of a three- dimensional drop of active fluid on a planar
surface [3]. We analysed theoretically how motility is affected by orientation profiles with defects of various types
and locations, by the shape of the drop, and by surface friction at the substrate. In the scope of a thin drop
approximation, we derived exact expressions for the flow in the drop that is generated by a given orientation profile.
The flow has a natural decomposition into terms that depend entirely on the geometrical properties of the
orientation profile, i.e. its bend and splay, and a term coupling the orientation to the shape of the drop. We found
that asymmetric splay or bend generates a directed bulk flow and enables the drop to move, with maximal speeds
achieved when the splay or bend is induced by a topological defect in the interior of the drop. In motile drops the
direction and speed of self- propulsion is controlled by friction at the substrate.

[1]
[2]
[3]
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T. Sanchez, D. T. N. Chen, S. J. DeCamp, M. Heymann, and Z. Dogic, Nature 491, 431 (2013)
J.-F. Joanny and S. Ramaswamy, J. Fluid Mech. 705, 46 (2012)
D. Khoromskaia and G. P. Alexander, arXiv:1508.05242v1 (2015)
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P.10 Entropic forces and FtsZ filaments
E M Ratamero, M Turner and C Smith
University of Warwick, UK
FtsZ is a bacterial cytoskeletal protein that is essential to cell division. It hydrolyzes guanosine 5-triphosphate (GTP)
and attaches to the inner cytoplasmic membrane through its interaction with other proteins. FtsZ polymerizes in a
narrow cross-section at the middle of the cell (the Z-ring), acts as recruiter of other proteins from the divisome and
exerts a force driving cell constriction. The mechanism for force generation is not well understood.
We aim to investigate the feasibility of entropic forces as the source for the constriction seen at the division site in
bacteria. For that, we propose a model where filaments are placed in a 2-D lattice. In this model, lattice sites can
either be occupied by a monomer or be void. In addition to that, cross-linkers are present in the system, restricting
the relative positions of the filaments they are attached to. A system is, thus, uniquely defined by the lattice size,
the number and length of individual filaments in each line and the pairs of filaments that are cross-linked. For a
given system, by calculating the number of possible microstates we can obtain the entropy, and use a Metropolislike algorithm to study the dynamics of the system and verify the possible force being generated.
P.11 TRAMS: A TRi-Axial Microscope System for tracking three-dimensional locomotion of the microswimmer
Caenorhabditis elegans
R Holbrook, T Ranner and N Cohen
University of Leeds, UK
Biological microswimmers have fascinated physicists for decades. Their study has unravelled a variety of elegant
and effective locomotion strategies, body structures, morphologies and dynamics that often adapt robustly across a
wide range of physical environments. Among these, the 1 mm long nematode worm Caenorhabditis elegans is of
growing interest as a model for undulatory swimming in low Reynolds number. A key focus of this research has been
to measure and physically model the kinematics of the locomotion in response to systematic changes of the
mechanical properties of the surrounding fluid, shedding light on its material properties, its active control, and the
fluid dynamics. To this end, the biomechanics of C. elegans locomotion has been studied in depth on agar surfaces
and in thin slabs of fluids, and more recently in the proximity of other swimmers, and even in droplets. This research
has been limited to 2D or quasi-2D conditions, where wall effects dominate and constrain the motion. C. elegans
generates body waves using muscles that line the dorsal and ventral side of the body. The working assumption is
therefore that the movement and body can be treated in 2D. However, in nature, these undulators effectively
navigate 3D environments. The capacity to move in 3D and the biomechanics of locomotion in bulk, and far from
any interfaces is therefore an open question. To date, three-dimensional high-resolution movement data of C.
elegans has been lacking. To elucidate the biomechanics of C. elegans locomotion in 3D, we have designed and
built a tri-axial microscope system (TRAMS) to image a volume that is significantly larger than the worm in all three
dimensions, at high resolution. Worms are placed in a glass cube containing clear fluid of variable viscoelastic
properties. Three cameras are positioned to face three adjacent sides. The cube is illuminated with red backlighting,
creating a silhouette of the worm in each camera view. Computer vision is used to identify the position, orientation
and configuration of the worm body in three-dimensions within the volume. Preliminary volumetric kinematic data
and analysis of C. elegans are presented in different fluids.

Topical Research Meeting on Physical Principles of Biological and Active Systems

23

P.12 Entropic elasticity and dynamics of bacterial chromosomes: a simulation perspective
M C Pereira and D Marenduzzo
University of Edinburgh, UK
DNA is found in cells organized in compact structures – the chromosomes. This feature allows the bacterial DNA
molecule, which can be two to three times longer than the cell where it is embedded, to be compacted in the cell
nucleoid. DNA compaction is a result of crowded cellular conditions (entropic forces), binding of the DNA with
nucleoid-associated proteins and partition of the DNA molecule into topologically isolated supercoiled domains.
Here we model the bacterial DNA molecule as a self-avoiding chain of beads connected by spring bonds to explore
the role of proteins, DNA-binding proteins and supercoiling on the elastic response of bacterial DNA under
compression. The DNA molecule and the surrounding proteins are compressed using a piston that moves along the
cylinder where the system is confined. The relation between the "force applied to the piston" and "extension of the
DNA molecule" shows that for large forces the steric effects are dominant and, also, that bacterial proteins are
important in determining the entropic force which is exerted against the cell membrane. The curves of the free
expansion of the DNA after being compressed show that the DNA's dynamics becomes sluggish in the presence of
proteins, and slows even more as DNA-binding proteins interact more and more with the DNA. We also single out
the contribution of supercoiling on the dynamics of the DNA.
P.13 A continuum model of Caenorhabditis elegans locomotion for characterizing passive material properties
T Ranner , R Holbrook and N Cohen
University of Leeds, UK
The nematode C. elegans is of growing interest as a model for understanding locomotion at low Reynolds number. A
key focus of this research has been to measure the material properties of C. elegans. For example, a number of
groups have tried to experimentally determine the Young's modulus of the nematode C. elegans. However, different
groups, using different experimental procedures, have concluded values varying over several orders of magnitude
from 0.11 to 380 MPa. We present a new continuum model of C. elegans locomotion, together with a novel finite
element discretization. We take a careful, rigorous approach which leads to an efficient, accurate and robust model
for capturing locomotion which seeks to explore the legitimacy of these answers. Numerical results show the good
behaviour of both the model and our discrete scheme. The body is modelled as a viscoelastic rod (or shell) with
finite thickness. Muscle activation patterns are included by imposing a time and space dependent preferred
curvature. Muscle activation patterns are either externally driven, or controlled by an internal neural circuit, derived
from the neural circuitry and neuro-muscular connections of C. elegans. Resistive force theory is used to capture the
linear flow of different viscoelastic fluids in which the worm is immersed. We use a finite element method combined
with a semi-implicit time stepping strategy which results in a very stable scheme in practice. We extend methods
from the literature for the elastic body properties to include the varying drag coefficients from the external fluid,
viscosity of the worm and a tension force which enforces exact volume conservation along the body. This leads to a
mixed finite element method in which we solve for position, curvature and tension. Unlike previous models that were
only capable of simulating forward locomotion (consisting of undulatory waves that are propagated from head to
tail), in some cases complemented by gentle steering, our robust representation can capture a variety of locomotion
behaviours exhibited by C. elegans, including looping and sharp turns and to study them efficiently under a range of
physical conditions as well as to explore possible modes of 3D locomotion
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P.14 Spontaneous rotation of active droplets with surface anchoring
A R Fialho and D Marenduzzo
University of Edinburgh, UK
Actomyosin solutions and bacterial suspensions can be modelled as active fluids with extensile and contractile
stresses, respectively. For instance, a droplet of actomyosin, or cell extract, can be viewed as a droplet of active
fluid which is stabilized by surface tension. Previous studies show that in these “active droplets” there is a
spontaneous symmetry breaking in the orientation of the active dipoles. This is driven by active mechanical
instabilities and triggers a non-equilibrium phase transition from a stationary to a motile state. This mechanism in
contractile droplets generates a translational movement and it has been suggested as a route to cell motility in
three dimensions.
The alignment of the particles at the surface alters the final motile states of the active droplet. Here, we study active
droplets with strong anchoring at the surface, either planar or normal. In this case we find that the spontaneous
symmetry breaking drives the transition to a motile rotating state. We quantify this non-equilibrium transition by
calculating the average angular velocity of the droplets.
The results are obtained by a computer simulation scheme, which employs an hybrid lattice Boltzmann method to
solve the evolution equations.
P.15 Digital inline holographic microscopy; an innovative method for exploring the swimming patterns used by
microorganisms, including; halophillic archaea
K Thornton and L Wilson
University of York, UK
Microorganisms from all branches of life have adapted the ability to swim to increase survival rates. Studying the
swimming patterns and behavioural responses used by organisms at this scale has proven challenging for
conventional light microscopy. Digital Inline Holographic Microscopy (DIHM) uses coherent, laser illumination to
image outside the focal plane, by creating interference patterns from the light scattered by biological samples.
These interference patterns are then captured using high speed video, and can be analysed frame by frame ‘offline’,
to produce 3D co-ordinates of the positions of each cell within a sample. By using this technique, it is possible to
simultaneously reconstruct the swimming trajectories of multiple microorganisms from the extracted co-ordinates.
This enables a three dimensional analysis of moving cells at a population scale. Consequently, we are able to study
the interactions between groups of cells, and observe how swimming behaviour is modulated in the presence of
others, with changing environmental or physical conditions. Current work involves using this technique to study the
motility patterns and behavioural responses of Halophillic Archaea isolated from the Great Salt Lake, Utah. Archaeal
motility currently poses many questions that, with the application of this technique, can be further explored.
P.16 Building an artificial cornea: Modelling stem cell activity and cell migration in the eye
K Kostanjevec1, S Henkes1, M Collinson1 and R Sknepnek2
1

University of Aberdeen, UK, 2University of Dundee, UK

Collective cell migration is a highly regulated process important in morphogenesis, wound healing, and tumour
metastasis. Physically, cell migration can be modelled as active matter, with a set of internal drivers including
migration, junctional contractions, adhesion, and division. Here, we investigate experimentally and computationally
the corneal epithelium, a hemisphere where cells migrate from the boundary to a central vortex. The cornea is the
transparent outer part of the eye, which protects and contributes to vision. The integrity of the epithelium is one of
the most important factors in ocular health, thus full understanding of epithelial cell migration has been of great
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interest in recent years. Looking at cells as individual particles enables the study of local level interactions between
cells such as division, death, alignment, and repulsion. Human corneal epithelial (HCE-S) cells were transfected
with a plasmid encoding green fluorescent protein (GFP). This allows for automatic tracking of the cells with timelapse microscopy and particle image velocimetry (PIV). Our particle code (SAMoS) models the cornea as soft active
particles moving on a hemisphere and the vortex which forms in the centre. Each cell experiences three forces:
physical cell-cell interactions, an internal driving force responsible for cell migration, and a friction force with the
stroma, proportional to the cell velocity. A balance between cell division and death is implemented through the XYZ
hypothesis. In addition to the unique characteristics of our model, the systems biology approach allows us to derive
and analyse data from in vitro experiments, further refining the model.
P.17 A growing 2D bacterial microcolony as a "Hubble active nematic"
D Dell'Arciprete, M Blow, A Brown, F Farrell, J Lintuvuori, A McVey, D Marenduzzo and W Poon
University of Edinburgh, UK
We study the growth of micro-colonies of the Gram-negative enteric bacterium Escherichia coli embedded into the
surface of soft agarose. The time dependent organisation of cells is analysed as a ‘living liquid crystal’. We find that
topological defects are generated from the bulk of the colony and spread to the periphery, where cells are aligned
parallel to the boundary by ‘active anchoring’. The observations have similarities with literature descriptions of
‘active nematics’, but simulations and simple theoretical modelling suggest that the physical mechanisms subtly
differ. Moreover, the growing colony exhibits a buckling instability at a critical size. These novel features are
traceable back to the non-conservation of the number of active particles. A growing bacterial colony therefore
belongs to a new universality class of active nematics.
P.18 Polymer dynamics in viscoelastic active baths
H Vandebroek and C Vanderzande
Hasselt University, Belgium
The equilibrium properties of a polymer are rather well understood, about their behaviour out-of-equilibrium however
much less is known. Since the natural environment of a polymer, i.e. the cell, is far from equilibrium this is a
relevant topic. One source for this property are the active particles located in the cells cytosol, they consume energy
to generate directed motion. An example of these active particles is molecular motors, such as kinesin/dynein, that
drag cell content along microtubuli.
The force generated by the active particles is in a random but persistent direction, it is therefore modeled as a
stochastic force with an exponential correlation. Apart from being active the interior of the cell is also very crowded
making it a viscoelastic fluid. In a viscoelastic medium, friction forces have a memory of the past, they become a
convolution between a power-law kernel and the velocity. This kernel is connected to the thermal noise by the
fluctuation-dissipation theorem.
We calculated an expression for the motion of the center-of-mass and of individual monomers and found that on
short time scales they can exhibit superdiffusion, while on longer time scales they move subdiffusively. This
demonstrates that active forces have to be taken into account when determining the rheological properties of
the cytosol by diffusion experiments. We also show that the polymer will swell due to the active forces and
determine how this swelling depends on the viscoelastic properties of the medium.
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P.19 Changing the diet of Bacillus subtilis: a phenomenological model of single cell adaptation
J Rambeau1, O Radulescu2 and N Declerck2
1

University of Cambridge, UK, 2Université de Montpellier, France

Bacillus subtilis distributes its metabolic fluxes according to the available carbon source. For instance when glucose
is present, the carbon flux runs through glycolysis, eventually reaching the citric acid cycle. On the contrary, if one
feeds the cells with malate, which is a metabolite of the citric acid cycle, the central carbon flux has to be reversed
through the gluconeogenic pathway.
We investigate how Bacillus subtilis kinetically adapts when one substitutes malate for glucose, at both levels of
growth and gene expression.
We devise a phenomenological model of adaptation at the level of single cell growth, where the key ingredient is a
time-limited decision-making process. I will show how we infer single cell observables from population growth
experiments, such as the time for a cell to adapt. Then, by using fluorescent reporters, we estimate the time to
induce gluconeogenic genes, needed for the cell to grow on malate, the new carbon source. We further equip our
phenomenological growth model with stochastic gene expression in order to compare with single cell fluorescence
data (obtained by flow cytometry and/or two-photon number and brightness microscopy). By requiring the
necessary induction of relevant genes, we discuss quantitatively the determinants of this adaptation process.
P.20 Crowding and collective behaviour of molecular motors
N Jenkins, R Cross and S Grosskinsky
University of Warwick, UK
Kinesin is a motor protein found in eukaryotic cells. It has a number of roles within the cell primarily involving cargo
transport and force generation by stepping along microtubule filaments. Here we investigate the behavior of Kinesin
1 and Kinesin 5 specifically. It has been shown in experiment that crowds of Kinesin 1 motors can exhibit interesting
behavior such as efficiently avoiding jamming due to overcrowding and that Kinesin 5 can exhibit density dependent
direction reversal.
We propose a stochastic computational model for studying these phenomena and potential biochemical
mechanisms that could give rise to these behaviors. These include internal states within the stepping mechanism
and a conformation change in the motor domain upon binding to the microtubule. We are primarily concerned with
a microtubule sliding assay arrangement, where a microtubule is in suspension above a substrate to which kinesin
motors are bound. This allows us to use a lattice model for the discrete binding sites of the microtubule, along with
a continuous time Markov process for the stepping behavior of the kinesin. This is then coupled to a discrete time
solver of the differential equation that governs the microtubule movement due to the force imparted by the kinesins.
Using the proposed computational methods we can reproduce the behaviors seen in experiment, informing
parameters by reviewing previous experimental data. We can then search a biologically interesting area of the phase
space to predict possible values of the other important parameters. This allows us to suggest designs for future
experiments that may give further insight into the stepping behavior of these molecules.
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P.21 The role of abnormal inhibitory transmission at the gap junctions of cardiac cells in fibrillation
G Attuel and H Yahia
INRIA, France
Data acquired from the electrical activity of human hearts, recorded by electrodes on the inner surface of the atria
during episodes of atrial fibrillation, exhibit intriguing features for an excitable medium. Namely, instead of some
kind of phase turbulence as typically expected, the noisy aspect of the data shares many common traits of nonequilibrium fluctuations in disordered systems or strong turbulence, as we will shortly review.
To assess those peculiar observations we investigate a synaptic plasticity that affects conduction properties of the
myocardium badly. Since gap junctions are comprised of many different kinds of connexins, which may be affected
by diverse factors, we use a mean field approach to address the modulation of the electrical synapse response. We
show that slight detuning of their linear response may lead to instabilities of the modulating agents.
The simplest example we further investigate is an instability of the ionic flow, acting on time scales of repolarisation.
It can be understood as the growth of collective modes of excess ionic density propagating through and retroacting
on each gap junction, thus desynchronising the medium. In other word, we identify that the network of electrical
synapses does not form a true syncytium under such unstable responses but a reticulated network that can be
desynchronised at each vertex. Transient states are here associated with a phenomenon called remodelling, which
has not received any accepted description thus far.
Moreover, from the properties of the model it is possible to infer a phase transition that could be separating two
stages of the disease, known as paroxysmal and chronic atrial fibrillation, possibly of infinite order because of the
condensation of topological defects. The understanding of chronic atrial fibrillation is one of the main goals of
cardiovascular research.
P.22 Stochasticity in gene expression: A few models solvable by geometric construction
A Ochab-Marcinek, J Jedrak and M Tabaka
Polish Academy of Sciences, Poland
The abundance of proteins in bacterial cells is typically as low as hundreds or tens, which introduces fluctuations
into biochemical reactions. Stochasticity in gene expression is usually modelled using Master equations. However,
explicit solutions are known to only a few simplest cases. On the other hand, what we really need is not just a
mathematical formula of the solution but the understanding of its behavior as particular parameters are varied.
Therefore, we use an alternative approach: We treat the protein concentration as a continuous variable and assume
that transcription factor binding to DNA can be described by Hill kinetics. We show that there exists a class of
models whose solutions can be presented in a form of a geometric construction:
Maxima and minima of protein distributions are found as the intersections of curves that represent the bursting
parameters of the regulatory gene and the Hill function acting as a nonlinear noise filter. Here, we show how the
geometric method allows us to draw biologically relevant conclusions about the onset of bimodality in gene
cascades, role of transcriptional leakage, effects of gene duplication, and control of multiple genes by a single
regulator.
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P.23 Coulomb blockade in biological ion channels
I K Kaufman1, W Gibby1, D G Luchinsky1,2, P V E McClintock1 and R S Eisenberg3
1

Lancaster University, UK, 2Mission Critical Technologies Inc., USA, 3Rush University, USA

We present a novel vision of conduction in biological ion channels [1] in which the process is controlled by ionic
Coulomb blockade [2], [3] in close analogy to the mechanisms that control conduction in mesoscopic systems e.g.
quantum dots [4].

Biological ion channels are natural nanopores providing for the fast and highly selective permeation of
physiologically important ions (e.g. Na+, K+ and Ca2+) through cellular membranes. [1]. The conduction and
selectivity of e.g. voltagegated Ca2+ and Na+ channels are defined by the ions’ stochastic movements and
interactions inside a short, narrow selectivity filter (SF) lined with negatively-charged protein residues
We show that the experimentally-observed valence selectivity phenomena in Ca2+/Na+ channels, including AMFE
and mutation-induced transformation of selectivity can be well described in terms of CB so that a ion channel can
be thought as a discrete electrostatic device.
We consider the generic electrostatic model of the SF of a Ca2+/Na+ ion channel [5].It is described as an
axisymmetric, water-filled, cylindrical pore of radius R = 0:3nm and length L = 1:6nm through a protein hub in the
cellular membrane. A centrally-placed, uniform, rigid ring of negative charge 𝑄𝑓 in the range 0 ≤ |𝑄𝑓 | ≤ 7𝑒 is
embedded in the wall at RQ = R.
CB appears in low-capacitance systems from quantization of the quadratic energy form at a grid of discrete states,
providing Coulomb energy gap ∆Un = Us large enough (∆Un ≫ Us kBT) to block transitions between neighbouring fng
states.
The positions of the singular Qf points in Fig. 1(c) can be written as [3]:
Zn = -zen

Coulomb blockade

Mn = �-ze(n + 1/2)

Resonant conduction
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That is our main result - the ionic CB model predicts an universal, valence-dependent, periodic pattern of
stop/conduction bands similar to the electronic CB oscillations of conductance in quantum dots.
Although an ion moving inside a channel or nanopore is a classical system described by Newtonian dynamics, it
exhibits some quantum-like mesoscopic features [2]. We attribute such behavior to charge discreteness, the
electrostatic exclusion principle, and confinement effects.
In conclusion, we have shown that Ca2+ channel permeation is analogous to mesoscopic transport in quantum dots:
the electrostatic exclusion principle leads to an FD distribution of channel occupancy; the stop-bands correspond to
blockade; the barrier-less conduction peaks are similar to those in resonant tunneling and can be described by
standard CB formulæ. The ionic CB model provides a good account of both the experimental (AMFE and valence
selectivity) and the simulated (discrete multi-ion conduction and occupancy bands) phenomena observed in model
Ca2+ channels. The results are should be applicable to other ion channels and to biomimetic nanopores with
charged walls.
The research was supported by the Engineering and Physical Sciences Research Council UK (grant No.
EP/M015831/1).
[1]
[2]
[3]
[4]
[5]
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P.24 Target search by proteins on coiled DNA
M A Lomholt
University of Southern Denmark, Denmark
Apart from three-dimensional excursions and linear, one-dimensional diffusion along the DNA molecule, DNAbinding proteins also perform intersegmental jumps: jumps from one DNA segment to another that is remote
measured in the chemical distance along the DNA but close by in the embedding space, due to DNA looping. Here
we present both an experimental and a theoretical approach to studying intersegmental jumping. Experimentally a
single DNA optical tweezers setup allows to find the search rate of the restriction enzyme EcoRV at different degrees
of DNA coiling. Theoretically, taking spatial correlations of three-dimensional excursions into account explicitly we
extend a facilitated diffusion model to include intersegmental jumping at varying DNA density.
P.25 Assessing surface motility on adhesive and non-adhesive surfaces
A Carabelli, A L Hook, N Russell, P Williams and M R Alexander
University of Nottingham, UK
Biofilm formation is a major cause of nosocomial infections. Surfaces that can resist bacterial attachment and
biofilm formation will be an important tool for reducing the incidence of medical device associated infections.
Bacterial motility is essential for virulence, chemotaxis, biofilm formation and biofilm dispersal. Little is known about
the role of surface motility and how it varies with adhesive and non-adhesive surfaces over the lifecycle of biofilm
formation as bacteria transition from a free-swimming planktonic state to a surface-associated state.
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In this study we explored near-surface swimming patterns and bacterial adhesion to adhesive and non-adhesive
surfaces. Single cell motion was observed using various optical techniques including Differential Interference
Contrast, Total Internal Reflection Fluorescence and Total Internal Reflection Microscopy. We obtained qualitative
and quantitative differences in the surface motility of 5 different well known bacterial species (P. aeruginosa,
Uropathogenic E. coli, Proteus mirabilis, Staphylococcus aureus and epidermidis). We were able to show how
motility and attach-detachment were influenced by changes in surface chemistry. These novel insights will
contribute to the design of novel non-adhesive surfaces for the prevention of biofilm adhesion.
P.26 Modelling asymmetry, flip-flop and external fields in a phase-separating lipid bilayer
J J Williamson and P D Olmsted
Georgetown University, USA
Mixed lipid bilayers present intricate statistical thermodynamics leading to rich phase diagrams and kinetics [1-3].
The underlying physics is implicated in clustering or “raft” mechanisms in biomembranes, and is a tuneable feature
of artificial membranes, which have a long and growing list of applications [4]. Beginning from a microscopic lattice
model, we develop a theory to account for local or overall interleaflet asymmetry in a mixed bilayer. We emphasise
the utility of “bilayer phase diagrams” with a separate composition axis for each leaflet. Passive inter-leaflet flipflop
and symmetry-breaking external fields (e.g., a substrate) can also be added. The findings reconcile a disparate
range of observations in the experiment and simulation literature, and reveal a novel link between phase-transition
kinetics and the fundamental intra- and inter-leaflet interactions governing lipid bilayers.
[1]
[2]
[3]
[4]

Williamson, J. J. & Olmsted, P.D. (2015). Kinetics of symmetry and asymmetry in a phaseseparating
bilayer membrane. In press, Phys. Rev. E
Williamson, J. J. & Olmsted, P.D. (2015). Nucleation of symmetric domains in the coupled leaflets of a
bilayer. Soft Matter, 11, 8948
Williamson, J. J. & Olmsted, P. D. (2015). Registered and antiregistered phase separation of mixed
amphiphilic bilayers. Biophys. J., 108, 1963
Elani, Y. et al. (2014). Vesicle-based artificial cells as chemical microreactors with spatially segregated
reaction pathways. Nat. Comms., 5, 5305.

P.27 Stochastic proofreading mechanism alleviates crosstalk in transcriptional regulation
S A Cepeda Humerez, G Rieckh and G Tkačik
Institute of Science and Technology (IST) Austria, Austria
Gene expression is controlled primarily by interactions between transcription factor proteins (TFs) and the regulatory
DNA sequence, a process that can be captured well by thermodynamic models of regulation. These models,
however, neglect regulatory crosstalk: the possibility that non-cognate TFs could initiate transcription, with
potentially disastrous effects for the cell. We estimate the importance of crosstalk, suggest that its avoidance
strongly constrains equilibrium models of TF binding, and propose an alternative non-equilibrium scheme that
implements kinetic proofreading to suppress erroneous initiation. This proposal is consistent with the observed
covalent modifications of the transcriptional apparatus and would predict increased noise in gene expression as a
tradeoff for improved specificity. Using information theory, we quantify this tradeoff to find when optimal
proofreading architectures are favored over their equilibrium counterparts.
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P.28 A modular view of gene regulatory networks: universal attenuators and feedback loops
D Liu, L Albergante and T J Newman
University of Dundee, UK
Using a combination of mathematical modelling, statistical simulation and large-scale data analysis, we study the
properties of linear regulatory chains (LRCs) and their roles in gene regulatory networks (GRNs). Our modelling
indicates that downstream genes embedded within LRCs are highly insulated from the variation in expression of
upstream genes. This observation implies a progressively weaker functionality of LRCs as their length increases.
When analysing the preponderance of LRCs in the GRNs of E. coli K12 and several other organisms, we find that
very long LRCs are essentially absent. We also find that the longest LRCs are intimately linked to characteristic nonlinear motifs that are involved in potentially chaotic stress response, indicating that the dynamics of these
potentially destabilising motifs are strongly restrained under homeostatic conditions. The same connections are
observed in a human cancer cell line (K562). These findings suggest a role for long LRCs in dampening variation in
gene expression, thereby protecting cell identity, and in controlling dramatic shifts in cell-wide gene expression
through inhibiting chaos-generating motifs.
P.29 Control over phase synchronisation in rotor models of motile cilia
A Maestro1, N Bruot1, J Kotar1, N Uchida2, R Golestanian3 and P Cicuta1
1

University of Cambridge, UK, 2Tohoku University, Japan, 3University of Oxford, UK

The coordinated cyclic beating of eukaryotic cilia and flagella is responsible for vital functions such as motility of
microorganisms and fluid transport close to various epithelial tissues. Synchronization induced by hydrodynamic
interactions is a possible and potentially general mechanism behind this coordinated beating of cilia. To understand
hydrodynamic synchronization, rather than a realistic beating filament description, we use here a simple model with
a minimal number of degrees of freedom, based on optically driving a pair of colloidal particles, that act as micron‐
scale phase oscillators. Intra‐cilia properties are thus coarse grained into the parameters chosen to drive the
particles around closed orbits. We show that different phase-locked steady states –for instance, In-Phase or AntiPhase- can be achieved depending on these parameters, and present a regime diagram.
Modest tuning of the cilia beating properties, as could be achieved biologically by modulation the molecular motor
activity or binding affinity, or the cilia length and orientation, can lead to dramatic changes in the collective motion
that arises out of hydrodynamic coupling. The experimental results are consistent with analytical calculations that
include the driving force and the hydrodynamic interaction.
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P.30 Analysis of adhered Staphylococcus Epidermidis to model surfaces by XPS and AFM
R Bava and G C Smith
University of Chester, UK
Staphylococcus epidermidis is an opportunistic bacteria which is a part of the human flora. It frequently forms
problematic antimicrobial resistant biofilms in medical implant environments. In this work, we report on the
characterisation of the initial stages of growth of Staphylococcus epidermidis biofilms on model substrates including
glass, muscovite mica and single-crystal Si (111). X-ray photoelectron spectroscopy (XPS) is used to investigate
the surface chemistry, composition and thickness of the biofilm precursors. Atomic force microscopy (AFM) is used
to image the development of the biofilm and to probe adhesion forces and local mechanical properties through the
use of force-distance curves. By combining results from these techniques, we can provide insights into the nature of
the fundamental characteristics of the substrate – biofilm interaction and hence the optimisation of antimicrobial
surfaces.

Figure 1: AFM image of S. Epidermidis on Silicon

Figure 2: XPS spectra of S. Epidermidis in tryptic soy
broth on Si (111) wafer
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