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Abstract 

Mutations in DNA have large-ranging consequences, from evolution to disease. Many mechanisms contribute to mutational 
processes such as dysfunctions in DNA repair pathways and exogenous or endogenous mutagen exposures. Model organisms 
and mutation accumulation (MA) experiments are indispensable to study mutagenesis. Classical MA is, however, time 
consuming and laborious. To fill the need for more efficient approaches to characterize mutational profiles, we have 
developed an innovative microfluidic-based system that automatizes MA culturing over many generations in budding yeast. 
This unique experimental tool, coupled with high-throughput sequencing, reduces by one order of magnitude the time 
required for genome-wide measurements of mutational profiles, while also parallelizing and simplifying the cell culture. To 
validate our approach, we performed microfluidic MA experiments on two different genetic backgrounds, a wild-type strain 
and a base-excision DNA repair ung1 mutant characterized by a well-defined mutational profile. We show that the 
microfluidic device allows for mutation accumulation comparable to the traditional method on plate. Our approach thus 
paves the way to massively-parallel MA experiments with minimal human intervention that can be used to investigate 
mutational processes at the origin of human diseases and to identify mutagenic compounds relevant for medical and 
environmental research. 

Introduction 

Mutations are the source of the genetic diversity necessary for evolutionary changes and lead to diseases such as cancer. 
Mutational processes can arise from several mechanisms including dysfunctions in DNA repair pathways and exogenous or 
endogenous mutagen exposures. It is therefore essential to characterize the dynamics of the appearance of mutations on 
the genomic scale. The yeast Saccharomyces cerevisiae is an excellent unicellular eukaryotic model to study mutagenesis and 
to isolate the contribution of DNA transactions and mutagen factors on mutational processes. There are powerful genetic 
and genomic tools available to study this species, and it possesses a compact genome and a short generation time compared 
to human cells.  
There are two main methods used to study mutation rates: the fluctuation assay and the mutation accumulation (MA) 
method. The fluctuation assay measures the mutation rate indirectly by counting the number of mutants of a selective marker 
within a population of micro-organisms by plating of the population on a selective medium. However, the mutation rate 
obtained is limited to the scale of a single gene, which is the selectable genetic marker1. This rate is therefore not 
representative of the whole genome mutation rate2, 3. 
MA experiments are the most suitable to investigate mutagenesis at the genomic scale and to estimate unbiased mutational 
profiles4, 5. This approach consists of propagating cell populations through repeated bottlenecks to minimize the efficiency of 
selection. In contrast to adaptive evolution with continuous cultures or serial dilutions, these bottlenecks lead to the fixation 
of arbitrary mutations without respect to their effect on fitness. Coupled with high-throughput genome sequencing, this 
allows mapping spontaneous mutations in an essentially unbiased fashion, giving a direct estimate of the mutational rate. 
Since mutation rates are typically very low (as low as ~10-10 events per position per generation in wild-type yeast) and differ 
widely between mutation types, many lineages need to be propagated in parallel in order to characterize mutational profiles 
with precision. Several replicates are passed through a fixed number of bottlenecks to drastically reduce the population to 
one cell. These bottlenecks decrease genetic diversity and minimize natural selection. Once cells have been passed through 
a specific number of bottlenecks, their whole genome is sequenced (MA-WGS). Therefore, the probability of a mutation 
accumulation is linked to the random bottlenecks and not to the effect that a mutation has on fitness. Most mutations 
measured in the MA experiment, except the lethal and deleterious ones, are present at a rate close to their mutation rate. 
Most of our understanding of the fundamental properties of spontaneous mutation rates has been gained from the analysis 
of MA experiments6. However, classical MA experiments are time intensive and laborious since cells are propagated by 
repeated plating on agar plates and bottlenecks are implemented by randomly picking a single colony at each step, which 
takes 2 days for budding yeast at 30°C. In total, more than 6 months are necessary to achieve 100 single-cell bottlenecks in 
yeast MA experiments. In addition to being time consuming, the human intervention required every 48 hours (the time 
necessary to form individual yeast colonies) introduces bias, as there could be a non-random choice of a colony that could 
lead to the selection of mutants with the greatest fitness. For example, the largest colony, which could be chosen over a 
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sequentially in a microfluidic chamber that corresponds to the single colony-forming units in the manual experiment. Cells 
grow to occupy the chamber fully before being physically constrained by a small channel that allows only one cell inside. The 
small channel physically-constraining the growth of cells creates a single-cell bottleneck, and thus only one cell reaches the 
downstream chamber. The device geometry, terminology and dimensions are shown in Figure 1B. The yeast growth in each 
chamber is monitored by standard light microscopy. At the end of the device, yeast cells are collected for genome sequencing. 
In order to maintain the growth of yeast over many generations for up to 4.5 months, nutrient channels linked to the culture 
chambers by small channels similar to those of bottlenecks (named diffusion channels) were included in the microfluidic 
design as visible in Figure 1B. A pressure box connected to a flowmeter controls the flow of nutrient into the microdevice. 
Importantly, our microfluidic design improves the classical MA experiments by reducing the time of the experiment from 6 
months using the manual method down to as short as 1 month. Moreover, this approach automates the step of hand-picking 
of a single colony, and therefore reduces the bias associated with human intervention. The final improvement is the 
parallelization of the mutation accumulation experiment by operating up to 8 MA lines simultaneously on the same 
microfluidic chip. This allows replication of the same experiment and increases the accuracy of mutational profile 
characterisation (see inset Figure 1B). 
 

 
Figure 1. A. Principle of mutation accumulation experiments on plate and with the microfluidic approach. B. Description and 
geometrical characteristics of the microfluidic platform. 
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Yeast growth for MA experiments on plate and on the microfluidic chip 
 

 

Figure 3. Time-lapse images of sequential yeast growth in a microfluidic platform with 250 µm chamber diameter. Inset. Higher 
magnification image of the chamber entrance. 

We used the microfluidic device for mutation accumulation experiments with the yeast S. cerevisiae (Figure 3). Time-lapse 
imaging allowed us to follow yeast growth through the microfluidic device and to visualize cell divisions and random passages of 
yeast into subsequent chambers. In the example presented here, it took one day to fill a 250 µm diameter chamber. Once a yeast 
cell reaches a new chamber, it divides and colonizes it. It is only once the whole chamber is completely filled that passage to the 
next chamber is possible, as can be seen in video M2-ESI. When the image becomes darker, it means that the path through which 
the light passes becomes denser, and therefore in our case, that several layers of yeast are superimposed. Yeast cells might also 
pass through the diffusion channel and end up in the nutrient channel. Since the flow is opposite to the direction of growth, the 
escaped yeast cannot contaminate the upstream chambers. 
Importantly, the generation time of the wild-type strain in the microfluidic device was estimated to be between 90-100 min 
(Figure S3-ESI), comparable with that measured in standard growth condition in rich liquid YPD medium. However, the mutation 
accumulation on plate and in the microfluidic device have inherent differences regarding the number of cells that divide before 
a bottleneck and the time to achieve a bottleneck (see Table 1). In mutation accumulation experiments on the rich-medium agar 
plates, colonies of 2.26 million cells are formed in 48 hours, which represents 21 generations. The microfluidic device for mutation 
accumulation contains, within the 100 �w�P chambers, 4800 cells before the restriction of population which is formed in 20 hours 
and represents 12 generations (log base 2 of the total number of yeast cells). This estimate was calculated in relation to the 
estimated volume of a yeast and the volume of a chamber. The number of generations is an important factor to consider in the 
MA experiments as cells acquire mutations during the mitotic and replicative processes. Therefore, in the microfluidic device 
chambers there are fewer generations of cells and these could acquire fewer mutations than in the plate experiment, where 
there are a greater number of generations before each bottleneck.  
 
 Table 1. Mutation accumulation differences between colonies on plate and microfluidic platform. 

yeast diameter    ~5µm 
yeast volume      ~65,4 µm3 

generation time  ~100min 
Colonies on plate 

Microfluidics 
Chamber 

D= 100µm 
H=40µm 

Number of yeast cells per bottleneck 2.26E+06 4800 
Number of yeast generations per 
bottleneck 21 12 

Time to achieve one bottleneck 48 h ~18h-20h 
Time to achieve  

50 bottlenecks 
 

>3 months 
 

~ 1-1.5 months 
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1- Sequential colonisation of the chambers 
 

 
Figure S1. Sequential colonisation of the chambers. From left to right. The yeasts grow but do not move on to the next chamber 

until the space is completely filled due to the weak flow that prevents passage by simple diffusion. 
 

 
2- Non-sequential colonisation of the chambers 

 

Figure S2. Non-sequential colonisation of the chambers when nutrient flow and yeast growth are in the same direction. 

 

3- Generation time of the wild-type strain 
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