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(Invited) A single-cell perspective on metabolic interactions in bacterial communities 

M Ackermann 

ETH Zurich, Switzerland  

Communities of interacting microbial cells drive many important processes on our planet, from affecting 
health and disease of humans to driving the cycling of elements on a global scale. A central question is how 
the functions of these communities emerge from the activities of individual cells and their interactions. Many 
of these microbial consortia reside on surfaces, for example in biofilms or aggregates. In such spatially 
structured consortia, interactions are expected to mainly occur between cells that are close in space. Our 
goal here is to better understand such interactions between individual cells – to measure the spatial scale 
over which cells interact metabolically, and to understand the spatial self-organization of microbial 
communities at the microscale. We work with synthetic consortia of genetic mutants with well-defined 
metabolic interactions and use microfluidics and quantitative single-cell analysis to understand how the 
phenotype and growth of individual cells is influenced by interactions with the cellular neighborhood.  The 
goal of this work is to identify general principles that govern how different types of microorganisms organize 
in space, how they interact across different spatial scales and how this spatial self-organization shapes the 
activities and functions of microbial communities. 

Cell competition in mouse embryo 

G Lubatti, A Lima2, D Hu3, S Srinivas3, T Rodriguez2 and A Scialdone1 

1Helmholtz Zentrum Munich, Germany, 2 Imperial College London, UK, 3University of Oxford, UK 

Cell competition is a biological process whereby cells eliminate their less fitted neighbours [1] [2]. 
It has myriad positive roles in the organism: it selects against mutant cells in developing tissues, prevents 
the propagation of oncogenic cells and eliminates damaged cells during ageing. 

While it was first characterized in drosophila [3], it is currently unclear what are the transcriptional features 
of cells eliminated through competition and what are the roles of cell competition during mammalian 
development. 

We analysed single-cell transcriptomic data from mouse embryos around the time gastrulation starts (stage 
E6.5) where apoptosis was inhibited. We show that in these embryos a new population of epiblast cells 
emerges, expressing markers of cell competition previously characterized [4]. Our analysis also identifies 
additional features of eliminated cells, including disrupted mitochondrial activity that we validate in vivo. 

Moreover, by using physical modelling, we show that cell competition might play a role in the regulation of 
embryo size, which could be particularly important around gastrulation [5]. 



  
 

 
 
Fig. 1. Hierarchical cluster analysis. Cluster 4 is the new population that emerges from apoptosis inhibitor 
treated embryos. 

[1] A. Di Gregorio et al., Developmental Cell, Volume 38, 621-634 (2016) 
[2] S. Bowling et al., Development, (2019) 
[3]  G. Morata et al., Dev. Biol, Volume 42, 211-221, (1975) 
[4]  S. Bowling et al., Nature Communications, (2018) 
[5]  Y. Kojima et al., Seminars in cell and developmental biology, (2014) 

Intracellular energy variability modulates cellular decision-making capacity 
R Kerr1, S Jabbari1 and Iain Johnston2, 3 
1University of Birmingham, UK, 2University of Bergen, Norway, 3Alan Turing Institute, UK 

Cells are able to generate phenotypic diversity both during development and in response to stressful and 
changing environments, aiding survival. The biologically and medically vital process of a cell assuming a 
functionally important fate from a range of phenotypic possibilities can be thought of as a cell decision. To 
make these decisions, a cell relies on energy dependent pathways of signalling and expression. Cell-to-cell 
energy availability can vary dramatically, however, energy availability is often overlooked as a modulator of 
cellular decision-making. In this talk I will consider a highly generalizable, energy dependent, decision-
making regulatory network. By considering how intracellular energy variability modulates the expression of 
interacting regulatory genes, I will then discuss the influence of low, high and increasing energy availability 
on the number of stable states supported by a cell, potentially explaining some of the observed variability in 
cellular decision-making. From this talk I will demonstrate that the influence of intracellular energy levels on 
cell behaviour is important and not considering it limits our knowledge of how this key biological axis affects 
cell behaviour. 

Tumor ecology, an investigation into the functional role of intra-tumoral metabolic heterogeneity 

B Hershey and K Havas 

IFOM the FIRC Institute of Molecular Oncology, Italy 

Throughout nature diversity consistently drives the fitness of entire communities through webs of 
interactions. Tumors, like large ecological communities, are highly heterogeneous in their composition. The 
significance of immune, stroma and resident microbial populations in tumor pathogenesis remains an active 



  
 
area of study. However, the possible existence of cooperative interactions between phenotypically distinct 
intra-tumoral clonal populations and their impact on tumor pathogenesis remains largely un-investigated. 
This led us to ask whether clonal heterogeneity could be stabilized through functional intra-tumoral 
interactions. To address this question, we choose as our model systems three cell lines: MDA-MB-231, 
MCF7 and BT474 that are representative of three main breast cancer subtypes. To look for evidence of 
functional interactions we asked whether single cells could grow in isolation. We did this by subjecting the 
cell lines to dilution cloning in the presence or absence of conditioned media from the parental culture. The 
results of the screen showed a significant increase in both recovery and growth of individual clones in the 
presence of conditioned media. This provided initial evidence for the existence of functional interactions in 
tumor derived cell lines. To understand which portion of the population was responsible for this phenomenon 
we first employed a Lentivirus based barcoding system to randomly label individual cells across our three 
cell lines with a unique, heritable color signature. Barcoded clones were then recovered in conditioned 
media from the MCF7 and MDA-MB-231 cell lines. We are now setting up a pipeline to characterize these 
clones in terms of growth as individuals and as pairwise populations. Of note, the cell lines used in this study 
are all aneuploid with high levels of chromosomal instability. This led us to ask whether there is a correlation 
between intra-tumoral interactions and increasing ploidy. To investigate this question, we are treating a 
diploid MCF10a clone with cyclical exposures to an Mps1 inhibitor to create a genetically heterogeneous 
population. The population will now be tested for interactions using the previously described dilution cloning 
screen. Moving forward, our aim is to better understand the origin, makeup and nature of these interactions, 
in order to provide a better characterization of the tumor ecosystem. 

(Invited) The effect of crowding on the genetic diversity of a spatially growing cellular population 

D Fusco 

University of Cambridge, UK 

Spatially growing cellular populations, ranging from microbial biofilms to developing tissues, often live in 
extremely crowded environments where cells have to mechanically push each other apart to be able to 
spread. How does this crowded environment affect the adaptation potential of the population? 
 
Here, I am going to present two physical models to characterize the neutral genetic diversity and the effect of 
negative selection in microbial colonies, which are inherently spatially crowded systems with growth limited 
to a peripheral outer region. While our model predictions have been tested in yeast and bacterial 
populations, the underlying basic ingredients make the model robust to the details of the system under 
study. Using them as null hypotheses for more complex scenarios opens the door to inferring the spatial 
dynamics and the mutation rates from low-coverage sequencing data for a range of naturally occurring 
populations. 

Flash talks 1 

Evolutionary dynamics of viral populations with density dependent dispersal 

M Hunter and D Fusco 

University of Cambridge, UK 

Spatially expanding populations are ubiquitous in nature, from human migration out of Africa to the range 
shifts of many organisms due to climate change. In contrast to well-mixed populations, where an individual 
experiences the same conditions regardless of position, individuals in a range expansion experience different 
conditions depending on their location. Individuals near the expansion front benefit from access to new 



  
 

territory (where there are more resources and less competition), and grant the same advantage to their 
offspring [1]. 

Expansion fronts such as these are split into two classes: pulled fronts, which are characterised by high 
growth rates and large genetic fluctuations at the leading edge of the front; and pushed fronts, where the 
region of maximal growth occurs further towards the bulk, and fluctuations are lower [2]. Pushed fronts 
typically occur due to a cooperative benefit from increased population size or density, known as Allee effect. 

To study the effects of spatial range expansion on a population, we use the system of plaque forming 
bacteriophage T7 expanding on a lawn of E. coli bacteria. Existing efforts to describe plaque growth generally 
employ a linearized reaction-diffusion equation (which implicitly assumes the expansion is pulled) to predict 
observable properties such as front velocities [3]. The extent of genetic diversity at the front of the plaque is, 
however, still unknown and not explicitly addressed by current theory of plaque formation. 

Here we present experimental observations that demonstrate that the rate of phage dispersal is non-uniform 
across the expansion, as it depends on the local bacterial density. The bacterial cells act as a barrier to 
diffusion, that hinder the ability of phage to diffuse. In the context of plaques, this means that phage at the 
population front diffuse slower than those in the bulk, where the bacteria have been lysed. 

While pushed waves generally occur due to cooperative behaviour that manifests in a density-dependent 
growth rate, it has been shown that pushed waves can also occur due to a density dependence in diffusion 
[4]. These results indicate that genetic fluctuations at the expansion front could be significantly lower than 
current plaque growth models assume, and could be better described as a pushed wave. As a result, the 
genetic diversity at the front may be much higher than expected, allowing the population to be more 
adaptable to environmental challenges. 

[1]  O. Hallatschek, & D. R. Nelson (2008) Gene surfing in expanding populations. Theoretical 
Population Biology 73, 158–170 

[2]  W. van Saarloos (2003) Front propagation into unstable states. Physics Reports 386, 29–222 
[3]  J. Yin, & J. S. McCaskill (1992) Replication of Viruses in a Growing Plaque - A Reaction-Diffusion 

Model. Biophysical Journal 61, 1540–1549 
[4]  G. Birzu, S. Matin, O. Hallatschek, & K. S. Korolev (2019) Genetic drift in range expansions is very 

sensitive to density feedback in dispersal and growth. arXiv ID: 1903.11627 

Capillary deposition of microorganisms for the study of cells in spatially controlled environments 

E Secchi, R Pioli, M Rodriguez, L Frances, F Grillo, R Stocker and L Isa 

ETH Zurich, Switzerland 

Controlled and precise deposition of microorganisms into defined spatial arrangements offers unique and 
innovative possibilities for the study of microbial physiology and interactions. Full control over the 
geometrical arrangement is highly desirable due to the crucial importance of distances in microbe-microbe 
interactions, arising from their dependence on the propagation of chemical signals. Coupling accurate 
spatial patterning and full control over environmental conditions would provide a powerful and versatile 
platform for single-cell studies in microbial ecology. To this end, we have developed a microfluidic platform 
to extend a capillary deposition technique originally designed for colloidal particles, called sCAPA [1] 
(sequential capillarity-assisted particle assembly), to bacterial systems. This technology exploits the 
capillary forces resulting from the controlled motion of an evaporating droplet inside a microfluidic channel 
to capture individual particles or microorganisms in an array of traps microfabricated onto the substrate. 
Sequential depositions allow the generation of the desired spatial layout of single or multiple 
microorganisms (Fig.1). We successfully calibrated this new technique on colloidal particles and tested it on 
bacteria. We expect that the coupling of single-cell deposition and microfluidic technology allows both 
geometric patterning and precise control of environmental conditions, and thus opens up a window into the 



  
 
physiology of single microbes and the ecology of microbe-microbe interactions as shown by preliminary 
experiments. 

 
 

Fig. 1. False color SEM image of E. coli RP437 cells deposited in 2μm dumbbells traps (4μm long, 2μm 
large, and 1μm deep). 
 

[1]  S. Ni, J. Leemann, I. Buttinoni, L. Isa, H. Wolf, Sci Adv 2(4), e1501779–e1501779 (2016) 

Long-term safety of in vivo genome editing of adeno-associated virus encoding campylobacter jejuni Cas9 

J Kim1, D Jo1,2,3, T Koo1, C Cho3, J-S Kim1,4 and J Kim1 
1National University Hospital, Republic of Korea, 2 Seoul National University College of Medicine, Republic of 
Korea, 3Institute for Basic Science (IBS), Republic of Korea 

Genome editing with CRISPR systems provides an unprecedented opportunity to modulate cellular 
responses in pathological conditions by inactivating undruggable targets such as transcription factors. 
Previously, we demonstrated that the smallest Cas9 orthologue, characterized to date, from Campylobacter 
jejuni (CjCas9) targeted to Hif1a and delivered in an adeno-associated virus (AAV) vector effectively 
suppressed pathological choroidal neovascularization in the mouse retina. Before implementation of CjCas9 
as an in vivo therapeutic modality, it is essential to investigate long-term effects of target gene disruption via 
AAV-mediated delivery of CjCas9 in vivo. In this study, histologic and electroretinographic analyses 
demonstrated that CjCas9 targeted to Hif1a did not induce any definite toxicity in the retina although the 
target gene was mutated with a frequency ranging from 45% to 79% in retinal or retinal pigment epithelial 
cells. (Figure 1) Importantly, at 14 months after injection, no indels were detected at potential off-target 
sites identified using Digenome-seq and Cas-OFFinder, suggesting that long-term expression of CjCas9 do 
not aggravate off-target effects. Taken together, our results show that intravitreal injection of AAV encoding 
CjCas9 targeted to Hif1a effectively induced and maintained mutations in retinal tissues for more than one 
year and did not affect retinal histologic integrity or functions. [1] 



  
 

 

Fig. 1. Histologic and electroretinographic safety in in vivo genome editing of adeno-associated virus 
encoding Campylobacter jejuni Cas9 

[1]  DH Jo, T Koo, CS Cho, JH Kim, JS Kim, JH Kim, Mol. Ther. 27, 130 (2019) 

On the interplay between noise and stoichiometry in microRNA-mediated bimodal gene expression 

C Bosia1, S Bo, S Grigolon and M Del Giudice2 
1Politecnico di Torino, Italy, 2Italian Institute for Genomic Medicine, Italy  

Phenotypic differentiation often relies on bimodal distributions of gene expression levels, which can normally 
be achieved by different molecular mechanisms. During the past decade microRNAs, small noncoding RNA 
molecules, were found to downregulate the expression of preferred mRNA targets by sequestering and 
successively degrading them, thus influencing the level of gene expression. We address the question on how 
microRNA- mediated regulation can induce the appearance of bimodal phenotypes. Our findings show that 
the presence of extrinsic noise favors bimodal distributions and provides a simple and robust mechanism for 
obtaining bimodal populations without fine tuning any parameters. We show results from an experimental 
toy model that supports our theoretical predictions. 

In vivo monitoring of viral population dynamics 

R Majed and D Fusco 

University of Cambridge, UK 

Bacteriophages (phages) are ubiquitous viruses of bacteria and the most abundant and diverse biological 
entity on earth. As agents of horizontal gene transfer (HGT) and due to the mortality and selection for 
resistance imposed on the bacterial prey, phages are a driving factor in bacterial diversification and 
community composition. 

Advances in DNA sequencing technology have facilitated the determination of hundreds of complete 
genome sequences both for bacteria and their bacteriophages. While we have available effective methods to 
genetically modify bacterial systems, the same techniques in viral systems are much less developed. The 
purpose of our work is to develop and optimize an effective and fast technique for constructing 
bacteriophage mutants. We edit bacteriophage T7 genome via homologous recombination where the 



  
 
recombinant plasmid is construct by a technique called SOE (Splicing by overlapping extremities). This 
technique is efficient for in-frame gene deletions, gene replacements, base substitutions and the addition of 
gene markers. 

We use the technique described above to obtain a bacteriophage that is tagged by the fluorescent protein 
GFP. GFP is fused to the C-terminal minor capsid protein 10B of T7 in order to ensure good fluorescence 
signal without compromising capsid assembly. While the availability of fluorescently tagged phages opens 
the door to monitor in vivo their dynamics in a range of conditions, here we focus on their behavior when 
growing on a bacterial lawn with the goal of determining the extent of genetic drift in comparison to other 
types of spatial range expansions. 

Flash talks 2 

Deconstructing the spatial organization of mouse main olfactory epithelium by spatial transcriptomics  

M Segura1, M Maklouf2, B Malnic3, T Saike3, L Saraiva2 and A Scialdone1 
1Helmholtz Zentrum München, Germany, 2Sidra Medical and Research Center, Qatar, 3Universidade de São 
Paulo, Brazil 

Our sense of smell provides us with information about our environment. This information is conveyed by 
odorants, which are detected by olfactory sensory neurons (OSNs) through proteins encoded by olfactory 
receptor genes (ORs). Each OSN expresses only one OR randomly chosen out of thousands.  

The position of olfactory sensory neurons in the main olfactory epithelium (MOE) has been shown to 
influence olfactory receptor genes’ probability of activation, with some of them having a higher probability of 
being expressed in specific regions of the MOE called “zones” [1]. The role that ORs’ spatial expression might 
have in olfaction is unknown; and until now, the detailed spatial pattern of expression in the MOE remains 
largely unknown. The sheer number of OR genes and the presence of still unknown molecular regulators are 
major challenges that hamper a detailed analysis of this system.  

I will present the analysis of a spatial transcriptomic dataset from mouse MOE that was collected with a 
recently developed technique called TOMO-seq. Our analysis provides the first comprehensive 3D map of 
gene expression pattern in the MOE, which we used to identify new zonal markers and to redefine the zones 
of OR genes expression computationally, using information from a 3D dataset from hundreds of OR genes. 

Moreover, I will show how such a 3D map can be combined with single-cell RNA-seq datasets to get further 
insights into, e.g., the spatial gene expression patterns in other cell types present in the MOE. 

Key words: Spatial transcriptomics, Olfactory receptor genes, Olfactory sensory neurons. 

 

 



  
 

 

Fig. 1. (a) 3D reconstruction of expression of Acsm4 (a Dorsal-Medial marker gene) in the MOE; (b) Sections 
of this 3D model cut along the Posterior – Anterior (PA) axis. 

[1]  Miyamichi, K. Continuous and Overlapping Expression Domains of Odorant Receptor Genes in the 
Olfactory Epithelium Determine the Dorsal/Ventral Positioning of Glomeruli in the Olfactory Bulb. J. 
Neurosci. 25, 3586–3592 (2005) 

The role of geometry and cell-cell communication in the migration of anterior visceral endoderm cells 

J Fiorentino and A Scialdone 

Helmholtz Zentrum München, Germany  

The migration of the cells of the Anterior Visceral Endoderm (AVE) during early mouse embryonic 
development is crucial for the establishment of an anterior-posterior axis and for the correct development of 
the organs [1,2]. It has been hypothesized that AVE cells move in response to a possibly shallow gradient of 
a molecular cue. At the beginning of the migration process, AVE cells form multi-cellular rosettes, structures 
in which five or more cells meet at a central point [3]. This change in cellular packing might enable a more 
ordered migration, but another still unexplored hypothesis is that rosettes' formation enhances cell-cell 
communication, which, in turn, can increase the cells' ability to measure external signals.  

We investigate this possibility using the Local Excitation Global Inhibition model (LEGI) [4,5], which 
considers the presence of a local and a global molecular reporter (i.e., a molecule that is able to diffuse 
between nearest-neighbour cells), representing respectively a single-cell and an averaged measurement of 
the external signal. 

Aiming at modelling the role of cell-cell communication in complex 2D geometric structures (like multi-
cellular rosettes), we extend the LEGI model to a 2-dimensional system where all the cells or only a subset of 
them can exchange molecular signals. We characterize the gradient sensing ability of cells adopting different 
geometric configurations, which suggests that the spatial arrangements of AVE cells in the embryo likely 
maximize their ability to measure weak gradients of external signals. 

Furthermore, we analyze single-cell RNA-sequencing data collected from mouse embryos at the migration 
stage. This dataset gives us the possibility to study the transcriptional differences between the AVE and the 
VE, and to unravel the active signalling pathways in these cell populations. 

Taken together, these results shed light on the functional role of the changes in cellular packing in the 
migration process and on the possible molecular mechanisms driving cell-cell communication in the AVE. 

[1]  M. J. Stower, S. Srinivas, Philos. Trans. R. Soc. B Biol. Sci. 369, 20130546–20130546 
(2014) 



  
 
[2]  M. J. Stower, S. Srinivas, Curr. Top. Dev. Biol. 128, 365 - 390 (2018) 
[3]  G. Trichas et al., PLoS Biol. 10, e1001256 (2012) 
[4]  D. Ellison et al., PNAS 113, E679-688 (2016) 
[5]  A. Mugler, A. Levchenko, I. Nemenman, PNAS 113, E689-95 (2016) 

Modelling the maintenance of DNA methylation in gene bodies 

A Briffa, J Moore, D Zilberman and M Howard 

John Innes Centre, UK 

In plants, transcribed regions of DNA are frequently enriched in methylation of the CG sequence context, but 
not for sequences CHG or CHH (where H = A, C or T bases). This ‘gene body methylation’, is usually found in 
longer, constitutively expressed genes and is also often evolutionarily highly conserved [1], characteristics 
indicative of a functional role. 

Methylation levels are inherited extremely accurately over many generations of plants. However, there is also 
clear evidence of dynamics, with a measurable number of CG sites gaining or losing methylation over 
generations [2]. How such dynamics support a steady-state that includes both highly and lowly methylated 
regions is yet to be fully understood. In previous work, Haerter et al. [3] stochastically simulated the 
methylation dynamics of CG islands in mammals, suggesting that cooperative feedback is present and able 
to support bistable local methylation levels.  

The model by Haerter et al. [3] incorporates strong positive feedback in both directions, reinforcing both 
highly methylated and unmethylated states. Plants, however, lack any functional homologues of the TET 
enzymes which are responsible for the active demethylation of a CG site. We are therefore exploring similar 
models to investigate whether local bistability can exist when the cooperativity only reinforces the 
methylated state.  

[1]  A Bewick et al., Current Opinion in Plant Biology 36:103-110 (2017) 
[2]  C. Becker et al., Nature, 480, 245-249 (2011) 
[3]  J. Haerter et al., Nucleic Acids Res., 42(4):2235-2244 (2014) 

How plants use their growth rate to measure long-term temperature   

R Antoniou-Kourounioti, Y Zhao, C Dean and M Howard 

John Innes Centre, UK 

Monitoring the seasons is a complex but necessary process for many plants, and it allows them to time their 
developmental transitions for maximal survival and reproductive success. Previous work from this group 
uncovered the “digital” nature of the epigenetic silencing of FLOWERING LOCUS C (FLC), to measure the 
length of cold and identify winter. This digital nature was key to allow the quantitative epigenetic information 
to be stored long-term. However, more recent work showed that in the case of the cold-induced PHD protein, 
VERNALIZATION INSENSITIVE3 (VIN3), which is involved in the epigenetic silencing of FLC, an analogue 
mechanism is employed that allows long-term monitoring (and averaging) of temperature, though with less 
long-lasting memory. The stable protein NTL8 was found to regulate VIN3 expression, and to accumulate 
slowly over weeks in the cold. In this work, we employed mathematical modelling and experimental methods 
and showed that the slower growth rate of the plant in the cold permitted the accumulation of NTL8, and 
thus the slow upregulation of VIN3. Therefore, the temperature sensitivity of growth was utilised by the plants 
in the making of a long-term memory thermosensor. 



  
 

(Invited) Two layers of chance associated with spatially expanding populations: how demographic noise and 
environmental heterogeneity shape genetic diversity 

W Moebius 

University of Exeter, UK 

In nature, populations expand into new habitat at different spatial and temporal scales. The expansion 
process can thereby affect the evolutionary path of the growing population, a topic that gathered much 
interest recently. The effect of environmental heterogeneity on the evolutionary dynamics of such range 
expansions remains poorly understood so far - not least due to the large variety of environmental 
heterogeneity found in nature. We here study the effect of environmental heterogeneity or landscape 
structure using a combination of theory, simulations, and experiments. 

In particular, we consider isolated obstacles and hotspots, regions which hinder and accelerate the invasion, 
respectively, as well as bumps in an otherwise flat habitat. We find that those structures have characteristic 
effects on genetic diversity. We observe an additional layer of ‘survival of the luckiest’ – complementary to, 
yet qualitatively different from founder effects occurring in the presence of ‘spatial bottlenecks’. Our findings 
and experimental assays we currently develop suggest a way forward to study the evolutionary 
consequences of more complex large-scale structures. 

(Invited) When to wake up: lag phase of bacteria 

N Mitarai 

University of Copenhagen, Denmark 
 
Bacteria population in nature often experience the feast-famine cycle, i.e., the nutrient-rich period where 
cells exponentially grow and divide and the nutrient-poor condition where the cells need to survive without 
much growth. When the nutrient is added back to the starved culture, there is always some lag time before 
the population starts to grow. How the cells survive various starvation conditions and how they regrow after 
addition of nutrient should be as important for the survival of bacterial species as fast growth in nutrient-rich 
conditions, if not more. In addition, the dormancy induced by starvation is known to provide tolerance to 
antibiotics, which typically attack the molecular processes essential for bacterial growth. Understanding the 
lag phase is the key to control the starvation dependent bacterial persistence, called the type-I persistence. 

In this talk, we first discuss the experimental results of the cellular response to the carbon starvation and 
phosphorus starvation for up to 30 days, focusing on the ribosome content in the cell [1]. Ribosome plays a 
central role in bacterial growth as the main machinery of the translation process. In the glucose starvation, 
the ribosomal RNA (rRNA) per colony-forming unit (CFU) dropped to about 30-70% of the value in the 
exponential growth over the first 5 days. In the phosphorus starvation, the rRNA per CFU showed a rapid 
decrease within 2 days to about 10%. The apparent lag time measured by using the time course of the 
optical density of the culture showed a linear increase with the starvation time, but when the drop of CFU per 
optical density was taken into account, the trend was strongly weakened. We did not observe a clear 
correlation between the rRNA per CFU and the lag time. 

We then discuss a theoretical analysis on the optimal lagtime under stochastic application of antibiotics 
upon the cell’s resuscitation, having the type-I persisters in mind [2]. When the application of the antibiotic 
is rare or the death effect by the antibiotics is not severe, the optimal strategy is found to have no lag time, 
since the gain by the growth when the environment is antibiotics free exceeds the loss upon the application 
of the antibiotic. When the application of the antibiotic is severe, having a long enough lag time to avoid the 
period of antibiotics application becomes a better strategy. We discuss the discontinuous transition between 
these strategies as well as the optimal distribution of the lagtime. 

[1]  Y. Himeoka, B. Gummesson, S. L. Svenningsen, M. Sørensen, N. Mitarai, in preparation (2019) 



  
 
[2]  Y. Himeoka, N. Mitarai, in preparation (2019) 

Cost and benefit of changes in transcriptional regulatory networks of bacteria across time scales 

F Ali1,2 and A Seshasayee1 

1National Centre for Biological Sciences, India, 2Manipal Academy of Higher Education, India 

Evolution of bacterial regulatory networks has largely been described at macroevolutionary scales through 
combined forces of lateral gene transfer and gene duplication with differential gene gain or loss [1]. 
However, the contribution of point mutations in their evolution, especially at microevolutionary scales is 
poorly understood. Experiments have provided evidence that regulatory interactions vary across species even 
when the same Transcription factor (TF) and target gene (TG) pair is present [1]. Moreover, some lab 
evolution studies have reported an excess of beneficial point mutations in TFs [2]. This suggests that TFs may 
be accumulating mutations faster than their TGs and this contributes to differences in TF composition at large 
phylogenetic distance. We tested this hypothesis by estimating sequence variation of Escherichia coli genes 
across publicly available WGS datasets, analyzing thousands of clinical and environmental isolates. To our 
surprise, we discovered that TFs are less diverse in their sequence than their TGs and this is due to their 
regulatory function. We then tested for the difference in conservation of these TFs and TGs – in terms of 
presence/absence – across species. The conservation of TFs, other than global regulators (GR), was indeed 
low across species, as previously reported, despite being more conserved in sequence within species. We 
also analyzed many lab evolution datasets and verified excess of beneficial mutations in TFs in several 
adaptive lab evolution studies. The selection in these cases was either for growth rate or for cross-resistance 
against antibiotics. We also studied population dynamics of Lenski’s LTEE [3] and observed that TFs, 
especially GRs, accumulated mutations much faster than TGs in first 10,000 generations. However, as the 
evolution proceeded, mutations appeared in TFs at rates similar to or lower than those in TGs. Our results 
suggest that point mutations, conferring large-scale expression changes, may drive the early stages of 
adaptation but gene regulation is subjected to stronger purifying selection post adaptation (Fig. 1). 
 

 
Fig. 1. A graphical representation of the proposed model of TRN evolution in Bacteria. A population exposed 
to an environment X rapidly accumulates mutations in TFs, especially GRs. One of these mutants reach 
fixation gradually while accumulating mutations in other TFs and TGs. Farther out in time, when the 
population is well adapted, mutants of greater fitness rarely appear and hence, TFs show low sequence 



  
 

diversity. Also, TRN modules not relevant to this environment are eventually lost. In a different environment Y, 
adaptation may be brought about through integration of or substitution by xenologs in the native network. 
Thus, across species comparison show low conservation of TFs relative to their TGs. 

[1]  J. C. Perez, E. A. Groisman, Mol. Cell. 138, 233–244 (2009) 
[2]  T. M. Conrad, N. E. Lewis, B. O. Palsson, Mol. Syst. Biol.7 (2011) 
[3]  B. H. Good, M. J. McDonald, J. E. Barrick, R. E. Lenski, M. M. Desai, Nature. 551, 45–50 (2017) 

 

Exploring mathematical modelling of polycomb-based epigenetic memory genome-wide and across 
organisms 

C Lövkvist1, M Wassef 2, D Holoch 2, D Zielinski2, R Margueron2 and M Howard1 
1John Innes Centre, UK, 2 PSL Research University, France  

The use of mathematical modelling to understand epigenetic memory and chromatin mediated gene 
regulation is increasing. However, most applications focus on maintenance of epigenetic states and the 
inheritance of the state through DNA replication and cell division. We have proposed a theoretical model for 
Polycomb target genes where transcription directly antagonizes Polycomb silencing. We now use the model 
combined with experiments to understand how Polycomb target genes can switch between epigenetic states. 
First, we test the model in a mammalian system where, both in experiments and simulations, we inhibit a 
Polycomb-group protein complex, Polycomb Repressive Complex 2 (PRC2), and thereafter restore its activity. 
Earlier mathematical models would predict that PRC2 target genes in the deletion would switch to an active 
epigenetic state and remain in that state when the PRC2 activity is restored. However, our experiments show 
that some genes switch back to the silenced transcriptional state they have in the wild-type upon PRC2 
reintroduction. We thereby have two types of genes, those that switch and remain (irreversible) or those that 
switch back (reversible). 

We observe both irreversible and reversible genes in the simulations if we focus on two features of our 
theoretical model, the gene activation strength and the PRC2 activity. Simulations further suggest that the 
transcription and the levels of repressive epigenetic marks in the PRC2 wild-type and PRC2 inhibition 
observed experimentally, could already indicate if the gene will switch back or not upon PRC2 re-
introduction. This helps us to distinguish genes that are more likely to switch and understand the 
mechanisms behind epigenetic switching.  

We have also tested the theoretical model on a PRC2 target gene in plants, where the epigenetic switch 
occurs only in a small region of 3 nucleosomes. The memory in this region is found to be stable for up to 10 
cell cycles. To explain these properties, we extend the model to include oligomerising PRC2 accessory 
proteins. With this extended model, we can explain PRC2 target genes that have more complex switching 
behavior. 

By testing our theoretical model with transcription antagonizing PRC2 genome-wide and across organisms, 
we find that two properties (gene activation strength and PRC2 activity) are crucial for explaining the 
experimental data. Furthermore, for some PRC2 targets, we find that inclusion of oligomerising accessory 
proteins in the simulations is essential.  

RNA communication between viruses and their hosts 

O Ziv1, M Gabryelska2, A Lun1, L Meredith1, I Goodfellow1, J Marioni1, G Kudla1 and E Miska1 
1University of Cambridge, UK, 2University of Edinburgh, UK 

Protein-protein interactions play central roles in the molecular conflict between viruses and their hosts. RNA, 
another key biological macromolecule, has an inherent capacity to form structures and specific interactions 



  
 
through base-complementarity. However, the prevalence and roles of host-virus RNA-RNA interactions 
remain largely unreachable due to technological limitations. I have recently developed COMRADES, a 
scalable method for studying dynamic RNA structures and RNA-RNA interactions inside cells, providing high-
throughput conformation capture (Hi-C) capabilities to RNA biology with a near base-pair resolution. 
Applying COMRADES to Zika virus inside human and mosquito cells revealed the first genome-wide structure 
of a viral RNA genome inside its host cell, demonstrating an unanticipated level of structural-dynamics. I 
identified strong evidence for the replication-coupled genome cyclisation of viral RNA genomes, and for 
multiple site-specific interactions between the viral genome and human noncoding RNAs. The newly 
identified structures and interactions uncover a rich and little explored universe of RNA-based pathways that 
impact the viral infectious cycle and demonstrate how RNA viruses utilise their major resource, i.e., RNA, to 
enhance replication and pathogenicity. 

(Invited) Dissecting algal CO2 fixation pathways using high-throughput fluorescence protein tagging 
L Mackinder 

University of York, UK 

Approximately half of global carbon-fixation occurs in prokaryotic and eukaryotic algae. To maintain high 
carbon fixation rates nearly all algae turbocharge photosynthesis using a CO2 concentrating mechanism 
(CCM). To dissect algal CCMs we have developed high-throughput fluorescence protein tagging pipelines to 
understand protein distribution through microscopy and understand protein networks using affinity 
purification followed by mass spectrometry. We applied this approach to understand the eukaryotic carbon 
fixing organelle, the pyrenoid, at the heart of the Chlamydomonas reinhardtii CCM. We show that the 
pyrenoid is composed of at least six protein subdomains and is a highly dynamic non-membrane bound 
organelle that has liquid-like properties and can undergo rapid liquid-liquid phase separation - analogous to 
oil in water. We are now developing high-throughput tagging in cyanobacteria where we have localised 
>10% of the proteome. Our cyanobacteria tagging approach replaces all copies of the native protein with a 
tagged version whilst maintaining native regulatory regions, this results in protein fluorescence being a direct 
read out of protein abundance. Our goal is to develop the first complete proteome tagged photosynthetic 
organism where absolute protein numbers can be monitored in live cells. 

Iterative reconfiguration algorithm for pruning large uncertain biological networks 

R Sharma1 and E Levine2 
1Indian Institute of Science Education and Research Bhopal, India, 2Northeastern University, USA 

Large biological networks such as protein protein interaction networks or gene co-functional networks fall 
under the category of uncertain graphs because the links in these graphs are given in terms of likelihood 
scores. These likelihood scores are generated as a result of an analysis of several biological experiments that 
are often riddled with noisy statistics. Therefore, link prediction in uncertain graphs has emerged as a major 
area of research in recent times [1]. Recent link prediction methods, such as GraphGAN [2] that is a 
generative framework and SEAL [3] that is based on defining local subgraphs and learning features through 
graph neural networks assume the network used to train the algorithm to be the ground truth. However, 
biological networks are far from complete. Therefore, there is a need for an algorithm that does not assume 
correctness in the graph network at hand, but still reconfigures, i.e., predicts new links while at the same 
time prunes the network by removing insignificant links. We have recently developed a new network 
reconfiguration methodology where we first identify the local subgraphs around each link in the network, 
determine some of the node and edge features of the subgraph and then use that information to iteratively 
predict new links and remove some existing links. Eventually, this method reconfigures an uncertain graph 
where the links that have lower likelihood score and are sparsely connected are removed whereas new links 
appear in highly connected regions. In this talk, I will present details about this algorithm and also discuss 



  
 

the results of its subsequent testing on gene co-functional networks of two bacterial species, namely, E. coli  
and P. aeruginosa. The differentially expressed genes (DEGs) of various RNAseq experiments of the two 
bacterial species are listed from a literature survey. Comparing the original and the new reconfigured 
network, it is inferred that the reconfigured network has more links made up of DEGs. Further, the network 
community quality of the reconfigured network is also much better than the original network.  

[1]  E. Mutlu and T. Oghaz, Proceedings of ACM, NewYork, NY, USA (2018) 
[2]  H. Wang et al., The Thirty-Second AAAI Conference on Artificial Intelligence (AAAI-18), 2508 (2018) 
[3]  M. Zhang and Y. Chen, 32nd Conference on Neural Information Processing Systems (NIPS 2018), 

Montréal, Canada 
 

Circadian regulation of cell size, divisions and growth 

B Martins1, A Tooke1, C Ye1, T Saez1, P Thomas2, and J Locke1 
1University of Cambridge, UK, 2Imperial College London, UK 

When and at what size to divide are critical decisions, requiring cells to integrate internal and external cues. 
How cells maintain their size has been extensively studied under constant conditions. In the wild, however, 
cells rarely experience constant environments. For photosynthetic organisms, daily fluctuations of sunlight 
are the most important environmental cues. These organisms evolved 24-h circadian clocks to anticipate 
daylight cycles and synchronise cellular processes. While it is known that the circadian clock and the 
environment modulate divisions across organisms, how these signals combine to set the size at which cells 
divide is not understood. Here, we examine how the clock and light cycles modulate cell size control and 
division timings in the cyanobacterium Synechococcus elongatus using single-cell time-lapse microscopy 
and a mathematical model.  

Under constant light, wild type cells follow an apparent sizer-like principle, suggesting cells divide after 
reaching a critical size. However, closer inspection reveals that the clock generates two distinct 
subpopulations, with cells born during subjective day following different division rules from cells born during 
subjective night (Fig. 1a) [1]. A stochastic model explains how this behaviour emerges from the interaction 
of cell size control with the clock. We infer a coupling function (Fig. 1b), which links the clock to the cell 
cycle, and demonstrate that the clock continuously modulates the probability of cell division throughout day 
and night, rather than solely applying an on-off gate to division as previously thought.  

Iterating between modelling and experiments, we go on to show that the combined effects of the 
environment and the clock on cell division are explained by an effective coupling function. This effective 
function incorporates both the effect of the clock and the time-dependent growth rate imposed by dynamic 
environments. Under naturally graded light-dark cycles, this effective coupling shifts cell division away from 
dusk and dawn, when light levels are low and cell growth is reduced [1].  

In order to shed light on the molecular mechanism behind the inferred coupling function, we built fluorescent 
reporters for FtsZ (Fig. 1c), the key protein in the bacterial division septum ring. FtsZ is a promising candidate 
for being a link between the clock and the cell cycle, as its expression level constitutes a cell division 
bottleneck in other bacteria and it is known to be a target of the clock in S. elongatus. Preliminary results 
show that manipulating FtsZ expression alters the coupling function, which is reflected in the signature of the 
clock on the single-cell statistics of cell size and cell division. Our analysis allows us to disentangle, and 
predict the effects of, the complex interactions between the environment, the circadian clock, and cellular 
physiology. 



  
 

 

Fig. 1. (a) Two sub-populations (black and magenta, each dot represents a single cell) follow different 
division rules; (b) coupling function (red line) representing the clock-imposed modulation of the division rate 
relative to a clock-deletion reference strain (∆kaiBC, blue line); (c) FtsZ-YFP rings (green areas) in cells 
about to divide. 

[1] B.M.C. Martins, et al., Proc. Natl. Acad. Sci. USA. 115 (48), E11415 (2018) 

(Invited) Laws of diversity and variation in microbial communities 

J Grilli 

International Centre for Theoretical Physics, Italy 

How the coexistence of many species is maintained is a fundamental and unanswered question in ecology. 
Coexistence is a puzzle because we lack a quantitative understanding of the variation in species presence 
and abundance. Whether variation in ecological communities is driven by deterministic or random processes 
is one of the most controversial issues in ecology. I will consider the variation of species presence and 
abundance in microbial communities from a macroecological standpoint. We identify three novel, 
fundamental, and universal macroecological laws that characterize the fluctuation of species abundance 
across communities and over time. These three laws — in addition to predicting the presence and absence of 
species, diversity and other commonly studied macroecological patterns — allow testing mechanistic models 
and general theories aiming at describing the fundamental processes shaping microbial community 
composition and dynamics. I will conclude by showing that a mathematical model based on environmental 
stochasticity quantitatively predicts the three macroecological laws, as well as non-stationary properties of 
community dynamics. 

Accurate measures of translation efficiency and traffic using ribosome profiling 

L Ciandrini1 and J Szavits-Nossan2 
1University of Montpellier, France, 2University of Edinburgh, UK 

Despite the fact that mRNA translation is one of pivotal stages of gene expression, its sequence 
determinants are still largely elusive. Recent technical advances, such as ribosome profiling, allow probing 
translation at codon resolution, making quantitative studies of transcript efficiency more accessible. 

However, ribosome profiles are often interpreted with underlying naive models that are unable to grasp the 
complexity of the biological process. We develop a Non-Equilibrium Analysis of Ribo-seq (NEAR), and 
provide unprecedented estimates of translation initiation and elongation efficiencies, emphasising the 
importance of rating these two stages of translation separately. 

When examining ribosome profiling in yeast, we observe that translation initiation and elongation are close 
to their optima, and traffic is minimised at the beginning of the transcript to favour ribosome recruitment. 



  
 

However, we find many sites of congestion along the mRNAs where the probability of ribosome interference 
can reach values larger than 25%. Our analysis excludes unreliable datapoints and discusses biases of the 
experimental technique; as a result, we conclude that current analyses and definitions of translation 
efficiency are not adapt to quantitatively asses ribosome interference.

 
 

Fig. 1. Sketch of the pipeline of the proposed method 
 

[1]  J. Szavits-Nossan, L. Ciandrini, M.C. Romano, Phys. Rev. Lett. 120, 128101 (2018) 
[2]  J. Szavits-Nossan, M.C. Romano, L. Ciandrini Phys. Rev. E 97(5) 1-13 (2018) 
[3]  J. Szavits-Nossan, L. Ciandrini to be submitted (2019) 

Surfing on protein waves: modeling the bacterial genome partitioning 

J Walter 1, C Broedersz2, G David1, J Dorignac1, V Lorman1, J Rech3, J Bouet3, M Nollmann3, J Palmeri1, A 
Parmeggiani1 and F Geniet1 
1 Montpellier University & CNRS, France, 2Ludwig-Maximilian-Universität, Germany, 3Sabatier University & 
CNRS, France 

Controlled motion and positioning of colloids and macromolecular complexes in a fluid, as well as catalytic 
particles in active environments, are fundamental processes in physics, chemistry and biology. Here we 
focus on an active biological system for which precise experimental results are available. Our work is fully 
inspired by studies of one of the most widespread and ancient mechanisms of liquid phase macromolecular 
segregation and positioning known in nature: bacterial DNA segregation systems. Efficient bacterial 
chromosome segregation typically requires the coordinated action of a three-component, fuelled by 
adenosine triphosphate machinery called the partition complex. We can distinguish two steps: (i) a process 
of phase transition [2,3] to build a membraneless region of high protein concentration (partition complex) 
(ii) the action of molecular motor action upon the complex to create a chemical force. 



  
 
We present a phenomenological model [1] accounting for the dynamics of this system that is also relevant 
for the physics of catalytic particles in active environments. The model is obtained by coupling simple linear 
reaction-diffusion equations with a volumetric chemophoresis force field that arises from protein-protein 
interactions and provides a physically viable mechanism for complex translocation. This description captures 
experimental observations: dynamic oscillations of complex components, complex separation and 
symmetrical positioning. The predictions of our model are in agreement with and provide substantial insight 
into recent experiments. From a nonlinear physics view point, this system explores the active separation of 
matter at micrometric scales with a dynamical instability between static positioning and travelling wave 
regimes triggered by the dynamical spontaneous breaking of rotational symmetry. We also discuss the 
phase transition mechanism giving rise to macromolecular assembly of proteins. Our predictions are 
compared to Super Resolution microscopy and microbiology experiments [1,2,3]. 

 
Fig. 1. (Left) First step of the segregation: ParB proteins (green) condense around the parS sequence 
of the DNA molecules to form ParBS complexes (Super Resolution microscopy). (Right) (a) 
Kymograph obtained from the model using an additional brownian force acting on ParBS: the model 
describes ParBS equilibrium, segregation and positioning. (b) Experimental kymograph (microscopy 
of F-plasmids in E.coli), displaying a segregation event from two to three ParBS. 
 
[1]  Walter J.-C., Dorignac J., Lorman V., Rech J., Bouet J.-Y., Nollmann M., Palmeri J., Parmeggiani 

A. and Geniet F., Phys. Rev. Lett. 119, 028101 (2017) 
[2]  Debaugny R., Sanchez A., Rech J., Labourdette D., Dorignac J., Geniet F., Palmeri J., 

Parmeggiani A., Boudsocq, Leberre V., Walter* J.-C. and Bouet* J.-Y Mol. Syst. Biol. 14, e8516 
(2018) 

[3] David G., Walter J.-C., Broedersz C., Dorignac J., Geniet F., Parmeggiani A., Walliser N.-O. and 
Palmeri J., submitted to Phys. Rev. Lett. [arXiv/1811.09234] (2019) 

Inoculum-density dependent growth reveals long-term memory in cancer cell cultures 

C Bena1, M Del Giudice1,2, A Grob3, T Gueudré1,4, M Miotto5, D Gialama3, M Osella6, E Turco7, F Ceroni3, A De 
Martino1,8, C Bosia1,4 

1Italian Institute for Genomic Medicine, Italy, 2Candiolo Cancer Institute, Italy, 3Imperial College London, UK, 
4Politecnico di Torino, Italy, 5Sapienza Università di Roma, Italy, 6Università degli Studi di Torino, Italy, 
7Università degli Studi di Torino, Italy, 8CNR-NANOTEC, Italy 

Inoculum density (No) is known to affect several features of population growth in a wide variety of cell types 
and organisms (insects, plants, bacterial and mammalian cell cultures [1]). Most notably, it influences 
metabolism (the ability to excrete specific compounds), carrying capacity, exponential growth rate and the 
duration of the lag phase [2]. This would imply that populations can maintain memory of their initial 
conditions during different phases of growth. The mechanisms that could allow for this are unclear. It is well 
known that randomness in cellular reproduction events can propagate to macroscopic parameters [3]. 
However, it is not sufficient to account for some of the observed trends, like for instance the possible 



  
 

emergence of a positive feedback between inoculum density and population growth rate. An experimental 
investigation clarifying such mutual dependence with quantitative accuracy across a broad range of initial 
densities is so far lacking. In this work, we present the initial-density dependence of the lag time and the 
growth rate achieved by two leukemic cell lines cultured in standard growth medium with fixed carrying 
capacity. As the density N0 of the inoculum increases, the lag time shows a monotonous decreasing trend, 
while the growth rate exhibits three distinct regimes (i.e. constant, increasing and finally decreasing). By 
considering single-cell stochasticity we interpret the decreasing lag time through the extreme values 
statistics. We then use a minimal population-based phenomenological model to explain the growth rate 
behaviour. The model takes into account a weak positive correlation between cell density and proliferation 
rate. Such results support the idea that cell cultures can preserve a memory of the initial condition, possibly 
via contact interactions or through metabolic coupling. 
 
[1]  A.C., Gregorio, et al, PloS ONE 11 (2016) 
[2]  C. Pin & J. Baranyi, Appl. Environ. Microbiol. 72 (2006) 
[3]  F. Jafarpour, et al, Phys. Rev. X 8, 021007 (2018) 

(Invited) Mapping mammalian tissue architecture using large-scale spatial genomics 

O A Bayraktar 

Wellcome Sanger Institute, UK 

Imaging-based spatial genomics can provide unprecedented detail on the cellular architecture of complex 
tissues. Recent advances enable highly-multiplexed gene expression measurements in situ and promise a 
3D molecular map of human tissues at the single cell resolution. However, mapping entire human tissues at 
single-cell quantitative resolution presents significant challenges in imaging, data analysis and 
dissemination. I will talk about our previous work on developing a large-scale automated spatial 
transcriptomics pipeline that combines single molecule fluorescent in situ hybridization (smFISH) and fast 
high-resolution confocal microscopy. I will present the application of this pipeline to mapping the cellular 
diversity in the mouse cerebral cortex. Last, I will present our current work on the Human Cell Atlas (HCA) 
that aims to combine highly-multiplexed smFISH with high-throughput imaging and deliver a spatially 
resolved molecular atlas of human tissues.    

Understanding the regulation layers of p53 transcription factor activation through single molecule tracking 
and fluorescence fluctuation spectroscopy 

E Cammarota1,2, A Loffreda1,2, M Mazzocca1, V Caiolfa1,3, M  Zamai1,3, C Tacchetti1,4 and D Mazza1,2 
1Scientific Institute Ospedale San Raffaele, Italy, 2European Center for Nanomedicine, Italy, 3National Centre 
for Cardiovascular Research (CNIC), Spain, 4Università Vita-Salute San Raffaele, Italy 

In response to specific stimuli inducible transcription factors (iTFs) activate the transcription of the target 
genes. The activation process has often multiple regulation steps that enable a fine modulation of the 
response. These steps involve the gathering of iTF in the nucleus and in many cases oligomerization and 
accumulation of post-transcriptional modifications. An instance of multi-layer regulation of iTF activity is 
provided by the tumor suppressor p53, which decodes different stress stimuli into different transcriptional 
programs ranging from cell cycle arrest, DNA damage repair to apoptosis. 

To dissect if these processes are independently regulated in living cells, we combine different fluorescence 
microscopy approaches. With Single Molecule Tracking (SMT) we monitor the DNA binding kinetic with 
single-molecule sensitivity, while with Number and Brightness (NB) we probe homo-oligomerization at the 
single-cell level. We show that the modulation of p53 oligomerization and binding to chromatin does not 



  
 
merely descend from the increase in p53 levels and that the formation of p53 tetramers is necessary but 
insufficient to induce the stabilization of p53 binding and its activation as a transcription factor.  Moreover, 
thanks to a newly developed approach to NB experiments and data analysis, for the first time, we are able to 
measure oligomerization dynamics at single cell level. The approach developed here will be useful to identify 
key regulatory events in the inducible activation of transcriptional networks and in their re-wiring in disease. 

(Invited) Stochasticity of cellular growth: sources, propagation and consequences  

A Weisse 

Imperial College London, UK 

Cellular growth impacts a range of phenotypic responses. Identifying the sources of fluctuations in growth 
and how they propagate across the cellular machinery can unravel mechanisms that underpin cell decisions. 
In this talk, I will present a stochastic cell model linking gene expression, metabolism and replication to 
predict growth dynamics in single bacterial cells. In addition to several population-averaged data, the model 
quantitatively recovers how growth fluctuations in single cells change across nutrient conditions. We also 
developed a theoretical framework to analyse stochastic chemical reactions coupled with cell divisions, and 
used it to identify sources of growth heterogeneity. By visualising cross-correlations we then determined how 
initial fluctuations propagate to growth rate and affect other cell processes. Finally, we study antibiotic 
responses and find that complex drug-nutrient interactions can both enhance and suppress heterogeneity. 
Our results provide a predictive framework to integrate single-cell and bulk data and draw testable 
predictions with implications for antibiotic tolerance, evolutionary biology and synthetic biology.  

Chromatin domains in yeast: driving or following function?  

C Brackley, O Wiese and D Marenduzzo 

University of Edinburgh, UK 

Over the last decade, high-throughput and genome-wide chromatin-conformation-capture methods such as 
HiC have revealed much about the three-dimensional (3-D) structure of the genome. Most organisms display 
some form of compartmentalisation and/or domain structure within their intrachromosomal interactions [1]. 
For example, in mammals, HiC data revealed that at large scales the genome segregates into two 
compartments (one associated with active regions, and the other with inactive regions), with interactions 
within compartments enriched compared to those between compartments. At shorter (mega-base and 
under) length scales chromosomes can be partitioned into domains—often known as topologically 
associated domains (TADs) or chromatin interaction domains (CIDs). These are stretches of a chromosome 
which show enriched self-interaction, while there is a depletion of interactions between neighbouring 
domains. Although we do not yet have a full understanding, these domains are thought to play an important 
role in gene regulation, and several models for their formation have been proposed. An example of how 
domains impact genome function is where the boundary between two domains represses interactions 
between a promoter on one side of the boundary and an enhancer on the other; indeed disruption of 
boundaries leads to changes in the expression levels for nearby genes, and has been implicated in several 
diseases [2]. Chromatin domains have also been observed in, e.g. Drosophila, yeast, and some bacteria. A 
recently developed variant of the HiC method (called MicroC), which gives nucleosome resolution 
chromosome-interaction information, revealed domains at a very short length scale (0.5-10 kbp) in the 
baker’s yeast Saccharomyces cerevisiae [3]. 

In this talk, I will present simulation work where we set out to understand the mechanisms through which 
these smaller-scale chromatin domains form [4]. We developed a simple polymer model for yeast chromatin 
which resolves individual nucleosomes: linker DNA is represented by a chain of beads, with larger beads 
representing nucleosomes. As an input to the model we used publicly available data (from MNase-seq 



  
 

experiments) which gives nucleosome positions. Surprisingly, using only this information as an input, our 
model was able to reproduce the domain patterns observed in the MicroC data (correctly predicting the 
locations of over 80 % of domain boundaries). Further, we found that a more detailed model (e.g., which 
included a more realistic geometry for nucleosomes, or more realistic constraints on the path of DNA upon 
entering/exiting the nucleosome) did not lead to improved results; that is to say, our very simple model 
already sufficiently captured enough detail to predict the domain boundaries. This result suggests that 
domains at this scale are a signature of the underlying nucleosome positioning (and, unlike their larger 
counterparts in mammals, are perhaps not acting as a regulatory mechanism). I will go on to discuss how 
the distribution of nucleosome separations (which is broad and multi-modal— features often overlooked in 
the discussion of chromatin fibre structure) affect the larger-scale properties of the chromatin polymer, as 
revealed by our simulations. 

[1]  Denker and de Laat, Genes & Development 30 (2016) p1357 
[2]  Lupiáñez, Spielmann, and Mundlos Trends in Genetics 32 (2016) p225 
[3]  Hsieh, et al. Cell 162 (2015) p108; Nature Methods 13 (2016) p1009 
[4]  Wiese, Marenduzzo and Brackley, Proc. Natl. Acad. Sci. USA Accepted (2019) 

(pre-print at bioarxiv 456202) 

Chromatin architecture reorganisation during neuronal cell differentiation in drosophila genome 

N R Zabet and K Chathoth 

University of Essex, UK 

Compartmentalisation of the genome as topologically associating domains (TADs) was shown to have 
regulatory role in development and cellular functioning, but the mechanism involved in TAD establishment is 
still unclear. We generated the first high-resolution contact map of Drosophila melanogaster neuronal cells 
(BG3) and identified different classes of TADs by comparing this to the genome 3D organisation in 
embryonic cells (Kc167). In particular, we observed changes in genome organisation in differentiated 
neuronal cells, consisting mainly of enhanced long-range interactions. While, in mammalian systems, the 
major players in chromatin organisation are CTCF and Cohesin, in Drosophila, there is a large repertoire of 
architectural proteins. Previous work attributed limited contribution of CTCF to chromatin organisation in 
Drosophila, while BEAF-32 was suggested to be a major player that was enriched at TAD border. Here we 
showed that, in neuronal cells, there is a pronounced enrichment of CTCF corroborated with a reduced 
presence of BEAF-32 at TAD borders. These results indicate that the rich repertoire of architectural proteins 
in Drosophila might have a tissue specific role in the chromatin organisation. Furthermore, we observed 
appearance of strong divergent transcription accompanied with increased RNA Polymerase II occupancy and 
increased DNA accessibility at neuronal specific TAD borders after differentiation. Interestingly, these TAD 
borders that are specific to neuronal cells are also enriched in enhancers controlled by neuronal specific 
transcription factors. Our results suggest that TADs are dynamic across developmental stages and reflect the 
interplay between architectural proteins, transcriptional states and enhancer activities.  

(Invited) Understanding polycomb system function at CpG islands 

R Klose 

University of Oxford, UK 

Polycomb Repressive Complex 1 (PRC1) and PRC2 are essential for normal mammalian development 
through their role in chromatin-based regulation of gene expression. However, the molecular mechanisms by 
which Polycomb group (PcG) proteins achieve this remain poorly understood. In part, this is due to the large 
number and complexity of protein assemblies that comprise the Polycomb repressive system. Here, I will 



  
 
discuss our efforts to use genetic perturbation coupled with quantitative genomic approaches to discover the 
central determinants of Polycomb-mediated gene repression in mouse embryonic stem cells (ESCs). 

Disentangling the genetics of lean mass and hand grip strength 

A Singh 

A.I. Virtanen Institute for Molecular Sciences, Finland 

Sarcopenia is a skeletal muscle disease of clinical importance that occurs commonly in old age and in 
various disease sub-categories. Widening the scope of knowledge of the genetics of muscle mass and 
strength is important because may allow us to identify new genetic markers or identify patients with an 
increased risk to develop a specific musculoskeletal diseases or condition such as sarcopenia. It might also 
allow us to identify drugs that affect muscle in ways unknown before and therefore to reposition drugs to 
other uses, in accordance to their newly found target. We used bioinformatics tools to identify gene loci 
responsible for regulating muscle strength and lean muscle mass, which can then be a target for 
downstream lab experimentation validation. SNPs associated with various disease traits for the muscles and 
specific loci were chosen according to their muscle phenotype association p-value, as traditionally done in 
the GWASs. We developed and applied a combination of expression quantitative trait loci study (eQTLs) and 
GWAS summary information, to prioritize causative SNP and point out the unique genes associated in the 
tissues of interest (muscle). We found NUDT3 and KLF5 for lean mass and HLA-DQB1-AS1 for hand grip 
strength as candidate genes to target for these phenotypes. Potentially regulatory SNPs associated with 
these genes can then be analyzed with respect to TADs and then targeted for knock out in either C2C12 
mouse myoblast cells, adipocytes or any other relevant cell, depending on the phenotype it is hypothesized 
to affect, as a downstream experimental validation plan. 
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