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Connecting variability across scales 

Fluctuations in the behavior of C. elegans worms are being studied at multiple scales: at the level of the 
worm's random-walk trajectories in space (blue curves, left), at the level of postural movements (red box, 
above), at the level of neuronal activity and protein movement (blue box, right), and at the level of protein 

production (green box, below). 
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1. Scientific results 2015 
All PhD and technician vacancies were filled by mid September 2015. We kicked off our work as a 
coherent programme with the first installment of our bi-annual programme-wide meetings in late 
September 2015. The scientific results are described below, for each workpackage and synergy 
core: 
 
WP1: Behavior and neural dynamics 
The Shimizu group hired a PhD student, Mathijs Rozemuller (start: 16 September 2015), and has 
been concentrating on (i) developing the high-throughput behavioral assay and associated data-
analysis protocols, (ii) generating and analyzing an initial data set for correlating behavioral and 
gene-expression variability, in close collaboration with WP2, (iii) developing an assay for temporal 
variability in behavior. The high-throughput assay (i) and associated data analysis pipeline is now 
a mature technology in the lab, and we have developed, in close collaboration with the Stephens 
group, a novel random-walk model of nematode centroid dynamics using data from this setup. A 
pre-print of an initial study has been uploaded to the arXiv. The first behavior-gene correlation 
data set (ii) has been generated in close collaboration with the van Oudenaarden and Korswagen 
groups, and is now being analyzed collectively. For the temporal variability assay (iii), we have 
designed larger behavioral arenas to minimize boundary interactions and confinement effects, and 
an initial data set is now being collected. The Stephens group hired a PhD student, Antonio Carlos 
Costa (star: 1 September 2015), and has expanded its quantitative analysis of C. elegans behavior 
with the development and application of concepts motivated by non-linear dynamics, such as 
attractor dimension and sensitivity to initial conditions (Lyapunov exponents). This has resulted in 
an submission of an arXiv preprint, as well as an abstract (refereed) to the 2016 Computational 
Neuroscience Meeting (www.cnsorg.org/cns-2016-jeju). The focus of Antonio's thesis is develop-
ing theoretical models and analysis to elucidate the structure and origin of behavioral variability in 
the nematode C. elegans. Antonio has already made good progress in analyzing new and different 
data in the context of a motility model developed together with the Shimizu group, with whom 
collaboration is deepening. 
 
WP2: Gene-expression noise 
The Van Oudenaarden group hired a postdoc, Anna Alemany Arias (start 1 July 2015), and has 
worked in close collaboration with the Shimizu group. To start, 41 worms were sorted according to 
their motility behavior, by characterizing their mean behavior and the corresponding fluctuations 
in the speed and the orientation of displacement (Fig. 1A). To study whether the difference in 
motility behavior between worms can be explained at the level of their gene expression profile, the 
transcriptome of the sorted worms was individually sequenced using the CEL-Seq method. The 
total number of sequencing reads (mRNA molecules detected) obtained for each worm serves as a 
first filter to identify in which worms the CEL-Seq protocol did properly work (Fig. 1B). Accor-
dingly, 20 worms were obtained with complete motility and transcriptome high-quality data. 
Worms were clustere based on the motility information or the transcriptome, as shown in Fig. 2. 
The clusters obtained using only motility or transcriptome information are different, which sug-
gests that there is not a clear relation between motility and gene expression. However, we still 
need more statistics in order to strengthen these conclusions. In order to further investigate any 
relation between gene expression and motility behavior in C. elegans we first need to increase the 
number of processed samples: more worms need to be sorted according to motility behavior and 
sequenced using CEL-Seq. It is crucial to improve the efficiency of the CEL-Seq protocol applied to 
C.Elegans since in this first experiment only 20 out of a total of 41 worms were successfully 
sequenced (Fig. 1B). We think that the most crucial step is lysis of the worm, which was done 
manually. In the next CEL-Seq runs we plan to snap-freeze the harvested worms three times before 
performing the lysis, which will increase the change of successfully lysing the nematode. Future 
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approaches to investigate the relationship between motility behavior and transcriptome will be to 
perform on the sorted worms Tomo-Seq (i.e. RNA sequencing followed by slicing in a cryotome) 
being developed by the Korswagen group. In such experiments we expect to get a better insight on 
the gene expression profile of neurons, which are mainly located in the worm's head and which 
might be highly correlated with the behavior of the worm. The Korswagen group hired Annabel 
Ebbing (start: 1 February 2015), and worked closely with the van Oudenaarden group in these ini-
tial CEL-Seq experiments. In addition, they have concentrated on establishing new techniques for 
the project: a method for spatially resolved gene expression analysis (Tomo-seq) and a method to 
isolate specific neuronal cells for single cell transcriptional analysis. The Van Zon group hired a 
PhD student, Joleen Traets (start: 1 October 2015), and her first task was to select, based on the cur-
rent literature, a panel of genes that are expressed specifically in the ASE neurons and for which 
we would order smFISH probes. Based on this, she designed and order smFISH probes for the 
master regulator che-1 and the receptor gcy-22. She then also assembled all the required lab infra-
structure to couple the smFISH probes to the required fluorophors. Unfortunately, due to persis-
tent problems with the FOM payment system, the smFISH probes that were ordered in Dec 2015 
have only recently been synthesized and are not yet at AMOLF. As a consequence, we have not yet 
been able to perform smFISH. In the meantime, Joleen has performed smFISH using existing 
smFISH probes,that are also expressed in some neurons, to confirm that it is possible to image 
mRNA molecules in the neuron in the nerve ring of adult animals. In addition, she has worked on 
setting up the smFISH data analysis pipeline in Python. Finally, she has performed time-lapse 
microscopy on live animals expressing fluorescent transcriptional reporters for ASE-specific genes 
and found animal-to-animal variability in expression levels, suggesting that such measurements 
might be a fruitful way to look at temporal variability in neuronal gene expression. 
 

 
Figure 1: Motility behavior and transcriptome in C.Elegans. A) Example of the time-evolution of the 

speed (top), the orientation (bearing) measured in degrees (middle) and velocity alignment, i.e. for-
ward/reversed displacement (bottom) of a sorted worm. B) Number of reads obtained per sequenced worm. A 
threshold is set at 10000 reads, such that the CEL-Seq protocol is assumed to have failed in worms with less 

reads. 
 



 
 
 

 
 
 - 5 - 
 

 
Figure 2: Heat map of motility and transcriptome data. 2-dimensional representation of the correlation 

between worms using motility (left) or transcriptome (right) information. 
 
WP3: Cellular noise 
The Peterman group hired a PhD student, Jaap van Krugten (start: 1 September 2015), who has up 
till now been involved in an ongoing intraflagelar transport project, visualizing what happens to 
the IFT machinery at the ciliary tip using (single-molecule) fluorescence microscopy. This is an 
ideal project for Jaap to learn methods and equipment, and exciting results are already being 
obtained: we see interesting differences in behavior (pausing or immediate turns) for different IFT 
components. These experiments are currently (March 2016) being wrapped up and a manuscript is 
in preparation. The Jansen group hired a PhD student, Ser van der Burght, and his work is divided 
into several sub-projects: 
1. Visualization of variability in the localization of proteins involved in NaCl taste. Ser 

and a MSc student are using CRISPR/Cas9 technology to tag genes encoding proteins 
involved in NaCl taste with fluorescent tags. Thus far, one of these proteins has been 
tagged. We will start imaging in the near future. The success rate of tagging experi-
ments is lower than expected. We are trying to trying to improve this, by optimizing 
protocols, in collaboration with other labs of the programme. 

2. Identification of genes differentially expressed in animals selected for a particular type 
of NaCl chemotaxis response (attraction to NaCl or no attraction). The assay to select 
the animals that are attracted or not has been optimized. We are discussing with the 
Korswagen lab on subsequent steps. 

3. Imaging cellular activity of cells involved in NaCl taste or other behaviors. The 
approach of this sub-project has been discussed with the Shimizu and van den Heuvel 
labs. Plasmids have been ordered that will be used to make the appropriate GCaMP6 
based constructs. Ser is currently cloning the appropriate promoters in the constructs.  

These subprojects are running on schedule, although the tagging of proteins of interest is a bit 
slower than expected. But we foresee no delay in the project. 
 
Synergy core 1: Biological physics core 
Now that all PhD positions have been filled we have initiated the search for the 'synergy postdoc' 
that will play a bridging role between all groups by developing data analysis, modeling, and 
experimental design. (See the section Vacancies). 
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Synergy core 2: C. elegans technical core 
The Van den Heuvel group has identified and hired a highly qualified research technician, Dr. 
Juliane Teapal (15 was appointed for 0.8 fte and started May 15 2015. Trained in molecular biology 
and biophysics, Dr. Teapal used the first period to become fully familiar with the C. elegans 
model, learn all aspects of working with the BioSorter, and gain expertise with CRISPR/Cas9-
mediated genetic engineering. Since, she supports the sorting and analysis of C. elegans with the 
BioSorter and can assist the creation of knockin strains using CRISPR/Cas9 technology. We have 
designed and are in the process of creating knockin reporter strains for the Peterman group. This 
involves hosting the WP3 graduate student (Jaap van Krugten) for several weeks. Transgenic 
strains with expression of reporters and Ca2+ sensors in specific neurons are in the planning phase 
(with Shimizu and Jansen). 
 
2. Added value of the programme 
We are pleased that a very high degree of synergy is being achieved already in this first year. The 
Shimizu and Stephens groups (WP1) are meeting on a weekly basis, and there is a similar intensity 
of interaction between the van Oudenaarden, Korswagen and van Zon groups (WP2). The 
Peterman and Jansen groups engaged in thorough discussions regarding signaling proteins for 
single-molecule imaging of signaling proteins in sensory neurons, and identifed a handful of can-
didates. They have begun an interaction with the van den Heuvel group to generate mutant ani-
mals with fluorescently labeled versions of these proteins. Jansen and van der Lught visited the 
Shimizu lab to discuss new experiments to probe behavior in chemoeffector gradients, and the two 
groups have begun designing calcium-imaging strains together with the Van den Heuvel group.  
 
The first bi-annual meeting of the programme in September 2015 was a lively event. Given that 
most PhD students had just started, talks were given mainly by PIs. The programme of that mee-
ting is appended on the following page. One of the outcomes of the discussion session was an 
agreement that each group would set 'Milstone Targets' after each bi-annual meeting and share 
with all, so as to facilitate evaluation of progress at the next bi-annual meeting. Following the 
meeting, a Google Group for the programme was set up, to facilitate data sharing (via cloud stor-
age on Google Drive) and communication (via Google Gropus email lists), and all PIs uploaded 
their Milestone Targets in October 2015.  
 
The date of the second Bi-annual meeting has been set to 1 April 2016, with a guest colloquium 
speaker, Prof. Mark Alkema (University of Massachusetts Medical Center). 
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FOM NOISE Programme: First Bi-annual Meeting  
 
Friday 25 September, 2015 
David de Wied Building, Room M3.05 (Universiteitsweg 99, 3584 CG Utrecht) 
 
9:30-10:00 Tea/coffee for entering participants 
 
10:00-10:15 Welcome/Intro by Tom Shimizu 
 
10:15-11:15 Session 1: Behavior & Neurons (WP1: Shimizu & Stephens)  
  Chair: Jeroen van Zon 
 
 10:15-10:45 Tom Shimizu (AMOLF) 
  'Roaming/dwelling variability in the random walk of nematodes' 

 
10:45-11:15 Greg Stephens (VU) 

'Leveraging low-dimensional postures to resolve coiled shapes reveals  distinct 
turning strategies in C. elegans' 

 
11:15-12:15 Session 2: Cellular Noise & Sensing (WP3: Peterman & Jansen) 
  Chair: Greg Stephens 
 
 11:15-11:45 Erwin Peterman (VU) 
  'A single-molecule view on intracellular transport in live C. elegans' 
 
 11:45-12:15 Ser van der Burght (Erasmus MC) 
  'Salt taste' 
 
12:15-12:45 C. elegans technologies (van den Heuvel) 
 
 12:15-12:45 Sander van den Heuvel (Utrecht) 
  'C. elegans technology development and support' 
 
12:45-14:00 Lunch & 'Mixer' session  
 
14:00-15:30 Session 3: Gene-expression Noise 
  (WP2: Van Oudenaarden, Korswagen, Van Zon) 
  Chair: E. Peterman 

 
 14:00-14:30 Alexander van Oudenaarden (Hubrecht) 
  'Scar Trace: whole-organism lineage tracing.' 
 
 14:30-15:00 Rik Korswagen (Hubrecht) 
  'Update on the tomoseq and single-cell isolation methods' 

 
 15:00-15:30 Jereoen van Zon (AMOLF) 
  'Variability and robustness in C. elegans development' 
 
15:30-16:00 Wrap-up discussion (with tea/coffee) 
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3. Personnel 
Eight out of the nine vacancies were filled by mid-September 2015 (see Vacancies for the single 
remaining vacancy), comprising six PhD students, one postdoc and one technician. We note that 
one of the originally proposed seven PhD positions (assigned to the Van Oudenaarden lab) has 
been converted to a postdoc, because an exceptional candidate (Anna Alemany) was identified. 
 
A brief overview of the junior scientists hired to date is shown below: 
14NOISE01    
Mathijs Rozemuller PhD 16 September 2015 15 September 2019 
    
14NOISE02    
J. van Krugten PhD 1 September 2015 31 August 2019 
    
14NOISE03    
A. Carlos Costa PhD 1 September 2015 31 August 2019 
    
14NOISE04    
J. Teapal (0.8 FTE) Technician 15 May 2015 14 May 2020 
    
14NOISE05    
S. van der Burght PhD 1 March 2015 28 February 2019 
    
14NOISE06    
A. Ebbing PhD 1 February 2015 31 January 2019 
    
14NOISE07    
A. Alemany PhD 1 July 2015 30 June 2018 
    
14NOISE08    
J. Traets PhD 16 September 2015 15 September 2019 
 
4. Publications 
14NOISE01 
No publications yet, but the following pre-print has been submitted to the arXiv: 
- S.J. Helms, L. Avery, G.J. Stephens, and T.S. Shimizu, Modeling the ballistic-to-diffusive transi-

tion in nematode motility reveals low-dimensional behavioral variation across species, 
arXiv:1501.00481, 2015. 

 
14NOISE02 
No publications yet, but the following pre-print has been submitted to the arXiv: 
- O.D. Broekmans, J.B. Rodgers, W.S. Ryu, and G.J. Stephens, Resolving coiled shapes reveals 

new reorientation behaviors in C. elegans, submitted to arXiv, 2016. 
 
14NOISE03 
No publications yet 
 
14NOISE04 
No publications yet 
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14NOISE05 
No publications yet 
 
14NOISE06 
No publications yet 
 
14NOISE07 
No publications yet 
 
14NOISE08 
No publications yet 
 
5. Valorisation and outreach 
14NOISE02 
E. Peterman gave a public lecture at the Koninklijke Maatschappij voor Natuurkunde onder de 
zinspreuk Diligentia. (Oct. 19, 2015) 'Een frisse blik op biologische processen door fluorescentie 
aan individuele moleculen' The lecture is available here: https://youtu.be/FuZh0-4s9Rc 
 
6. Vacancies 
Synergy core 1 
One postdoc position for the 'synergy postdoc' that will play a bridging role between all groups by 
developing data analysis, modeling, and experimental design. As stated in our research proposal, 
the plan has been to start the search for this hire after all other positions are filled. We initiated this 
search in the fall of 2015 and have had one round of interviews with three shortlisted candidates, 
but we judged that unfortunately none of were an optimal fit. We therefore have extended the 
search and are planning for a another set of interviews at the end of March. 
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Fact sheet as of 1 January 2016 

 FOM - 14.1938/1 
 datum: 01-01-2016 
 
APPROVED FOM PROGRAMME 
 
 
Number 161. 
  
Title (code) The signal is the noise: seeking physical origins of 

fluctuations in organism-scale (NOISE) 
  
Executive organisational unit AMOLF & BUW 
  
Programme management Dr. T.S. Shimizu 
  
Duration 2015-2020 
  
Cost estimate M€ 2.5 
  
Concise programme description 
a. Objectives 
We seek the principles and physical mechanisms of biological stochasticity to answer a 
fundamental question: why is organism-scale behavior so variable? We will measure fluctuations 
at multiple scales in the motile behavior of the nematode C. elegans – from single molecules to the 
whole organism – and develop new theoretical frameworks to bridge scales. 
 
b. Background, relevance and implementation 
Whereas biological 'noise' at the molecular and cellular level has received much attention of 
physicists in the past decade, sources of randomness in the behavior of complex multicellular 
organisms have scarcely been explored. For example, is such variability the result of molecular 
fluctuations transmitted to higher levels? Or is it injected directly by the dynamics of genetic, 
neural or other biophysical networks? We identify motile behavior of the nematode C. elegans as 
an ideal biophysical arena to address this question, and propose a research programme to measure 
fluctuations arising at multiple scales – from molecules to cells to the organism as a whole – and 
develop new theoretical and computational frameworks that will help understand how these 
diverse sources of noise are generated, and how they might affect the functioning of biological 
systems at the organism level. 
In this programme, we leverage the advantages of the C. elegans model system to seek the physical 
origins of behavioral variability at three levels of biological organization, with the analysis at each 
level driven by a central research question: (1) What is the structure of behavioral fluctuations 
across multiple timescales, and can we identify sources of variability at the level of neurons? (2) 
Can we identify specific genes that are the 'prime movers' of behavioral variability, quantify the 
noise in their expression levels, and understand how this noise is regulated? and (3) How are 
additional fluctuations generated at the cellular level by gene products (i.e. protein molecules), and 
can such cellular variability be propagated up to organism-scale behavior? 
Each of these three research questions are embedded in a workpackage (WP), in which two to 
three PI groups work collaboratively to address variability at three scales: behavioural and neural 
dynamics (WP1), gene-expression noise (WP2), and cellular noise (WP3). In addition, two 'synergy 
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cores' (SC's) will provide essential technical expertise for the programme as a whole: the first (SC1, 
Biological physics) leads the development of theoretical and computational frameworks to connect 
the diverse data sets; the second (SC2, C. elegans technologies) provides crucial technical support 
and services required for in vivo biophysical experiments, via an array of state-of-the-art genetic 
and cell-biological techniques.  
 
Funding 
salarispeil cao tot 01-01-2016 
 
a. Via AMOLF 

bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 > 2021 Totaal 

FOM-basisexploitatie 46 136 181 181 181 181 - 906 

FOM-basisinvesteringen - - - - - - -  

Doelsubsidies NWO - - - - - - -  

Doelsubsidies derden - - - - - - -  

Totaal 46 136 181 181 181 181 - 906 
 
b. Via BUW 

bedragen in k€   ≤ 2015 2016 2017 2018 2019 2020 > 2021 Totaal 

FOM-basisexploitatie 76 232 309 309 309 309  1.544 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 76 232 309 309 309 309 - 1.544 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-14.1461 
b) Ex ante evaluation: FOM-14.1511 
c) Decision Executive Board: FOM-14.1937 
 
 
Remarks 
The final evaluation will be based on the self-evaluation report initiated by the programme leader 
and is foreseen for 2020. 
 
 
 
 
 
 PT par. HOZB 
 
 
Subgebieden: 100% FL 
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2015 - 0.5 2.9 1.0 191 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2015 - - 5 - 

* After closing the financial year. 
 
 
PhD defences 
2015 
None. 

 

 
 
Patents (new/changes) 
2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-R-07 

Leader Dr. G. Jansen 
Organisation Erasmus University Rotterdam 
Project leader(s)  
Project (title + number) Noise in sensory behavior (14NOISE05) 
 
FOM employees on this project 
Name  Position Start date End date 
S.N. van der Burght PhD 1 March 2015 28 February 2019 
 
 
Workgroup FOM-S-02 

Leader Prof.dr. A. van Oudenaarden 
Organisation KNAW gelieerde instellingen 
Project leader(s)  
Project (title + number) Quantitative RNAseq of gene-expression noise (14NOISE01) 
 
FOM employees on this project 
Name  Position Start date End date 
A. Alemany Arias WP/T 1 July 2015 30 June 2018 
 
 
Workgroup FOM-S-03 

Leader Prof.dr. H.C. Korswagen 
Organisation KNAW gelieerde instellingen 
Project leader(s)  
Project (title + number) Single-neuron isolation (14NOISE06) 
 
FOM employees on this project 
Name  Position Start date End date 
A.L.P. Edding PhD 1 February 2015 31 January 2019 
 
 
Workgroup FOM-U-45 

Leader Prof.dr. S.J.L. van den Heuvel 
Organisation Utrecht University 
Project leader(s)  
Project (title + number) C. elegans technologies (14NOISE04) 
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FOM employees on this project 
Name  Position Start date End date 
J. Teapal TP/T 16 May 2015 15 My 2016 
 
 
Workgroup FOM-V-13 

Leader Prof.dr. F.C. MacKintosh 
Organisation Vrije Universiteit Amsterdam 
Project leader(s)  
Project (title + number) Theory of behavior and neural dynamics (14NOISE03) 
 
FOM employees on this project 
Name  Position Start date End date 
A.C. Borges Santos Da Costa PhD 7 October 2015 6 October 2019 
 
 
Workgroup FOM-V-23 

Leader Prof.dr.ir. E.J.G. Peterman 
Organisation Vrije Universiteit Amsterdam 
Project leader(s)  
Project (title + number) Imaging protein dynamics in live worms (14NOISE02) 
 
FOM employees on this project 
Name  Position Start date End date 
J. van Krugten PhD 1 September 2015 31 August 2019 
 
 
Group Shimizu 

Leader Dr. T.S. Shimizu 
Organisation FOM Institute AMOLF 
Project leader(s)  
Project (title + number) Measurement of behavior and neural dynamics (14NOISE07) 
 
FOM employees on this project 
Name  Position Start date End date 
W.M. Rozemuller oio 16 September 2015 15 September 2019 
Y.J.W. Goos TP/T 1 January 2015 30 November 2015 
Y.J.W. Goos TP/V 1 December 2015 31 December 2020 
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Leader Dr. T.S. Shimizu 
Organisation FOM Institute AMOLF 
Project leader(s)  
Project (title + number) Single-molecule FISH of gene-expression noise (14NOISE08) 
 
FOM employees on this project 
Name  Position Start date End date 
J.J.H. Traets oio 16 September 2015 15 September 2019 
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