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DNA: Deoxyribonucleic acid 

DSB: Double Strand Break 
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ERC: Extrachromomal rDNA Circle 

GFP: Green Fluorescent Protein 
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LSTM: Long Short Term Memory network 

NPC: Nuclear Pore Complex 

PDMS: Polydimethylsiloxane 

R- cells: Cells unable to respire, as opposed to R+ cells. 

rDNA: ribosomal Deoxyribonucleic Acid 

RLS: Replicative Lifespan 

RNN: Recurrent Neural Network 

ROS: Reactive oxygen species 

rRNA: ribosomal Ribonucleic Acid 

S. cerevisiae: Saccharomyces cerevisiae 

S. pombe: Schizosaccharomyces pombe 

SEP: Senescence Entry Point 

TOR: Target Of Rapamycin 
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Preamble 

If I had two words to summarize my thesis, I would use single-cell and homeostasis.  

During the 4 years of my Ph.D., I focused on understanding how cells maintain and lose their 

homeostasis, mainly in two different contexts: replicative aging and quiescence. Since these 

phenomena are highly heterogeneous in a population and very dynamic at the cellular level, 

longitudinal single-cell approaches are required to accurately capture them. For that, I 

developed and used several tools based on microfluidics, timelapse microscopy and image 

analysis. Thus, this Ph.D. thesis has a strong methodological content but also aims at 

addressing biological questions. 

This manuscript is split into two independent chapters. Chapter I is relative to replicative 

aging and is the core of the thesis. Chapter II is a side-project about quiescence, which has 

been done in close collaboration with Basile Jacquel, another Ph.D. student from the lab. 

The appendix part contains a preliminary side-project, the development of a small tool and 

three published collaborations.
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Chapter I: Deciphering the aging dynamics at the 
single-cell level 

A substantial part of my thesis consisted in developing methodological tools to address 

questions relative to aging. Hence, I decided to introduce the biology and the methodology 

in two different introductions, I and II. 

Then come a short summary of the two introductions and the enunciation of the objectives 

of this part of the Ph.D.  

The Results section is also split into two parts relative to the methodology and to the 

biological question, with their own Perspectives paragraphs. 

The chapter ends with a General discussion of the project on its globality. 

Introduction I: The biology of aging and the 
specific case of Saccharomyces cerevisiae 

1. General aging concepts 

Aging is one of the most familiar biological concepts, and anyone can observe its effects on 

older individuals and on themselves. At first sight, we could analogize it as the wearing of a 

machine due to its daily use. Nevertheless, understanding which gears are failing is 

challenging due to the complexity of the living machines. Indeed, most of the biological 

processes affect or are affected by aging. Consequently, a plethora of studies has been 

describing potential cellular or molecular causes over the years, which Medvedev tried to 

rationalize in the late 20th century [1]. Even though modern approaches and technologies 

now allow a more systematic and comprehensive analysis of this phenomenon, it remains a 

complex and poorly understood phenomenon. 
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Figure 1 : The Fountain of Youth, 1546 by Lucas Cranach. 

Beyond the fundamental scientific question, aging is also an increasingly important concern 

for public health and demographic reasons. Indeed, it is the main risk (cancer, cardiovascular 

diseases, age-related diseases like Alzheimer or Parkinson, etc) and hazard (COVID19 [2], etc) 

factor of many diseases, in addition to be the main driver of a general state of frailty. This is 

problematic knowing that the population’s average age keeps increasing every year (Figure 

2), especially in wealthy countries. At the individual level, aging has been a major source of 

apprehension for at least 2500 years, with Herodotus reporting the existence of a 

mythological fountain of youth. Hence, understanding the origins and the molecular 

processes involved in this phenomenon is as interesting as it is important. 
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Figure 2: The demography of the world population from 1950 (blue shade) to 2100 (dark yellow shade) (From 

[3]) 

In this introduction, we will first describe the concept of aging, the different theories 

proposed so far and the classical models to study it. Then, a specific focus will be made on 

the unicellular Saccharomyces cerevisiae and the various suggested aging pathways. 

1.1. Definition of aging 

Aging can be defined as “a persistent decline in the age-specific fitness components of an 

organism due to internal physiological deterioration” [4] or by an increase in the mortality 

rate with age. It is possible to measure parts of the biological decline with specific readouts, 

such as the world record, for human aging (Figure 3). However, such a definition of aging 

makes a generalization across species difficult and requires different assays for each model 

organism. 
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Figure 3: World records of different athletic sports from different age categories, normalized to the world record 

in the <35 years old category. (Data from [5]) 

The increase of the mortality rate, which is in fact a consequence of the first definition, is a 

more general readout and can easily be derived from the survival curve of a population. 

Indeed, be n the number of individuals still alive at time t from a given population of N 

individuals at 𝑡𝑡 = 0. The survival rate at a given time is 𝑠𝑠(𝑡𝑡) = 𝑛𝑛(𝑡𝑡)
𝑁𝑁(𝑡𝑡)

 and the hazard rate (or 

mortality) is ℎ(𝑡𝑡) = −𝑠𝑠′(𝑡𝑡)
𝑠𝑠(𝑡𝑡)

, with s’ the derivative of s relative to t (Figure 4). 

 
Figure 4: Theoretical survival and hazard rate 
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Gompertz law 

Taking this definition, we also observe that aging in humans exists and that the hazard rate 

increases exponentially with age (Figure 5) after the infantile period has passed. 

 
Figure 5: Hazard rate in the French population in 2019 (Data from INSEE). 

Benjamin Gompertz first described this in 1825 [6], where he showed that the mortality ℎ(𝑡𝑡) 

was equal to 𝛼𝛼 ∗ exp (𝛽𝛽 ∗ 𝑡𝑡), with 𝛼𝛼 being the basal death rate and 𝛽𝛽 describing how fast the 

rate of dying increases with age. 

This law also describes the mortality of many mammals such as mice, rats, horses [7], but also 

of worms [8], fruit flies [9] or budding yeast [10], and many other animals [11]. Later on, William 

Makeham proposed a refinement of this law by adding a constant term to the hazard rate 

ℎ(𝑡𝑡) = 𝛼𝛼 ∗ exp(𝛽𝛽 ∗ 𝑡𝑡) + 𝜆𝜆 to take into account age-independent death (𝜆𝜆 is also called extrinsic 

mortality). However, this term is often negligible under a protected environment such as 

modern society or lab conditions. 

 

Therefore, following a population can help us understand if individuals from a species are 

submitted to aging or not. However, it does not indicate which mechanisms are at stake nor 

how aging has arisen in the living. 
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1.2. Evolutionary theories of aging 

Other approaches have emerged to try to understand aging, including evolutive theories. 

Georges Williams expressed in 1957 that “It is indeed remarkable that after a seemingly 

miraculous feat of morphogenesis, a complex metazoan should be unable to perform the 

much simpler task of merely maintaining what is already formed.” [12] 

Thus, despite its apparent drawbacks regarding Darwinian fitness, evolution has selected (or 

at least not discarded) aging, and a few theories have emerged to explain this selection. 

1.2.1. Programmed aging 

The first essay trying to explain the evolutionary origin of aging arose in the late 19th century 

from August Weismann with his theory of programmed aging “When one or more individuals 

have provided a sufficient number of successors they, as consumers of nourishment to a 

constantly increasing degree, are an injury to those successors […] natural selection, 

therefore, will weed them out.” [13]. 

In other words, aging would be a mechanism to remove older, less fertile and less fit 

individuals from the species to benefit the younger and healthier ones. Some kind of 

programmed aging indeed exists in very specific contexts. For example, telomere shortening 

in an in vitro culture of mammalian somatic cells leads to the death of cells after a given 

number of divisions [14-16] (discussed later). 

Nonetheless, the programmed aging theory lacks generality and was criticized for its many 

flaws. For example, the base of this reasoning is circular since aging is supposed to clear 

worn-out individuals, but is also causing this deterioration. Besides, if it is programmed, a set 

of genes controlling it must have evolved specifically for this function. Hence, it should be 

possible to stop aging by modifying these genes. However, despite having identified 

hundreds of longevity genes in different organisms, such as in C. elegans [17, 18], no 

combination of mutations has been able to stop it. If aging is programmed, then evolution 

has made this program very robust. 

1.2.2. The selection shadow & the theory of mutation accumulation 

Another evolutionary approach is based on the idea that natural selection declines 

progressively past a given age and that aging has arisen from the negligence of evolution. 

Indeed, different essays from the first part of the 20th century [19,20] used this idea to explain 

the high prevalence of the allele causing Huntington disease, which expresses after the age 

of 30, at which most individuals would have died pre-modern societies. Building on that, 
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Peter Medawar proposed in 1952 a more general model on how aging could have evolved 

in the wild. 

It is based on the idea that most animals in the wild will die shortly after reaching sexual 

maturity and that deleterious phenotypes that are expressed later in life would not be 

affected by selection (in other words, be in the shadow of selection) (Figure 6). 

 
Figure 6: The Selection shadow concept 

Hence, mutations that affect early life will be highly subjected to selection because 

reproduction has not occurred yet. In contrast, mutations expressed later could be passed to 

the offspring before they show any fitness problem. 

Thus, species would accumulate mutations with late-acting deleterious effects in their 

genome, and this would cause aging. This theory is called the mutation accumulation theory 

and was later mathematically formalized by Hamilton [21]. 

 

This theory - though giving an attractive framework to consider gene actions in aging - raised 

several critics. Indeed, increasing evidence shows that aging is more common in the wild than 

previously expected [22,23] and influences the life tables of species [23-25]. Moreover, in 

social animals, knowledge transfer and material help such as parental care from the elders to 

the younger generation brings a fitness advantage [26]. For example, there is an increasing 

body of evidence that grandmothering in humans increases fitness by reducing mother 

hazards and child survival, which could explain why menopause (a consequence of aging) has 

been selected in humans [27-31]. 
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Furthermore, this theory was also criticized because aging would still have a selective cost 

over individuals who do not age, even if it expresses late. Hence, it would ultimately be 

affected by natural selection [12]. 

Together, these critics suggest that aging is seen by natural selection. Then, why has it been 

selected? 

1.2.3. Antagonistic pleiotropy 

A refinement of the mutation accumulation theory was proposed by George Williams a few 

years later [12]. 

It states that if a gene has pleiotropic and antagonistic effects - one beneficial early in life 

(when selective pressure is high and survival and reproduction must be maximized), and one 

detrimental at a later age (such as the accumulation of damages) - then this gene will be 

selected and enriched in the population. 

 

While direct evidence of the existence of such genes remains thin [32], they still exist. For 

example, in C. elegans and S. cerevisiae, competitive assays between long-lived mutants and 

wildtype (WT) showed that the mutant disappeared in a handful of generations due to an 

almost undetectable reduction in fertility [33,34,35]. 

 

Antagonistic pleiotropy can also mean an increase in fitness in varying environments. For 

example, C. elegans have shown that some long-lived mutants show no competitive 

disadvantage under normal conditions. Yet, the WT outcompetes the mutants once exposed 

to different feeding regimes (variation between starvation and feeding) [36]. 

Recently, more examples of antagonistic pleiotropy have been found and are discussed in 

[37,38]. 

 

A corollary of this theory is that since there is a trade-off between early reproduction and late 

fitness effects, genotypes with high reproductive capacity should be shorter-lived than those 

with lower fecundity and vice-versa [39]. This has been partly verified in field studies and in 

lab experiments, where a change in extrinsic mortality (thus, lower selective pressure at an 

early age) induces a change in aging [23,40,41]). On the contrary, selection experiments for 

long-lived individuals led to reduced fertility in Drosophila [42-45]. An extreme example of 

the trade-off between longevity and reproduction is the case of Somniosus microcephalus 

(Greenland shark) which can live more than 400 years but is thought to reach maturity at 

about 150 years old [46]. 
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1.2.4. The disposable soma theory 

As an extension of these ideas, Kirkwood proposed in 1977 the disposable soma theory [47], 

which predicts that each species must maintain a given ratio between reproduction and 

maintenance of the existing structure. Indeed, organisms have limited resources (especially 

energy) and must allocate them between these two biological outputs in order to maximize 

their Darwinian fitness. Consequently, somatic cells would accumulate damages while 

germline cells are protected and immortal. 

In line with that, some embryonic stem cells in murine models have a lower mutation 

frequency than somatic cells and a stronger oxidative stress detoxification system [48,49]. 

Similarly to the previous theory (and supported by the same set of evidence), it suggests that 

extrinsic mortality also drives this trade-off between maintenance and reproduction, with 

harsh survival conditions favoring rapid growth and sexual maturity over longevity [50]. 

Thus, aging would be an accumulation of damages due to the imbalance between soma 

maintenance and germline generation (see next paragraph) 

 

A corollary of this theory is that aging must have appeared in the tree of life simultaneously 

as the distinction between the soma and the germline, i.e., alongside asymmetric division.  

Indeed, if symmetrically dividing organisms were deteriorating over successive divisions, it 

would lead to the extinction of the whole lineage. This implies that symmetrically dividing 

organisms must keep a constant level of damage and allocate as much energy to division as 

they do to maintenance [51,52]. This idea is supported by data on symmetrically and 

asymmetrically dividing unicellulars (see p.22). 

1.3. Molecular models of aging 

Although these theories on the emergence of aging give a conceptual frame, they are not 

directly informative on which molecular players are at stake in this phenomenon. 

The idea arising in the later theories is that damages and errors would accumulate with age 

in somatic cells, thus leading to the deterioration of tissues, as first suggested in 1963 by 

Leslie Orgel [53]. From then, many different types of damage accumulation have been 

described (Figure 7), such as (non-exhaustively) free radicals [54, 55], protein aggregates [56], 

telomeres shortening [15,16], mutations [57,58], DNA damages [59-61] and epigenetics 

alterations [62-65].  
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Figure 7: The hallmarks of aging, from [99]. 

In the following paragraphs, we will briefly review the main molecular theories of aging. 

1.3.1. Free radicals 

The free radicals theory of aging was proposed in 1956 and stood as one of the first models 

to explain how organisms lose fitness with time [54,55,66]. It states that cells accumulate free 

radicals (i.e., a molecule with a single unpaired electron from its outer shell) with time. These 

highly reactive species would damage the DNA and other molecules of the cell. It was later 

established that mitochondria produce Reactive Oxygen Species (ROS), which are free 

radicals, giving more substrate to this theory [66]. 

In line with that, ROS and other oxidative species levels increase during aging, even in 

mammals [67]. Besides, deleting the superoxide dismutase (an enzyme implied in oxidative 

stress detoxification) in yeast decreases the replicative [68,69] and chronological lifespan 

[70,71]. In C. elegans, increasing the level of superoxide dismutase has been reported to 
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extend lifespan [72]. However, reducing its level can also lead to increased longevity [73]. In 

Drosophila melanogaster, studies also reached opposing results regarding oxidative stress 

and longevity [74,75]. In ants, overexpression of the dismutase is not needed to reach 

extreme longevity in queens [76]. In mice, mutants lacking the superoxide dismutase have a 

decreased lifespan [77], but its overexpression does not lead to increased longevity [78]. 

Besides, reactive oxygen species also serve in signaling, and their average level might have 

evolved to ensure the proper functioning of the cell [79]. Moreover, hormetic effects exist 

regarding oxidative stress or antioxidants. Indeed, mild exposure to H2O2 could have 

beneficial effects on longevity, potentially by overexpressing the detoxification machinery 

[80]. In contrast, excessive antioxidant supplementation can have negative consequences 

such as higher risks of cancers and increased mortality in humans [81-83]. The pleiotropic 

effect of oxidative stress in the cell and the way cells maintain their oxidative homeostasis 

might explain the discrepancy between the studies. 

Overall, the free radical theory is one of the oldest molecular theories of aging and is still 

seriously considered and debated.  

1.3.2. The somatic mutations theory of aging 

Another early model proposes that the accumulation of mutations in somatic cells drives 

aging [57,58]. This is supported by evidence that the genome is constantly exposed to 

harmful reagents such as oxidative stress (see previous section), UVs and replication problems 

[84], which can create DNA damages (for example, single- or double-strand breaks). 

Endogenous DNA damages are widespread in cells since they occur tens of thousands of 

times per cell and per day in mammal cells (reviewed here [85]), which can lead to a mutation 

if not correctly repaired. In multicellular organisms, it can lead to the generation of a tumor 

or the altered function of the cell. In line with that, somatic mutations accumulate during 

aging in model organisms and humans [86]. 

Nevertheless, specific mutant mice defective in a protein for DNA mismatch repair have about 

a 100-fold elevated mutation frequency (and cancer) in all tissues, yet do not appear to age 

more rapidly [87]. Similarly, it has been recently reported in yeast and humans that mutation 

accumulation is not linked with aging [88,89]. Therefore, the somatic mutation theory of aging 

is strongly contested nowadays 1. 

 
1 Update 04/2022: This theory has received new support with a study showing a scaling of somatic 
mutation rates with lifespan across different species: Cagan, A., Baez-Ortega, A., Brzozowska, N. et al. 
Somatic mutation rates scale with lifespan across mammals. Nature 604, 517–524 (2022). 
https://doi.org/10.1038/s41586-022-04618-z 
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1.3.3. DNA damage and epigenetic alteration 

Contrariwise, the DNA damage theory of aging has received substantial support since it was 

first expressed in 1967 [61]. If they can create mutations in dividing cells, these damages can 

not be repaired and lead to the mistranscription of the affected genes in post-mitotic (or 

slowly dividing) cells. The accumulation of such abnormalities is considered a driver of aging. 

Experimental evidence indeed found increased levels of DNA damage in old cells and 

identified oxidative stress as a substantial cause [59,90-92]. In agreement with that, a very 

recent comparative study on 102 species of rockfishes, whose lifespan ranges from 11 to 

more than 200 years, identified the DNA repair pathways as a trait of longevity [93]. 

Interestingly, this model bridges with a more recent one, which states that the accumulation 

of epigenetic alterations drives aging. Indeed, the repair of DNA damages often leaves 

epigenetic marks such as DNA methylation or chromatin reorganization. These marks are 

enriched during aging, notably in mammal tissues [62-65,94-96]. Moreover, the DNA 

methylation state of human blood cells was shown to have predictive value on later-life 

mortality [97,98], which led to the famous term “epigenetic clock” of aging. Whether this 

clock plays a role in aging or is just indicative of the epigenomic state of the cell is not clear. 

Yet, preventing some of these epigenetic remodeling increases lifespan in yeast, flies, worms, 

and even mammals, according to a recent study [96,99-102]. 

Overall, the DNA damage theory of aging is still receiving attention from the aging 

community. Its link with the epigenetic alteration is not fully understood, and DNA 

methylation and chromatin reorganization can likely occur in a DNA damage-independent 

manner. This last theory is still young and emerging, and further study will tell us how much 

this hallmark of aging [103] is a cause of it. 

1.3.4. Telomere attrition 

Telomere shortening is also an early theory of aging with the observation that somatic cells 

cultured in vitro experience an irreversible cell-cycle (termed senescence) after a given 

number of divisions, linked to telomere shortening in [14,15]. Yet, only a little evidence 

supports that it could cause aging in organisms. Indeed, normal somatic cells in tissue do not 

divide enough times for that [104,105], and telomere shortening could only be a mechanism 

of tumor prevention [106]. Besides, even though other studies report a global telomere 

shortening in old tissues [103] and an increased lifespan in mice with longer telomeres [107], 

it is still debated as to whether telomeres attrition is causal of aging [108,109].  
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1.3.5. Decline in protein homeostasis 

Since proteins are the basis of most cellular functions and their synthesis costs many resources 

(energy and amino acids), tight control of their content and quality is necessary. Thus, protein 

homeostasis is regulated by several processes such as protein production and degradation, 

folding, and autophagy. In humans, proteostasis can change with age [110], and age-related 

disorders such as Huntington, Parkinson or Alzheimer's disease are caused by a loss of protein 

homeostasis [111]. Besides, increasing chaperone protein levels increase longevity in flies 

and worms [112- 115], and so does autophagy in mice [116]. 

1.3.6. Decline of repair functions 

In addition to the previously suggested damages, repair and maintenance machinery such as 

the proteasome [117], chaperons [118], autophagy [119], and DNA damage repair [120] have 

also been reported to decline with age, amplifying the accumulation of damages. This is in 

line with the disposable soma theory (see p.10), in which aging arises from a rupture of 

homeostasis between repair and damages [50]. 

 

A link exists between the cellular, tissue, and organismal level. Indeed, senescent cells are 

enriched in old tissues of many organisms, including mice, apes [121], and humans [106,122]. 

Besides, these cells often trigger inflammation and senescence, in part due to their secretory 

functions (secretion of Senescence Associated Secretory Phenotype, SASP [123]). Hence, 

senolytics recently received much attention for their ability to kill senescence cells specifically. 

However, it is still not clear if these cells are a simple byproduct or a cause of aging. 

Consequently, if senescence at the single-cell level causes aging at the organismal level is 

still debated [124]. 

1.3.7. The network theory of aging 

Yet, none of these processes can explain aging on their own. More generally, many hallmarks 

of aging have been identified [103,125], but no theory has emerged to link all the potential 

players and distinguish drivers from byproducts of aging. 

 

Besides and as described all along this section, processes in one organism may not be at 

stake in another one. If a general theory of aging exists, it needs to be validated across many 

organisms. 
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Therefore, new concepts are emerging to try studying aging as a complex system with 

different interacting processes that have different dynamics instead of separate causes. This 

approach aims to link the many existing theories by considering the interactions and 

synergies between the molecular players implied in aging and across biological sub-systems 

(molecules, metabolic pathways, organelles, cells, tissue, and organism) [126]. It can be 

termed the network theory of aging [127,128], or with a more recent terminology, the system 

biology of aging [129,130], and is discussed in the General discussion. 

1.4. Universality of aging 

Interestingly, aging is not universal across the tree of life. Many species have reported to not 

age at all (i.e., to have a constant probability of dying, see p.4), and this phenomenon is 

termed negligible senescence [132].  

Examples are the hydra (probability close to zero, i.e., quasi-immortal [131], the red abalone, 

the collared flycatcher, or the great rhododendron (Figure 8). Other organisms experience 

negative senescence - namely a decrease in mortality with age - such as the desert tortoise 

or the white mangrove [11,133]. More recently, the famous Heterocephalus glaber (naked 

mole rat) has been reported as the first mammal not experiencing aging [134]. 
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Figure 8: Mortality, fertility, and survivorship across several species. From [11] 

Studying these models, especially in light of already known theories, can help us understand 

the different evolutionary and molecular aspects of aging. 

1.5. Laboratory models 

As previewed in the previous sections, aging can be studied at the cellular or organismal 

level. Besides, genes do not solely influence it since homogenic individuals can have different 
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lifespans. Thus, monitoring aging in laboratory conditions by varying the genetic background 

or the environment is a powerful approach. 

1.5.1. Clonal aging 

A simple way of studying aging is by observing cultures of dividing mammal cells in vitro. As 

discussed earlier (p.13), somatic cells can do only a limited number of divisions before 

entering senescence, and telomere shortening is mainly responsible for this arrest. In fact, 

since telomeres size is equal in cells dividing symmetrically and shortens at each division in 

somatic cells (lacking the telomerase enzyme), the whole culture stops dividing after about 

60 divisions [14-16,106]. This phenomenon is termed clonal senescence (Figure 9) and is 

convenient to study since the whole process takes about ten days instead of years for 

mammal organisms. 

 
Figure 9: Schematics describing clonal senescence. A culture of cells originating from the same telomerase 

deficient cell will senesce after a given number of divisions. 

Nevertheless, although it is interesting to study senescence and its involvement in 

development and tumor suppression, the relevance of such a model to study aging at the 

organismal scale is debated. 

1.5.2. Organoids  

An intermediate model has been emerging for the past few years, in which cells are cultured 

to grow in an organized 3D microenvironment to mimic micro organs [135]. These organoids 

are particularly interesting for morphogenesis and developmental research. They also happen 

to be useful for aging research since they age at the scale of a few months while having a 

tissue structure, therefore conserving the cell-cell interactions. Besides, they can be used with 

various cell types, especially derived from humans [136,137]. 
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1.5.3. Model organisms 

As stated before, it is essential to consider aging by integrating all the scales on which it has 

an influence.  

Therefore, several model organisms have been extensively studied in the past decades. 

 

For example, the fly Drosophila melanogaster, which has a lifespan of about 50 days under 

normal conditions, is a common model to study aging, and several mutants of longevity have 

been described [74,138-143] 

 

Another valuable and popular model organism to explore the genetic influence of aging is 

the worm C. elegans, which lives about ten days and allows facile genetic screens thanks to 

the famous interfering RNA [144] tool. Again, many pathways affecting its longevity have 

been identified [17,18,145,146]. 

 

Concerning mammal models, the most used models are the mice Mus musculus [147] and 

the rat Rattus norvegicus because they offer an interesting trade-off between easiness of 

manipulation, aging kinetics, and similarities with humans (similar organs and diseases). 

 

Aging can also be investigated using unicellulars such as budding yeast (Saccharomyces 

cerevisiae), which ages in a few days and is a historical model for this purpose [148,149]. This 

model organism will be thoroughly developed in the following sections. 

  

Interestingly, in all of these organisms, blocking the main metabolic pathways (TOR, Sch9, 

PKA, and IGF) results in increased longevity [150] 

 

Besides genetic manipulations, environmental modifications can also affect aging, with 

caloric restriction (CR) being the most widely used and documented. Indeed, it was found to 

positively impact longevity on most of the tested organisms. Already 90 years ago in the rat 

[151,152], and then in mice [153-155], worms [156], flies [9], budding yeast [157,158], fission 

yeast [159], and many other model organisms. In monkeys, it delays the onset of age-

associated disease and increases lifespan (though it was debated during a few years, it now 

seems consensual) [160-162]. 

However, the range of effects of CR is still debated, and some could be due to the 

overfeeding of control groups or other analysis biases [163,164,331]. Furthermore, it is 
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unclear which CR regimes induce an effect (constant and low level of nutrients, or alternate 

periods of fasting) [155-165]. 

Caloric restriction is known to repress the growth metabolic pathways presented above. 

However, as these pathways impact most other biological processes, it is complex to 

understand, and the exact molecular mechanisms at stake remain unknown or controversial 

[166]. 

 

Nevertheless, working on different organisms and trying to identify the common pathways is 

interesting. In this sense, it has been shown quantitatively that the genetic components of 

lifespan are quite conserved across eukaryote species [167]. 

Thus, since unicellulars share many longevity pathways with other taxa, that they are 

simultaneously a cell and an organism, that they age very fast and are very convenient to 

manipulate, they seem to be of particular interest for aging studies. 

1.5.4. Unicellulars 

Like in complex organisms, it is possible to measure aging in unicellulars, either by looking 

at their mortality rate with time or by measuring the decline of their physiological functions, 

such as the cell-cycle slowdown or growth rate. Interestingly, the division pattern varies 

among the classical unicellular models with the bacteria E. coli and the yeast S. pombe diving 

symmetrically, while S. cerevisiae divides in an asymmetric manner. 

1.5.4.1. Bacteria 

E. coli is a small (2µm long, 0.25-1µm diameter, Figure 10) rod-shaped bacterium that divides 

very quickly (~20min) under favorable conditions, giving two daughter cells.  
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Figure 10: Electron microscopy image of E. coli cells. (Image from Rocky Mountain Laboratories, NIAID, NIH) 

Historically, E. coli and other symmetrically dividing organisms were thought to not age for 

reasons explicated before (see p.10). In reality, the E. Coli division is not exactly symmetrical 

because after forming a septum and the septation, one daughter receives an old pole while 

the other gets a new one (Figure 11).  

 
Figure 11: Division pattern of E. coli. (From [164]). (A): Schematics of the old and new pole distribution among 

the progeny. The numbers indicate the replicative age of the pole. The blue overlay: new poles, red overlay: old 
pole.; (B): Images of an E.coli dividing with the same color code as (A). 
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The first piece of work studying aging in E. coli, by following the first nine divisions of single-

cells, concluded that the “old pole cell” was experiencing a decrease in division time after a 

few divisions [168] while new pole cells were gaining fitness during this interval.  

However, a more recent study using microfluidics (discussed later, p.68) was able to track old 

pole cells for more than 100 divisions and showed that the division time of old and new pole 

cells was indeed evolving but reaching an equilibrium state - later identified as a stable 

attractor [169] - after a few divisions [170]. Besides, old pole cells were found to keep a 

constant growth rate throughout their lifespan after the first ten divisions (Figure 12). 

 
Figure 12: (A): Normalized growth rate of new (top) and old (bottom) pole cells during the eight first divisions 

(From [166]). ; (B): Growth rate of the old pole cell across different strains and replicates plotted versus 
replicative age of the old pole cell. (C): Survival rate (left) and death rate (right) of the old pole cells from the 

MG1655 and B/r strains. 

Importantly, this study has also shown that the mortality of the old pole increases throughout 

the divisions. 

Two interesting ideas emerge from this set of studies. Firstly, an increase in mortality can 

occur without a detectable decrease in fitness (such as growth rate). Secondly, aging can exist 

even in the case of seemingly symmetrical division. 

How to explain this aging molecularly? First, the cell wall of the old pole is not renewed and 

is unable to avoid deterioration [17-173]. Moreover, protein aggregates have also been 
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proposed to segregate asymmetrically between the old and the new pole [174,175]. Even 

though more asymmetrically segregated factors could be involved and no causal link has 

been identified, this could explain the old pole lineage is aging.  

1.5.4.2. Schizosaccharomyces pombe 

Schizosaccharomyces pombe, a rod-shaped yeast historically used to study cell-cycle and cell 

size control [176]–[182], divides in a similar fashion to E. coli, with each division giving rise to 

two daughter cells, “an old pole cell” and “a new pole cell” (Figure 13). Thus, if this unicellular 

eukaryote displays any sort of aging or not is of major interest. 

 
Figure 13: (Left): Electron microscopy image of S. pombe cells (scalebar: 10µm) from [179]; (Right): Division 

pattern of S. pombe cells and the repartition of the old (purple) and new (green) poles along with the divisions 
(from [180]) 

 

By following the old pole cell using microdissection techniques, it was first reported that the 

old pole was aging [185]. In contradiction, recent studies have shown that it was not the case 

[159,184,186]. Neither division time nor the death rate increases in the old pole lineage, and 

cells die without any aging-associated changes. One way to explain the difference with E. 

coli is that S. pombe is growing polarly, with newly synthesized cell wall materials being 

exclusively incorporated at the ends of the cells [187-189]. Instead, the new pole inherits a 

more significant proportion of old lateral cell walls and a birth scar[179,190]. Hence, the new 

pole lineage may experience aging, but no current method allows the tracking of the new 

pole for an extended number of divisions. 

On top of that, the spindle pole body (SPB) and protein aggregates are also segregated 

asymmetrically and randomly [191] (or partly randomly in the case of aggregates). Indeed, 
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one cell inherits a new SPB or a protein aggregate while the other is born with the old SPB 

or no protein aggregate. However, none of these factors have been clearly shown to affect 

mortality or the division frequency. 

So far, the distinction of lineages was based on the new versus old pole, new versus old SPB, 

or presence of a protein aggregate versus free of protein aggregate at birth, and no aging 

effect has been detected based on these markers. However, it is possible that a factor, 

transmitted asymmetrically and randomly, would cause aging in the lineage of the cells 

inheriting this factor, but that no one could not follow this lineage. Another option is that the 

generation of damages per division is slower than the division itself. Consequently, 

symmetrical damage segregation would lead to a constant average amount of damage in 

each cell, close to zero. 

Again, new methods and further studies would be required to tackle these questions. 

1.5.4.3. Asymmetrically dividing cells 

In other unicellular organisms, the division's output is two different entities - at least 

morphologically - making it easier to isolate a given lineage and measure its aging. 

 
Figure 14: (Left): Schematics of the division of Caulobacter crescentus. (Right): Average division rate of single 

stalked cells versus replicative age. (From [192]) 

For example, in the bacterium Caulobacter crescentus, only the “stalked cells” attach to a 

surface. It then divides and gives rise to a “swarmer” cell that freely swims until it finds a 

substrate to attach to and differentiates into a stalked cell (Figure 14). In this context, it has 

been established that the division frequency of a given stalked cell was decreasing with time, 

whereas its progeny recovered a normal reproductive output [192]. Interestingly, young cells 

born from old stalked cells had the same division time as young cells from the beginning of 

the experiment, indicating a rejuvenation of the progeny of stalked cells. 

 

Similarly, in the budding yeast Saccharomyces cerevisiae (Figure 15), the result of the 

successive divisions is a mother lineage and a daughter lineage, which are distinguishable by 
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several properties such as the morphology or protein expressed. After the division 

completion, the daughter will grow and become a mother itself. From that, it was found that 

mother cells can only undergo a finite number of divisions before dying, while the progeny is 

rejuvenated (described in detail in the next section). 

 

 
Figure 15: (Top): Electron microscopy image of S. cerevisiae cells (from [188]).; (Bottom): Phylogeny of an 

original mother cell (dark grey). The indices represent the replicative age. 
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This model is particularly interesting to study aging for several reasons. Firstly, it perfectly 

illustrates the disposable soma theory, where the mother cell (i.e., the disposable soma) 

produces healthy daughter cells at the expense of accumulating damage. Indeed, it is 

thought that mother cells accumulate damages that are not passed to the daughters (see 

next section), which is another strategy (compared to S. pombe, for example) to ensure that 

the offspring survives and reproduces to maintain the lineage. Besides, it can also be a model 

for stem cell replicative aging, where the mother lineage mimics the differentiating lineage 

while the daughter lineage represents the stem cell lineage [194,195]. 

Secondly, though the relevance of this model to study human aging is debatable [196,197], 

many molecular pathways and hallmarks of aging remain conserved with higher eukaryotes 

[198]. Moreover, it is very convenient to manipulate thanks to its unicellularity, to the fact that 

the mother lineage is easily isolable from the daughter lineage, and to its short lifespan when 

replicating (a few tens of hours). In addition, even though there is increased ease to generate 

mutants in other model organisms thanks to CRISPR-Cas9 and other new genetic 

technologies, budding yeast remains one of the easiest for mutant and genetic variety 

generations. Indeed, it is compatible with many genome editing techniques (classical and 

new), can adopt sexual reproduction, and offers exhaustive mutant collections (deletion and 

GFP [199]). Furthermore, the species S. cerevisiae contains more than 1000 natural isolates 

[200], so studying the similarities and the differences regarding aging across the isolates can 

be helpful to understand the genetic drivers of longevity evolution [201-204]. 

 

For these reasons, our lab uses this model organism to study aging, and the following 

sections of this manuscript will focus on it by calling it “yeast” for simplicity. 

2. Aging in budding yeast: different models 

One strength of yeast when studying aging is the multiplicity of approaches. For example, 

one can focus on the time a yeast cell survives in a non-dividing state, which mimicks post-

mitotic cells' aging in higher organisms such as neurons [71]. Technically, this chronological 

lifespan is assayed by measuring the viability of a culture of cells left in the stationary phase 

at given timepoints (typically, by replating cells on rich media and counting the number of 

colonies forming). From that, several longevity mutants were reported, such as mutants of 

the SCH9 and TORC1 pathway (metabolic pathways controlling growth which are strongly 

conserved across organisms, see p.44). Nevertheless, the parallel with post-mitotic cells is 
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debatable because post-mitotic cells are metabolically very active while yeast in the 

stationary phase are dormant cells [205]. 

The second widely used model is to observe mother cells dividing from birth to death, and 

in particular, to count how many daughters are generated before death (termed Replicative 

lifespan, RLS). This replicative aging approach will be the focus of the rest of this chapter.  

 
Figure 16: Schematics of the replicative lifespan of an S. cerevisiae cell 

Finally, it is also possible to mimic clonal aging (which happens in telomerase deficient 

mammal cells, (see p.13 for detailed definition). In fact, in certain mutant strains, the culture 

fails to propagate indefinitely, which is the case for telomerase deficient cells in mammals) 

[206-208]. 

2.1.  The dogma of replicative aging 

Concerning replicative aging, it has been known for 60 years that yeast mother cells can 

undergo a finite number of divisions before dying [148]. 

The replicative survival curve of yeast mother cells is sigmoidal (or Gompertzian or a Weibull 

distribution), not only in lab strains, both haploid and diploid, but also in natural isolates 

[209,210]. This demonstrates that aging occurs in budding yeast (see p.4  for aging 

definitions). 

Besides, yeast shows a decline in physiological functions with age (described later), which 

also conforms to the definition of aging. 

Then, the central hypothesis to explain replicative aging is that a toxic factor would 

accumulate in mother cells, leading to their death [211].  

Interestingly, daughter cells recover a full replicative lifespan, which is called rejuvenation. 

This is not true for daughters from very old mothers, but in this case the progeny of the 

daughter eventually recover its full replicative potential [212].  

From that, we can define the dogma of the replicative aging paradigm as [213] (Figure 17): 

Aging occurs in the mother lineage due to aging factors that 1. Accumulate in the mother, 2. 

Are not transmitted to the daughter and 3. Are toxic for the cell, directly or indirectly, and 

modulating the level of the factor should impact lifespan. 
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Figure 17: Schematics of the replicative aging dogma 

This field of research focuses on identifying aging factors, determining how they are toxic, 

and by what mechanisms they asymmetrically segregate. 

 

Hence and similarly to general theories of aging (see p.10), many different hallmarks of aging 

and candidate aging factors have been proposed [194,198,214-216](Figure 18). In the 

following sections of this introduction, we will review a few of these aging phenotypes, 

starting with changes at the whole-cell level, before describing changes at the organellar and 

molecular level, and finishing with a focus on a particular aging factor. 
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Figure 18: List of replicative aging phenotypes in yeast, sorted by category and by the approximate percentage 

of viability at which age-related phenotype occurs in the population (Figure from [198]) 

2.2.  Bud scars and budding pattern 

After each cytokinesis, a chitin ring remains in the cell wall of the mother, at the place of the 

former bud neck. These “bud scars” can be revealed by simple staining and counted to 

determine the replicative age of a cell [217] (Figure 19). They accumulate in the mother cell 

and are not passed to the daughters (daughters only inherit a birth scar) [149,218]. Hence, 

they have been proposed as aging factors by early studies [148,219] as a source of decreased 

metabolic exchange with the external media and obstruction for new bud necks. 
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Figure 19: Bud scars of a mother cell, stained with a FITC-labelled wheat-germ agglutinin. Scale bar: 1.25µm 

(From [217], ignore the red arrow)) 

However, the toxicity of these scars has never been established. Furthermore, it is now known 

that the ratio between the scars surface and the total surface decreases with age, and artificial 

increase of cell volume fails to increase replicative lifespan [212]. 

 

Another hallmark of aging relative to budding is the budding pattern of cells. Indeed, its 

polarity is normally tightly controlled for the cell to bud in the same direction, but often 

becomes random with age [220]. Similarly, the morphology of the bud changes during aging, 

with buds becoming more elongated or more round [221-223]. Yet, these phenotypes are 

more likely to be a pure byproduct of aging instead of a cause. 

2.3.  Hypertrophy and crowding 

Another striking morphological feature of yeast aging is the increase in cell size throughout 

lifespan, as reported by many studies [221,224-226]. In particular, quantitative measurements 

show a doubling in average size between birth and death (in apparent surface, not volume) 

[221,226]. Enlargement is mainly due to the cell constantly producing matter directed to the 

bud during all the cycle phases, except in G1 (absence of bud) when only the mother grows. 

Therefore, it is possible to modulate cell size by using mutants of the G1 or by arresting cells 

in G1 for a certain time. 
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Remarkably, the cell size of the daughter cell lineage is quickly reset, even from big mothers. 

Thus, the increase in cell size would be an aging factor if it is toxic. The first study to test this 

hypothesis used a pheromone to block cells in G1 for a certain time before releasing them 

and measure their RLS [212]. However, no effect on the lifespan was detected on arrested 

cells compared to unarrested cells. From then, other studies using artificial volume increase 

proposed that, on the contrary, the increase of cell size is a driver of replicative aging and 

named this model the hypertrophy theory of aging [227-229]. In line with that, a correlation 

exists between size and lifespan in some mutants affecting the size [225,230]. 

 

Moreover, the replicative lifespan negatively correlates with the size at birth [225,231] among 

isogenic strains, although this result is debated [234]. The ideas that emerge from this model 

is that there is a critical size upon which the cell cannot maintain its homeostasis and that 

what determines longevity is the size at birth and the growth per generation (in other words, 

how fast the cell will reach this threshold size, Figure 20) [230,232]. 

 
Figure 20: Schematics of the size threshold model of aging. Cells (3 brown lines) are born at different sizes 

(among an isogenic population or across mutants) and grow at different rates. What determines lifespan in this 
model is the time to reach a threshold size. 

On the other hand, other studies show that mother cells die at a wide range of sizes 

[221,233,234] and that the size at birth does not correlate with lifespan [234,235], 

contradicting the threshold volume theory. Furthermore, long-lived mutants are not 

particularly mutants of size [236,237]. Besides, if cells growing faster and with a high 

metabolic activity have a reduced lifespan (and vice-versa) [234,235] does not necessarily 
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mean that this effect on lifespan is due to hypertrophy. Indeed, it could be that these 

accumulate more damages per generation. 

 

Beyond these discrepancies, the major weakness of this theory is that it is mostly correlative 

and lacks mechanistic insights. Only recently, a study found that the loss of scaling between 

the protein & RNA biosynthesis and the volume was due to a limitation in the transcriptional 

and translational machinery [229]. This reduction could be due to the activation of a general 

stress response, leading to the dilution of the cytosol and the impairment of several processes 

like cell-cycle progression. However, the G1 arrests performed in this study led to cell 

volumes way beyond what is usually reached during normal aging (by a factor 2), which 

questions the physiological relevance of such strong perturbations. Moreover, another study 

tracking cells throughout their lifespan in physiological conditions found that the cytosolic 

macromolecular crowding was only slightly reduced - if not unchanged - during aging 

(although a correlation exists between change in crowding and lifespan) [238]. 

 

Apart from the cytoplasm, most organelles also become larger with age, such as the vacuole 

(see p.38) and the nucleus (see p.45). Insightful studies comparing cellular structures at the 

Correlative Light and Electron Microscopy between young and old cells [238] showed that 

the distance between organelles (also called organellar crowding) was strongly reduced 

during aging. 
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Figure 21: Single slices of tomograms without (left panel) and with an overlay to emphasize organelles (middle 

panel). 3D isosurface rendering (right panel) of tomograms of young or old cells. Nuclei (orange), vacuoles 
(blue), lipid droplets (yellow), mitochondria (red), ER (magenta), and plasma membrane (green). Scale bars: 500 

nm. (Figure from [238]) 

This could affect cytoskeletal dynamics or the movement of structures above a specific size 

(for instance, ribosomes or lipid droplets), their interaction with organelles or the cell 

membrane. Besides, the increased surface area of organelles could lead to more interaction 

with their immediate environment (adsorption or molecule exchanges), hence disrupting their 

homeostasis. 
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Figure 22: Schematics of the evolution of the physical state of the cell with replicative age. Young cells (left) 

represent the normal state, while old cells (right) have bud scars, larger cytoplasm and organelles. 

Altogether, the fact that cell size increases during aging and resets in daughter cells is 

consensual (Figure 22). Yet, it is still not clear and openly debated whether the 

hypertrophy of the cell and its organelles is a cause, a consequence, or just an unrelated 

effect of aging [230,232,233,239]. However, since cell size affects many processes such as 

nutrient sensing and transcription regulation [240,241] - two processes known to be involved 

in aging (discussed in later sections) -  the hypertrophy theory of aging should not be ignored. 

Of note, the control of cell and organelles size during aging has recently seemed to regain 

interest, not only in yeast but also in mammal cells [229,242-244,244b]. 

2.4.  Division time 

Early studies already noticed an increasing division time at late ages [211], later validated by 

timelapse microscopy [221,245,246] (Figure 23).  
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Figure 23: Averaged division time of 50 cells with age, aligned from their death (From [247]) 

Remarkably, daughters recover a normal division time at birth, unless they are born from an 

old mother, and in this case, it takes a few divisions of the cell to be back to normal [211]. 

This suggests that some aging factors affect the division time of the cell and all the cell cycle 

stages seem affected [248]. For example, the G1/S transition is delayed, which is thought to 

be caused by an inefficient induction of the G1/S transition gene cluster [248]. In particular, 

the induction of CLN1 and CLN2 (G1 cyclins in budding yeast) becomes less efficient as the 

cell approaches death. Similarly, the S-phase cyclin CLB5 is induced less efficiently in old 

cells. Such defects could be due to accumulation and longer residency in the nucleus of Whi5 

(a Cln2 and G1/S transition repressor) of old mothers. However, more insights are needed to 

understand the causes of this cell-cycle lengthening properly. 

Nevertheless, instead of antagonizing lifespan, longer cell cycles could occur to let the aged 

cells repair accumulating DNA damage [249]. On the other hand, old cells spend more time 

in G1, making them grow larger (if their growth rate is not decreased) and could drive the 

hypertrophy described earlier. 

 

Overall, the cell cycle becomes longer with age and resets in daughter cells. Yet, the 

mechanisms underlying this phenotype are not really identified, nor is it clear as to 

whether it participates in the worsening of the cell fitness or if it is a compensatory 

mechanism. 
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2.5.  Response to environmental changes and sterility 

Another well-observed general phenotype of old cells is their difficulty in responding to 

environmental stimuli. For example, they become less responsive to sexual pheromones, 

which leads to sexual sterility [250-252]. Similarly, the ability of diploid cells to form spores 

strongly decreases with age [253]. 

 

Overall, the loss of homeostasis of the general processes described in these paragraphs 

seems to be the consequences of aging rather than causes (though they could worsen the 

cell's fitness). Therefore, we must describe which organellar and molecular processes fail to 

better understand the bigger picture of the aging decay. 

2.6.  DNA damage, mutations, aneuploidy, and loss of heterozygosity 

An increase in DNA damages is a conserved hallmark of aging across the tree of life, as seen 

in the introduction. In yeast, RAD52 foci and other DNA damage markers are more frequent 

in old cells [248]. Besides, old cells have decreased capacities in repairing single and double-

strand breaks (DSB) [254]. 

 

In diploid cells, DNA damages, and in particular DSB, can lead to the loss of heterozygosity 

(LOH) from a gene, and it was shown that the rate of LOH increases with age [255-257].  

Similarly, missegregation of chromosomes, aneuploidy, and multinucleated cells [226,248], 

[258], most likely due to spindle pole body problems (such as multiple SPB per cell) are also 

more frequent with age [226,248,258]. 

 

Of note, telomere attrition, which is also a genomic problem discussed as a potential cause 

of aging in mammals, is not happening in normal yeasts [259], although telomeres stability 

has been implicated in yeast aging [260,261]. 

 

Nevertheless, it is widely accepted that DNA mutations are not a cause of aging in yeast but 

rather a late consequence since these defects are inheritable and that daughters cells are 

rejuvenated (except from very old mothers). Besides, the accumulation of DNA mutations 

does not correlate with age in yeast [88]. Therefore, the genome most likely remains intact 

until extreme late ages.  

 

Overall, although DNA damage could be a source of aging, DNA mutations, aneuploidy, and 

LOH cannot be considered as such since they are propagated to the progeny. 
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2.7.  Mitochondria 

Mitochondria have been a major center of attention for aging, not only in yeast [262-264] but 

also in mammals [265-269]. These complex organelles play a significant role in the 

homeostasis of the cell since they control many metabolic pathways, in addition to producing 

Reactive Oxygen Species (see p.41). 

 

Of note, mitochondria have their own DNA, and some cells lose it (often called ϱ0, or petite 

cells in yeast) [262]. Interestingly, the fraction of petite cells is highly variable (up to a factor 

of 100) from one strain to the other [257-270], and many lab strains suffer from a high 

percentage of this defect2. 

Nevertheless, cells are still viable without mtDNA since respiration is not essential for survival, 

and the cell can still divide if it can fermentate sugars. However, in this case, the whole lineage 

is affected [246,262,272,273]; that is, all the daughters also become petite. 

As a consequence, the loss of mtDNA does not fit the definition of aging factor. Besides, it 

has been shown that the probability of this event was not affected by age and was rather 

purely stochastic [246]. 

Beyond the petiteness, it seems that mitochondria can be damaged and oxidized during 

aging but be retained in the mother [274]. Active mechanisms that rely on an actin retrograde 

transports [275,276] and other molecular complexes [277] are involved in the retention,  but 

how the defective mitochondria are filtered from the healthy one is still unclear. A differential 

movement speed between oxidized and healthy mitochondria during the actin-mediated 

transport could explain the filtering [276]. 

 

Nonetheless, knowing this risk of transmissible loss of mtDNA, studying mitochondria and 

aging in yeast can lead to inexact or biased conclusions because of the difficulty to 

differentiate between transmissible loss of mtDNA and asymmetrical mitochondrial damages. 

For example, it has been proposed that mitochondria's potential decreases with the cell's 

age and that the mitochondrial network goes from a tubular to a fragmented morphology to 

end forming aggregates until their death [264] (Figure 24). 

 
2 This questions the relevance of studying natural phenomena in domesticated yeast strains. Indeed, 
lab strains have evolved towards a more efficient fermentation over a less efficient respiration and 
stress tolerance [271], and have a different lifespans compared to natural isolates [10]. 
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Figure 24: Bud scars (blue), mitochondrial network (red), mitochondrial potential (green), and DIC images of a 

young (top) and old (bottom) cell. (From [264]) 

Although mitochondrial fragmentation occurs during respiration [278] and that cells are 

suspected of going from a fermentative to a respiratory metabolism during aging [279], 

mitochondrial aggregation can be a sign of petiteness [278]. Thus, this famous study perhaps 

just describes petiteness (age-independent and transmissible defect) and not mitochondrial 

aging. 

With this being clarified, it is still relevant to understand how mitochondria homeostasis 

declines with age. Many studies have pointed out the role of iron homeostasis in this 

phenomenon. Indeed, iron is crucial for the mitochondrial respiratory machinery, and defects 

in the iron-sulfur (Fe-S) cluster (a form of iron in the cell) pathways have been described as 

causal for petiteness and mitochondrial decline during aging. In line with that, reinforcing 

these pathways with mutants leads to increased longevity [262,274,280,281]. Similarly, heme 

metabolism has been described as a critical factor of mitochondrial decay and aging, with its 

increase leading to higher RLS [282,283]. 

How defective mitochondria are toxic to the cell remains unclear since these organelles are 

central to many metabolic pathways of the cell. The most proposed mechanism is that 

damaged mitochondria could contribute to the loss of the redox homeostasis by producing 

more ROS [284,285], which in turn could damage proteins, DNA and lead to genomic 

instabilities (see p.41). Besides, since the Fe-S clusters are often co-factors of DNA repair 

enzymes, declining mitochondria could drive genomic instabilities [255]. 
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Figure 25: Schematics of the evolution of the mitochondrial state of the cell with replicative age. Young cells 

(left) represent the normal state with functional tubular mitochondria, while old cells (right) have fragmented and 
globularized mitochondria with a reduced potential. 

 

Altogether, mitochondria decline with age and are partly causal for aging Figure 25, but 

it is difficult to distinguish this age-related decline from the accidental loss of mtDNA 

present in the laboratory strains. Furthermore, the precise mechanisms of rejuvenation 

and toxicity remain unclear. 

 

Interestingly, mitochondrial functions have been extensively linked to the homeostasis of 

another cell organelle: the vacuole [264,280,281,286,287]. 

2.8.  Vacuole, cytosolic pH, and mitochondria homeostasis 

The vacuole in fungal is an acidic organelle that possesses degradative and storage 

capacities, in addition to its role in pH- and ion-homeostasis [288,289]. In this sense, it has 

many similarities with the vacuole in plants or with the lysosome in mammal cells. In the 

context of aging, this organelle enlarges as the cell ages [221,238,290]. It has been proposed 

that the morphology of the vacuole has an impact on the replicative lifespan since mutants 

deleted for vacuolar fusion proteins produce fragmented vacuoles and have a decreased 

lifespan [290,291], while overexpressing these proteins lead to an increased lifespan. 

However, this result should be taken with caution since these proteins also affect sterol and 

ergosterol biosynthesis and could thus influence longevity through other pathways. 
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Apart from their morphology, the pH of the vacuole has also been described as involved in 

aging [264,280]. Indeed, acidity in the vacuole is high in young cells and starts dropping very 

early, whereas daughter cells recover an acidic vacuole. The vacuolar pH is mainly controlled 

by the V-ATPase, a proton pump encoded in part by VMA1. Overexpression of Vma1 delays 

the pH drop in the vacuole of old mothers and increases lifespan, placing vacuolar 

alkalinization as an aging factor. 

Interestingly, it turns out that the pH increase in the vacuole is responsible for the 

mitochondrial declines described in the previous section. Indeed, changing the acidity of the 

vacuole also alters its ability to store (through proton-dependent amino-acid transporters) 

essential or toxic amino acids for the mitochondria [264,281]. 

These results seem to indicate that vacuolar homeostasis, and in particular vacuolar pH, can 

impact other organelles’ homeostasis. However, why this pH fluctuates with aging is still not 

consensual. It has been proposed that the cell’s cytosolic pH increases with age due to an 

enrichment of Pma1 (an efflux pump of protons) at the membrane of old cells and that 

daughter cells recover a normal Pma1 concentration and a normal pH. Therefore, the lack of 

protons in the cytoplasm would, in turn, lead to a loss of acidification of the vacuole since 

less protons can be pumped into it. 

However, this study was, in reality, measuring the cortical pH of the cell and not the cytosolic 

pH. Indeed, more recent studies tracking cells throughout their lifespan described contrarily 

that the cytoplasmic pH of cells was dropping with age (from 7.1 to 6.7) as well as the 

isoelectric point of the proteome [238,292]. They also propose that the alkalinization of the 

vacuole [293] could be due to a loss of functional V-ATPases, as suggested by a large-scale 

study on protein stoichiometry [294]. 

 
Figure 26: (Left)/ Trace of a single cell's cytosolic acidity and replicative age along time. (Right)/ Cytosolic acidity 

(single traces in grey, mean, and SEM in orange & black) and estimated proteome pI (black dots) along time. 
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Further suggesting that vacuolar and cytosolic pH are linked and influence lifespan, a recent 

report shows that overexpressing VPH2 (a protein required for assembly of V-ATPases) is 

delaying the cytosolic pH drop during aging, as well as increasing lifespan [292]. Hence, it 

could be that the loss of vacuolar homeostasis drives the drop in cytosolic pH, and not the 

contrary. 

 

If vacuolar pH seems to influence lifespan, it is ambiguous for cytosolic pH. Indeed, the drop 

in cytosolic pH is a late event in life and is not predictive of longevity [238,295]. It could be 

the direct effect of a metabolic slowdown and lower energy availability occurring in late ages 

[226,295] since the major proton pumps work with ATP. In line with that, starvation or lower 

energy states of the cell can cause acidification of the cytoplasm [295-297]. 

On the other hand, the identity of the cytosol and vacuole are converging during aging, both 

in size and in pH, which could participate in the multiple problems enunciated previously, 

such as the proper compartmentalization of amino acids and damaged proteins. 

Furthermore, any change of intracellular pH (in any direction) could profoundly impact cell 

physiology. Indeed, pH influences proton gradient and proton-dependent transports (see 

previous paragraphs) but also redox potential, enzyme activity, protein folding and solubility, 

phase separation [296], and many other general processes [298]. 

 
Figure 27: Schematics of the evolution of the vacuolar, mitochondrial, and acidity state of the cell with 
replicative age. Young cells (left) represent the normal state with small vacuoles and functional tubular 
mitochondria, while old cells (right) have larger and less acidic vacuoles, which lead to fragmented and 

globularized mitochondria. 

 

Overall, intracellular pH modification is a consensual hallmark of aging and is reset in 

daughter cells. Vacuolar alkalinization seems to be an aging factor since correcting it 
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leads to an increased lifespan, but it is less clear if cytosolic pH is a cause or a 

consequence of aging (Figure 27). 

2.9. Reactive Oxygen Species 

As discussed earlier (p.11), the link between Reactive Oxygen Species (ROS) and aging has 

been extensively debated since 1956 [54] in many different organisms, and the conclusions 

are not consensual. 

In yeast, it has been shown that old cells have increased ROS levels [245,285,299]. Moreover, 

mitochondria from old mothers have a lower redox potential and produce more ROS 

compared to their daughters [275] 

However, some reports show that cells with increased ROS live longer under particular 

conditions [300] or that the redox state of the cell does not correlate with its lifespan [295]. 

Besides, mild exposure to oxidative stress is shown to have a hormetic effect by increasing 

the lifespan [80,301]. Therefore, ROS could have a hormetic role and whether or not their 

natural accumulation is causal or consequential of aging, and protective or toxic, is not 

clear [302,303]3. 

2.10. Carbonylated proteins and protein aggregates 

Since ROS levels are high in old cells, one could wonder how this could affect proteostasis. 

Indeed, upon oxidation, proteins can be cleaved or carbonylated [304] (among other 

modifications), especially by ROS during aging [305].  

Carbonylated proteins and other denatured proteins tend to form aggregates. They are 

known to interact with chaperon proteins (such as Hsp104 [306]) in charge of the disassembly 

of these aggregates. Interestingly, carbonylated proteins and Hsp104 foci are found in aging 

cells [307-312]. 

These proteins segregate asymmetrically in the mothers, and different models have come up 

to explain this asymmetry. For example, it has been proposed that this asymmetry is 

dependent on the actin cytoskeleton and the polarisome, where protein aggregates would 

be retrogradely transported from the bud to the mother [308,311,313,314]. On the other 

hand, the geometry of the cell division (growth directed to the bud and low diffusivity 

between the mother and the bud) and the slow and random movement of these aggregates 

could explain by themselves the lower amount of aggregates in the bud [310,315].  

 

 
3 I know, it starts to be repetitive 
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Besides, it has been shown that Hsp104 is required for asymmetric segregation and that 

mutants lacking this gene are short-lived. Therefore, it is still unclear if Hsp104 aggregates 

(and other protein aggregates) act as an aging factor or if they are protective for the cell by 

sequestering otherwise toxic content [195,316]. 

Very recently, P-bodies (protein aggregates formed by RNA-binding proteins), known to form 

under stress or low pH, have been found enriched during aging. Interestingly, their quantity 

correlates with the remaining lifespan, and cells that leak P-bodies to their bud tend to live 

longer [292].  

 
Figure 28: Schematics of the evolution of the presence of protein aggregates with age. Young cells (left) are 
devoid of these aggregates, while old cells (right) have enriched levels of them, which are not passed to the 

progeny. 

 

Overall, protein aggregates accumulate in old cells and are not passed to the daughter 

(Figure 28). However, if these aggregates are toxic or if they participate in the 

maintenance of cell homeostasis is not consensual. 

2.11. Proteostasis and protein stoichiometry 

As seen previously (p.14), protein homeostasis is implied in the aging of complex eukaryotes. 

In yeast, it is mediated by chaperones (as discussed in the previous paragraph) but also by 

proteasomal activity and autophagy.  

A comprehensive study that performed proteome- and transcriptome-wide analysis of aging 

mother cells [294] showed that the stoichiometry of protein complexes is affected during 

aging. 
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Though the cause of this mismatch is not fully explained, the accumulation of P-bodies during 

aging (detailed in the previous section) - sequestering certain mRNA away from the 

translation machinery - could play a role in this loss of stoichiometry.  

Moreover, old cells also show a decoupling between protein and transcript levels for 

biogenesis machinery genes such as translation regulation, ribosomes, and tRNA synthesis 

genes [294]. 

 

Interestingly, mutants with increased proteasomal activity have one of the longest RLS 

described in the literature so far [236,317], much clearer than mutants with improved 

chaperon activity. This result is to be nuanced since they are also thought to have fewer rDNA 

instabilities and less ERCs (another aging factor, discussed later) [318] and could therefore 

act on two different causes of aging simultaneously. However, increasing the proteasomal 

activity could solve the loss of stoichiometry and the imbalance between proteins and 

transcript, which would explain the longevity of such mutants. 

Similarly, deletion of ribosomal proteins, translation initiation factors, or caloric restriction, all 

affect protein translation and lead to robust lifespan extension [167,236,319]. Interestingly, 

pre-ribosome contents have also been noted as upregulated during aging in different studies 

[226] but do not show loss of stoichiometry, suggesting that they are still functional and 

active. 

 

Altogether, loss of proteostasis and excessive translation are a strong hallmark of aging 

- though all the underlying mechanisms are not yet defined. 

2.12. Epigenetic alterations 

In yeast, epigenetic control of DNA expression is solely mediated by the chromatin state, 

which is mainly controlled by histone content and acetylation since there is no known DNA 

methylation pattern in this organism [320] (as opposed to drosophila or mammals).  

During aging, acetylation of H4 at lysine 16 (H4K16) increases, notably at the rDNA and 

subtelomeric regions, and deacetylation of H3K56 decreases [321]. Of note, the H4K16 

acetylation state is mediated by the sirtuin Sir2, an NAD+-dependent histone deacetylase, 

which levels decrease during aging [321]. In line with that, deletion or overexpression of Sir2 

greatly reduces or increases lifespan (respectively), though this effect is also due to modified 

recombinations in the rDNA (discussed later) [99,322]. Similarly, specific deletion in the 

chromatin-modifying SAGA complex greatly enhances longevity [323]. 
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Additionally, histone levels are also reported as going down during aging, which could be 

partly due to increased DNA damages in old cells (see p.35) since it can trigger histone 

degradation [99,258]. This phenotype does not seem to be a pure byproduct of aging but to 

be part of its cause, since increasing histone transcription, translation, or blocking histone 

degradation, increases lifespan [99,258] while decreasing the amount of histone negatively 

affects lifespan [324]. 

However, these results are not consensual since several studies report an increase of histones 

H2B levels with aging [226]. In addition, partial deletion of histones H3 and H4 (hence, 

theoretical decrease in histone content) promotes longevity, though this has been attributed 

to hormetic activation of the chromatin architecture defect response [325]. 

 

Moreover, not only are the histone state and content thought to be modified during aging, 

but also the nucleosomes, which show a decreased abundance in the chromatin as well as 

increasing mispositioning [326]. Yet, whether this is an aging factor is contested because 

deletion of ISW2, a chromatin remodeling enzyme, decreases nucleosome levels and 

increases lifespan [327]. 

Contrariwise, a recent study using ATAC-seq assays showed that the nucleosome occupancy 

was globally unchanged with age [318] and that the previous measurements were most 

probably biased by the dead cells from the population (since dead cells lose their 

nucleosomes). 

 

Despite these discrepancies, pervasive transcription of non-coding RNA [318,328-330] and 

general transcriptional induction of all genes [326] seems to happen during aging. 

 

Altogether, epigenetic alterations and loss of silencing appear to be a hallmark of aging, 

even though the causality of these phenotypes relative to aging is debated. 

2.13. Nutrient sensing and metabolism 

Nutrient sensing and metabolic pathways are the most conserved players in aging (see p.18 

In yeast, aging is accompanied by a change in carbon metabolism, with cells decreasing 

glycolysis while increasing gluconeogenesis, energy storage, and respiration [279,303,331]. 

The fact that cells grow larger with age leads to a decrease in surface-to-volume ratio, and it 

has been proposed that fluxes with the environment - such as nutrient uptake - could be 

reduced and trigger starvation cues [279,332,333]. This is supported by proteomic analyses 

in which proteins of the starvation response are enriched in old cells [294]. Besides, the 
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growth rate of cells decreases in late ages [226], which could be a consequence of nutrient 

availability. 

However, and as for many aging phenotypes, if this is a cause of aging or just a consequence 

remains unclear. 

 

Besides, it seems that the nutrient-sensing pathways such as TOR are somewhat 

hyperactivated during aging. In line with that, deletion of TOR1 or SCH9 (a protein kinase 

downstream of TOR1) increases lifespan [150], as well as caloric restriction [157,231,334]) or 

caloric restriction mimetics in strains deleted for a glucose transporter [334]. Of note, a meta-

analysis argues that caloric restriction does not elicit such a robust effect on lifespan in yeast 

and that the previous positive results were due to analysis biases [335]. 

 

To explain their lifespan extension properties (if they exist), it is proposed that since these 

pathways control ribosome biogenesis and protein translation, their deregulation could be 

linked with the loss of protein stoichiometry and proteostasis described in the previous 

section. Moreover, they regulate histone remodeling [325,327] as well as the rDNA stability 

[336], which has been extensively pointed as involved in yeast aging (discussed p.48). 

 

Altogether, nutrient sensing and metabolism seem to be central in the modulation of 

aging and are deregulated during this process. Yet, their strong pleiotropy makes it 

difficult to conclude about their effect on specific pathways. 

2.14. Nucleus and nuclear pores 

The karyoplasmic ratio (also called nuclear-cytoplasmic ratio, abbreviated N/C ratio here) is 

the quotient of the nucleus volume divided by the total volume of the cell. This value is very 

tightly regulated under normal conditions and conserved in many contexts, not only in 

budding yeast but also in S. pombe, mammal cells, and Xenopus [337-340]. Its homeostasis 

is thought to play a role in the global homeostasis of the cell since it dictates, and is dictated 

by, the flux of matters between the two major compartments of the cell [339,340]. 

Despite this tight regulation, the size of the nucleus increases with age, and at a faster rate 

than the cytoplasm [226]. This increase of the N/C ratio is accompanied by an increase of 

nuclear content, ranging from histones to fluorescent proteins with a simple Nuclear 

Localization Signal (NLS) [226,341]. Of note, a known regulator of the N/C ratio is the 

transport of matter in and out of the nucleus (called nucleocytoplasmic transport)[339,340], 

which mainly goes through the Nuclear Pore Complexes (NPCs)(Figure 29). 
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Figure 29: Schematics of one nuclear pore complex (Figure from [342]) 

The NPC is one of the largest complexes in yeast in terms of protein numbers and size [343] 

and has several crucial functions required for cell homeostasis. It is primarily known for 

allowing exchanges of proteins and RNA between the cytosol and the nucleoplasm, and this 

exchange is mediated by karyopherins (importins and exportins). However, NPCs also have 

gene regulation functions with their ability to interact with chromatin and therefore promote 

efficient transcription [344] by bringing the transcriptional, splicing, and nuclear export 

machinery into close functional context [345,346]. Similarly, NPCs, and in particular their 

nuclear basket, can filter pre-mRNA from mature mRNA and therefore play a role in splicing 

quality control [347]. 
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Along the same line, they also seem to be involved in DNA repair (including rDNA) [348-351], 

and more generally, they can exert spatial control on DNA by tethering it to the nuclear 

membrane. 

In yeast, a growing body of evidence suggests that NPCs also play a role in cell identity 

between the daughter and the mother. In fact, they get specifically deacetylated in daughter 

cells which then impact other cellular processes such as the cell cycle [352,353]. Moreover, 

studies suggest that old or damaged pores are kept in the mother [194,354,355], further 

contributing to the segregation of biological material between mother and daughter and to 

the asymmetry in general. 

 

In the aging context, it has been established that the NPC homeostasis was destabilized, not 

only in yeast but also in other cell types (mitotic and non-mitotic) [341,356-358]. For example, 

the NPCs stoichiometry is one of the most affected complex during yeast replicative aging 

[294]. This could partly be explained by the fact that some components of the pores, such as 

the core scaffold, are very long-lived, while others (such as FG-Nups) have a high turnover 

[359]. Consequently, a change in protein homeostasis would differentially affect these 

different components. 

Moreover, NPC assembly, quality control, and maintenance machinery are also decreasing 

during aging [341], which leads to more pores being misassembled and not cleared from the 

nuclear envelope of old mothers, thus accumulating. Indeed, signals of NPC assembly 

problems are detected in old cells three times more frequently than in young cells. In 

addition, it seems that old misassembled pores are covered by the nuclear envelope (NE), 

leading to local herniation of the NE [341]. 

 

Notably, a decrease in several nucleoporins (components of the NPCs) was correlated with a 

shorter lifespan, while deletion of some other nucleoporins led to increased longevity 

[341,360,361]. Furthermore, affecting specific nucleoporins can, in turn, have beneficial 

effects by tuning down other pathways implied in aging, such as translation [360,361]. 

 

If NPCs lose their integrity during aging and if this loss is toxic to the cell, how to explain the 

daughter cell rejuvenation? Several studies show that NPCs from the mother are not passed 

to the daughter because of a diffusion barrier present during mitosis at the nuclear membrane 

(discussed p.45) [354-356]. Hence, old and damaged pores can be retained in the mother, 

and daughter cells are born with new functional pores. 
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Then, how are the NPCs damaged during aging? It has been proposed that some 

nucleoporins are carbonylated during aging (due to a high level of ROS, for example) [362], 

but recent studies and modeling suggest that it might not be the case for several 

nucleoporins [341,363]. 

This destabilization could then come from the binding to the pores of rDNA circles (discussed 

later), which lead to the loss of the nuclear basket from the NPC [358]. In line with that, 

proteomics on old cells found that several proteins from the nuclear basket were missing 

(though, not precisely the same) [341,357] 

 
Figure 30: Schematics of the evolution of the nuclear state of cells with replicative age. Young cells (left) 

represent the normal state with a normal N/C ratio, functional ports, and active NPC assembly and quality 
control machinery. Old cells (right) have a larger nucleus with defective or remodeled pores (adapted from [238]) 

 

Altogether, NPC remodeling and destabilization can be considered as an aging factor 

(Figure 30). They are increasingly present in old cells but not in daughters, and alteration 

of the NPCs' stoichiometry can positively affect the lifespan. Besides, this loss of NPC 

integrity could explain the increased N/C ratio and compartmentalization in the nucleus. 

2.15. Nucleolus and rDNA 

Another source of deregulation in the nucleus could arise from the nucleolus. This crescent-

shaped sub-compartment of the nucleus contains the ribosomal DNA (rDNA) and is the place 

of rRNA transcription, processing, and parts of the ribosomal assembly [364,365] (Figure 31). 
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Figure 31: Schematics of the nucleolus place and role in the cell. This crescent shape subcompartment (brown) 

of the nucleus (grey) contains the rDNA (thick red line). rRNA (small red lines) are also transcribed in the 
nucleolus. Besides, the mRNA of ribosomal proteins is exported to the cytoplasm to be translated. Then, the 

ribosomal proteins are imported to the nucleolus to form mature ribosomes. Then, ribosomes are exported to 
the cytoplasm to translate various proteins, mostly at the endoplasmic reticulum (ER)(From [366]) 

In the context of aging, it is found to increase in size, to become fragmented, and the 

transcriptional activity happening there is also strongly upregulated [226,258,367,368]. 

Moreover, more DNA recombinations happen at this particular locus, which is thought to be 

causal for aging (see following paragraphs).  

This makes it not only a hallmark of aging but also a significant center of aging deregulation 

since it is where the ribosomes biogenesis starts, and that ribosomes are highly implied in 

aging (see p.44). 

 

Interestingly, this hallmark is conserved across many organisms and predictive of longevity 

[367,369,370].  

 

For these reasons and because we will partly focus on the rDNA in the results part, a 

particular elaboration will be made in the next section. 

2.15.1. The architecture of the rDNA locus 

In most eukaryotes, the rDNA locus is composed of long tandem repeats [371,372]. In yeast, 

it is made of 100-200 repeats [373] of size 9.1kb and located on chromosome XII. The number 

of repeats is not fixed and can vary between mutants, strains, and culture conditions [374]. 

Importantly, each repeat comprises a 35S and a 5S gene coding for the precursors of the 

ribosome subunits. The RNA Polymerase I transcribes the 35S (abbreviated Pol I here) to form 

different rRNA precursors after processing, while the 5S is transcribed by Pol III.  
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The metabolic cost of rRNA and ribosomes synthesis is immense since 60% of all the 

ribonucleotides are consumed by Pol I for the sole transcription of the 35S, and 50% of the 

total activity of Pol II is dedicated to ribosomal proteins. [375,376]. Hence, the transcription 

of a single rDNA gene is not sufficient to allow fast cellular growth, which explains why the 

rDNA locus is composed of several dozens of repeats [377]. Interestingly, the number of 

rDNA repeats can rapidly adapt by recombinations (in a matter of tens of generations at the 

population level [240]), depending on the environment [378] (which can be considered as an 

evolutive adaptation). Besides, the repeats are transcriptionally controlled, with 

approximately half of them being transcribed by Pol I at a given time and the other half being 

silenced by chromatin organization [377,379-381]. Altogether, this shows that the rDNA locus 

is very adaptable at the timescale of the cell division but also in the longer term to ensure 

tight regulation of the rRNA levels and fit cellular demands. This also means that the ribosome 

biogenesis (and in particular, rRNA transcription), is very dependent on the nutrient 

availability in the cell [336,382-384]. For example, the TORC1 complex (whose repression 

increases lifespan, see p.44) controls many steps of the ribosome biogenesis and, in 

particular, the Pol I transcription of the 35S [385,386] and the Pol III transcription of the 5S 

[387]. 

 

These particular properties are in part conferred by sequences present on two intergenic 

spacers (IGS1 and IGS2) that lie in between the 35S and the 5S (Figure 32). 

For example, in the IGS1, the bidirectional promoter known as E-pro, transcribed by Pol II 

and silenced by Sir2 (Sir2 is a histone deacetylase, see p.43), is thought to regulate rDNA 

recombination by modulating the cohesion of sister chromatids [329,330] (discussed in the 

next section). Each repeat also has an origin of replication (or Autonomously Replication 

Sequence, ARS) for efficient replication of the whole rDNA locus. In the IGS2, a Replication 

Fork Barrier (RFB) sequence, active when Fob1 binds to it [388-390], prevents collisions 

between the transcription and the replication machinery.  
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Figure 32: Schematics of the architecture of the rDNA locus 

2.15.2. rDNA silencing 

An important regulatory part of the rDNA passes through the Pol II transcription of the IGS1 

and IGS2. Initially, these spacers were called NST1 and NTS2 (for Non Transcribed Spacer). 

However, it is now known that they are naturally transcribed by Pol II, producing non-coding 

RNA (ncRNA) [391-394], and in particular from the E-pro promoter. IGS1 and IGS2 are mainly 

silenced by Sir2 [389,395] via its histone deacetylase function, and of note, Sir2 does not 

directly regulate Pol1 transcription or silencing [396,397]. Interestingly and non-intuitively, 

the rDNA silencing of Pol II requires Pol I transcription [394,398,399], though only a part of 

the mechanism is understood ([400] for more details). 

 

As to Pol I transcription, the repeats are transcriptionally controlled, with approximately half 

of them being transcribed by Pol I at a given time and the other half being silenced by 

chromatin organization [377,379-381] (as enunciated previously). Adding more repeats does 

not modify the number of active genes (i.e., not silenced), and modifying the number of active 

genes does not modify the number of genes being transcribed. Altogether, this suggests that 

rRNA synthesis is controlled by the chromatin state of the repeats and by the initiation of Pol 

I onto them [381]. 

Nevertheless, what controls these two processes remains partially unknown. Relative to the 

chromatin state, its control is very complex and will not be detailed here. Briefly, several 

complexes are known to affect the acetylation, methylation, or ubiquitination of different 

histones at the 35S, such as Nop1 or Torc1 [401-403].  

Concerning the activation of Pol I, several proteins such as Rrn3 and Net1 are known to 

promote its transcription of the 35S gene [404-407]. 
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However, more research needs to be done to unveil the exact molecular mechanisms of these 

regulations and understand how the cell decides to transcribe some repeats and silence 

others. 

 

Altogether, the transcription and silencing of the rDNA repeats are tightly controlled, not 

only in its coding sequences but also in the intergenic one. Interestingly, a link exists 

between the transcription of the repeats and their ability to change their number. 

2.15.3. rDNA plasticity 

The rDNA is the most unstable region of the genome because of its highly repetitive nature, 

its high recombination rate, and because it is heavily and constantly transcribed (except in 

anaphase) [374,408]. This high recombination rate gives the ability to the rDNA array to 

modify its number of copies to fit the cell needs (in a matter of hundreds of divisions) but can 

be detrimental and toxic in specific contexts, such as replicative aging. 

The recombination mechanisms are well described. Indeed, recombination occurs after a 

DSB, most of them (but not all [409]) being caused by a stalling of the replication fork at the 

RFB formed by Fob1 [388-390,410] (Figure 33, top). 

The repair can be done (mainly) in three ways: equal sister chromatid recombination, unequal 

sister chromatid recombination (USCR), and intrachromosomal homologous recombination. 

The first one uses the copy at the same location on the sister chromatid, and in this case, the 

repair does not change the number of copies (Figure 33, left). In the case of USCR, the broken 

end invades into a misaligned sequence on the sister chromatid, and the repair results in 

amplification or deletion of rDNA copies [411,412] (Figure 33, middle). This is the primary 

way the rDNA array changes its copy number [372,373,408]. Similarly, the broken strand 

can recombine with itself at another repeat (Figure 33, right), which will lead to the 

formation of an rDNA circle, also called Extrachromosomal rDNA Circle (ERC).  

52

https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=7927433436819369&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:7142a4f9-0af0-4f68-b9cc-1b559dd24407,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:40c8aaec-5123-4f2b-bd63-d5c902192039
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=5515860021689242&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:ab057f7c-20c0-481a-b586-13ad44b3ad4e
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=6915029754859464&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:4bb15d55-f7d6-4bce-a412-8cb51407a7d3,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:096e3faf-4fc0-48b7-9c33-185bdfe868bb,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:0a9eaf67-0e49-48e2-93ca-98c050da721f,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:c00f92ce-96a3-4b59-8a61-d7fdd72eda0f
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=13981980007565709&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:64eca991-7d52-4ab0-936d-63a7d6362529,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:2b88283b-9626-4115-92f8-3160803935ec
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=09604518333034429&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:da338a0c-2ebc-4b5e-a0f9-357e5a208d7e,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:40c8aaec-5123-4f2b-bd63-d5c902192039,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:d205eade-aff6-4ef2-89a3-7c805b893541


Chapter I: Introduction I: The biology of aging and the specific case of S. cerevisiae 

53 

 
Figure 33: Schematics of the different scenarios after a DSB in the rDNA, mostly occurring at the RFB (top). 

(From [374]) 

Interestingly, the cell is able to sense its number of copies and control it since halving the 

copy number in a strain results in a gradual expansion of the array to get back to equilibrium 

in a Fob1 dependent manner [410]. Of note, more recent reports show that ERCs can 

reintegrate into the genome to help modulate the rDNA copy number as well [378,413]. How 

the cells “count” their number of copies and active copies is a fascinating question that is still 

not fully answered [414,415]. 

 

If these recombination mechanisms confer expansion and contraction properties to the rDNA 

array, it can also create instabilities in certain contexts. The rDNA instability refers to the 

heterogeneity of the rDNA array size among a population that can be measured by the 

sharpness of the band of a gel generated by pulsed-field electrophoresis (Figure 34). 

Screening the deletion mutant database using this technique reveals that 10% of the genome 

impacts rDNA stability [374,416]. 
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Figure 34: Total DNA gel revealed by EtBr (left) and rDNA revealed by a specific hybridization probe (right). WT 

and fob1 conditions have sharp bands, while the sir2 bands are smeared and undetectable due to the size 
variation among cells (From [417]) 

2.15.4. The link between rDNA transcription, silencing, and recombination 

A close link exists between Pol I & Pol II transcription and rDNA recombinations. 

First, the silencing activity of Sir2 at the ncRNA is necessary to repress the expansion of the 

array [372,415]. The main explanation is that transcription at the E-pro - which is repressed 

by Sir2 - stimulates USCR and intra-chromosomal recombinations by removing cohesin from 

the DSB [330,418-420](see Figure 33). Additionally, Pol I transcription on the repeat seems 

necessary for the RFB to be in place and the DSB to appear [409]. 

 

To summarize the main points of this section, rDNA recombinations are a way for the cells 

to control their rDNA copy number. Transcription of the E-pro promoter, normally 

silenced by Sir2, is linked with modifications of the rDNA size and ERC excision after a 

DSB that mainly depends on Fob1 association with the RFB. 

2.15.5. rDNA instability during aging 

Back to aging, the rDNA silencing of Pol II targets and Pol II transcription impacts lifespan, 

with increasing H4K16 acetylation or decreasing Sir2 levels negatively impacting longevity 

and vice-versa [321]. This is thought to be mediated by unwanted variation in the rDNA array 

size (called rDNA instability) as well as the production of ERCs. 

The rDNA instability theory of aging [417,421,422] suggests that the rDNA copy numbers 

variates during aging, which would, in turn, alter the expression of important genes (typically, 
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ribosomal genes). In addition, rDNA instability would trigger global genomic instabilities and 

increase replication stress, leading to senescence [330,421,422]. If this theory is seducing 

because a correlation between the rDNA stability and certain longevity mutants exists, it lacks 

an important criterion. According to the definition of an aging factor, if rDNA instability 

causes aging, it should be present in the mother but not in the daughter. However, the same 

DNA (and in particular, rDNA) segregates to both cells, and even if putative mechanisms have 

been proposed to solve this contradiction [366,421], further experiments will be required to 

back this model. 

 

Apart from variabilities in the rDNA size, several other rDNA-related phenotypes are 

observed during aging. For example, old cells show more Pol I transcription, suggesting a 

global loss of silencing of Pol I transcription and an increase of its activation [226]. Pol II 

silencing also decreases at the rDNA locus, with an accumulation of ncRNA transcripts from 

the two IGS being detected [328,330,423] as well as an increase in H3K16 acetylation [321]. 

Besides, cohesin is lost during aging, which could participate in the increase of USCR 

observed during aging [330]. 

Finally, ERCs are also enriched in old mother cells [226,424]. 

How these nucleolus and rDNA deregulations - namely a larger and fragmented 

nucleolus, greater variation in the rDNA array size, a higher number of ERCs, a higher Pol 

I transcription, and a higher Pol II transcription of IGS1/2 - are linked during aging remains 

unclear and debated (Figure 35). Nevertheless, it seems that the rDNA regulation is a core 

feature of the process of replicative aging, which is confirmed by Quantitative Trait Locus 

analyses across very different budding yeast strains [202,210]. 

From that, another model of aging implies the rDNA has received extensive backing, namely: 

the ERC theory of aging. 
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Figure 35: Schematics of the evolution of the nucleolus and rDNA state with replicative age. Young cells (left) 

represent the normal state, while old cells have a bigger nucleolus, rDNA instabilities, and ERCs (right). 

2.16. Extrachromosomal rDNA Circles 

As briefly enunciated in the previous section, ERCs are created after a DSB repair caused by 

a stalling of the DNA polymerase at Fob1 if the recombination occurs when the sister 

chromatids are not held together by cohesin (which is mediated by Sir2 silencing). 

Interestingly, ERCs can be observed using gel electrophoresis and have been shown to 

accumulate in old mothers and be an aging factor [424]. Indeed, the fob1∆ mutant as well as 

mutants overexpressing Sir2, accumulate less ERCs during aging and are long-lived 

[322,425]. On the contrary, the sir2∆ mutant accumulates many ERCs and is short-lived. More 

recently, ERCs accumulation has been monitored at the single-cell level and their level 

correlates with the RLS [226]. Importantly, their level is reset to zero in daughter cells [226]. 

Overall, ERCs accumulate in old cells, are not transmitted to the daughter, and are toxic 

for the cell. 

In the following sections, we will see how ERCs accumulate in old cells and the putative 

mechanisms behind their toxicity. 

2.16.1. Accumulation of ERCs 

So far, we have described how ERCs are excised from the genome but not how they 

accumulate in the mother cell. In fact, since each rDNA repeat (and therefore, each ERC) 

contains an origin of replication (ARS, see p.49), each ERCs can replicate at each division. 
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Recently, a study tagging each ERC with a LacO LacI-GFP system and tracking them 

throughout aging showed that the doubling time of the ERC pool takes 1.5 divisions, 

suggesting that two-thirds of the ERCs are replicated at each division [226]. 

Besides, since the daughter cells are born free of ERCs (except daughters of very old mothers) 

[226], it means that the ERCs are highly retained in the mother and thus, that their number 

increases exponentially.  

 

Therefore, how to explain this highly asymmetric segregation? Previous mathematical 

modeling predicted that a retention of 0.99 was needed to recapitulate experimental survival 

curves [426]. Later on, a diffusion model suggested that freely diffusing plasmids are not likely 

to go through the bud neck since it is a small area only opened during the short window of 

anaphase and that plasmids are not highly diffusive. Nevertheless, such a model can only 

account for a retention frequency of 0.75-0.90 [427]. 

This suggests that another mechanism of segregation is at play. Indeed, yeast has a closed 

mitosis during which a septin-dependent lateral diffusion barrier is formed around the outer 

nuclear membrane. This barrier strongly impairs the diffusion of proteins embedded in the 

outer nuclear membrane [428], such as NPCs (Figure 36). Indeed, using Fluorescence Loss in 

Photobleaching (FLIP) on tagged nucleoporins showed that the pores from the mother are 

not passed to the daughter, thanks to a septin-dependent diffusion barrier [354]. Similar 

results were obtained by tagging an artificial plasmid, suggesting that ERCs could bind to 

the NPCs. In line with that, weakening the barrier with mutants such as bud6∆ increases the 

leaking of old NPCs and of tagged plasmids to the daughter. Moreover, this mutant displays 

increased longevity that does not depend on Fob1, still experience excisions but accumulate 

less ERC, suggesting that the ERCs are leaked to the bud. Altogether, the retention of the 

nuclear pores of the mother cell could be the way cells retain ERCs in the mother (Figure 36). 
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Figure 36: Schematics of a model of ERC retention in the mother. ERCs attach to the NPC with the SAGA & 
TREX2 complexes, and NPCs cannot pass the septin-dependent diffusion barrier. Hence, ERCs stay in the 

mother (adapted from [194]). 

Further refinement of this model [354,356] showed that the circles need to be bound to stable 

parts of the NPCs in order to be able to not diffuse to the bud. Indeed, anchoring the circles 

to the nuclear basket (Mlp1 or Nup2, for example) leads to their free diffusion in the bud 

[429], whereas tethering to more stable parts ensures proper retention in the mother [356]. 

What mediates this anchoring is also partially known and involves the SAGA and TREX-2 

(which associates with the NPCs) complexes. Indeed, deleting specific proteins from SAGA 

leads to the leaking of circles to the bud, while artificial tethering to the pores bypasses the 

need for these proteins for proper retention. 

From then, how are these circles recognized by the cell compared to other transmitted 

plasmids? Beyond the fact that the presence of a centromere sequence leads to equal 

segregation, a long-standing observation is that plasmids with an ARS are highly retained in 

the mother cell (only 1 out of 10 leaks to the bud) [430] and that the stronger the ARS, the 

higher the retention [431]. In line with that, previous ChIP data indicate that ARS are targets 

of SAGA and that SAGA targets preferentially non-centromeric circles [356,432]. Thus, SAGA 

has a high affinity with non-centromeric and autonomously replicating plasmids. 

Beyond the context of aging and ERCs, this could be a general mechanism for yeast to 

prevent the spread of extrachromosomal DNA (foreign or endogenous) in the population by 

retaining replicating circles in the mother. 
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Altogether, this suggests that asymmetric segregation of ERCs could be partially 

mediated by anchoring non-centromeric circles to the NPCs of the mother, which are not 

passed to the daughter. Yet, this model relies on experiments with artificial model plasmids 

and has never been assessed with ERCs directly. 

2.16.2. Toxicity of ERCs 

In addition to the fact that fob1∆, sir2∆ and other mutants affecting the number of ERCs have 

a corresponding lifespan, the most substantial evidence of the toxicity of ERCs comes from 

the original study [368]. There, the authors used an ectopic plasmid containing an rDNA 

repeat as well as an excisable centromere (using a LoxP and Cre-recombinase system). When 

the plasmid has the CEN, it segregates symmetrically between the mother and the daughter, 

and the cells have a normal RLS. Excising the CEN leads to the accumulation of the plasmid 

in the mother and to a reduction of lifespan, hence proving the toxicity of having many ERC. 

However, some discrepancy remains since modifying the ARS of the rDNA, which influences 

ERC accumulation, does not always correlate with RLS [417]. Indeed, cells engineered with a 

weaker ARS are short-lived, even though cells with a stronger ARS are also short-lived, more 

than cells with the weaker ARS. Therefore, having a weaker ARS or an ARS that is not adapted 

to the rest of the array could induce detrimental effects, independently of ERC accumulation. 

Conversely, another study showed that exchanging ARS between different strains leads to a 

change in lifespan, with having a stronger ARS decreasing RLS and vice-versa [202], and 

mutants decreasing the ARS efficiency are also long-lived [424]. 

 

If the ERC accumulation is widely admitted as to be toxic for the cells, the reason behind this 

toxicity remains unclear. 

Simple experiments with an empty plasmid containing an ARS show that these circles of DNA 

are sufficient to induce a reduction in lifespan, which is rescued by adding a CEN to the 

plasmid [424,433]. Hence, it is possible that accumulating plasmids causes aging, 

independently of if they contain rDNA sequence or not. To explain that, it has been proposed 

that ERCs could titrate important factors away from their usual action sites, thus disrupting 

the cell homeostasis. For example, ERCs could bind with histones, chromatin modifiers, and 

other parts of the silencing machinery, thus leading to the observed global derepression of 

expression. They could also induce longer DNA replication, as suggested by the fact that 

yeast mutant over-amplifying 2μ DNA circles possess a longer S-phase [434]. 
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If the sequence plays a role in the toxicity (though the few available data argue it is not the 

case), ERCs could also titrate important transcription factors for cell cycle and growth. In fact, 

the DNA sequence of these circles contains binding sites for the Swi4/Swi6 (SBF) and the 

Mbp1/Swi6 (MBF) transcription factors, on which depend the transcription of genes from the 

G1/S regulon (Wittenberg and Reed 2005). In line with that, it has been shown that reducing 

the number of ERCs in the mother during its lifespan makes it recover a normal Cln2 level 

activator of S phase). However, this result is weak since the authors used a nucleolar marker 

as a marker for ERCs, and did not check if the reduction of nucleolar size (interpreted as ERCs 

number) was linked to a reduction in cell-cycle duration [248]. 

Besides, since deletion of SBF and MBF lead to hypertrophy (in part due to a longer G1 

phase) [338,435], titration of SBF and MBF by ERC could explain the cell-cycle slowdown 

observed in old cells, as well as their hypertrophy. 

 

Another model proposes that the tethering of ERC to NPCs leads to their remodeling. 

Indeed, a recent study shows that plasmids-bound NPCs lose their nuclear basket due to the 

SAGA complex acetylating parts of its nucleoporins [358] (Figure 37). In line with that, 

blocking this acetylation results in a longer lifespan (even though the increase is very mild). 

 

 

 
Figure 37: Schematics of young VS old pores. Pores from young cells are intact while certain pores in old cells 

tether ERCs, which leads to the loss of their nuclear basket (adapted from [358]). 

 

Basket-less NPCs are known to be present under physiological conditions and have specific 

functions. Recent studies even suggest that basket-less pores are the default assembly state 

[436]. However, having more ERCs could disrupt the equilibrium between pores with and 
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without baskets, which could in turn disrupt the nuclear homeostasis (theory further discussed 

in the general discussion). 

 

ERCs are a credible aging factor since they accumulate with age, are segregated 

asymmetrically, and are toxic for the cells. Yet, many questions remain unanswered: how 

the ERCs are toxic is still putative and if ERC excision is the result of the loss of regulation 

from other processes (such as rDNA stability) [257], or if they are also the cause of these 

losses, is still not clear.
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Introduction II: Methods to study replicative 
aging in yeast 
Studying replicative aging in budding yeast is a challenging task. Indeed, since the daughter 

cells are rejuvenated and that the daughter lineage grows exponentially, the fraction of cells 

of age N is equal to 1
2𝑁𝑁

. Therefore, separating the mother cells from their progeny is necessary 

to avoid such dilution (Figure 38). 

This introduction will review the different strategies to tackle this challenge that exist since 

the birth of the field in the 1950s. 

 
Figure 38: Schematics describing the exponential growth of a yeast population and the exponential dilution of 

cells of old cells. 

1. Microdissection 

The historical method consists in manually removing the daughter cells from a mother placed 

on a culture pad using a microneedle under a microscope after each division (Figure 39) 

[148,149].  
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Figure 39: Principle of the microdissection manipulation. A microneedle under a microscope (left) can remove 

the successive daughter cells from the mother (middle). The diameter of the needle is ten times bigger than the 
cell (right). (From [221]) 

With that, one can assess the replicative lifespan of cells by counting how many divisions are 

performed before dying and plot the survival curves of populations (Figure 40). In this sense, 

it has been very instructive to identify longevity genes thanks to deletion mutants and to find 

molecular processes involved in aging [236].  

 
Figure 40: Replicative survival of a wild-type population VS a fob1∆ population. Each time a cell dies, the 

percentage of cells alive is decreased. (Data from a personal experiment) 

However, the replicative lifespan of the cell is the only information that can be extracted from 

such assays, and understanding aging requires more physiological and dynamic metrics. 

Moreover, it has a very low throughput and is tedious (measuring the RLS of 60-100 cells 

takes between one and four weeks for an experimented manipulator). Indeed, the needle 

used to remove cells is more than ten times larger in diameter than the cells themselves, and 

cells need to be put at 4°C when no experimenter is available to remove the progeny. 
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2. Populational enrichment of old cells 

To complement this method and do populational assays (for instance, biochemical or omics), 

other approaches have been developed in order to enrich a population with old mothers. 

2.1. Density gradient and Elutriation 

The historical enrichment method takes advantage of the size difference between young and 

old cells. Practically, it consists in making a population of cells migrate through a sucrose 

gradient during centrifugation, which leads to different bands (just like a DNA-gel during 

electrophoresis) of cells of the same size. By selecting the bands and repeating this migration 

process, one can separate millions of cells (up to 108 cells) of the same age (±2 generations) 

with an accuracy of 90% [224]. Yet, this method is quite labor-intensive since it requires 

several rounds of purification for several days, is vulnerable to contaminations, and requires 

keeping the cells at 4°C overnight. 

 

A similar technique using the morphological differences between daughters and old mothers, 

called elutriation, has been developed and improved several times to enrich a population 

with old mothers [285,437,438]. It involves applying a certain centrifugal force to the cells 

while exposing them to a flow in the opposite direction. Consequently, the trade-off of forces 

will have the small cells being removed by the flow, while the bigger ones will remain in the 

chamber (Figure 41). This method is less labor-intensive than sucrose migrations since cells 

can be grown and separated in the elutriation chamber in a continuous manner. Nevertheless, 

inspection and adjustment of the flux is still needed, in addition to vulnerability to 

contaminations 
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Figure 41: Principle of the elutriation enrichment of old cells. A trade-off from two forces, centrifugal and 

hydrodynamic, can separate cells according to their size. (From [194]) 

 

Interestingly, these methods allow the harvesting of daughter cells from a population of 

mothers of a given age to perform subsequent analysis, such as size and replicative lifespan 

measurement, or question the presence of a given potential aging factor. 

2.2. Mother Enrichment Program 

Another way of overcoming the exponential dilution of original mother cells is to utilize the 

fundamental asymmetry of budding yeast. Indeed, some genes are specifically expressed in 

virgin daughter cells just after their birth. By hacking this system, it is then possible to 

differentially express proteins in the daughter compared to the mother, which can be used 

to kill the daughter. With this idea, the Gottschling lab has developed a strain that expresses 

a Cre recombinase fused to an Estradiol Binding Domain (EBD) under a daughter-specific 

promoter. In the absence of estradiol, the protein is cytoplasmic in the daughter and does 

not exist in the mother. However, when in contact with estradiol, the protein translocates to 

the nucleus and is able to cut essential genes flanked by artificially engineered LoxP sites 

[439](Figure 42). 
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Figure 42: Principle of the Mother Enrichment Program. Upon addition of estradiol, a Cre recombinase, only 

expressed in daughter cells, enters the nucleus to excise essential genes, which prevents the cell from dividing. 

 

Therefore, it is possible to render newborn cells unviable without affecting mother cells, 

transforming an ordinarily exponential growth into a linear growth, hence limiting the dilution 

of the mothers by their progeny. 

Nevertheless, this Mother Enrichment Program (MEP) comprises certain caveats. First, it 

requires genetic manipulations of the strains of interest. Furthermore, it was found that some 

daughters do not undergo senescence immediately, especially if arrested during M-phase, 

and continue producing a few daughters cells before division arrest. Similarly, cells escape 

the selection by getting mutations in the Cre or EBD sequence at a rate ϱ of 1.4*10-6 per 

division [439], which further limits the yield. Consequently, this genetic trick is often combined 

with other selection methods to allow efficient enrichment. 

2.3. Cell wall labeling 

Another method to enrich mother cells from a culture is to label them with iron beads using 

a biotin-streptavidin system. Since the cell wall of new daughter cells is newly synthesized 

[440] and thus, unlabeled, passing cells through magnetic columns [251] or directly culturing 

them on magnets [294,318] allows automatic separation between the original tagged cells 

(mothers) and their daughters (Figure 43). 
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Figure 43: Principle of the magnetic enrichment of mother cells. The cell wall of mothers is decorated with iron 
beads which allow them to attach to a magnet, while daughter cells are born with a new cell wall and do not 

attach to the magnet. 

Similarly, using the principle that daughter cell does not inherit cell wall from the mother, it 

is possible to select old mother cells by labeling the cell wall of progenitor cells with a 

fluorescent tag instead of iron beads, to stain their budscar at the end of the experiment, and 

to sort the population at the FACS using the two fluorescent channels [441]. 

 

These methods, often combined with the Mother Enrichment Program, are the state-of-the-

art method to produce a population of old cells before conducting further assays on it. 

2.4. Conclusions on traditional assays 

Populational assays and genetic screens using microdissections have been extremely 

informative and influential in describing which biomolecular processes are changed during 

aging. However, these approaches fail to capture the proper dynamics of the processes and 

can only tell if they are affected - on average in the population and in time - or not. 
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Figure 44: Schematics describing averaging biases. (A): The heterogeneous occurrence of an abrupt event 

(represented in red) at the single-cell level will give a progressive signal at the population level. (B): Similarly, an 
ordered series of events (represented by the colors) will look like a progressive and parallel accumulation of 

events (From [226]) 

Indeed, due to the cell-cell heterogeneity of most phenotypes during aging (at least in time), 

averaging biases can lead to misinterpreting an abruptly occurring phenomenon into a 

progressive or a series of ordered events into concomitant parallel processes (Figure 44). 

 

Therefore, another way of studying replicative aging - while avoiding population biases - is 

to extract temporal signals directly from single cells. 

3. Capturing single-cell dynamics 

For a decade, the development of new technologies such as microfluidics has allowed the 

isolation of cells of interest as well as precise control of their environment, not only in budding 

yeast (described above) but in bacteria [170,174], fission yeast [159,186,442], C. elegans 

[443], or mammal cells [444,445]. When coupled with timelapse microscopy, this approach 

allows tracking cellular responses to various environments at the single-cell level, using direct 

light and epifluorescence with mutant strains harboring proteins with fluorescent tags. In the 

context of replicative aging, they permit the isolation of mother cells of interest in order to 

follow them throughout their lifespan. The next paragraph will briefly describe how these 
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microfluidic devices are fabricated, which designs are used for replicative aging, how to track 

aging cells, and how to analyze their images. 

3.1. Microfabrication and soft-lithography 

Many different techniques exist in order to create microfluidic devices. The most common 

one is called soft-lithography [446] and consists of pouring a polymer on a mold that will, 

after chemical treatment (such as the addition of a cross-linking reagent), take the negative 

shape of the mold (Figure 45, third column). Therefore, the mold has to contain structures of 

interest. 

 

 
Figure 45: Schematics representing the main steps of the photolithography (two first columns) and of the 

softlithography and plasma activation (two last columns) for the preparation of microfluidic devices. 

 

To create these structures, again, several approaches are possible depending on the 

resolution and size requirement. If 3D printing and micro-milling can reach a resolution of 

50µm in specific contexts, going lower often requires lithography techniques. Direct 

photolithography involves depositing a photosensitive resist on a substrate before exposing 

it to a given wavelength through a mask containing transparent and opaque parts. Exposed 

resist will release cross-linking agent, become solid and adhere to the substrate after heating, 

while unexposed resist can be removed using a solvent (Figure 45, first column). In theory, 

the resolution of such a technique is then only limited by the diffraction of light. In practice, 

one can achieve microstructures with a 1µm resolution if the thickness of the resist does not 

exceed 10µm. 
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Once the mold is done and the chip cast, baked, and peeled off, one can pierce holes for the 

future tubing and seal the device to a substrate such as a glass slide, using (for example) 

plasma activation to create covalent bonds between the polymer and the glass (Figure 45, 

last column). 

3.2. Microfluidic designs for replicative aging 

Using this approach, several microfluidic devices have been developed to study replicative 

aging. 

Similar to enrichment techniques, their objective is to isolate mother cells from their 

exponentially growing progeny, but this time to observe them throughout their lifespan. 

To do that, the first devices “glued” the cells to a coverslip using a biotin-streptavidin system 

before applying a gentle flow of media to remove the successive daughters [222]. This 

pioneering system is however relatively inefficient to retain cells over an extended period of 

time and can be toxic to them. 

Therefore, it has quickly been replaced by mechanical trapping, for example by trapping the 

cells under pads (see “Micropads” in Figure 46) of polydimethylsiloxane (PDMS). In fact, if 

the ceiling has the proper height, the newborn daughters can be removed by the flow since 

they are smaller than the trapped mother [221,245]. These devices, which are still used 

nowadays by a few labs [248], also suffer from low retention of the mothers with age, are 

hardly adaptable to different cell sizes, and have low throughput. 
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Figure 46: Schematics from the different microfluidic devices used to perform replicative lifespan assays in yeast 

(Adapted from [194], [447]) 

Inspired by the mother machine (introduced p.19), devices with cavities have been developed 

to work with budding yeast [246](see “Microcavities” in Figure 46). In this device, mother cells 

are trapped at the tip of the cavity and the successive daughters are pushed out of the cavity 

and removed by a lateral flow. It comes with a few caveats such as the requirement to use 

strains that always bud in the same direction. Moreover, the budding pattern sometimes 

becomes erratic during aging, leading to the loss of the mother cell, replaced by a daughter. 

Taking that point into account, microcavities with a hole have been developed [328], with the 

drawback that the number of traps is reduced in such devices (100 traps/device)(see 

“Microchannels” in Figure 46). 

Alternatively, devices with an array of inflow traps are also used [231,247,448,449] in which 

the mother cell is blocked in-between pillars of different shapes. Trapping mother cells in 

between cup-shaped structures (see “Cup trap” in Figure 46) or chevrons is straightforward, 

efficient, and easy, but the retention is not perfect since big cells tend to leave the trap or be 
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replaced by their daughter. Using three pillars (see “3-bar jail” in Figure 46) solves this 

problem but is much more challenging to trap the original mothers since a cell has to come 

outside the jail and bud inside to inoculate it [449,450]. With inflow traps, the progeny is 

automatically dissected by the constant flow of media. 

 

Depending on the strategy, the trapped cell will be guaranteed virgin [246,449] or might 

have any age. However, since the age distribution of an exponentially growing population is 

composed of 50% of virgin cells, 25% of cells with an age of one division, and 12.5% of cells 

with two divisions, most of the cells are virgin or very young when trapped at the beginning 

of the experiment (Verified experimentally: [231]). 

 

Overall, microfluidic devices can isolate mother cells throughout their lifespan and avoid an 

exponential dilution by their progeny. Interestingly, the culture media is tightly controlled 

and can be changed in a matter of seconds to submit cells to stress, drugs, or to change their 

carbon or nitrogen source. 

From that, they can be used to enrich a population with old cells before harvest (like 

enrichments methods presented in the previous section) (see Appendix 1), or Appendix 1: 

Microfluidic enrichment of old cells and sorting according to their senescent stateto track 

them longitudinally during the aging process. 

3.3. Longitudinal tracking: Image acquisition and processing 

Most of the microfluidic devices are made of PDMS or other polymers transparent to visible 

light. Therefore, they are compatible with epifluorescence microscopy and can be imaged in 

week-long experiments with a constant frame interval using a camera (Figure 47). Timelapses 

of individual mother cells offer much information compared to microdissection since it is 

possible to measure the size of the cell, its morphology, its division duration, and many 

fluorescent reporters. However, this quantity of information, if analyzed manually, makes the 

whole pipeline low-throughput and comparable to microdissection in terms of tediousness. 

In other words, microfluidics has displaced the throughput bottleneck from isolating the cells 

to analyzing the data. 
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Figure 47: Schematic representation of a typical timelapse microscopy setup with a microfluidic device 

It is possible to automate part of the analysis by using classical image processing algorithms. 

For example, it is very simple to segment (i.e., create a mask of pixels corresponding to the 

object of interest) an object from an image of a fluorescent reporter (provided the signal-

noise ratio is sufficient), using a threshold value on the signal. Similarly, cells can be 

segmented using watershed from phase-contrast images or using other similar sets of 

transformations and cost-algorithms from brightfield images [246,451-453,453b] 
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Figure 48: Timeseries of images from one cell. (Top): Gray level of the signal from a Htb2-Neongreen nuclear 
reporter. The orange contour represents the mother cell. (Middle): Pixel mask obtained by thresholding. Each 

pixel from the input image above a certain value is assigned to a green pixel on the mask. (Bottom): Mother cell 
contour (orange), mask contour (green) overlayed on the input fluorescence image.  

Nevertheless, such algorithms require fine-tuning to analyze the specific set of images and 

could fail with a slightly different set. In particular, in the context of aging, cells and their 

vacuole become bigger, and their aspect can change, especially when the cell is close to 

death. These changes often trick algorithms tuned with young cells, and manual correction is 

necessary, which impairs the throughput. 

Besides, other complex features can just not be automatically extracted and analyzed using 

classical approaches, such as detecting when a cell divides. In other words, classical 

approaches are ad hoc rigid methods with a narrow range of applications and struggle 

to extract complex signals from an image. 

 

For a few years, machine learning (ML) is emerging as a state-of-the-art solution to fit complex 

models in biology ([454] and see Figure 49). It us used not only for automation of image 

analysis (i.e., increase the throughput compared to manual work) but also for extracting 

information from data too complex for a human (for example, denoising with spatial or 

temporal interpolation [455,456] or decting organelles from brightfield images). 

It is also widely used in omics studies and structural biology with the recent development of 

Alphafold to predict protein structures [457]. 
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Figure 49: Number of publications in the “machine learning” category in combination with a topic category 

related to biology or medicine term (From [454]). 

 

The general principle of machine-learning is similar to a fitting process. Indeed, the goal is to 

create a mathematical model from sample data (called "training data") during a training 

phase in which the algorithm will tune the parameters of the model to minimize the error (in 

other words, the algorithm will learn). 

Then, the model can output a predicted value from input data (Figure 50). 
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Figure 50: Principle of the creation of a model from a machine learning algorithm 

If the model presented in Figure 50 is a simple linear regression that could be obtained with 

a simple classical algorithm, machine-learning can also fit highly non-linear models and is 

necessary when the relationship between the data is complex. 

It can be used to classify an object between different classes (classification) or return an exact 

value from a continuum of possibilities (regression). For example, a machine-learning model 

could try to predict if a patient has a heart disease (classification between “Yes” or “No”) 

based on its weight, age, if it is smoking and if it is exercising (these input data are called 

descriptors). Back to image processing, a ML model could tell if a pixel from an image 

belongs to a cell or to the background, based on its intensity, neighbors, and value after 

different image transforms. In this sense, Ilastik has been pioneering the ML approach in 

bioimage analysis by providing a software to segment cells and biological objects from raw 

images, based on a given list of descriptors [458]. 

 

However, the ability to extract complex relationships from data comes at a price. In fact, the 

main caveat of ML is that the model can memorize much information from the training data. 

Therefore, there is a risk of overfitting if the training set is not large enough to extract the 

general rules from the data. In other words, the algorithm can “learn-by-heart” the data and 

will have limited predictive power on new data (Figure 51). 
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Figure 51: Schematics of the fit (red line) of real data (black dots) from a well-trained model (left) compared to an 

overfitting model (right). 

Moreover, ML computational time can be longer than classical algorithms (depending on the 

complexity of both), and must therefore be used only when standard approaches fail or are 

slower. 

From then, different learning algorithms exist such as decision trees and random forests, 

bayesian networks, and artificial neural networks (ANN). For the rest of this section, we will 

focus on ANN. 

 

ANN are inspired by the biology of neurons, in which the cell body receives signals from the 

dendrites and, transduce (or not) the signal to the axon. Artificial neurons perform simple 

mathematical operations (weighted sum) based on inputs and transduce it into an output 

(after activation, see function f() on Figure 52)). ANN are often organized in layers of neurons, 

and the weights of the different layers are tunable parameters that allow learning the complex 

relationships between the input and the output. An ANN can have a large number of hidden 

layers and is then considered as a deep learning (DL) network. 
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Figure 52: (Left) Simplistic representation of a biological neuron and neural network (brain). The neuron receives 
information from other neurons through its dendrites and potentialize a response towards its axon accordingly. 
Putting neurons together can transform complex inputs into complex output (behavior, movements,…). (Right) 
Representation of an artificial neuron and of a ANN. An artificial neuron receives weighted inputs x*w (data or 

other neurons’ output). An activation function transforms the sum of these weighted inputs into an output value 
y (connecting to other neurons or to the output layer). The training consists solely in adjusting the different 

weights w of the network. 

The advantage of ANN (and in particular of DL) compared to other ML approaches is that it 

does not require the user to select descriptors to make a prediction. Indeed, the nature of 

the network (i.e., the kind of operations each neuron does and how the neurons are 

organized) alone is able to extract relevant features from input data. This is very convenient 

since defining accurate descriptors is difficult. On the other hand, it often requires more 

training data. Besides, the user does not know which particular feature of the data matters to 

create the model, which is why DL models are often described as “black boxes”. 

 

Many different types of DL networks exist (with new types emerging every year). For example, 

Convolutional Neural Networks (CNN) are remarkably efficient with images since they 

perform convolutions on groups of pixels from the input image. Hence, they can extract the 

information stored in the value of the pixels themselves, but also of their neighborhood 

(Figure 53) [459]. 
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Figure 53: Representation of the architecture of a CNN. At each layer, the input and output are an image 

(except the last layers), and the operations are convolution with a mask (instead of simple weighted sums). Here, 
the CNN is used to classify an image into predefined classes. The output of the convolutional layers is 

connected to a classification layer that transforms images into an array of probabilities. During the training, the 
weights of the convolution masks and of the classification layer are tuned 

Specific variants of CNN are adapted explicitly for semantic segmentation, such as U-net 

networks [460], and are so efficient that they are now state-of-the-art for such tasks. 

These kinds of networks have been adapted to segmentations of broadscale bioimages [461], 

[462], but are also being developed to specifically segment yeast cells [463-468] (Figure 54). 
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Figure 54: Examples of single-cell yeast segmentation from raw images.  (Top): Raw phase contrast or brightfield 
images. (Bottom): Overlay of the segmentation with the raw image using a U-net. The different colors represent 

the predicted pixels of a cell. Scalebar: 2µm (From [463]) 

Deep-learning can also be used to track particle movements (like cells) [469] or detect 

divisions in very stereotyped organisms such as E. coli [470]. 

 

Another type of network is specifically efficient in analyzing temporal and repetitive signals. 

Indeed, Recurrent Neural Networks (RNN) can take into account the time dependencies 

between the timepoints by including the output of nodes in their input, therefore creating 

some kind of memory of the previous timepoints (Figure 55). 

In particular, Long Short Term Memory (LSTM) networks are particularly suited for analyzing 

temporal data such as speech [471]. 
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Figure 55: Representation of the architecture of a unidirectional RNN. Such networks take timeseries as an input, 
and the output from the function H of each timepoint is fed to the node treating the next timepoint. U, V, and W 

are the weights of the nodes. 

However, even though deep-learning models provide unprecedented capabilities to extract 

meaningful information from images or temporal signals, its potential to exploit the time-

dependencies in temporal sequences of images has been almost completely overlooked. 

Yet, the analysis of complex temporal behaviors of biological systems - a primary focus in 

cellular biology - may largely fail when using pipelines that do not exploit the underlying 

temporal correlations between images in time-lapse datasets. For example, no algorithm is 

capable of detecting yeast cell divisions efficiently.
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Summary of the introduction and Objectives 
As seen all along Introduction I, a large number of biological processes are affected during 

aging. Yeast is a powerful model to study this phenomenon, and systematic studies, as well 

as more focused analyses, have identified many hallmarks of aging and genes of longevity. 

 
Figure 56: The output of two large-scale screening studies. (A): Functional clustering from proteome- and 

transcriptome-wide data from old cells. A specific data processing was used to infer the degree of causality of 
each cluster. Arrow thickness, colors, and direction represent the strength and causality of the connections 

between two nodes. In this model, the protein biogenesis-related genes are the primary causal force during 
aging (From [294]). (B): Functional clustering of long-lived deletions. The overrepresented categories are colored 

and circled [236]) 

However, understanding how these different hallmarks are linked between one another is 

necessary for the field to grasp this complex phenomenon. More precisely, it is important to 

try drawing aging pathways and define which processes are causal for the loss of fitness and 
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which are consequential among these pathways. This task is made difficult by the fact that 

certain alterations are mechanisms to keep the global homeostasis while others participate 

in its loss. Several comprehensive studies have tried to link different ontologies (Figure 56) 

and to bridge several hallmarks of aging. 

For example, the loss of protein stoichiometry affects vacuolar proton-pumps, affecting the 

vacuole's pH in turn. Alkalinization of the vacuole in turn was linked with mitochondrial 

decline, which in turn promotes protein oxidation and genomic instabilities (see p.38). 

 

Besides, some proteins or metabolic pathways seem to be at the core of aging. For example, 

Tor1 controls many processes described earlier, at many different levels (not only ribosome 

biogenesis and cell growth, but also rDNA stability in a Sir2-dependent and -independent 

manner [386], autophagy, proteostasis [472-475], and even cytosolic and vacuolar pH [476]) 

Similarly, Sir2 seems to be involved in most of the processes described in Introduction I. It 

controls ERC levels, rDNA stability, and silencing and is required to filter oxidized 

mitochondria from the daughter by acting on the polarisome and the retrograde actin 

transport [276]. Besides, having defective mitochondria elevates Sir2 levels [477]. Sir2 is also 

necessary for the asymmetric segregation of protein aggregates in a similar manner to 

oxidized mitochondria [308,309,478-480]. Sir2 also interacts with the SAGA complex, known 

for regulating the tethering of ERCs to the pores [323]. 

Therefore, while these hub proteins and pathways seem at the center of aging, studying them 

directly is challenging because of their strong pleiotropy [237,481]. 

On the other hand, other hallmarks are already known to happen very late in life, such as 

aneuploidy and DNA mutations. These phenotypes are not likely to be aging factors since 

they affect the whole progeny and are more likely proximal causes of death than primary 

causes of aging.  

 

More generally, where all these hallmarks stand in the aging process, whether they form 

different parallel pathways or rather a network, is almost entirely undefined, and many 

contradicting studies exist on most of these hallmarks (see introduction). This is in part 

because traditional methods do not allow proper capture of the dynamics of the events (see 

p.67), which in turn participate in the idea that aging in yeast is a gradual decline of parallel 

functions (Figure 44, p.68), might it be true or not. 

The relatively recent development of new technologies such as microfluidics and long-term 

timelapse microscopy enables longitudinal analyses of single-cells, thus circumventing the 
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population biases. Thanks to this approach, propositions of ordered series of events and 

pathways of aging are emerging. 

Indeed, several longitudinal studies have noted that cells were dying with distinct terminal 

bud morphology, i.e., with a spherical (or “rounded”) bud or ellipsoidal (or “elongated” bud. 

[221,223,245,283]. 

Similarly, our lab described that the progressive lengthening of the cell cycle, previously 

described at the population level (see p.33 Division time), was actually a very abrupt event 

when looking at the single-cell level [246], that was termed Senescence Entry Point (SEP).  

 
Figure 57: Different alignments (from birth, death, or the SEP) of single-cells division duration along lifespan. 

(Top): Schematics of the alignment method. (Middle) Each line represents a cell, and the colorcode represents 
the division duration. (Bottom): Mean division duration and coefficient of variation (CV). (Adapted from [246]) 

This is a striking illustration of how averaging a heterogeneous signal from a population can 

lead to misinterpretations if the single-cell trajectories are not correctly aligned. Hence, 

aligning cells relative to the occurrence of the phenotype of interest (here, the division 

slowdown) before averaging is necessary to reduce variability to its minimum (Figure 57, 

right). When this in-silico synchronization is not possible, aligning cells relative to their death 

is often better than aligning from birth (Figure 57, middle vs. left) since the onset of aging 

hallmarks is often closer to the death than to the birth of cells (as it is done with population 

assays). 
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Besides, the power of longitudinal tracking in this study showed that the loss of mitochondrial 

potential (petiteness) was a stochastic event, independent of age or of the SEP. 

 

Building on that, further work tried to ordinate some of the known hallmarks of aging and 

proposed a choreography of events followed by most of the wild-type cells [226]. Indeed, 

nine cells out of ten (after removing petite cells from the analysis) are experiencing the same 

aging scenario (Figure 59), starting with 1/ the excision of an ERC. Then, 2/ this circle self-

multiplies throughout the divisions until a threshold number of copies, at which the cell 

reaches the SEP. 

 
Figure 58: Average cell-cycle duration (left) and number of presumptive rDNA copies (including ERCs) (right), 

aligned to the SEP, as a function of age. N=64. Error bar represents the SEP. (From [226]). 

Interestingly, the activity of the rDNA transcription machinery, as well as the pre-rRNA 

content, are upregulated before the SEP, following the ERCs accumulation dynamics. The 

fact that the ERC accumulation (followed using a LacO system inserted in each repeat of the 

rDNA) always precedes the SEP and that the SEP occurs at a threshold number of circles 

strongly suggests that ERCs are the cause (direct or indirect) of this cell-cycle slowdown 

(Figure 58). Moreover, that would explain why the SEP is so abrupt (happening in less than 

three divisions) since the ERC number goes from ~240 copies to ~550 copies around the 

SEP. 

Then, from the SEP, 3/ the N/C ratio starts increasing, and the cells show accumulating 

defects such as nucleus fragmentation and aberrant nucleolus size, until death. 

Supporting this model and the causality of ERCs, two-thirds of the cells lacking FOB1 (known 

to reduce the excision rate, see p.56) do not experience a SEP nor an ERC accumulation, and 

those who do have a SEP reach it later but also accumulate ERCs until the same threshold 

than WT cells. 
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Figure 59: (Top): Schematic describing the three phases involved in the ERC-dependent senescence (ERC 
excision, self-multiplication, and post-SEP interval). (Middle): Cumulative probability associated with the three 

phases, numerically computed (black line) or from experimental data (red line). (Bottom): Survival curve obtained 
experimentally (solid line), by convoluting the three distributions from the middle lane (grey dashed lined), or by 

adding a mild ERC-independent cause of death to the convolution. (From [226]) 

This model rasies several molecular questions raised by this model (discussed in the general 

discussion, p.141). Beyond that, we can note several points about the statistics of all the 3 

phases: 

Indeed, the period 2/ is quasi- deterministic (as modeled mathematically [226] and shown in 

Figure 59). This is explained by the well-controlled replication machinery which drives the 

accumulation until the threshold triggering the SEP. 

Then, period 3/ between the SEP and death, is age-independent, with a constant 20% 

probability of dying at each division. 

Therefore, none of these processes are age-dependent. 
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Thus, what are the statistics of the period 1/ from birth to excision? 

Is 1/ an age-dependent or a stochastic distribution? In other words, is the probability of 

ERC excision influenced by other aging factors, or is it the first event of a pathway of 

aging? 

Bulk assays report that Sir2 protein levels and silencing at the rDNA are decreased in 

replicatively old mothers while rDNA recombinations are increased [257,321], though 

unpublished data from our group suggest it is not the case. Similarly, a recent study suggests 

that the increase of cell size could decrease Sir2 levels (without direct evidence) [240]. 

Therefore, the few data available in the literature suggest that the probability of excision 

could increase with age.  

On the other hand, numerical modeling shows that it is possible to recapitulate the survival 

curve of WT cells by convoluting an exponential decay (i.e., age-independent process, 

representing 1/ the excision phase), with a gaussian decay (pseudo-deterministic process, 

representing 2/ the accumulation phase) with another exponential decay (representing 3/ the 

post-SEP phase). In other words, ERC excision can be independent of age in this 3 phases 

model. This result differs from previous mathematical modeling in which a quadratic increase 

of the ERC excision probability with age is needed to recapitulate the experimental survival 

curve [426]. However, this model does not take into account the 3rd phase but only considers 

death at a threshold number of ERCs, which explains why it needs an age-dependent 

distribution for the first excision. 

The hypothesis that the probability of ERC excision is independent of age raises a broader 

conceptual implication. In fact, this means that it is theoretically possible to reproduce a 

Gompertzian distribution (describing aging per definition) solely from age-independent 

processes. In other words, aging could arise from stochasticity. 

 

To test this hypothesis experimentally but also to try rationalizing the different hallmarks of 

aging into pathways, a large number of cells must be analyzed in different mutants and 

conditions. Yet, despite recent progress in microfluidic-based approaches, replicative 

lifespan assays still suffer from throughput problems. Indeed, the low number of cells per 

experiment and the manual analysis of the timelapse data currently limit the potential for 

large-scale longevity screens. 
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4. Objectives 

Consequently, my PhD thesis had two objectives: 

1. Develop a platform to track and analyze cells throughout their replicative 

lifespan in a high-throughput manner. 

2. Measure the excision rate of ERC during aging: Is it a stochastic or age-

dependent process?
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Results 
This result section will be split into 2 parts: 

Results I: Setting up a platform for automated and high-throughput tracking of 

replicative lifespan 

Results II: Measuring the ERC excision probability with age 

Each part has its own short introduction to remind the main challenges and its own discussion, 

and will be put into perspective in a later General discussion.

5. Results I: Setting up a platform for automated and high-

throughput tracking of replicative lifespan 

1.1. Introduction 

The current microfluidic devices and imaging systems have a limited throughput due to the 

number of cells they can trap and image simultaneously. More importantly, replicative 

lifespan assays consist of counting divisions, and up to now, this task has to be performed by 

a human, which significantly impairs the analysis throughput. 

Machine-learning could tackle this problem, but existing pipelines can only segment cells and 

never exploit the underlying temporal correlations between images in time-lapse datasets. 

In order to increase the throughput power of replicative lifespan experiments, we created a 

platform to 1. Trap 32000 mother cells distributed in 16 different conditions 2. Track them 

using timelapse microscopy, and 3. Automatically detect when they divide, measure their size 

and fluorescence. 

1.2. Results 

(See attached paper along the next pages. Please check the latest version 

online, since modifications might be done after the publication of this thesis) 
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Abstract  

Automating the extraction of meaningful temporal information from sequences of microscopy 

images represents a major challenge to characterize dynamical biological processes. So far, 

strong limitations in the ability to quantitatively analyze single-cell trajectories have prevented 

large-scale investigations of the mechanisms that drive the entry into replicative senescence 

in yeast. Here, we have developed DetecDiv, a microfluidic-based image acquisition platform 

combined with deep learning-based software for high-throughput single-cell division 

tracking. We show that DetecDiv can reconstruct cellular replicative lifespans with 

outstanding accuracy. In addition, this methodology provides comprehensive temporal 

cellular metrics using time-series classification and image semantic segmentation. Hence, this 

methodology provides an all-in-one toolbox for quantitative division tracking assays that will 

pave the way for high-throughput phenotyping of single-cell dynamics and cellular aging 

studies. 

Introduction 

Yeast has a limited replicative lifespan (RLS, i.e., 20-30 divisions) before entering senescence 

and dying 1. Over the last decades, this simple unicellular has become a reference model for 

understanding the fundamental mechanisms that control longevity 2,3. Several independent 

mechanistic models have been proposed to explain entry into replicative senescence 4–6. In 
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this context, whether there are multiple parallel causes responsible for senescence remains 

highly debated 7,8.  

 

A crucial difficulty in solving this puzzle lies in the very labor-intensive nature of RLS assays 9 

and the limited information derived from them regarding the dynamics of senescence entry. 

The initial development of microfluidic systems for RLS assays has partially alleviated this 

problem by allowing continuous observation of individual cell divisions and relevant 

fluorescent cellular markers under the microscope from birth to death 10–12. Recent efforts 

further increased data acquisition throughput 13,14 and attempted to automate data analysis 

15,16. Yet, retrieving individual cellular lifespans from large sets of image sequences so far 

remained an insurmountable bottleneck to characterize senescence entry quantitatively or to 

screen large numbers of mutants and environmental conditions. 

 

Here, we report the development of DetecDiv, an integrated platform that combines high-

throughput observation of cell divisions using a microfluidic device, a simple benchtop image 

acquisition system, and a deep learning-based image processing software with several image 

classification frameworks. Using this methodology, one can accurately track cell division in an 

automated manner with outstanding accuracy. By combining this pipeline with additional 

deep learning models for time series classification and semantic segmentation, we provide a 

comprehensive toolset for an in-depth quantification of single-cell trajectories during entry 

into senescence. 

Results 

To overcome the current limitations inherent to replicative lifespan assays, we have 

developed an imaging platform that combines a custom benchtop microscope, a microfluidic 

device, and a set of deep learning-based image processing pipelines. 

 

The microscope was built using a rigid frame with inverted epifluorescence optics, 

transmission (bright field) illumination, a camera, and a motorized stage (Fig. S1A and B). The 

motorized frame carries the microfluidic device to trap individual cells and follow their 

successive divisions from birth to death (Fig. 1A, S1C, and S1D). Even though its principle is 

similar to previously reported designs 13,14,17, we have brought significant improvements to the 

trap geometry to increase cell retention, avoid replacement of a mother cell by its daughter, 

and prevent device clogging and any source of contamination (see Fig S1E-G and 

supplementary text for details). The device includes 16 independent chambers (with 2000 
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traps per chamber) to image different strains in parallel or to varying environmental conditions 

(Fig. 1A and 1B). Altogether, this system allows following the successive divisions and the 

entry into senescence of typically 30000 individual cells in parallel with a 5-min resolution 

(knowing that there are ~500 traps per field of view using a 20x objective), i.e., about 1 to 2 

orders of magnitude above the previously described techniques 10,13. 

 

This image acquisition system generates a large amount of cell division data (on the Terabytes 

scale depending on the number of channels, frames, and fields of view), only a tiny part of 

which can be manually curated in a reasonable time. In particular, the determination of 

replicative lifespans requires counting successive cell divisions until death, hence, reviewing 

all images acquired for each cell in each field of view over time. In addition, automating the 

division counting process is complicated by the heterogeneity in cell fate (i.e. division times, 

cell shape), especially during the entry into senescence. To overcome this limitation, we have 

developed an image classification pipeline to count divisions and reconstruct the entire 

lifespan of individual cells dividing in the traps (Fig. 1C). For this, we have trained a 

GoogleNet convolutional neural network (CNN) 18 to determine the budding state of the 

trapped cells by assigning one of six possible classes (unbudded, small-budded, large-

budded, dead, empty trap, clogged trap) to each frame, see Fig. S2 and S3A. In this 

framework, the alternation between the 'large budded' and the 'unbudded’/’small budded' 

states revealed the successive cell divisions, and the occurrence of the ‘dead’ class allowed 

us to reconstruct the cell’s lifespan (Fig. 1C) 

However, the assignment of the cellular state based on the CNN, which processes the images 

independently of one another, led to sporadic ambiguities and errors that compromise the 

identification of division events (Fig. 2A), hence the distribution of division times (Fig. 2B) and 

a fortiori of the lifespans (Fig. 2A and 2C). These problems could be partially alleviated by 

post-processing the predictions made by the CNN (see “CNN+PP” in Fig. 2A-C and 

supplementary text for details). Yet, to improve the robustness of the method, we have 

combined the CNN with a long short-term memory network (LSTM) 19,20, to take into account 

the time-dependencies between images (Fig. 1C). Thus, by providing full image sequences 

rather than individual images, we obtained an outstanding accuracy and recall for both 

division quantification and lifespan reconstruction (Fig. 2B, 2C, S3D, S3E, and Movie M1).  

Comparing the predictions by the classifier to the manually annotated data (“ground truth”) 

revealed a non-significant difference in the distributions and an excellent correlation (R²=0.99 

for both divisions and lifespans, Fig 2B and 2C). To estimate the robustness of the 

classification model which was only trained on images of WT cells, we measured the large-
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scale RLS in classical longevity mutants.  Remarkably, we recapitulated the increase (resp. 

decrease) in longevity observed in the fob1Δ (resp. sir2Δ) mutant 21,22 and we could compute 

the related death rate with a high-confidence interval using a large-scale dataset (Fig 2D) 23. 

Importantly, only 200 manually annotated lifespans (i.e. used during the training procedure) 

were necessary to achieve robust RLS reconstruction. Thus, rapid user annotation of a small 

cohort of cells allows the model to be deployed on larger datasets in different genetic 

contexts and/or environments. 

 

We then sought to apply other classification schemes of DetecDiv to further characterize the 

trajectories of the cells as they transition to senescence. First, we set up an LSTM sequence-

to-sequence classifier to detect the onset of cell-cycle slowdown during entry into senescence 

(also referred to as the senescence entry point or SEP 12), see Fig. 3A and S4. We thus trained 

the classifier to assign a ‘pre-SD’ or ‘post-SD’ label  (before and after the cell-cycle slowdown, 

respectively) to each frame, using the sequence of cellular state probabilities (i.e., the output 

of the CNN/LSTM image classifier described in Fig. 1C) as input. Using this method, we could 

successfully identify the transition to a slow division mode (Fig. 3B and 3C) and recapitulate 

the evolution of average division times after aligning individual trajectories from that 

transition (Fig. 3D).  

 

Second, we used an encoder/decoder network based on a Resnet50 CNN 24  and the 

DeepLab v3+ architecture 25, see Fig. S5, to segment brightfield and fluorescence images of 

cells carrying a histone-Neongreen fusion (see Fig 4A, Movie M2 and supplementary text) 

25.  After training the model on ~1500 manually segmented brightfield images using three 

output classes (i.e., ‘background,’ ‘mother cell,’ ‘other cell’), we obtained accurate mother 

cells contours (Fig. 4A-C and S6). This allowed us to quantify the cellular volume increase (4C 

and 4D), as previously reported 23. A similar training procedure with ~3000 fluorescence 

images yielded accurate nuclei contours (see Fig. 4E, 4F, and S7 ). It successfully recapitulated 

the sharp burst in histone fluorescence that follows cell-cycle slowdown (Fig. 4G, 4H) 23, hence 

further validating our methodology for automated quantitative analyses of division tracking 

and replicative lifespan assays. 

Discussion 

In this study, we report the development of a microscopy pipeline to acquire and track cell 

division events with high throughput, hence unleashing the potential of microfluidic cell 

trapping devices to perform fully automated replicative lifespan analyses.  
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The imaging system was designed to perform heavy-duty image acquisition sequences (i.e, 

no filter wheel, fixed objective) to generate high-throughput microscopy datasets. The 

hardware could be easily assembled from simple optical components -for a price of about 

one-third that of a commercial automated microscope. By processing temporal sequences of 

images rather than individual ones, our software demonstrated an outstanding accuracy that 

matches human capabilities for image classification yet with much higher throughput.  

 

The robustness of the imaging pipeline benefited from improvements made in the design of 

the microfluidic device (see supplementary text). Therefore, our framework now overcomes 

all intrinsic technical limitations of conventional RLS assays and provides an unprecedented 

potential to perform large screens for players and environmental perturbations that 

dynamically control replicative longevity.  

 

More broadly, this work illustrates how temporal dependencies in image sequences can be 

exploited using a combined CNN and LSTM architecture to accurately reveal and quantify 

dynamic cellular processes. Despite large efforts to make deep-learning models available to 

the community of microscopists, very little work has attempted to fully exploit information 

encoded in image sequences. With its comprehensive set of generic classification schemes 

that can be fully user-parameterized, DetecDiv may be used well beyond the scope of the 

present study and applied to any biological context with complex temporal patterns (cellular 

differentiation, cell division, organelles dynamics, etc).  

Methods 

Strains  

All strains used in this study are congenic to S288C (see Supplementary Table 1 for details). 

See supplementary methods for detailed protocols for cell culture.  

 

Microfabrication and microfluidics 

The designs were created on AutoCAD to produce chrome photomasks (jd-photodata, UK). 

The microfluidic master molds were then made by standard photolithography processes (see 

supplementary text for details). 
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The microfluidic device is composed of geometric microstructures that allow mother cells 

trapping and flushing of successive daughter cells (see Fig. S2 and supplementary text). The 

cell retention efficiency of the traps is 99% after the five first divisions. We designed a particle 

filter with a cutoff size of 5 µm to prevent dust particles or debris from clogging the chip. The 

microfluidic chips were fabricated with PDMS using standard methods (PDMS, Sylgard 184, 

Dow Chemical, USA, see supplementary text for detailed protocols). We connected the chip 

using PTFE tubing (1mm OD), and we used a peristaltic pump to ensure media replenishment 

(Ismatec, Switzerland). We used standard rich media supplemented with 2% dextrose (YPD). 

See supplementary methods for additional details.  

Microscopy 

The microscope was built from a modular microscope system with a motorized stage (ASI, 

USA, see the supplementary text for the detailed list of components), a 20x objective 0.45 

(Nikon, Japan) lens, and an sCMOS camera (ORCA flash 4.0, Hamamatsu, Japan). A dual-

band filter (#59022, Chroma Technology, Germany) coupled with a two-channel LED system 

(DC4104 and LED4D067, Thorlabs, USA). Sample temperature was maintained at 30°C thanks 

to a heating system based on an Indium Thin Oxide coated glass and an infrared sensor 

coupled to an Arduino-based regulatory loop. Micromanager v2.026 was used to drive all 

hardware, including the camera, the light sources, and the stage and objective motors. We 

developed a custom autofocusing routine to minimize the autofocus time 

(https://github.com/TAspert/DetecDiv_Hardware). The interval between two frames for all 

the experiments was 5min. We could image approximately 80 fields of view 

(0.65mmx0.65mm) in brightfield and fluorescence (using a dual-band GFP-mCherry filter) with 

this interval. 

 

Image processing 

We developed Matlab software, DetecDiv, which provides different classification models: 

image classification, image sequence classification, time series classification, and pixel 

classification (semantic segmentation), see Fig. S9. DetecDiv was developed using Matlab, 

and additional toolboxes (TB), such as the Computer Vision TB, the Deep-learning TB, and 

the Image Processing TB. A graphical user interface was designed to facilitate the generation 
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of the training sets. The DetecDiv software is available for download on GitHub: 

https://github.com/gcharvin/DetecDiv 

 

Image classification for division tracking and lifespan reconstruction 

DetecDiv was used to classify images into six classes after supervised training using a 

GoogleNet 18 network combined with an LSTM network 20. See supplementary text for details.  

 

Image segmentation from brightfield and fluorescent images 

DetecDiv was used to segment images using a pixel classification model called Deeplab v3+ 

25, after supervised training based on 1000-3000 manually annotated images. See 

supplementary text for details. 

 

Cell-cycle slowdown detection 

DetecDiv was used to detect cell-cycle slowdown from a temporal sequence of classes 

obtained using the division tracking network. The training was based on manual annotation 

of  200 lifespans. See supplementary text for details. 

 

Statistics 

All experiments have been replicated at least twice. Data are presented in Results and Figures 

as the mean ± SEM (curves) or median. Group means were compared using the Two-sample 

t-test. A P value of < 0.05 was considered significant. 

 

Computing 

Image processing was performed on a computing server with 8 Intel Xeon E5-2620 

processors and 8 co-processing GPU units (Nvidia Tesla K80), each of them with 12Go RAM. 

Under these conditions, the image classification of a single trap (roughly 60x60pixels) with 

1000 frames took between 3 and 5s for the CNN/LSTM classifier. For image segmentation, it 

took about 30s to classify 1000 images.  
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Data Availability 

Annotated datasets and trained classifiers used in this study are available for download as 

indicated:  

• Lifespan analyses: 

o Data: doi.org/10.5281/zenodo.5552642 

o Trained Network (CNN+LSTM): doi.org/10.5281/zenodo.5553862 

• Brightfield image segmentation: 

o Data: doi.org/10.5281/zenodo.5553771 

o Trained Network (Encoder-Decoder Deeplabv3+): 

doi.org/10.5281/zenodo.5553851 

• Cell-cycle slowdown detection: 

o Data: doi.org/10.5281/zenodo.5553796 

o Trained Network (LSTM): doi.org/10.5281/zenodo.5553829 

 

Information regarding the microfluidic device, the custom imaging system are available 

on  https://github.com/TAspert/DetecDiv_Data. 

Code availability 

The custom MATLAB software DetecDiv, used to analyze imaging data with deep-learning 

algorithms, is available on https://github.com/gcharvin/DetecDiv.  

 

This software distribution features a tutorial on how to use the graphical user interface: 

https://github.com/gcharvin/DetecDiv/blob/master/Tutorial/GUI_tutorial.md 

It also provides the main commands to use the DetecDiv pipeline in custom user-defined 

scripts:  

https://github.com/gcharvin/DetecDiv/blob/master/Tutorial/commandline_tutorial.md 

 

97

https://doi.org/10.5281/zenodo.5552642
https://doi.org/10.5281/zenodo.5553862
https://doi.org/10.5281/zenodo.5553771
https://doi.org/10.5281/zenodo.5553851
https://doi.org/10.5281/zenodo.5553796
https://doi.org/10.5281/zenodo.5553829
https://github.com/TAspert/DetecDiv_Data
https://github.com/gcharvin/DetecDiv
https://github.com/gcharvin/DetecDiv/blob/master/Tutorial/GUI_tutorial.md
https://github.com/gcharvin/DetecDiv/blob/master/Tutorial/commandline_tutorial.md


Chapter I: Results I: Setting up a platform for automated and high-throughput tracking of 
replicative lifespan 

98 

A demo project that contains all the necessary files to learn how to use DetecDiv can be 

downloaded from zenodo :  

https://doi.org/10.5281/zenodo.5771536 
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Figure 1 

Figure 1 - DetectDiv division tracking and RLS reconstruction pipeline 

A) Left: Sketch of the microfluidic device, featuring 16 independent channels with 2000 

individual cell traps in each; Right: zoom on the cellular traps, scale bar: 20µm. 

B) Brightfield image from a typical field of view obtained with the imaging setup, scale bar: 

60µm; Inset: Zoom on one trap containing a budding yeast, scale bar: 5µm.  

C) Principles of the DetecDiv division tracking and lifespan reconstruction pipeline; Brightfield 

images are processed by a convolutional neural network (CNN) to extract representative 

image features. The sequence of image features is then processed by a long short-term 

memory network (LSTM) that assigns one of the 6 predefined classes (‘unbud’, ‘small’, ‘large’, 

‘dead’, ‘clog’, ‘empty’), taking into account the time dependencies. Temporal oscillations 

between “large” and “small” or “large” and “unbudded” indicate the completion of the 

division cycle. The appearance of the “dead” class marks the end of the lifespan. 
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Figure 2 

Figure 2 - Validations of the division tracking and RLS reconstruction 

A) Comparison of the different methods used for 6 sample cells. The gray bars represent the 

ground truth data made from manually annotated image sequences. Colored lines indicate 

the corresponding predictions made by CNN/LSTM (orange), the CNN + post-processing 

(magenta), and the CNN (blue) networks (see Methods and supplementary text for details). 

The red segments indicate the position of division events.  

B) Left: histogram of division times representing ground truth data and predictions using 

different processing pipelines). The p-value indicates the results of a rank-sum test comparing 

the predictions to the ground truth for the different pipeline variants. The total number of 

division events annotated in the ground truth or detected by the networks are indicated in 

the legend.  Right: Scatter plot in log scale representing the correlation between ground-

truth-calculated division times and those predicted by the CNN/LSTM network. R2 represents 

the coefficient of correlation between the two datasets. Accuracy and recall are defined in 

the supplementary text.  

C) Left: cumulative distribution showing the survival of cells as a function of the number of 

divisions (N=50 cells). The numbers in the legend indicate the median replicative lifespans. 

The p-value indicates the results from a statistical rank-sum test. Right: Scatter plot showing 
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the correlation of the replicative lifespans of individual cells obtained from the ground truth 

with that predicted by the CNN/LSTM architecture (N=50). Inset: same as the main plot, but 

for the CNN and CNN with post-processing pipelines. R2 indicates the coefficient of 

correlation between the two datasets.  

D) Replicative lifespans obtained using the CNN/LSTM network for longevity mutants (solid 

colored lines, genotype indicated). The shading represents the 95% confidence interval 

calculated using the Greenwood method 27. The median RLS and the number of cells analyzed 

are indicated in the legend. The dashed lines with shading represent the hazard rate and its 

standard deviation estimated with a bootstrap test (N=100). Results from log-rank tests 

(comparing WT and mutant distributions) are indicated on the left of the legend. 
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Figure 3 

Figure 3 -  Deep learning-based measurement of the dynamics of entry into senescence 

A) Sketch depicting the detection of the time of slow division (SD) state. The temporal 

sequence of classes probabilities (ie, unbud, small, large, dead) is fed into an LSTM network 

that predicts the onset of cell-cycle slowdown by assigning one of the two predefined classes 

pre-SD or post-SD to each frame. 

B) Correlogram showing the correlation between the onset of cell-cycle slowdown predicted 

by the LSTM network and the ground truth data, obtained as previously described 12. The 

color code indicates the local density of the points using arbitrary units as indicated by the 

color bar. 

C) Sample trajectories indicating the successive divisions of individual cells (red lines) along 

with the division times (color-coded as indicated). 

D) Average division time versus division index after aligning all individual trajectories from 

the onset of cell-cycle slowdown 12. Each point represents an average over up to 200 cell 

trajectories. The error bar represents the standard error-on-mean.  
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Figure 4 

Figure 4-  Deep learning-based semantic segmentation of cells and nuclei 

A) Principles of semantic cell contours segmentation based on brightfield images ; Top and 

middle row) Individual brightfield images were processed by the DeeplabV3+ network that 

was trained to perform pixel classification using three predefined classes representing the 
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background (black), the mother cell of interest (orange), or any other cell in the image (blue). 

B) Bottom row: overlay of brightfield images with segmented cellular contours . 

C) Correlogram showing the correlation between individual cell area predicted by the 

segmentation pipeline and the ground truth data, obtained by manual annotation of the 

images. The color code indicates the local density of the points using arbitrary units. 

Sample trajectories indicating the successive divisions of individual cells (red lines) along with 

the cell surface (color-coded as indicated). 

D) Average mother cell surface versus division index after aligning all individual trajectories 

from the onset of cell-cycle slowdown12. Each point represents an average over up to 200 cell 

trajectories. The error bar represents the standard error-on-mean.  

E) Principles of semantic cell nuclei segmentation based on fluorescent images of cells 

expressing a histone-Neongreen fusion. The semantic segmentation network was trained to 

classify pixels between two predefined classes (‘background’ in black, ‘nucleus’ in green).  

F) Same as B) but for nuclear surface. 

G) Same as C) but for nuclear fluorescence. 

H) Same as in D) but for nuclear fluorescence. 
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Supplementary Methods 

Cell culture  

For each experiment, freshly thawed cells were grown overnight, diluted in the morning, and 

allowed to perform several divisions (~5 hours at 30°C) before injection into the microfluidic 

device. Yeast extract Peptone Dextrose (YPD) medium was used throughout the experiments. 

We found that synthetic media (SCD) tend to form small crystals that escape the microfluidic 

filter and may be detrimental to long-term cell growth. However, this phenomenon was not 

observed with YPD media. 

 

Microfluidic mold fabrication 

The designs were created on AutoCAD (see https://github.com/TAspert/DetecDiv_Data to 

download the design) to produce chrome photomasks (jd-photodata, UK). Then, the 

microfluidic master molds were made using two rounds of classical photolithography steps.  

The array of 2000 traps was created from a 5.25µm deposit by spinning (WS650 spin coater, 

Laurell, France) 3mL of SU8-2005 negative photoresist at 2500rpm for 30sec on a 3” wafer 

(Neyco, FRANCE). Then, a soft bake of 3min at 95°C on heating plates (VWR) was performed, 

followed by exposure to 365nm UVs at 120 mJ/cm² with a mask aligner (UV-KUB3, Kloé, 

FRANCE). Finally, a post-exposure bake identical to the soft bake was performed before 

development using SU-8 developer (Microchem, USA). 

The second layer with channel motifs was made of a 30µm deposit of SU8-2025, by spinning 

it at 2500rpm for 30s. Subsequently, a soft bake of 3min at 65°C and 6min at 95°C was 

performed. The wafer was then aligned with the mask containing the motif of the second 
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layer before a 160mJ/cm² exposure. A post-exposure bake similar to the soft bake was then 

performed. 

After each layer, we performed a hard bake at 150°C for 15min to anneal potential cracks 

and stabilize the photoresist. Finally, the master molds were treated with 

chlorotrimethylsilane to passivate the surface. 

 

Microfluidics chip design, fabrication, and handling 

The microfluidic device is composed of an array of 2050 microstructures able to trap a mother 

cell while removing successive daughter cells, as previously designed (Ryley and Pereira-

Smith 2006; Zhang et al. 2012; Lee et al. 2012), (Crane et al. 2014; Jo et al. 2015; Liu, Young, 

and Acar 2015). The traps are composed of two symmetrical structures separated by 3µm 

(see Fig. 1 and S1C and S1D), in such a way that only one cell can be trapped and remain in 

between the structures. We have measured that 99% of the cells that underwent at least 5 

divisions in the trap would stay inside until their death. Moreover, a particle filter with a cutoff 

size of 15µm is present before each array of traps, preventing dust particles or debris from 

clogging the chip (Fig. S1C).  

The microfluidic devices were fabricated using soft-lithography by pouring 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Chemical, USA) with its curing agent (10:1 

mixing ratio) on the different molds. The chips were punched with a 1mm biopsy tool (KAI, 

Japan) and covalently bound to a 24 × 50 mm coverslip using plasma surface activation 

(Diener Zepto, Germany). The assembled chips were baked for 1 hour at 60°C to consolidate 

covalent bonds between glass and PDMS. The chip was then plugged using a 1mm Outer 

Diameter (O.D.) PTFE tubing (Adtech, UK) and the channels were primed using culture media 

for 5min. After that, cells were injected through the outlet using a 5mL syringe and a 26G 

needle for approximately 1 minute per channel by applying very gentle pressure. The cell 

filter placed upstream of the trapping area prevented the cells from entering the tubing 

connected to the inlet (see Figure S1E). Then, the inlet of each microfluidic channel was 

connected to a peristaltic pump (Ismatec, Switzerland) with a 5µL/min rate to ensure a 

constant replenishment of the media and dissection of the daughter cells (Fig. S1E). This 

procedure avoids potential contamination by cells forming colonies upstream of the trapping 

area, which would induce the clogging of the device after 1-2 days of experiment, therefore 

making long lasting experiments more robust. 
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Microscopy 

Microscope 

The microscope was built from a modular microscope system (RAMM, ASI, USA) with trans- 

(Oly-Trans-Illum, ASI, USA) and epi- (Mim-Excite-Cond20N-K, ASI, USA) illumination. This 

microscope frame provides a cost-effective solution to build a minimal microscopy apparatus 

to perform robust image acquisition over several days (Fig. S1B).  

It is equipped with a motorized XY stage (S551-2201B, ASI, USA), a stage controller (MS200, 

ASI, USA), and a stepper motor to drive the 20x N.A. 0.45 Plan Fluor objective (Nikon, Japan) 

and an sCMOS camera (ORCA flash 4.0, Hamamatsu, Japan)  with  2048 x 2048 pixels (i.e., 

650 microns x 650 microns field of view at 20x magnification). We used a dual-band filter 

(#59022, Chroma Technology, Germany) coupled with two-channel LED illumination (DC4104 

and LED4D067, Thorlabs, USA), which allows fast imaging of GFP and mCherry without any 

filter switching. 

 

Sample holder and temperature control 

We designed a custom 3D-printed sample holder (by extruding PLA material with a MK3S+ 

printer, Prusa Research, Czech republic) for the microfluidic device to ensure the mechanical 

stability of the microfluidic device.  

In addition, we developed a custom temperature control system to maintain a constant 

temperature (30°C) and guarantee optimal cell growth throughout the experiment. Briefly, 

we used an Indium Tin Oxide (ITO) Coated glass, an electrically conductive and transparent 

material, in direct contact with the PDMS chip. Therefore, applying a voltage to the ITO glass 

allowed the Joule effect to heat the glass and the adjacent PDMS chip.  

To achieve a temperature control loop, we used an infrared sensor attached to the objective 

and facing towards the bottom glass coverslip in contact with the cells. The sensor allowed 

in situ temperature measurement and was used in an Arduino-based PID control loop to 

regulate the heating power to maintain the setpoint temperature. About 1W was sufficient to 

maintain a 30°C temperature at room temperature. Notably, the temperature profile 

obtained with this method was homogenous and constant throughout the experiment. 

Furthermore, the glass is fully transparent to visible light. In addition, it does not interfere 

with fluorescent light when using an inverted microscope since it is located at the end of the 

optical path, after the sample. 
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Software and time-lapse acquisition parameters 

Micromanager v2.0. was used to drive the camera, the light source, the XYZ controller, and 

the LED light source for fluorescence epi-illumination. We developed a specific program in 

order to drive the temperature controller from the Arduino (The source code is available on 

github:  github.com/TAspert/ITO_heating_device). 

Unless specified otherwise, the interval between two brightfield frames for all the experiments 

was 5minutes, and images recorded over 1000 frames (i.e, ~3 days). We used three z-stack 

for brightfield imaging (spaced by 1.35 microns) to ease the detection of small buds during 

the image classification process for cell state determination. Fluorescent images were 

acquired with a 10min interval using 470nm illumination for 50ms. Up to 80 fields of view 

were recorded over the 5-min interval.  

Autofocusing 

To keep a stable focus through the whole experiment, we developed a custom software-

based autofocus routine that finds the sharpest image on the first field of view and then 

applies the focus correction to the rest of the positions. This method provides faster scanning 

of all fields of view in a reasonable time. Nevertheless, it is almost as efficient as performing 

autofocusing on each position since the primary source of defocusing in our setup is the 

thermal drift, which applies identically to all the positions. 

 

Image processing 

DetecDiv software 

We designed custom software DetecDiv as a Matlab backend to provide an expandable 

interface to perform microscopy data processing, based on existing resources in Matlab’s 

Deep Learning Toolbox and Computer Vision Toolbox. DetecDiv can be used with an 

arbitrarily large number of classes, image channels, types, and sizes (Figure S9). Therefore, 

its capabilities go far beyond the scope of this study.  

First, DetectDiv offers graphical tools to identify regions of interest in image sequences. In 

addition, a cross-correlation function can be used to automatically detect similar regions in 

images, such as the traps in the microfluidic device.  

Then, several classification models can be defined to process the images: 1) Image 

classification using a convolutional network (CNN, see Fig. S2); 2) a combined CNN/LSTM 

classifier as reported in fig. 1; 3) an LSTM network to perform sequence-to-sequence (as in 

Fig. 2A) or sequence-to-one classification; 4) An encoder/decoder classifier to perform pixel 

classification (semantic segmentation) based on the Deeplab v3+ architecture (Chen et al. 

2018), see Fig 2A and 2B; 5) Similar routines as in 1-4, but for regression analyses (not used 

110

https://paperpile.com/c/EOebHC/DyK4
https://paperpile.com/c/EOebHC/DyK4


Chapter I: Results I: Setting up a platform for automated and high-throughput tracking of 
replicative lifespan 

111 

in the present study). DetecDiv allow the user to choose among several CNNs -such as 

GoogleNet or Resnet50 for all image classifications/segmentations applications. 

DetecDiv provides a graphical user interface to generate the groundtruth required for both 

training and testing the classifiers used in the image classification, pixel classification, and 

time-series classification pipelines. Furthermore, we paid attention to making this step as 

user-friendly as possible. For instance, we used keyboard shortcuts to assign labels to 

individual frames (it takes about 5-10 min to annotate 1000 frames in the case of cell state 

assignment). Similarly, direct “painting” of objects with a mouse or a graph pad can be used 

to label images before launching the training procedure for pixel classification.  

DetecDiv training and validation procedures are run at the command line, which allows using 

remote computing resources, such as a CPU/GPU cluster. All the relevant training parameters 

can be easily defined by the user. We designed generic routines to benchmark the trained 

classifiers that allow an in-depth evaluation of the classifiers’ performances(Laine et al. 2021). 

Trained classifiers can be exported to user-defined repositories and classified data can be 

further processed using custom Matlab scripts, and images sequences can be exported as 

.mat or .avi video files.  

Last, DetecDiv provides additional post-processing routines to extract division and lifespan 

data for further analysis, as performed in the present study. 

 

Convolutional Neural Networks (CNN) for image classification 

We used an image classifier to assess the state of cells in the cell cycle (small, large-budded, 

etc.) using brightfield images of individual traps. For each frame, we combined the three z-

stack images described above into a single RGB image, which was used as input for the 

classifier. 

We defined six classes, four of which representing the state of the cell, i.e., unbudded 

(‘unbud’), small-budded (‘small’), large-budded (‘large’), dead (‘dead’), as shown on Fig. S3A. 

Two additional classes are related to the state of the trap:  trap with no a cell (‘empty’) and 

clogged trap (‘clog’).  We trained a pre-trained GoogleNet convolutional neural network 

(Szegedy et al. 2015) to classify images according to these six classes using a training set of  

200000 representative manually annotated brightfield images (i.e., 200 traps monitored 

during 1000 frames). The training of the classifier was achieved using Adaptive Moment 

estimation (Adam) optimizer (Kingma and Ba 2015). Specific parameters used can be found 

in the supplementary table T2.  
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After the training procedure, we tested the classifier using a dataset composed of 50 

independent cell traps (i.e. 50000 images) that were manually annotated and used for 

benchmarking (Fig. S3).  

 

Division time measurement and replicative lifespan (RLS) reconstruction 

As the image classifier outputs a label for each frame corresponding to one of the 6 classes 

defined above, we used the sequence of labels to reveal the successive divisions of the cells: 

the oscillations between the “large” and “small” or “large” and “unbudded” classes 

captured the entry into a new cell cycle. The appearance of the “dead” class was used to 

assess the end of the replicative lifespan. This set of rules was used to compute the division 

times and the RLS of each individual cell when using either the CNN or the combined 

CNN/LSTM architecture (see below). However, in order to improve the accuracy of the 

method based only on the CNN, we implemented an additional “post-processing” step 

(referred to as PP in Figure 1), namely that two consecutive frames with a “dead” label are 

necessary to consider a cell as dead.  

 

Image sequence classification using combined CNN and a long short-term memory network 

(LSTM) 

Based on the rules defined above, and despite very good benchmarks obtained for image 

classification (See Figure S3B and S3C), the CNN-based classifier was unable to accurately 

capture the replicative lifespan in the test set (see Fig. 1E). Indeed, the sporadic appearance 

of the “dead” class led to an underestimate of the actual RLS, and the incorrect classification 

of some small-budded and large-budded cells provided some abnormally short estimates of 

cell cycle durations (see the first peak in the distribution on Figure 1D). Additional post-

processing steps, as mentioned above, alleviated the problem of short lifespan estimates 

(see CNN + PP on Figure 1E).  

To provide a more accurate classification of the image according to the cellular state, we 

added a bidirectional long short-term memory (LSTM) network with 150 hidden units to the 

CNN network (Hochreiter and Schmidhuber 1997). The LSTM network takes the whole 

sequence of images as input (instead of independent images in the case of the CNN), hence 

taking the time-dependencies between successive images into account for improved 

classification. Two hundred image sequences (each with 1000 frames) were used to train the 

LSTM network independently of the CNN network (see training parameters in Supplementary 

table T3 and benchmarks on Figure S3D and S3E). The CNN and the LSTM network were 
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then assembled as described in Figure 1B in order to output a sequence of labels for each 

series of images. 

Annotated dataset is available at: doi.org/10.5281/zenodo.5552642 

Trained network is available at: doi.org/10.5281/zenodo.5553862 

 

Assessment of cell-cycle slowdown using a LSTM network 

After classifying an image sequence to reconstruct the lifespans of the cells, we further 

analyzed the data to determine the onset of cell-cycle slowdown. Unlike our previously 

developed method based on chi-square minimization with a piecewise linear fit (Fehrmann 

et al. 2013), we designed a time series classification method to identify when the cell cycle 

starts to slow down. For this, we trained a bidirectional LSTM network with 150 hidden units 

to classify all the frames in each lifespan between two classes, i.e., ‘pre-slowdown’ and ‘post-

slowdown’. We used class probabilities from the previously described CNN/LSTM 

(unbudded, small, large, dead), as an input for the classifier (see Figure S4 for benchmarking 

results on a test set with 50 lifespans). 

Annotated dataset  is available at: doi.org/10.5281/zenodo.5553796 

Trained network is available at: doi.org/10.5281/zenodo.5553829 

 

Brightfield and fluorescence images semantic segmentation using DeepLab v3+ 

Cell and nuclei contours were determined based on brightfield and fluorescence images, 

respectively, using the deep learning-based semantic segmentation architecture DeepLab 

v3+ (Chen et al. 2018). DeepLab v3+ possesses an encoder/decoder architecture allowing to 

classify pixels according to a number of user-defined classes. Here, we used 3 classes  (ie., 

background, mother cell, other cells) for cell segmentation to distinguish between the mother 

cell and its surrounding buds or daughter cells, see Figure 2 and S6). For nuclei segmentation, 

only two classes were defined (i.e., background and nucleus, see Fig. 2 and S6). We used the 

Resnet50 CNN in the encoder part of the network because it provided better segmentation 

results than Googlenet. We trained the network using a manually curated training set of 1500 

and 3000 images for brightfield and fluorescence images, respectively (see Figure S7 and S8 

for benchmarking results). Specific parameters used can be found in the supplementary table 

T4 (cell segmentation)  and T5 (nucleus segmentation). 

Annotated dataset  is available at: doi.org/10.5281/zenodo.5553771 

Trained network is available at: doi.org/10.5281/zenodo.5553851 
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Classifier benchmarking 

We used standard benchmarking to estimate the efficiency of image and pixel classifiers. For 

each classifier, we computed the confusion matrix obtained by comparing the “groundtruth” 

manually annotated images (or timeseries) to the predictions made by the classifier. We 

computed the accuracy, the recall, and F-score for each class, which balances accuracy and 

recall. In the specific case of pixel classification (semantic segmentation), we computed these 

benchmarks for different values of prediction thresholds used to assign the “mother” and 

“nucleus” classes, as reported in Figure S7 and S8. Then, we performed the segmentation of 

images using the threshold value that maximizes the F-score (0.9 and 0.35 for brightfield and 

fluorescence image classification, respectively).  

To benchmark the detection of divisions, we used a custom pairing algorithm to detect false 

positive and false negative divisions. Using this, we could compute the accuracy and recall of 

the division detection procedure, and plot the correlation between paired divisions (Fig. 1D). 

 

Statistics 

All experiments have been replicated at least twice. Error bars represent the standard erorr-

on-mean, unless specified otherwise. Results of specific statistical tests are indicated in the 

figure legends.  

 

Supplementary movies legends 

Supplementary movie 1: Comparison of groundtruth versus classifier predictions for the 

CNN/LSTM classification of the cellular state 

(https://www.biorxiv.org/content/10.1101/2021.10.05.463175v2.supplementary-

material) 

The left column represents the class predictions made by the CNN/LSTM classifier, while the 

right column represents the groundtruth (determined by manual annotation). The two 

numbers represent the number of buds generated by the cells according to the classifier 

predictions and manual annotation, respectively. 

 

Supplementary movie 2: Sample movies of individual cells following cellular state 

classification, cell and nuclear contour segmentation 
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(https://www.biorxiv.org/content/10.1101/2021.10.05.463175v2.supplementary-

material) 

The left column represents the cellular state according to the prediction made by the 

CNN/LSTM classifier. The middle column shows the brightfield image alongs with mother 

cell contours obtained by a semantic segmentation classifier. The right column displays the 

Htb2-NeonGreen fluorescence channel, along with cells contours and nuclear contours 

obtained by a semantic segmentation classifier. 
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Figure S1 

Supplementary figure 1: Experimental setup and microfluidic device  

A) Schematics of the custom imaging setup built for DetecDiv (see supplementary text 

for details). 

B) Picture of the imaging setup 

C) Schematics of the microfluidic device with 16 independent channels. Each channel 

has one inlet, a dust filter, and one outlet. 
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D) Schematics of the array of cell traps. Dimensions are in microns. Inset represents close-

ups on indicated areas.  

E) Principle of the cell barrier used to prevent the cells from moving towards the inlet 

when loading the cells from the outlet. Any cell upstream of the cell array may lead to 

the formation of colonies hence clog the device over time.  

F) Principle of the automated dissection of daughter cells: the mother is retained within 

the trap but their successive daughters are flushed away due to constant medium 

flow. Daughters may either exit the trap from the top of the bottom opening.  

G) Unlike previous cell trap geometries (“classical”), the current design (“new”) features 

shallow PDMS walls that can be deformed by large cells, hence ensuring the long 

term retention of the cells. Two small claws on each side of the trap entrance further 

enhances retention. 
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Figure S2 

Supplementary figure 2: Principles of division tracking and lifespan reconstruction using 

a CNN-based image classification  

In this framework, the sequence of images is processed by a GoogleNet CNN that processes 

each image separately. The CNN extracts image features that are used to assign a label to 

each image among six possible classes (see supplementary methods for details). As with the 

CNN/LSTM architecture described in Figure 1, the sequence of labels is used to assign 

division events and the occurrence of cell death.  
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Figure S3 

Supplementary figure 3: Class definition and image classification benchmarks  

A) Sample images indicating how each class was defined. “Empty”: empty trap, i.e., no 

cell; “Unbud”: unbudded cell; “Small”: small-budded cell; “Large”: large-budded 

cell; “Dead”: dead cell; “Clogged”: clogged trap. 

B) Confusion matrix obtained with a test dataset (50 trapped cells followed over 1000 

frames) using the CNN image classifier. Each number in the matrix represents the 

number of detected events. 
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C) Bar plot showing the recall, accuracy and F-score metrics obtained on each class for 

the CNN image classifier on the test dataset.  

D) Same as B), but for the combined CNN/LSTM architecture 

E) Same as C), but for the combined CNN/LSTM architecture 
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Figure S4 

Supplementary figure 4: Classification benchmarks for the detection of the onset of slow 

division using an LSTM sequence-to-sequence classification 

A) Confusion matrix obtained with a test dataset (50 timeseries based on the cellular 

state probabilities output by the CNN/LSTM classifier) using a trained LSTM classifier. 

Each number in the matrix represents the number of detected events. 

B) Bar plot showing the recall, accuracy and F-score metrics obtained on each class for 

the LSTM classifier on the test dataset.  
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Figure S5 

Supplementary figure 5: Principles of the pipeline used for semantic segmentation with 

DeepLab V3+ 

Brightfield or Fluorescence images are separately processed by the DeepLab V3+ 

encoder/decoder network (Chen et al. 2018) that has been modified to classify image pixels 

according to user-defined classes (mother /other /background & nucleus / background for 

brightfield and fluorescence images, respectively). A weighted classification layer is used to 

deal with class imbalance. 
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Figure S6 

Supplementary figure 6: Benchmarks for the semantic segmentation of brightfield images 

A) Accuracy/Recall tradeoff plot obtained by varying the output prediction threshold for 

the class “mother” using a test dataset that contains 50 image sequences with 1000 

frames. The orange dot indicates the point that maximizes the F-score. 

B) Evolution of F-score as a function of the output prediction threshold (computed on 

the [0.2 : 0.95] interval. A threshold value of 0.9 maximizes the F-score (90%).  

C) Confusion matrix obtained with the test dataset using a 0.9 prediction threshold.  

D) Bar plot showing the recall, accuracy and F-score metrics obtained on each class for 

the pixel classifier on the test dataset.  
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Figure S7 

Supplementary figure 7: Benchmarks for the semantic segmentation of fluorescence 

images 

A) Accuracy/Recall tradeoff plot obtained by varying the output prediction threshold for 

the class “nucleus” using a test dataset that contains 25 image sequences with 1000 

frames. The orange dot indicates the point that maximizes the F-score. 

B) Evolution of F-score as a function of the output prediction threshold (computed on 

the [0.2:0.95] interval. A threshold value of 0.35 maximizes the F-score (91%).  

C) Confusion matrix obtained with the test dataset using a 0.35 prediction threshold.  

D) Bar plot showing the recall, accuracy and F-score metrics obtained on each class for 

the pixel classifier on the test dataset.  
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Figure S8 

Supplementary figure 8: DetecDiv software workflow 

A) Schematics showing the image processing steps performed for image classification 

with the DetecDiv software 

B) List of all available classification models available in DetecDiv. 
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1.3. Perspectives 

Though developed for general use (and not only replicative lifespan), this platform can 

accurately detect the division of cells and quantify many different readouts throughout their 

lifespan. The monitoring throughput is unprecedented, thanks to a new microfluidic device 

and a specific imaging system. Besides, analysis is no longer the throughput bottleneck since 

everything is automated using artificial intelligence with an error rate close to 1%, thanks to 

its architecture to exploit the time-dependencies in temporal sequences of images. 

With that, 16x2000 cells can be screened and analyzed every 4 days, with only 6 hours of 

active human work. Therefore, this framework increases the screening throughput of 1 to 2 

orders of magnitude, which opens new perspectives for understanding the system dynamics 

of aging. 

 

As a perspective, it would be interesting to train a network to detect petite cells based on 

their morphology and division time (using mitochondrial markers to generate the 

groundtruth). Indeed, this artifact from the lab strains has been described as an aging path 

by many different studies [280,283], and it would be interesting to systematically separate 

these cells from the others. Similarly, we could classify the cells between the two 

morphologies often described during aging, “elongated bud” and “round bud” [223], to try 

to understand if they relate to different aging paths (which is probably also linked to 

mitochondria [283]) 

 

Another way of understanding aging, aging factors, and rejuvenation is to observe the 

progeny of old mothers. To study that, I have developed a microfluidic device that allows the 

tracking of a mother cell until a given timepoint before inverting the budding pattern and 

replacing the mother cell with its daughter. 
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Figure 60: Image (left) and design (right) of a trap used to observe the RLS of a daughter after the replacement 

of its mother 

Indeed, S288C cells have a unidirectional budding pattern and can therefore age in a 

unidirectional cavity. However, deleting the BUD4 or intermittently degrading Bud4 proteins 

with an Auxin Inducible Degron system during the experiment would cause a fraction of the 

mothers to be replaced by their daughter by budding against the tip of the trap instead of 

towards its exit. Consequently, we could track the partial lifespan of daughters born at 

different mother ages, in the same automated manner as with mother cells, using the system 

presented previously. It is indeed straightforward to detect such switch with image 

classification by using a class for the presence of a small bud at the tip of the cavity (Figure 

60, left) 

 

Beyond the replicative lifespan application, our software is designed to be used as a generic 

interface to set up custom classification pipelines to extract temporal features from any 

sequences of timelapse images, thanks to its architecture. It is proposed as a stand-alone 

software that includes all the steps to produce and use custom networks (pre-processing, 

classifier training and validation, raw data classification, post-processing, and data 

visualization).  
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6. Results II: Measuring the probability of ERC excision with 

age 

1.1. Introduction 

In order to determine if the excision of the first ERC - which is the starting point of a major 

cascade of events leading to death - is more probable in late ages than in early life or not, 

we need to capture excision events and link them with the replicative age of the cell.  

One way of assaying the excision rate of a population is by inserting an ADE2 gene in one 

rDNA repeat in an ade2∆ strain. The absence of Ade2 promotes the accumulation of a red 

pigment due to a rupture in the adenine metabolic pathway [482]. Therefore, after the 

excision of the repeat containing the Ade2 gene in a cell, its progeny becomes red. Hence, 

it is possible to estimate the excision rate of a population by counting the ratio of red/white 

colonies [356,368]. However, this colony sectoring assay does not inform about the 

probability of excision with age at the single-cell level, but rather gives the average excision 

rate of the whole population in exponential phase. 

Therefore, we thought to tag rDNA repeats with fluorescence. With this strategy, once an 

rDNA repeat is excised, it will be replicated at each division and retained in the mother, and 

the signal from the tag should increase exponentially. 

A recent study from our group using a LacI-GFP expressing strain in which each of the ~150 

rDNA repeats includes a LacO sequence showed that this exponential accumulation occurs. 

With that, they could measure the doubling time of the signal and determine that two-thirds 

of the circles are replicated at each division. However, since the basal fluorescence signal 

from this strain is 150 units, it is difficult to capture the exact excision time at which the signal 

goes from 150 to 151 units. 

1.2. Results 

To precisely capture the excision of a repeat with age at the single-cell level, I therefore used 

a strain on which only one repeat among the 150 has a GFP sequence under a TDH3 

promoter, inserted in the intergenic region of the repeat (IGS1 or IGS2). This strain was used 

in a previous study [328] to study the loss of Pol II silencing at the rDNA with age. Indeed, as 

seen in the introduction (see p.49), the 35S and 5S genes are transcribed by Pol I and Pol III 

(respectively), and the IGS1/2 loci are transcribed by Pol II. Using this strain, they could 

observe an increase of fluorescence in the late ages (an increase of a factor ~4), which implies 

130

https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=39932168391995404&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:c50406f6-72a5-430d-82b0-a47fe08b65cc
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=6606543917589653&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:09da1cd9-d1d6-4a83-a610-39c254222b47,e4bdc670-0cd1-4171-ac19-e49fa513c5e8:5edea2fb-a37b-44e1-96c2-9dfbf631c8fd
https://app.readcube.com/library/e4bdc670-0cd1-4171-ac19-e49fa513c5e8/all?uuid=8971998427251691&item_ids=e4bdc670-0cd1-4171-ac19-e49fa513c5e8:893f5bce-5351-436e-b12e-c714d1d18c6d


Chapter I: Results II: Measuring the probability of ERC excision with age 

131 

that cells experience a sustained loss of silencing of the rDNA. They also validated that this 

loss of silencing depended on Sir2 (Sir2 is known to be the main silencer of the IGS1/2 [392]) 

since blocking Sir2 increased fluorescence. Interestingly, they reported that a tiny fraction of 

cells was displaying a massive increase of fluorescence (an increase of 2 to 3 orders of 

magnitude) and attributed that to ERC accumulation from the tagged repeat. 

Therefore, this strain can act as a transcriptional reporter of the ERC accumulation, and the 

exponential dynamics of the signal can allow us to determine the time of excision, at which 

the exponential starts (Figure 61). 

However, since the estimated average excision rate is about 10% per generation [226,356] 

the caveat of this approach is that only ~2% of the wildtype cells will excise the tagged repeat 

during their lifespan. Thus, having a high-throughput system is necessary in order to capture 

enough events. 

Figure 61: Experimental procedure to measure ERC excisions. An rDNA repeat is tagged with a transcriptional 
reporter of GFP in the IGS1 or 2 regions. When this repeat is excised, the number of DNA template of this gene 

increase and the cell emits a proportional amount of fluorescence. (Left): Phase contrast + GFP signal of a 
typical field of view after 10h showing the rarity of the event.  

Using this strain with the previously described microfluidic chip, I was able to recapitulate the 

different signals observed in the original study, namely a loss of silencing (Figure 62, left), a 

recombination of the tagged repeat (leading to a doubling of the fluorescence, see Figure 
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33B, p.53 and Figure 62, middle), and the excision and accumulation of the tagged ERC 

(Figure 62, right). 

 
Figure 62: Different types of signals obtained with the transcriptional reporter of ERCs. The main graphs were 

obtained by us, while inset graphs represent what is reported in the original paper [328]. 

As expected, 2.4% of the cells (N=930) showed an exponential increase of the fluorescence 

over more than one order of magnitude (condition to consider the signal as the accumulation 

of a tagged repeat). Besides, these cells displayed the increase at very different moments, 

suggesting that the excision time was also very variable (Figure 63). 

 
Figure 63: Mean GFP fluorescence of six different cells as a function of time 

From such a signal, it is possible to extract many parameters, such as the time of excision or 

the doubling time, using a piecewise and an exponential fit, respectively (Figure 64). 
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Figure 64: GFP fluorescence of one rDNA::Tdh3pr-GFP cell displaying a strong increase of fluorescence, as a 

function of time. The fitting of the data with a delayed exponential allows to decipher the time of excision and 
the doubling time of the fluorescence. 

The doubling time of such a signal was found to be slightly higher than the division (1.36 

divisions Figure 65), in agreement with the previous study [226], reinforcing the fact that this 

signal is linked to ERC accumulation and that not all ERCs are replicated at each division.  
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Figure 65: Distribution and boxplot of the fluorescence doubling time in rDNA::Tdh3pr-GFP cells displaying an 

exponential increase of fluorescence 

To have access to the statistics of excision, one can plot the cumulative distribution of excision 

time (just like plotting a survival curve, see p.4). From that, the best fit is obtained with an 

exponential decay 𝐹𝐹(𝑡𝑡) = exp ( 𝑡𝑡
pexc

), with pexc a constant representing the probability of 

excision per unit of time (Figure 66). Therefore, the probability of excision is independent of 

age (from these preliminary results) and of about 10% per division, in agreement with 

previous numerical models [226]. 
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Figure 66: Cumulative fraction of cells in the birth to excision period, among all the cells that displayed an 
exponential fluorescence increase. Top: explainatory scheme of how the cumulative fraction is computed. 

Bottom: Data (dots) and fit (solid lines) (Wildtype in orange, fob1Δ in purple). The excision rate can be 
deciphered from the fit and is displayed in the inset with a 5% confidence interval. 

Interestingly, the fob1𝛥𝛥 mutant (a mutant known to experience less ERC excision, see p.56) 

has a halved probability of excision per division compared to the WT, which is higher than 

what was predicted with a previous model [226]. 
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1.3. Perspectives 

Altogether, these preliminary results suggest that our marker can detect the excision of ERCs 

and measure the dynamics of their accumulation. In particular, it seems that the probability 

of excision is constant with age and that cells can experience it even during their first S phase. 

However, several controls must be done in order to validate the approach.  

 

First, it is unclear in the literature whether ERCs are actively transcribed or not. On the one 

hand, non-coding RNA are enriched in old WT cells and not in fob1𝛥𝛥 cells [330]. Moreover, 

an exponential increase of Pol I, Pol I target transcripts are detected with the same dynamics 

as ERCs’ during aging [226]. On the other hand, half of the rDNA is not transcribed, and 

adding more repeats to the rDNA array does not change the amount of Pol I transcription 

[381] (though Pol II transcription has not been looked at in these strains). Even though ERCs 

are probably not submitted to the same regulations as intrachromosomal repeats, whether 

or not they are transcribed and which polymerase transcribe them is not evident in literature. 

Nevertheless, our data provide direct evidence that ERCs are actively transcribed by Pol II, 

since the dynamics of the transcriptional reporter match with the increase of ERCs numbers 

[226]. 

To verify that, it would be interesting to isolate unmodified ERCs from old mothers [483] after 

enrichment and sorting (Appendix 2), and observe them with an electron microscope to see 

potential nascent transcription from Pol I [381], or perform ChIP targeting for Pol I. 

Even if we could observe an exponential accumulation of fluorescence across several orders 

of magnitudes, it could be that the bona fide excision of the circle happens earlier than the 

increase of fluorescence. Indeed, it could be that part of the ERCs is silenced and that the 

observed increase occurs only later in life when the silencing is lost. This is not likely to be 

the case since we observe increases in fluorescence even after one division. Yet, we could 

verify that by several means. It is indeed possible to modulate rDNA silencing with drugs such 

as nicotinamide (an inhibitor of Sir2) or nicotinic acid (an activator of Sir2). Therefore, 

perfusing this drug in the media in the middle of the experiment and observing if cells with 

tagged ERCs dramatically change their fluorescence or not would indicate if ERCs are 

silenced. 

 

To further verify this hypothesis and, more generally, assess if the transcriptional reporter 

faithfully reports the number of ERCs, we engineered a strain harboring a direct reporter of 
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ERC (LacO array in a strain expressing LacI-Neongreen) at the same locus as the 

transcriptional reporter (Figure 67).  

 
Figure 67: Genetical construction of a double ERC reporter strain. A transcriptional reporter (prTDH3-mCherry) 
is inserted in the IGS1 and is followed by a 50xLacO sequence. The cell is also expressing Neongreen-LacI from 

another locus. 

The LacO-LacI-Neongreen system is therefore a more direct reporter of ERCs but emits less 

fluorescent signal than the transcriptional reporter. Consequently, longer exposures are 

required to obtain a signal, which affects the temporal resolution (to avoid phototoxicity) and 

is the reason also why we opted for a transcriptional tag for routine experiments. However, 

for the control, comparing the dynamics of the two reporters (even at a low framerate) will 

show if there is a lag between the excision and the transcription of the reporter or not. 

 

It is also possible that transcription of the GFP under the strong TDH3 promoter influences 

the probability of excision since it has been shown in different mutants that the number of 

ERC is linked with the number of ncRNA transcripts [423]. Nevertheless, in the light of our 

data and of recent studies [330], it is most likely that most of the increase of ncRNA transcripts 

numbers from population assays comes from ERCs. In other words, the accumulation of ERCs 

driving the accumulation of ncRNA is more probable than an upregulation of ncRNA 

transcription driving more ERC generations. 

Besides, the RLS of our tagged strain and of the cells displaying the excision of a tagged 

repeat is identical to that of WT, suggesting that the excision rate is the same between the 

untagged WT and the tagged WT. However, though the measured excision rate fits with the 

mathematical model for the WT, that of fob1Δ is higher than that of the model. To understand 

if the transcriptional reporter affects excision rate, we engineered a strain with just a 50x LacO 

inserted in one repeat (Figure 67 but without transcriptional reporter). Comparing the 
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excision rate in this strain with that of the transcriptional reporter strain will tell if adding a Pol 

II target in the intergenic spacer regions promotes excision or not. 

 

Another caveat of having one repeat tagged among 150 untagged is that we cannot be sure 

that the observed excision is the first one in the life of the cell. If the excision of a repeat does 

not change the probability of further excisions, then the measured probability is valid. If the 

excision of a repeat impacts the probabilities of excising another repeat, we would expect 

even less late events, which would even less favor the age-dependent hypothesis. However, 

simulating the two hypotheses and generating the subsequent cumulative distribution of 

excision times needs to be done as an additional control.  

 

This ERC marker would be interesting to be used in different context known to modify the 

excision rate (like I did with fob1∆), or the accumulation rate (diffusion barrier mutants like 

bud6∆ [354] or perturbations [484], NPC tethering with sgf73∆ [356] or rDNA-ARS mutants 

[202,417]), to further validate the approach (Figure 68). 

 
Figure 68: Framework of mutants and perturbations to further validate the ERC reporter. Acting on the excision 

rate, the replication, or the leaking should change the different dynamics of the signal. 

Interestingly, the strain used for measuring ERC excision has another fluorescent reporter 

(promoter TDH3-mCherry) placed in another repeat [328]. The first advantage of that is that 

it doubles the probability of seeing an excision event. 

In addition, it is possible to measure the loss of Pol II silencing in the rDNA relative to the 

excision and accumulation of ERCs (Figure 69). Is the loss of silencing causing ERC excision 

as suggested by the literature? Conversely, is the ERC accumulation causing the loss of 

silencing by titrating Sir2 proteins? Are these two events unlinked? A deeper analysis of the 

data will be required to conclude but would bring interesting data to the debate 

[240,257,321].  
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Figure 69: Mean fluorescence from a single cell with two rDNA transcriptional reporters. In this case, an 

exponential increase of the GFP (ERC accumulation) is followed by a mild increase of mCherry (loss of silencing 
of second ERC excision). 

Moreover, these data were obtained before the development of the high-throughput 

methodology presented earlier, and more events and experimental replicates would be 

necessary to properly conclude about the time-dependency of the excision. 

Finally, using this pipeline, it will also be interesting to verify that the period between the 

excision and the SEP is deterministic, as suggested by previous numerical modeling [226]. 
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General discussion 
Aging is a phenomenon affecting many different biophysical processes. In multicellular 

organisms such as humans, it is associated with an increased death rate and a progressive 

failure of the different organs due to the aging of the cells of their tissues. However, due to 

the different scales at play (organism - organs - tissue - cell - organelles - molecules) and the 

interplay between them, it is very complex to understand why organs fail, how these failures 

are linked together, or how the cells from these organs age. For this reason, unicellular 

eukaryotes can be relevant - to a certain extent - to study aging because they are both a cell 

and an organism while having no cell-cell interaction (in most contexts). In particular, S. 

cerevisiae is an attractive model because of its asymmetric division pattern and the 

rejuvenation of the progeny of a given cell.  

Besides, it has exhaustive mutant collections (deletion and GFP [199]); it is easily manipulated 

thanks to the new microfluidic technologies and ages fast. Thus, it is possible to screen many 

different genes with immense statistical power and observe their effect and dynamics at the 

single-cell level throughout the lifespan. These are unique features of budding yeast and 

make it a still invaluable model in geroscience. It is true that the molecular mechanisms at 

play (such as the ERCs) might not all be entirely conserved in “higher” eukaryotes. 

Nevertheless, understanding how different processes are destabilized, driving to a general 

loss of homeostasis of the cell and leading to death, would set a framework to address the 

system dynamics of aging in organisms in general. 

 

Indeed, among the many processes identified as losing their homeostasis during aging (see 

introduction), it is often difficult to separate the causes from the consequences and to 

differentiate what is a compensatory mechanism from what is a deleterious change [126]. This 

challenge is made even harder by the heterogeneity (in kinetics and in quality) between 

isogenic cells in an identical environment. 

Double deletion mutants can help distinguish if two genes are from the same pathway or not, 

but this kind of epistasis analysis is often complex to interpret due to the pleiotropy of many 

genes. 

Therefore, adopting a single-cell and longitudinal approach is almost necessary to tackle this 

question. For that, microfluidic coupled with timelapse is the state-of-the-art method and has 

allowed sorting certain known hallmarks of aging in ordered pathways. 
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1. The ERCs pathway of aging: A countdown to death started by a 

stochastic trigger 

Doing that, our lab and others have identified a stereotyped pathway of aging, implying the 

rDNA followed by most of the wild-type cells. This pathway is triggered by the excision of an 

rDNA circle (ERC) that self-replicates exponentially throughout the divisions (almost ¾ of the 

ERCs being replicated at each division) in the mother cell, until a threshold number at which 

the cell enters a pathological state (Senescent Entry Point). This SEP is preceded by an 

increase of the rDNA transcription and is defined as a cell-cycle slowdown and an increase of 

the karyoplasmic ratio. Once passed the SEP, the cell dies with a constant probability at each 

division (see p.86). 

 

Here, preliminary data suggest that the ERC excision is a stochastic (that is, age-independent) 

process. This indicates that this event is most likely not caused by another age-dependent 

degradation and is instead an upstream event of the aging choreography. 

Interestingly, the cell-cell variability (due to the stochasticity of the process), the fact that ~13 

divisions (amplifications of the circles) are needed before reaching the SEP, and the stochastic 

death once the SEP is reached, hide the fact that the aging curve is composed of age-

independent processes (see p.86). In other words, aging can arise from age-independent 

processes. 

 

Although, many questions about the links between the events of this pathway remain 

unanswered: 

Why is the rDNA transcription increased around the SEP? Under normal conditions, the rate 

of rDNA transcription is buffered against variation in copy numbers [379,381,409]. Therefore, 

increasing the number of copies (like with ERCs) beyond basal numbers should not lead to 

an increased transcription (though this model has been recently debated [240,485]). If ERC 

accumulation is the cause of the whole nucleolus activity [226] is not sure, but the data 

presented previously using transcriptional reporters seems to prove that ERCs are 

transcribed, which was not directly established so far. 

 

Why is the N/C ratio increasing at the SEP? Indeed and as discussed in the introduction (see 

p.45), the N/C ratio is very tightly regulated under normal conditions and conserved in many 

contexts, not only in budding yeast but also in S. pombe, mammal cells, and Xenopus [337-

340]. The nucleocytoplasmic transport has been proposed as a regulator of the nucleus size 
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and modifying import and export rates, and in decreasing, mRNA export [339,340] is known 

to increase the N/C ratio. 

In the context of aging, the NPC homeostasis is disrupted [341,356-358], and in particular 

old cells show an increased compartmentalization of proteins in the nucleus [226,341]. 

How to explain these changes? Since they happen every time at an approximate given 

number of ERCs, these DNA circles are a potential suspect. In line with that, ERCs are thought 

to attach to the NPC via the SAGA complex, leading to acetylation of several components of 

the NPCs, in particular, their nuclear basket (see Figure 37 p.60)[356-358]. Another possible 

explanation would be that the increase of nucleolus size (driven by ERCs) drives this massive 

specialization of the pores since NPCs adjacent to the nucleolus, even in young cells, are 

devoid of baskets [347,436,486,487]. 

Such remodeling of the NPCs could modify their nucleocytoplasmic transport. In fact, basket-

less NPCs tethered with plasmids have enriched importins (in particular Kap123 that mediates 

the nuclear import of ribosomal proteins and of histones), and depleted exportins (in 

particular exportins involved in mRNA export). Altogether, the increased N/C ratio could be 

explained by a disruption of the nucleocytoplasmic exchanges, in part altered by ERCs 

tethering to the NPCs. 

 

Another possibility would be that the excess DNA from the ERC would signal to the nucleus. 

In fact, the quantity of ERC at the end of the lifespan is similar to the quantity of chromosomal 

DNA, and early studies proposed that the quantity of DNA controls the nuclear size (called 

the nucleoskeletal theory [488–490]. However, a more recent study established that it might 

not be the case [337], so this theory is less likely to explain the increase of nucleus size. 

 

What is causing the SEP? Like the N/C ratio, the cell-cycle duration is tightly regulated under 

normal conditions, and homeostasis is lost at the SEP. Are ERCs directly causal for that? Is it 

simply because they increase the total amount of DNA in the cell, or because they are rDNA 

sequences? Is it linked to the massive upregulation of the rRNA transcription? 

First, increased nucleus size and content could disrupt the homeostasis of cyclins, CDKs, and 

other proteins involved in cell-cycle duration. Indeed, some of these proteins are controlled 

in concentration [248,491], and the global increase of the concentration of nuclear proteins 

could affect this equilibrium. Hence, the SEP could be an indirect cause of ERCs, via nuclear 

deregulation. 

On the other hand, the number of ERCs saturates in the post-SEP period, suggesting that the 

replication machinery is deregulated, potentially because too much DNA is to be replicated. 
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This is supported by the observation that yeast mutants over-amplifying a 2μ DNA circle 

possess a relatively longer S-phase [434]. Moreover, and as enunciated in the introduction, 

the DNA sequence of these circles contains binding sites for the SBF and MBF transcription 

factors, which control the G1/S transition (Wittenberg and Reed 2005). Hence, the SEP could 

be directly caused by an accumulation of DNA titrating the replication machinery and 

transcription factors of the cell cycle. 

 

If the massive upregulation of rRNA transcription is part of the SEP phenotype is currently 

assessed in our group. Unpublished data show that deleting Rrn3 (an activator of Pol I) or 

degrading Pol I in the post-SEP phase do not prolong lifespan nor rescue the SEP phenotype. 

Therefore, the upregulation of the rRNA transcription is likely to be a simple byproduct of 

ERCs and not a cause of the SEP. 

 

An interesting corollary of all these questions is that aging can also be used as a perturbation 

to study fundamental processes that are very well regulated under physiological conditions. 

1.1. An integrative model of the ERC pathway of aging 

One possible integrative model of the ERC pathway of aging starts with a stochastic excision 

of a circle that multiplies by self-replication with the cell divisions. These circles are tethered 

to the NPCs so they are not transmitted to the progeny, with the caveat that the affected 

NPCs get remodeled by losing their basket and disrupting their nucleoplasmic transport. In 

particular, they would import more matter (notably ribosomal proteins and histones) and 

export less (in particular, mRNA). Altogether, this overproduction of matter and modification 

of the import/export homeostasis would lead to an increase in nuclear size and content, which 

in addition to the DNA burden from these circles, would in turn affect the cell-cycle 

homeostasis. Then, many other processes, often described as hallmarks of aging, would 

appear (sharp loss of pH, loss of protein stoichiometry and ribosome biogenesis decline, 

multinucleation, genomic alterations, etc). Potentially, feedforward and feedback loops exist 

between these post-SEP processes (such as the loss of protein stoichiometry, affecting the 

NPC and the translation machinery [294,341], in turn worsening the loss of protein 

stoichiometry), and participate in the death of the cell. 

 

Why has evolution selected ERCs? As seen in the introduction, the evolutionary theory of 

aging proposes that the toxicity of aging factors is the consequence of an antagonistic 

pleiotropy which gives a fitness advantage at early ages. In line with that, ERCs are a 
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byproduct of rDNA recombinations which is a rapid evolutive mechanism to modulate the 

size of the rDNA array. Besides, ERCs can reintegrate the rDNA locus and participate in 

replenishing the number of copies [378]. To validate this hypothesis, it would be interesting 

to perform competitive assays between WT and fob1∆ in different changing environments, 

and show that the WT outcompete the fob1∆ mutant that is unable to adapt its rDNA size. 

 

Altogether, we provide a framework to explain one path of aging by separating three distinct 

phases: excision, replications, and post-SEP survival. This ordering seems crucial to 

understanding different mutants' role since the confusion between excision and accumulation 

is often made in the literature. For instance, a fairly recent study [202] used different rDNA-

ARS (which impact the replication efficiency of ERC) and found that weaker ARS leads to 

increased lifespan. However, they found an additive effect with a SIR2 or a FOB1 deletion 

and thus concluded that modulating the ARS affects lifespan in an ERC-independent manner. 

In reality, Sir2 and Fob1 affect the excision rate, while the ARS affect the replication rate, 

which both affect the ERC quantity in a population. 

More generally, to challenge this model, it would be necessary to screen known mutants of 

longevity and see if they are long-lived because of a decreased excision probability, a slower 

accumulation, if they trigger the SEP at a higher dose of ERCs, or if they survive better in the 

post-SEP period (Figure 70). 

 

Figure 70: Scheme describing the potential effect of longevity mutants on the ERC-pathway of aging 
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2. Relevance of the ERC/rDNA pathway in other organisms 

The molecular relevance of such a pathway in other organisms is debatable. Indeed, though 

ERCs exist in other organisms, they have not been found as enriched during aging. However, 

extrachromosomal circles (eccDNA) are a hallmark of cancer cells and have raised much 

attention in the past few years [492-495], thanks to the adaptive potential they can confer to 

a cell by increasing gene copy number [496,497]. Though in the case of cancer, eccDNA 

provides a fitness advantage, they have also been found implicated in the aging of the central 

nervous system and in neurodegeneration [498]. 

If ERCs are absent from aging tissues in mammals, the rDNA homeostasis is a recurrent 

hallmark of aging and cancer. Indeed, since all the cellular functions are dependent on the 

ribosome biogenesis across the living, the fact that the rDNA is organized in repetitive 

repeats is very conserved so that cells can crank out many ribosomes simultaneously. 

Consequently, rDNA sequences are also prone to genomic damage in these organisms and 

are strongly rearranged during aging and in cancer cells [499-501]. Besides, misregulated 

ribosome biogenesis and increased rRNA transcription is known to be linked with senescence 

in mouse and human fibroblasts [502,503]. Along the same line, small nucleoli and reduced 

ribosome biogenesis are also correlated with longevity in C. elegans, Drosophila, mice, and 

human muscle tissues [234,369,370,504]. In line with that, caloric restriction or TORC1 

inhibition, two of the most conserved longevity interventions, decreases the nucleolus size 

[505]. Altogether, this points out that the nucleolus homeostasis and the rDNA pathway(s) of 

aging that we described have a crucial and conserved role in cancer and aging. 

3. Other pathways of aging 

At least one other pathway (or “mode”) of aging exists and has been described as mutually 

exclusive with an “rDNA mode” (loss of rDNA silencing, increase of nucleolus size [283]). This 

rDNA mode is most probably what we described as the ERC/rDNA pathway, while this 

second mode seems to implicate mitochondria homeostasis [283]. Recently, another 

independent but concomitant study also reported two divergent populations, this time 

regarding the vacuolar pH and the iron-sulfur cluster maintenance [280]. It would be 

interesting to see if these populations also represent the two modes, “rDNA” and 

“Mitochondria” (which is likely, knowing the link between mitochondria and vacuolar pH and 

ISC, see p. 38). Nonetheless, if this “mitochondrial pathway” is really aging or simply the age-

independent and transmissible loss of mitochondrial potential that can occur in the life of 
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cells, as described previously [246], has not been carefully analyzed by the authors (though 

the phenotype seems to be inherited to the daughters, according to the raw data provided). 

In any way, the fact that two-thirds of the fob1∆ cells die without ERCs suggests that another 

path of aging exists. This idea is reinforced by the fact that mathematical modeling fails to 

perfectly recapitulate the aging curve by simply taking into account the ERC model, and a 

competing ERC-independent cause dictated by a Gompertzian law (age-dependent 

mortality, see introduction) needs to be added to the model to better fit the survival curve 

(Figure 59, p.86). Understanding what causes this age-dependent part, and how ERC-less 

cells die, is of particular interest.  

In a more general manner, we could wonder where all the described hallmarks of aging from 

the introduction (and many more not presented here) stand on the aging picture. 

Altogether, it is very likely that several pathways of aging with different kinetics compete 

together (potentially interconnected at some nodes), or alternatively, that one path is 

exclusive to the others [126,223,283,506,507] (Figure 71).  

 

Figure 71: Different paradigms can model aging. Each color represents a biological process that is affected 
during aging. 

Yet, the current tools have a limited power to test so many hypotheses. Even if microfluidics 

lifted a manipulation burden, the throughput and, in particular, the speed of analysis (mainly 

manual), remains an obstacle for systematic and comprehensive screens. For that, we 

developed a high-throughput platform for automated and standardized aging assays, 

which will allow us to analyze all the known markers of aging at the single-cell level and 

classify them into aging pathways. 
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4. A general framework to classify hallmarks of aging into pathways  

4.1. Deciphering the choreography of aging 

Indeed, since neither monitoring nor analysis represents a throughput problem (16x2000 cells 

can be screened and analyzed in 4 days) anymore, it is possible to screen 4 or 5 markers 

(division duration, growth, and 2-3 fluorescent tags) simultaneously in order to decipher their 

dynamics and where they stand one towards the others. With that, we will be able to 

temporally order the phenotypes to know if their occurrence is abrupt or progressive and 

classify them into one or another aging pathway (Figure 72). 

 
Figure 72: Experimental plan to decipher the choreography of aging. (Left): List of phenotypic aging markers, 

grouped in functional ontologies, that will be tagged fluorescently. (Right): Types of dynamics that can be 
assessed with these markers. The color of the cell represents a phenotype of aging, tagged using a fluorescent 
marker. It is possible to order them temporally (top left tile), to know if they are abrupt or progressive (bottom 
left tile), to know if they are independent of each other’s (mid left tile), or to know if a marker is a link of a chain 

of causality or a pure byproduct (right tile) 

For instance, we could systematically use a Net1-mRuby3 as a marker of the rDNA/ERC 

pathway (or simply look at the existence of a SEP, which always correlates with an ERC 

accumulation [226]), with another marker X.  Does X belong to the ERC mode of aging? If so, 

does it occur before or after the nucleolar misregulation and the SEP? With this approach, 

we could, for example, assess if the NPC remodeling and the impairment of the 

nucleocytoplasmic exchange [341,358] are ERC-dependent or not (using tagged Nup116 and 

other nucleoporins from different parts of the NPCs, as well as karyopherins), and if yes, 

whether they occur progressively with the ERC accumulation, abruptly at the SEP, or only in 

late the post-SEP phase. 
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Another example application could be to determine if any of the described aging phenotypes 

(such as Whi5 accumulation [248] or proteostasis collapse [316]) bona fide paths of aging or 

only post-SEP and proximal causes of cell death. 

Along the same line, a recent report described P-bodies formation in late ages and linked it 

to a change in cytoplasmic pH [292]. Could we show that the pH drop and the P-bodies 

formation are post-SEP events (as suggested in [238] for the pH)? 

Beyond allowing the classification of hallmarks in aging pathways, looking at temporal 

sequences of events can be very informative on the causality. If event A systematically occurs 

before event B, then B is probably causally linked to A (directly or indirectly). However, this 

observation remains correlative, and deletion mutants are necessary to reinforce such 

conclusions and determine if an event is a cause or just a byproduct. Do we still have the rest 

of the chain of events when deleting a gene causing a marker? If so, then this marker is 

probably a byproduct of the pathway (Figure 72, top right). 

Finally, without even looking at several markers at the same time, measuring the statistics of 

the occurrence of a given event can inform us about its causes. For example, if an event is 

not dependent on age or is observed at any age (like the loss of mitochondrial DNA [246] or 

the excision of an ERC, as presented in this dissertation), then it is not likely to be the result 

of a pathway of aging, but rather the genesis of a pathway (or a standalone event).  

4.2. Classifying longevity genes 

Similarly, screening the longevity mutants will also allow distinguishing the different paths of 

aging and the kinetics of each component of the paths. 

For example, if two different paths of aging have different kinetics (Figure 73B “WT”), we 

could determine if longevity mutants are long-lived because they affect the kinetics of one 

path or the other (Figure 73B “Mutant1”), and which element of the path has its kinetics 

modified (Figure 73C, and example with the ERC pathway p.138). Along the same line, 

slowing down the kinetics of the fastest aging path should reveal the other (Figure 73B 

“Mutant2”). 

For example, it could be that ERC accumulation (and all its downstream effects) is the first 

replicative limit encountered by the cell (Scenario “WT” in Figure 73B), but if the kinetics of 

this pathway is decreased (for example, in a fob1∆ mutant), then another competing pathway 

of aging becomes the new replicative limit, later than in the WT (scenario “Mutant 1” and 

“Mutant 2” on Figure 73B). In line with that, one-third of the fob1𝜟𝜟 cells die with a SEP and 

an ERC accumulation, but later than the WT cells (scenario “Mutant 1”), while two-thirds die 

without a SEP nor ERC accumulation (scenario “Mutant 2”). 
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Figure 73: Experimental plan to classify longevity genes. (A): Non-exhaustive list of deletion mutant to screen 
using markers from Figure 72. (B): With the hypothesis of two concomitant aging pathways (WT scenario), we 
could observe mutants that are long-lived because they delay one path or the other, therefore changing the 

proportion of cells dying from one or the other and reveal new paths. (C): Among one pathway that is delayed, 
we could identify which transition between two nodes of the pathway is slowed down (grey arrow). 

 

Instead of deletion mutants, dynamic genetic perturbations (with an AID- system, for instance 

[508]) are also a way to decipher the chains of causality. If a gene is thought to have an effect 

early in the chain of causality, then deleting it at later stages should not affect aging. For 

instance, deleting FOB1 after the cells have excised an ERC should have no impact on the 

rest of the events, (namely the accumulation of ERC, the entry into senescence, and the post-

SEP declines), nor on the RLS. Conversely, some deletions could have a deleterious effect 

early in life but be beneficial once advanced in the path of aging (such as a GCN5 deletion, 

which is thought to have a higher excision probability, but a slower ERC accumulation [356]). 
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Similarly, definitive deletion can cause fitness defects, while an intermittent reduction of one 

protein quantity could increase lifespan. More generally, with such an approach, we could 

also test the antagonistic pleiotropy theory of aging by suppressing genes early or late in life 

and measuring the impacts on fitness (growth) and survival. 

Along the same line, environmental perturbations such as caloric restriction, amino acid 

depletion, inhibition of TOR with rapamycin, or growth in respirative media are known to 

affect lifespan positively [157,158,295]. Understanding how these effects impact longevity is 

key to grasping aging because of their high degree of conservation and the fact that they act 

on different hallmarks of aging simultaneously. However, this pleiotropic nature makes the 

results difficult to interpret, but using our pipeline could help to determine precisely and 

systematically which aging markers are affected. Besides, no study exists about the lifespan 

of cells in fluctuating environments such as periodic pulses of caloric restrictions and if it could 

be possible to further extend the lifespan with such dynamic switches. 

 

This ordering and classification of events in pathways and networks seem basic and obvious 

but are in reality rarely applied due to the cumbersome task of tracking cells manually 

throughout aging. We think that the new tool we developed will help realize such 

comprehensive and systematic analyses and that budding yeast remains the most suitable 

model for this approach. 

5. Observing the daughters to understand aging factors 

To better identify and understand the aging factors, one could also observe the progeny of 

old cells. So far, careful examination of daughters has been almost absent from the literature, 

except from early studies [211,212,224]. Nevertheless, this approach can be very informative 

about what drives aging in the mother, and help tell which hallmark is a bona fide aging factor 

(that is, not transmitted to the daughter).  
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Figure 74: Examining the lifespan of daughters from old mothers can be informative. (Left) Division time as a 

function of the divisions, of daughters from old mothers (black circle and triangle) compared to daughters from 
young mothers (white circles) (From [211]). (Right): Hypothetic new model of aging factor. A factor A, non-

necessarily toxic, asymmetrically segregated and accumulating in the mother, drives the accumulation of a factor 
B, toxic but not actively segregated and thus being diluted throughout the divisions in the daughter. 

For example, daughters from old mothers divide slower than those from young mothers, but 

it is back to normal after a few divisions [211] and Figure 74). This suggests that these 

daughters inherit a factor that slows down the division time, which is not asymmetrically 

segregated and not self-amplifying (since it is diluted at each division). 

  

In other words, it is possible that a toxic factor is evenly segregated to the daughter but does 

not accumulate there because its production relies on another factor retained in the mother 

(Figure 74). Such concepts question the validity of the aging factor definition and framework 

(accumulation in the mother, toxicity, and non-transmission to the daughter [213]). 

Yet, these experiments are in practice difficult to realize with the current tools, since the only 

way to study daughters from old mothers so far is to use microdissection or to harvest them 

from enrichment methods. Either way, it is impossible to correlate the mother's lifespan with 

that of the daughters.  

 

Using the device and experimental setup presented in the discussion of the first project 

(p.129), we could capture the entire lifespan of a daughter cell born at any mother age. 

 

Beyond understanding aging factors, we could also determine which damages are irreversibly 

passed to the progeny, such as -among the obvious ones- loss of heterozygosity, nuclear 
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fragmentation, and loss of mtDNA. In this sense, we could adequately characterize 

mitochondrial damages that have often (and still recently) been described as aging factors, 

though they are inherited by the whole progeny in some cases [246,262,264]. 

However, though they cannot be described as an aging factor per se, traits that decrease the 

lifespan while being inherited (DNA mutations, nuclear fragmentation, loss of mtDNA, etc) 

contribute to aging and should not be ignored. Therefore, we could question the replicative 

aging model and consider the rejuvenation loss as a hallmark of aging, since genomic 

instabilities and some epigenetic alterations are part of human aging and are transmitted to 

the daughter cells as well. 

 

Altogether, this suggests that studying how the daughters of old mothers age and rejuvenate 

has been overlooked so far but could become a powerful angle to tackle replicative aging 

thanks to newly available technologies.
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Chapter 2: Monitoring single-cell dynamics of entry 
into quiescence during an unperturbed life-cycle 

This work is the result of a side-project in close collaboration with Basile Jacquel (another 

PhD student from the lab). It was recently published in Elife. I will shortly introduce the 

background and the result part will consist in the published paper. 

The chapter ends with a short discussion. 

Introduction 

1. General concepts of quiescence 

Microorganisms are tightly controlling their proliferation in response to nutrient availability 

from their immediate environment. In fact, in their natural habitat they spend most of the time 

under nutrient depletion [1,2]. Therefore, prokaryotic and eukaryotic microbes have evolved 

complex programs to maintain viability in the absence of metabolizable carbon, nitrogen, or 

amino acids, in order to be able to proliferate again when these nutrients are available again. 

For example, starved diploid budding yeast can perform meiosis and form spores that can 

survive for extended periods [3]. Similarly, cells can enter quiescence, defined as a reversible 

nonproliferating state [1]. In this state, microbial cells can survive for many years without 

nutrients and tolerate stresses several orders of magnitude higher than what would kill them 

in a proliferative state. 

Quiescence also occurs in mammal cells, especially in stem cells, when no proliferation is 

needed [4,5]. It is also a property of certain cancer cells which allows them to survive 

chemotherapies [6]. 

Of note, the molecular pathways involved in the entry into quiescence are partially conserved 

across eukaryotes (notably driven by the TOR and PKA metabolic pathways) [7]. 

Overall, and similarly to replicative aging, budding yeast is a relevant organism to study 

quiescence. 

2. The molecular pathways of entry into quiescence 

Originally, cells were thought to be able to enter quiescence only by exiting the cell cycle 

from the G1 phase, which is why quiescence is sometimes termed G0 phase (Figure 75) [8]. 
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In line with that, many genes blocking the G1/S transition are repressed during the entry into 

quiescence [9,10]. However, later studies established that S. cerevisiae, Cryptococcus 

neoformans, and Tetrahymena pyriformis could enter quiescence in G2 [2,11]. Therefore, 

cells could prefer to stay in G1 before entering quiescence when the nutrients start waning, 

but being in G1 is not necessary to enter it. 

 
Figure 75: Relation between the cell cycle and quiescence, as historically stated (From [1]). 

The molecular pathways driving the transition to quiescence are partially known and rely on 

TORC1 and PKA (major nutrient sensing and metabolic pathways, see p.44). Their repression 

leads to the transcription and activation of several hub repressor genes such as Rim15, Xbp1, 

and Stp3. Rim15 induces the general stress response, indirectly inhibits Pol II transcription, 

and promotes glycogen and trehalose storage (important for longevity in quiescence, as 

discussed later) [12–14]. Similarly, Xbp1 represses 800 genes, and Stb3 represses ribosomal 

protein transcripts. 

Overall, quiescence is regulated molecularly with specifically dedicated programs. However, 

these molecular pathways are not the only layer of control. 

3. Structural rearrangements in quiescence 

Indeed, the entry into quiescence is also characterized by a wide reorganization of cellular 

structures, presumed to be involved in the long-term viability in this state [2] (Figure 76). 
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Figure 76: Cellular and organellar reorganizations upon proliferation cessation in budding yeast. The percentages 
indicate the number of cells displaying these changes in the population among all other possible forms (From [2]). 

The following subsections will briefly present some of these changes. 

3.1. Cytoskeleton 

The cytoskeleton is the central controller of the dynamical mechanical properties of cells and 

is involved in intracellular transports, polarized growth, and material segregation during 

division [15]. Upon nutrient depletion and proliferation arrest, it is remodeled with the actin 

network transitioning into single bodies (called actin bodies) [16], and microtubules forming 

a single tubular structure called nuclear bundle [17] (Figure 76). Importantly, these 

quiescence-specific structures are reversible and return to their functional state when 

nutrients are available again, suggesting that they act as a storage compartment to efficiently 

re-enter proliferation. 
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3.2. Mitochondrial network and respiration 

As seen previously (Chapter I, p.36), mitochondria are an important metabolic hub and are 

necessary for respiration. In response to abrupt starvation, cells need to have a flux in the 

respiration metabolism in order to survive [18]. Besides, the mitochondrial network (which 

directly depends on the mitochondrial activity) is also remodeled during quiescence, going 

from a tubular network during proliferation to small vesicles (Figure 76). Importantly, cells that 

do not display this remodeling do not survive longer than a few days (discussed later) [19]. 

Overall, this suggests that respiration and mitochondrial reorganization play a critical role in 

the establishment of a "healthy" quiescent state. 

3.3. Proteasome 

As discussed in Chapter I (p.42), the proteasome is a group of enzymatic complexes which 

control the proteostasis and the degradation of damaged proteins [20]. During the entry into 

quiescence, the proteasome is relocalized from the nucleus to the cytoplasm and forms 

Proteasome Storage Granules (PSG) [21] (Figure 77). This sequestering protects the 

proteasome from autophagic degradation occurring upon carbon starvation [22], and could 

explain why the cells have evolved to form these structures during the entry into quiescence. 

Like precedently, this structure is reversible since the PSG can rapidly be transformed into a 

functional proteasome upon nutrient availability [21]. 

 
Figure 77: Images from the different types of organizations the proteasome can adopt. Most of the cells display 

a « nuclear » proteasome during proliferation, and a PSG during proliferation arrest (From [21]). 

3.4. Phase transition of the cytoplasm 

Beyond cellular structures, the whole cytoplasm organization could be modified in 

quiescence. In fact, it was shown that the cytoplasm of the cell was transitioning from a liquid-

like state to a gel-like state upon starvation, not only in budding yeast but also in fission yeast 

and bacteria [23–26]. This state is caused by a decrease in metabolic activity and is associated 
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with reduced mobility of cytoplasmic particles above a certain size, as well as an increase in 

molecular crowding (Figure 78). Two biophysical phenomena can explain this phenomenon: 

the decrease in cell volume during nutrient stress [23] and the acidification of the cytosol [24]. 

Indeed, the cytosolic pH is mainly controlled by ATP-dependent proton pumps (such as 

Pma1) [27] and since ATP levels drop upon starvation [18], the cytosol becomes acid [24]. In 

turn, a low pH can induce the aggregation of several proteins such as metabolic enzymes 

[24,28], proteasomal proteins [29], stress granules, and P-bodies [30–32]. 

 
Figure 78: Link between energy, pH, and cytosolic physical state. (Left) : Cytosolic pH vs. Time. The gray area 
indicates an induced energy depletion, in a media of pH 7.0 (black) or 5.5 (green). When cells are depleted from 
energy, intracellular pH becomes close to extracellular pH. (Right) : Mean Square Displacement of a given 
fluorescent particle in energy-depleted cells in different pH. The mobility is decreased in low-pH cytosols (From 
[24]). 

If the transition of the cytosol into a gel-like state is the result of a global aggregation of 

proteins or just an independent effect of a drop of pH and volume decrease, is still debated. 

Nonetheless, the aggregation of the proteins described previously participates in the cellular 

fitness in starvation and quiescence [22,24,30,31]. 

Furthermore, the phase transition of proteins is also known to depend on their concentration 

[30,54–56], and a reduction in volume during starvation could help achieve a gel-like state. 

More generally, this state is also thought to confer stress resistance properties and protect 

the proteins and structures by reducing their interactions [30].  

 

Overall, in the absence of nutrients, protein aggregation and the phase transition of the 

cytosol are driven by a drop of pH, and are an efficient and energy-free mechanism for the 

cell to keep its integrity. 
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4. Quiescence and life-cycle of budding yeast 

4.1. The life-cycle of budding yeast 

In most ecological niches, yeast experience different metabolic phases where they catabolize 

several carbon sources. For example, in the wine-making process, they start by fermenting 

the sugars from the media until their exhaustion. Then, after a diauxic shift period, they can 

proliferate again by respiring the ethanol produced during the fermentative phase. Finally, 

when all the carbon sources are exhausted, the population reaches the stationary phase and 

cells enter quiescence (Figure 79). Hence, quiescence in the wild rarely happens after a sharp 

nutrient depletion, but rather after a dynamic change of environments. 

 
Figure 79: Optical density (i.e., indirect measurement of the cell concentration)(solid line and dots) and glucose 

concentration (dashed line) vs. Time of a population of cells put in a glucose-based media. The points 1-5 
represent the fermentative phase, 5-6 the diauxic shift, 6-7.5 the respirative phase, and from 7.5, the 

stationary phase (From [33]). 

4.2. Quiescence: one unique cellular state? 

Do cells from an isogenic population reach the same quiescent state after this dynamic 

change of environment? In other words, is there a single genetically encoded quiescent state 

and if not, what factors determine the population's heterogeneity? 
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If the different hallmarks presented previously are happening in most cells, there is always a 

subpopulation not displaying them, or displaying another form of hallmark (see % in Figure 

76). In line with that, two subpopulations were identified based on more general markers such 

as cell density [34]. The population with the lowest density was called 'non-quiescent' 

because its viability was null after 21 days of culture, while the other was called quiescent. 

Futher study identified the 'non-quiescent' cells as cells that could not respire during the 

respiration phase [19,35] and show a globularization of their mitochondrial network in 

respirative phase (instead of fragmentation). They have been termed senescent cells and 

represent the same population as the 'non-quiescent’ cells. 

In agreement with this, cells with a null respirative capacity (ϱ0 cells) rapidly die upon 

stationary phase. Interestingly, the longevity of these cells can be rescued when adding 

trehalose to the media [36], a sugar that is normally produced and stored in the cells during 

respiration. 

Hence, to respirate or not during the respirative phase of the culture can lead to a different 

final state once in stationary phase. 

Besides, the appearance of these two populations during the respirative phase has been 

recently proposed as a bet-edging strategy for the cells to adapt to environmental instability 

[37]. In this study, they performed an abrupt switch between a fermentative and a respirative 

media, and found that the cells that could not respire after the switch were growing slightly 

faster than the cells that could do the metabolic switch. However, how one cell decides to be 

of one or the other type is unclear. 

 

More generally, it is known that how yeast and other microorganisms respond to their 

environment is dependent on their history ('termed history-dependent behavior') [38]. Along 

the same line, cells can anticipate and predict future environmental changes in the context 

of the standard life-cycle (fermentative phase ->respirative phase->stationary phase). It was 

indeed shown that exposition to ethanol during the fermentative phase was protective 

against ROS produced during the respirative phase [39]. 

Thus, the quiescence state is most likely shaped by the previous experiences of the cell (for 

example, respiration). 

As an illustration, cells can reach a different quiescent state depending on the type of nutrient 

depletion they experience (glucose, nitrogen, or phosphate), although several properties 

such as stress tolerance and increase in cell wall thickness were common [40]. 

 

187



Chapter II : Introduction 

188 

Overall, this suggests that quiescence is not a unique and well-defined state, and is strongly 

influenced by what the cell experienced in its life. In the context of the standard life-cycle, to 

respirate or not is identified as a source of heterogeneity later on in quiescence. Yet, what 

determines if a cell will respirate during the respirative phase is unclear, nor if the 

subpopulations pre-exist before respiration.  

4.3. Assessing quiescence 

One way of assessing the state of quiescence in which the cells are is by putting them in a 

glucose-based media, let them grow until the stationary phase, and measure how long they 

remain viable (Chronological Lifespan) (often done using Colony Formation Units (CFU) as a 

readout (see p.25) (Figure 80, 'Q cells')). Similarly, extracting a fraction of the cells at given 

timepoints to observe specific markers (see introduction) can also be informative. The caveat 

of this approach is the absence of information at the single-cell level. In particular, the history 

of the cell that recreate a colony, or that is being observed, is entirely unknown.  

 
Figure 80: CFU of cells experiencing different environmental conditions? (Q): a normal life-cycle without any 
perturbation. (SP): cells left until the stationary phase before being put into water. (lim glu): Cells grown in a 

media with 0.8% glucose before being transferred to a media with 0% glucose (starvation). (-glu): Cells grown in 
a media with 2% glucose before being transferred to a media with 0% glucose. (From [41]) 

Another approach consists of observing single-cells longitudinally in microfluidics, by doing 

synthetic nutrient starvation such as switching from a rich media to a glucose-depleted one. 

Yet, such treatment ignores the complex dynamical processes that the cell put in place during 

evolution (see previous section). In support of that, cells experiencing an abrupt nutrient 

depletion can only survive a few days, while cells that underwent an entire life-cycle and were 

left in their media, can survive more than 100 days. This suggests that the conditions of 

growth can impact the quiescent state of the cells (as intuited in the previous section) [41] 

(Figure 80). 
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Summary and motivations 
Quiescence defines a reversible proliferative arrest accompanied by several molecular 

processes and a massive reorganization of many cellular structures. However, it does not 

represent a unique and well-defined state. Even an isogenic population cultured in the same 

environment will reach heterogeneous states. Besides, the state of quiescence is highly 

dependent on the cell’s past experiences. 

In particular, in the context of the yeast life-cycle, respiration seems a source of heterogeneity 

later on in stationary phase, leading to a quiescent and a 'non-quiescent' (also called 

senescent) population. 

Relative to the methodology, populational assays lead to averaging biases of these 

heterogeneous populations and fail to capture the history of single-cells (similarly to 

traditional methods used in replicative aging). When they manage to do it, they ignore the 

dynamic environments for which the cells have evolved specific ordered responses. 

To our knowledge, there is no available method to track single-cells longitudinally while 

experiencing their natural life-cycle. 

 

Therefore, the objectives of this project were to: 

a) Develop a methodology to track single-cells experiencing all the phases from the 

yeast life-cycle, from the fermentation to the entry into quiescence and the survival 

once in quiescence. 

b) Understand the source of heterogeneities and better characterize the 'non-quiescent' 

population: 

What is the source of this non-quiescent population? 

Can we predict which cells will become 'non-quiescent' before stationary 

phase by looking at their history? 

Do these cells enter some kind of quiescence before losing viability, or do they 

die directly? 
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Results 
The result part is composed of a published paper, but a small paragraph will introduce the 

details of one key component from the methodological pipeline (that is not detailed in the 

paper). 

As described later in the paper (Figure 1), we plugged a culture of cells to an observation 

microfluidic device to follow single cells throughout the life-cycle. Consequently, the cells 

present in the observation chambers can experience the same media as the cells in the batch 

culture. Yet, the concentration of cells is so high in the late stages of the life-cycle (5*108 

cells/mL) that a filtration device is needed between the culture and the observation chamber 

to avoid unwanted cells colonizing it. 

Beyond being used to trap cells, microfluidic devices can also be serve to focus particles in a 

thin streamline. For that, several solutions exist. If of adequate dimensions, a rectangular 

channel will focus particles above a certain size, along its outer walls [42] (Figure 81, top 

middle). That is due to an inertial force, called lift force, which is a result of a shear force 

induced by the flow (due to the parabolic nature of the velocity, since microfluidic flows are 

mostly Poiseuille flows), and a lift force exerted by the walls (said simply). 

From that, adding curvatures to the channels adds other inertial forces such as the Dean force 

(a drag force with a vortices profil), which focuses the particles onto a unique wall (Figure 81, 

right)4.  

Among these channel types, we can cite "bumpy" channels [43], asymmetrically curved 

channels [44], or spirals [45]. 

Therefore, by tweaking the dimensions of these channels, it is possible to split a mixed group 

of objects of different sizes5 into ordered focused streams [46].  

 
4 The physics of inertial microfluidics will not be further detailed here for the sake of 

conciseness (more details: [51]). 

 
5 Of note, it is also possible to sort particles by shape [48] using the same principle. 
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Figure 81: Schematics of the principle of inertial separation. (Top) : Cross-section of a channel, with blue dots 
representing particles, at the channel's inlet (left), at the outlet of a rectangular channel (middle), or at the outlet 
of a spiral channel. (Bottom) : A spiral device (left) and a close up on its cross-section indicating the different non-
negligible forces at stake (middle). The expression of the forces is indicated on the right, with ap the size of the 
particle, p the density of the fluid, Uf the average fluid velocity, Lc the narrowest dimension of the channel, µ the 
viscosity of the fluid, and De the Dean number, which depends on the channel dimensions and the Reynolds 
number (Adapted from [47]). 

This type of particle separation is used, for example, to separate the different types of blood 

cells from a sample [49,50]. Yet, if the threshold side is well adapted, one can separate 

particles (like cells) from the media. Hence, among the different device types, we found that 

the spiral-like was the best compromise between continuous filtration of particles above 3µm 

and hydrodynamic resistivity, and can achieve a 99% filtration efficiency. 
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Abstract The life cycle of microorganisms is associated with dynamic metabolic transitions and
complex cellular responses. In yeast, how metabolic signals control the progressive choreography 
of structural reorganizations observed in quiescent cells during a natural life cycle remains unclear. 
We have developed an integrated microfluidic device to address this question, enabling contin-
uous single-cell tracking in a batch culture experiencing unperturbed nutrient exhaustion to unravel 
the coordination between metabolic and structural transitions within cells. Our technique reveals 
an abrupt fate divergence in the population, whereby a fraction of cells is unable to transition to 
respiratory metabolism and undergoes a reversible entry into a quiescence-like state leading to 
premature cell death. Further observations reveal that nonmonotonous internal pH fluctuations in 
respiration-competent cells orchestrate the successive waves of protein superassemblies formation 
that accompany the entry into a bona fide quiescent state. This ultimately leads to an abrupt cyto-
solic glass transition that occurs stochastically long after proliferation cessation. This new experi-
mental framework provides a unique way to track single-cell fate dynamics over a long timescale in a 
population of cells that continuously modify their ecological niche.

Editor's evaluation
The cell fate program that is set in motion as yeast cells transition from fermentation to respiration 
is still not well understood. The development of the microfluidic platform described in this manu-
script could make a significant contribution to understanding the succession of metabolic and struc-
tural changes occurring during this transition. The application of single cell tracking to monitor the 
temporal program of these changes represents a major technical advance that will be of general 
interest to researchers interested in defining the developmental programs that contribute to cellular 
quiescence and longevity.

Introduction
Microorganisms have evolved plastic growth control mechanisms that ensure adaptation to dynamical 
environmental changes, including those that arise from their proliferation (such as nutrients limitations 
and cellular secretion in the medium). During its natural life cycle, budding yeast may undergo several 
metabolic transitions from fermentation to respiration, followed by entry into a reversible state of 
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proliferation arrest known as quiescence (De Virgilio, 2012; Gray et al., 2004; Sun and Gresham, 
2021; Miles et al., 2021). Despite quiescence being an essential part of the microorganism life cycle 
that ensures cell survival over prolonged periods (Fontana et al., 2010), it has received little attention 
compared to the analysis of biological processes in proliferative contexts.

Quiescent cells strongly differ from proliferating cells in terms of metabolic activity and gene 
expression (Gray et al., 2004; Miles et al., 2013). They also display a large body of structural rear-
rangements in the cytoskeleton, mitochondria, nuclear organization, and the appearance of protein 
superassemblies, clusters, and aggregates (Sagot and Laporte, 2019; Sun and Gresham, 2021). So 
far, the complex and entangled regulatory processes controlling this particular state’s establishment 
remain poorly understood. In particular, the detailed sequence of events describing how the dynamics 
of metabolic cues during the natural life cycle drive the entry into quiescence is still missing.

Also, an essential feature of microbial ecosystems in the stationary phase (SP) is the existence of 
phenotypic variability (Campbell et al., 2016; Avery, 2006; Holland et al., 2014; Labhsetwar et al., 
2013; Ackermann, 2015; Bagamery et  al., 2020; Solopova et  al., 2014) and history-dependent 
behaviors that lead to fate divergences (Balaban et al., 2004; Cerulus et al., 2018). In quiescence, 
the coexistence of heterogeneous cell populations has been previously reported (Allen et al., 2006; 
Laporte et al., 2018a). Nevertheless, how phenotypic diversity emerges in a clonal population during 
a natural life cycle remains elusive (Figure  1—figure supplement 1A). Bridging this gap requires 
performing longitudinal tracking of individual cells over time. However, an important technical 
obstacle is that it must be done in population-scale growth experiments to allow cell proliferation to 
have a collective impact on the environment.

Previous work has used an abrupt transition to glucose starvation to study how cells reorganize 
upon entry into the SP in various biological contexts (Munder et al., 2016; Bagamery et al., 2020). 
While this experimental framework may be helpful for studying standard properties of cells under-
going proliferation arrest, the results cannot be transposed to the context of entering quiescence 
during an undisturbed life cycle, in which cells undergo a sequence of metabolic transitions and feed-
back continuously into the composition of their environment. Indeed, an essential condition to reach a 
bona fide quiescence state (i.e., the ability to recover proliferation after prolonged arrest) is that cells 
must experience a respiration phase (RP) to accumulate carbohydrates, which does not occur upon 
abrupt glucose starvation (Ocampo et al., 2012; Li et al., 2013). In addition, different nutrient limita-
tions lead to distinct quiescent states (Klosinska et al., 2011). Therefore, it is essential to develop 
novel methods that capture the true dynamics of cell transitions as they may occur in their ecological 
niche (Miles et al., 2021).

Here, we report the development of a microfluidic platform for single-cell ecology, allowing contin-
uous tracking of individual cells’ fate during an unperturbed full life cycle (up to 10 days). Using a 
fluorescent reporter of internal pH (Mouton et al., 2020; Miesenböck et al., 1998; Dechant et al., 
2010; Munder et al., 2016), we observe that the diauxic shift (DS) witnesses a cell fate divergence, 
where a minority of cells experience a metabolic crash similar to that observed upon an abrupt star-
vation (Bagamery et al., 2020). Interestingly, our long-term tracking capabilities further reveal that 
these cells experience a premature yet reversible induction of cellular reorganizations that coincide 
with limited survival. In contrast, respiration-competent cells experience fluctuations in internal pH in 
sync with metabolic transitions that drive successive waves of cellular reorganizations and a stochastic 
switch to a glass transition of the cytoplasm long after proliferation cessation. Altogether, our analysis 
reveals how metabolic changes encountered by yeast cells during an unperturbed life cycle coordi-
nate the temporal control of complex cellular reorganizations.

Results
To track individual cell behavior during an unperturbed life cycle, we set up a device composed of a 
25 ml liquid yeast culture (YPD medium) connected to a microfluidic device for single-cell observation 
(Figure 1A, Figure 1—figure supplement 1B and C, 1F). Thanks to a closed recirculation loop, indi-
vidual cells trapped in the microfluidic device could be imaged over time while experiencing the same 
environmental changes as the population liquid culture. To prevent clogging in the microfluidic device 
due to the high cell density in the culture (up to 109 cells/ml), we designed a filtration device based 
on inertial differential migration (Kuntaegowdanahalli and Papautsky, 2008). Using this technique, 
cells were rerouted back to the liquid culture before entering the microfluidic device (Figure 1A). 
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Optical density (OD) and fluorescence measurements revealed a filtration efficiency superior to 99%, 
reducing the concentration of cells entering the device by two orders of magnitude (Figure 1—figure 
supplement 1– S1E), and allowing us to image the cells over up to 10 days. We also checked that the 
same filtration device could sort S. pombe cells with 92% efficiency, thus highlighting the versatility 
of the methodology.
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Figure 1. A microfluidic platform for single-cell tracking during the yeast proliferation cycle. (A) Schematics of the experimental setup, representing the 
liquid culture flask, the observation microfluidic device with trapped cells, and the microfluidic filtering device designed to redirect the cells back to the 
liquid culture while recirculating the medium of the liquid culture to the observation microfluidic chamber. (B) Sequence of phase-contrast images of 
cells growing in the microfluidic device. Scale bar = 5  μm. (C) Fold increase in cell number over an entire life cycle for the microcolony displayed in B; 
each shaded area represents a distinct proliferation phase, which was determined using piecewise linear fitting to cell proliferation data (see Materials 
and methods and Figure 1—figure supplement 1G for details): fermentation phase (FP), diauxic shift (DS), respiration phase (RP), and stationary phase 
(SP). (D) Cluster of cells showing typical phase-contrast, fluorescence, and overlay images using the cytosolic pH sensor pHluorin. (E) Typical sequences 
of overlaid fluorescence images obtained with the pHluorin sensor at indicated time points. Colored lines indicate cell contours. (F) Quantification of the 
absolute cytosolic pH as a function of time; each line represents an individual cell, while the bold line indicates the average among cells with either an 
early (red lines, N = 32 cells displayed) or late (blue line, N = 64 cells displayed) decaying pH.

The online version of this article includes the following video and figure supplement(s) for figure 1:

Source data 1. Spreadsheet containing the numerical values used to plot panels 1C and D.

Figure supplement 1. Design and calibration of the experimental setup.

Figure supplement 2. Population measurements of cell growth during an entire life cycle.

Figure supplement 3. Single-cell dynamics of entry into stationary phase in BY versus W303 strains.

Figure 1—video 1. Top: phase-contrast video of a microcolony growing in the observation device during the life cycle of the culture.

https://elifesciences.org/articles/73186/figures#fig1video1

Figure 1—video 2. Top: phase-contrast (left) and pHluorin (right, channels 1 and 2 merged as in Figure 1) video of a microcolony growing in the 
observation device during the life cycle of the culture.

https://elifesciences.org/articles/73186/figures#fig1video2
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Using this methodology, we successfully recapitulated the successive proliferation phases occurring 
at the population level upon carbon source exhaustion with single-cell resolution (Richards, 1928), 
namely: a rapid exponential growth (doubling time = 84 ± 12 min) corresponding to glucose fermen-
tation (referred to as the fermentation phase or FP in the following, from t = 0 to t = 5.5 hr), followed 
by a sharp growth arrest, or DS (from t = 5.5 to t = 13.9 hr); then, the resumption of a slow proliferative 
regime (doubling time = 307 ± 52 min) which is associated with the use of ethanol as a carbon source 
for a respiratory metabolism (RP, from t = 13.9 to t = 31.6 hr) and a final cell proliferation cessation 
occurring upon carbon source exhaustion, leading to SP, see Figure  1B, C and Figure  1—video 
1.Figure 1—source data 1 . To make sure that this growth pattern was not specific to the BY strain 
used for this experiment, we also made population growth measurements in various prototrophic and 
auxotrophic strains, and obtained similar results (Figure 1—figure supplement 2). To quantify the 
data further, the transition times between each metabolic phase were determined using piecewise 
exponential fits (Figure 1—figure supplement 1 S1G). By refeeding the cells with fresh YPD medium 
after 10 days, we observed that up to ~80 % of them reentered the cell cycle within 5 hr (Figure 1—
figure supplement 1 -S1H). This result confirmed the reversibility of cell proliferation arrest and testi-
fied that cells establish bona fide quiescence in our growth conditions (Laporte et al., 2018b).

A drop in medium pH has long been reported to coincide with the resources’ exhaustion during 
microbial growth (Burtner et al., 2009). Yet, how internal pH evolves over an entire life cycle has 
never been investigated. To address this, we used the ratiometric fluorescent probe of cytosolic pH, 
pHluorin (Figure 1D, Miesenböck et al., 1998; Mouton et al., 2020), which was calibrated to display 
the actual internal pH (Figure 1D–F and Figure 1—figure supplement 1– S1I). Using this readout, 
we observed that the pH, which was initially around 7.7, started to decline synchronously in all cells 
during the F phase (Figure 1E, F and Figure 1—video 2). At the onset of the DS, most cells (88%, N 
= 466) abruptly reached a plateau (pH ~6.9, blue lines on Figure 1F) followed by a slight pH increase 
(up to pH ~7.2) that coincided with entry into a respiratory metabolism. In contrast, a minority (12%, 
N = 466) of cells (Figure 1E and red lines on Figure 1F) experienced a further drop in pH down to 
about 5.8 during the DS. In this subpopulation, the fluorescence signal progressively disappeared, 
precluding monitoring the internal pH for more than 20 hr in a reliable manner.

In cells with high internal pH during the DS, the pH gradually declined after reaching a local 
maximum during the R phase. These cells then experienced a sharp pH drop down to about 5.8, which 
occurred at very heterogeneous times during the SP, unlike the cells with an early pH drop. Altogether, 
these observations revealed unprecedented dynamics of internal pH during the yeast life cycle: pH 
variations appeared to be in sync with the sequence of proliferation phases, suggesting that internal 
pH is a crucial marker of the cells’ metabolic status during their life cycle.

These continuous pH measurements also unraveled a divergence in cell fate at the DS, leading to 
the early emergence of heterogeneity within the population, in line with previous observations made 
upon abrupt starvation (Bagamery et al., 2020). This phenomenon was also observed in a W303 
strain (Figure 1—figure supplement 3). Recent studies have shown that the activation of respiration 
was a crucial metabolic response to survive glucose deprivation (Weber et al., 2020), enabling carbo-
hydrate storage (Ocampo et al., 2012) and long-term viability (Laporte et al., 2018a). Interestingly, 
it was shown that a respiration defect was naturally observed in about 10 % of cells upon proliferation 
cessation following glucose exhaustion (Laporte et al., 2018a). Hence to further characterize whether 
differences in metabolic status drove the emergence of divergent cell fates at the DS, first, we quan-
tified cellular proliferation over time using single-cell area measurements. We found that cells with a 
late pH drop resumed growth and roughly doubled their biomass during the R phase (blue lines on 
Figure 2A and Figure 2—source data 1) in agreement with Figure 1C.

In contrast, cells that experienced an early pH drop (red lines on Figure 2A) did not recover during 
the R phase, suggesting that they could not transition to respiratory metabolism. Indeed, these cells 
did not resume growth when adding lactate (i.e., a nonfermentable carbon source) to the medium 
neither (Figure 2—figure supplement 1A). However, most of them were still viable after 3 days in SP, 
even though their survival declined faster than adapting cells (Figure 2B).

Second, to assess cellular respiratory function, we used the mitochondrial Ilv3-mCherry marker 
(Laporte et  al., 2018a). Whereas the mitochondrial network architecture appeared similar (i.e., 
tubular) in all cells before the DS, proliferating cells in the R phase displayed a fragmented mito-
chondria phenotype typical of respiring cells (blue cell, Figure  2C). In contrast, nonproliferating 
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cells underwent a globularization of their mitochondrial network (red cell, Figure 2C and Figure 2—
video 1). We further quantified the mitochondrial network’s reorganization dynamics by computing a 
custom aggregation index that discriminates globularized versus tubular and fragmented mitochon-
dria (Figure 2D and Figure 2—source data 1, see Materials and methods for details). Based on the 
clear distinction in the aggregation index between adapting and nonadapting cells, we measured 
that about ~10 % of the cells could not transition to a respiratory metabolism (at t = 12 hr post-DS, 
Figure 2D), in agreement with previous findings (Laporte et al., 2018a). Importantly, this quantifi-
cation revealed that the mitochondrial globularization in nonadapting cells was temporally closely 
associated with the DS since it started as early as 1h20 (p < 0.05) after its onset (Figure 2C,D). Alto-
gether, these results demonstrate that proliferating and nonproliferating cells experienced divergent 
cell fates at the DS based on their ability to switch to respiration; hence, they were referred to as 
respiration positive (R+) and negative (R−), respectively. Also, these results suggest that the inability 
of R− cells to activate a respiratory metabolism was either triggered by this metabolic challenge or, 
alternatively, preexisted the DS, knowing that respiratory deficient cells (i.e., ρ− cells) are common in 
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Figure 2. Divergent cell fates induced by a metabolic challenge at the diauxic shift (DS). (A) Quantification of single-cell growth during F, DS, and R 
phases, as defined in Figure 1. Each line represents the fold area increase (including buds) of single cells over time, normalized by cell area at the end 
of the DS (N = 50). The bold lines represent the averages over all the cells that experience fast (red) and slow (blue) pH decay, respectively. Right: box 
plot indicating the fold increase in cellular area in each subpopulation during the R phase (N = 40 for the slow pH decay population, N = 10 for the fast 
pH decay population). (B) Fraction of surviving cells among adapting (blue bars) and nonadapting (red bars) cells, measured by quantifying the cells’ 
ability to resume growth 6 hr after reintroduction of fresh medium (2 % glucose) at 3 (N = 53 for red bars, N = 221 for blue bars) or 10 days (N = 114 for 
red bars, N = 403 for blue bars) after the DS. Scale bar = 5 µm. (C) Representative sequence of fluorescence images obtained with the Ilv3-mCherry 
mitochondrial marker at the indicated time points for the different classes of cells, as indicated by the colored contour. (D) Single-cell quantification of 
a globularization score (see Materials and methods) from fluorescence images over time for both adapting (blue line; N = 81) and nonadapting cells 
(red line; N = 28). The bold lines represent averages within each subpopulation. Right: histogram of globularization score for each cell (N = 720). (E) 
Preexisting versus newly occurring respiratory defects in cells experiencing the DS Sequence of fluorescent images (overlay of preCox4-mCherry and 
Tom70-GFP) at indicated times. Scale bar = 5 µm. Each line represents a different type of cell fates (top: ρ+ R+ ; middle: ρ+ R−; bottom: ρ− R−). 
Schematics: representation of the different cell fates based on the fluorescence patterns of preCox4-mCherry and Tom70-GFP, with the quantification of 
the fraction of each subpopulation (N = 701).

The online version of this article includes the following video and figure supplement(s) for figure 2:

Source data 1. Spreadsheet containing the numerical values used to plot panels 2A and D.

Figure supplement 1 Complementary analyses of the divergent cell fate at the diauxic shift.

Figure 2—video 1. Phase-contrast (left) and Ilv3-mCherry (right) video of a microcolony growing in the observation device during the life cycle of the 
culture.

https://elifesciences.org/articles/73186/figures#fig2video1
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the BY background (yet less so in W303 strains) due to the genetic instability of mitochondrial DNA 
(Dimitrov et al., 2009).

To discriminate between these two hypotheses, we used the mitochondrial localization marker 
Tom70-GFP (Tom70 is a protein of the outer mitochondrial membrane) and a preCox4-mCherry fusion 
(preCox4 is a nuclear-encoded mitochondrial protein that is imported only in functional mitochon-
dria Veatch et al., 2009), to assess the cells’ ability to respire (Fehrmann et al., 2013). Using these 
markers, we first checked that all R+ cells maintained a functional preCox4-mCherry import from 
fermentation to respiration (i.e., they were ρ+ cells, Figure 2E). Then, we observed that among the 
R− cells, only a minority (i.e., 19%) had a dysfunctional mitochondrial import before the DS, indicating 
that they had a preexisting respiratory deficiency (see ρ− cells in Figure 2E). In contrast, the vast 
majority of R− cells (81%) transitioned from ρ+ to ρ− during the DS. This result demonstrates that 
the respiration defect observed in R− cells occurred concomitantly with the environmental switch and 
was therefore not due to a preexisting condition. Also, we showed that the progeny quite faithfully 
inherited it (inheritance index = 0.52, i.e., is smaller than 1, see Figure 2—figure supplement 1B and 
Material and methods for details). Altogether, these observations supported a scenario in which a 
fate divergence occurred early at the onset of the DS, where R+ cells quickly switched to a respiratory 
metabolism, while R− cells failed to do so.

As numerous cellular reorganizations occur during entry into quiescence (Sagot and Laporte, 
2019), we sought to quantitatively determine how they are coordinated with metabolic transitions 
during the life cycle. Indeed, the metabolism controls internal cellular pH, which in turn can induce 
significant physicochemical changes in the proteome, such as protein aggregation and phase transi-
tion (Munder et al., 2016; Dechant et al., 2010). To do this, we monitored the dynamics of forma-
tion of supramolecular bodies associated with quiescence or the response to starvation: P-bodies 
formation (using the Dhh1-GFP fusion Beckham et al., 2008; Balagopal and Parker, 2009; Mugler 
et  al., 2016), metabolic or regulatory enzymes prone to aggregation (Gln1-GFP and Cdc28-GFP) 
(Narayanaswamy et al., 2009; Petrovska et al., 2014; Shah et al., 2014), actin bodies formation 
(Abp1-GFP) (Sagot et al., 2006), and proteasome storage granules (PSGs, using the Scl1-GFP fusion) 
(Laporte et al., 2008; Peters et al., 2013).

We found that the cellular reorganizations were highly coordinated with the sequence of meta-
bolic phases and the cellular proliferation status (Figure 3A and Figure 3—source data 1): in R+ 
cells, Dhh1-GFP and Gln1-GFP (Figure 3—video 1) foci appeared at the onset of the DS, then were 
partially dissolved during the R phase, and reappeared upon entry into SP. Other hallmarks of prolifer-
ation cessation, such as actin bodies, PSGs, and other protein foci (Cdc28-GFP), showed up only at the 
end of the R phase. Importantly, we observed that R− cells also experienced a consistent formation of 
fluorescent foci for the markers that we monitored, yet, unlike R+ cells, they all appeared during the 
DS. In addition, all these foci ultimately disappeared, presumably as a consequence of the premature 
cell death observed in this subpopulation.

By overlapping the dynamics of fluorescence foci formation with that of internal pH (from 
Figure 1F), we noticed that the formation of bodies overall coincided with variation in absolute pH 
level in both R+ and R− cells, even though it appeared at different timescales. This finding is compat-
ible with the hypothesis that the drop in internal pH – which reflects a decrease in metabolic activity 
– actually drives successive waves of body formation and the appearance of quiescence hallmarks. 
Indeed, upon the DS, a pH decrease down to ~7 would trigger the formation of Gln1 and Dhh1 foci in 
both R+ and R− cells. In R+ cells, the rerise of the pH associated with proliferation resumption in the 
R phase would induce the disassembly of these structures until the pH reaches 7 again, after carbon 
source exhaustion in SP. In both R+ and R−, actin bodies, PSG, and Cdc28 foci would form only when 
the intracellular pH reaches 6.

To further check this hypothesis, since energy depletion was shown to induce a global modification 
of the cytoplasm to a glassy state (Munder et al., 2016), we sought to observe these transitions by 
monitoring the frame-to-frame displacement of Gln1-GFP foci over time (Figure 3B, Munder et al., 
2016). This marker was chosen because foci are already present at the DS. We found that the mobility 
of Gln1-GFP foci decreased sharply in R− cells during the DS (Figure 3—video 1) and much later in 
R+ cells, consistently with the differences observed regarding the times of pH drops in both popu-
lations (Figure  3C). To better establish the links between pH and mobility, we exploited the fact 
that lipid droplets (LDs) could be conveniently observed using phase-contrast images (Heimlicher 
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Figure 3. pH-driven phase transition to a gel-like state upon proliferation cessation. (A) Observation and quantification of fluorescent foci formation for 
the indicated fusion proteins (Dhh1-GFP, Gln1-GFP, Abp1-GFP, Cdc28-GFP, and Scl1-GFP). Left: each strip of fluorescence images displays unrelated 
cells at different phases during entry into stationary phase (SP). Colored contours indicate cells of interest (red for R− cells, blue for R+ cells, gray before 
the diauxic shift [DS]). Right: quantification of the fraction of cells with foci for each indicated fluorescent marker, as a function of the normalized time 
spent in each phase. Each solid colored line represents an indicated subpopulation of cells. The dashed colored lines represent the evolution of pH over 
time, based on data obtained in Figure 1; N > 25 cells for each marker. Scale bar = 5 µm. (B) Mobility of Gln1-GFP fluorescent foci and observation of 
lipid droplets (LDs). Sequence of phase-contrast and Gln1-GFP fluorescence images at indicated time points. The colored contours indicate the cells 
of interest (red and blue for R− and R+ cells, respectively). The orange arrowheads on the phase-contrast images indicate the LD. Scale bar = 5 µm. 
(C) Mobility of Gln1-GFP fluorescent foci. Quantification of average frame-by-frame displacement of Gln1-GFP foci for R+ and R− cells (blue and red 
points, respectively) starting after the appearance of foci (t > 2 hr after the onset of DS). Error bars represent the standard error on mean (N = 51 for R− 
and N = 110 for R+). The right plot only features R+ cells, since Gln1-GFP foci are no longer present in the SP phase in R− cells (N = 28). (D) Temporal 
link between the drop in internal pH and the time of mobility loss of LD (N = 25 for R− and N = 43 for R+). Each line corresponds to a single cell and 
represents the extent of pH drop (see Material and methods for details). Half-times of these drops are represented by a small vertical bar. The time of 
LD mobility loss is displayed as a dot. Of note, two cells did not display a pH drop, nor an LD mobility loss, hence they are not displayed on the plot. (E) 
Measurement of internal pH at the time of LD mobility loss. Overlay of internal pH in single cells obtained after synchronizing all traces with respect to 
the time of LD mobility loss, for R− (left) and R+ cells (right). Each dot represents the pH at the time of mobility loss in each cell (N = 25 for R− and N = 
43 for R+). Inset: box plot showing the distribution of pH values of every single cell at the time of LD mobility loss.

The online version of this article includes the following video and figure supplement(s) for figure 3:

Source data 1. Spreadsheet containing the numerical values used to plot panel 3A.

Source data 2. Spreadsheet containing the numerical values used to plot panels 3D and E for R+ cells.

Figure 3 continued on next page

198

https://doi.org/10.7554/eLife.73186


 Tools and resources﻿﻿﻿﻿﻿﻿ Cell Biology | Ecology

Jacquel, Aspert, et al. eLife 2021;10:e73186. DOI: https://​doi.​org/​10.​7554/​eLife.​73186 � 8 of 16

et al., 2019). Similarly, the time of loss of LDs mobility correlated very well with that of Gln1-GFP 
foci (Figure 3—figure supplement 1A). By quantifying both the time of loss of LD mobility and the 
dynamics of pH drop in single cells, we observed that both events were tightly correlated in all cells, 
despite the large cell-to-cell heterogeneity in the time of pH drop in R+ cells (Figure 3D , Figure 3—
figure supplement 1B, Figure 3—source data 2 and Figure 3—source data 3). Also, after synchro-
nizing all single-cell trajectories from the time of loss of LD mobility, we showed that the mobility loss 
of the cytoplasm occurred at a similar pH ~6 in both R+ and R− cells (Figure 3E, Figure 3—source 
data 2 and Figure 3—source data 3). Therefore, these observations suggest that the internal pH, 
which displays a very dynamic behavior during the yeast life cycle, induces waves of cellular structural 
remodeling that ultimately triggers a global transition of the cytoplasm to a gel-like state. This model 
is further supported by the concomitance between the premature pH drop and the phase transition 
in respiratory deficient (R−) cells. Altogether, it suggests that, upon nutrient exhaustion, cells undergo 
stereotypical pH-dependent structural reorganizations, no matter their respiratory status. R− cells’ 
inability to switch to respiration, which ultimately compromises the long-term viability in this subpop-
ulation (Ocampo et al., 2012; Weber et al., 2020), makes this transition precocious, and explains the 
divergent cell fates in the population at the DS.

Discussion
In this study, we have developed a new microfluidic platform that allows us to monitor a full cell 
proliferation cycle in liquid culture with single-cell resolution. Individual cell tracking and quantitative 
fluorescence measurements provide a unique dynamic assessment of the successive metabolic tran-
sitions from fermentation to the SP observed in a liquid culture submitted to nutrients exhaustion. In 
contrast to most previous studies that used abrupt environmental switches to investigate the meta-
bolic response to starvation, our methodology recapitulates the unperturbed dynamics of nutrients 
experienced by cells during a life cycle in laboratory conditions. We envision that this methodology 
could be further applied to other contexts in which collective cell behavior impacts the environment, 
which in turn shapes individual cellular responses – for example, metabolic oscillations (Tu et  al., 
2005) and cooperative behaviors (Dal Co et al., 2020; Campbell et al., 2015).

Continuous monitoring of cell growth and mitochondrial markers revealed a clear divergence in 
cell fate, where a minority of them failed to establish a respiratory metabolism, in line with recent 
observations obtained using an abrupt medium change (Bagamery et al., 2020). The dramatic drop 
in internal pH upon proliferation cessation in R− cells at the DS suggests that the failure to transi-
tion to respiration induces a major loss of energy homeostasis in this subpopulation, that may, in 
turn, compromise long-term viability (Ocampo et al., 2012; Weber et al., 2020). By and large, this 
phenomenon could not be explained by preexisting phenotypic differences in the population during 
the FP (Bagamery et al., 2020) but rather appeared to be triggered by the metabolic challenge asso-
ciated with the exhaustion of glucose.

Previous studies have unraveled how changes in cytosolic pH – including upon nutrient exhaustion 
– control protein supramolecular assemblies (Peters et al., 2013; Petrovska et al., 2014). Our anal-
ysis shows that nonmonotonous fluctuations in pH level occur in sync with metabolic transitions during 
an unperturbed life cycle. Further, it reveals that successive pH drops are closely temporally related to 
the formation of many protein bodies and granules, despite the large cell-to-cell temporal variability 
associated with the onset of these events. Interestingly, since the structural reorganization of many 
protein complexes is one of the well-described hallmarks of quiescence (Sagot and Laporte, 2019), 
our observations thus suggest that internal pH acts as a key controller that drives waves of structural 
changes at well-defined pH levels during entry into quiescence. That R– cells display foci formation 

Source data 3. Spreadsheet containing the numerical values used to plot panels 3D and E for R− cells.

Figure supplement 1 Coincidence of lipid droplets and Gln1-GFP foci mobility. 

Figure 3—video 1. Phase-contrast (left) and Gln1-GFP (right) video of a microcolony growing in the observation device from fermentation phase to 
respiration phase.

https://elifesciences.org/articles/73186/figures#fig3video1

Figure 3 continued
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similarly as the R+ cells provide further support to a model of stereotypical structural reorganizations 
driven by energy depletion and transduced by internal pH level.

In addition to monitoring the superassembly of specific markers, we showed that the transition to 
SP is accompanied by a transition of the cytoplasm to a glassy-like phase, hence transposing previous 
observations (Parry et al., 2014; Joyner et al., 2016; Munder et al., 2016) to the context of an 
unperturbed life cycle in budding yeast (Heimlicher et al., 2019). Importantly, the appearance of the 
glassy-like state occurs right at the DS in the R– cells and is significantly delayed and variable in time 
in R+ cells. We propose that the start of respiration upon glucose exhaustion prevents a precocious 
glass transition, which might be detrimental to cell viability if it occurs in an uncoordinated manner 
with other cellular reorganizations processes (e.g., energy storage)(Ocampo et  al., 2012; Weber 
et al., 2020).

The abrupt and concomitant transition of all cells during the DS shows how the rapid evolution 
of the environment at this precise moment drives cell behavior in a deterministic manner, in the 
same way as during abrupt starvation (Bagamery et al., 2020; Munder et al., 2016). Conversely, 
the remarkable cell-to-cell temporal heterogeneity during the transition to a glassy state in R+ cells 
suggests that the cells have a developmental program whose progression is partly stochastic, that is, 
not entirely determined by the external environment. This last observation further supports that it is 
impossible to follow the process of entry into quiescence faithfully by imposing the dynamics of envi-
ronmental changes (Miles et al., 2021) or based on population measurements only. Further studies 
using our methodology may allow us to discover how the succession of the different key steps of this 
developmental process contributes to establishing the specific physiological properties of quiescent 
cells (e.g., long-term survival and stress tolerance).

Materials and methods

 Continued on next page

Key resources table 

Reagent type (species) or resource Designation Source or reference Identifiers Additional information

Strain, strain background
(S. cerevisiae, BY, mat a) WT Euroscarf; PMID:9483801

Strain, strain background
(S. cerevisiae, BY, mat a) BJQ-3

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat a) BJQ-7

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat a) BJQ-28

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat a) BJQ-23

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat a) BJQ3-3

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat a) Y10794 Sagot Lab; PMID:18504300

Strain, strain background
(S. cerevisiae, BY, mat a) YSF120-9D Charvin Lab; PMID:24332850

Strain, strain background (S. 
cerevisiae, BY, mat a) SMY12

Veenhoff lab; 
PMID:32990592

Strain, strain background
(S. cerevisiae, BY, mat a) BJ2-44

Thermo Fisher; 
PMID:14562095

Strain, strain background
(S. cerevisiae, BY, mat alpha) Y11453 This paper

Results from a cross between Y11314 (Daignan-
Fornier lab) and Y11453

Strain, strain background
(S. cerevisiae, S288C, mat alpha) Y2658

Daignan-Fornier Lab; 
PMID:19795422

Strain, strain background
(S. cerevisiae, FY, mat a) Y2438

Daignan-Fornier Lab; 
PMID:7762301
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Reagent type (species) or resource Designation Source or reference Identifiers Additional information

Strain, strain background
(S. cerevisiae, FY, mat a) Y2439

Daignan-Fornier Lab; 
PMID:7762301

Strain, strain background
(S. cerevisiae, FY, mat a/alpha) Y12322 This paper Results from a cross between Y2438 and Y2439

Strain, strain background
(S. cerevisiae, FY, mat a) Y5738 Sagot Lab; PMID:30299253

Strain, strain background
(S. cerevisiae, W303, mat a) Y8037 Sagot Lab; PMID:24338369

Strain, strain background
(S. cerevisiae, BY, mat a) Y6735 Sagot Lab; PMID:24338369

Strain, strain background
(S. cerevisiae, W303, mat alpha) BJQ-11

Alberti Lab; PMID: 
PMID:27003292

 Continued

Strains
All strains used in this study are congenic to BY4741 (see Supplementary file 1 for details), unless 
specified otherwise (Figure 1—figure supplement 2 and Figure 1—figure supplement 3).

Cell culture
Freshly thawed cells were grown overnight. In the morning, 2 ml of the culture was inoculated into 
a 25 ml flask containing fresh YPD medium. After 5 hr, 2 ml of culture was used to load the cells into 
the microfluidic device, and the rest was used as circulating media for the experiment. This 5 hr delay 
was chosen so that cells only spend two to three divisions in a FP to limit the number of cells in the 
microfluidic device at the DS.

Microfluidics and microfabrication
Microfabrication
Microfluidic chips were generated using custom-made microfluidic master molds. The master molds 
were made using standard soft-photolithography processes using SU-8 2025 photoresist (Microchem, 
USA). The designs (which are available for download on github: https://​github.​com/​TAspert/​Contin-
uous_​filtration (Aspert, 2021) copy archived at swh:1:rev:8476f782bf6ff8fff2a9c78172cc8f072cc73916) 
were made on AutoCAD (Autoddesk, USA) to produce chrome photomasks (jd-photodata, UK). The 
observation device was taken from a previous study (Goulev et al., 2017).

The mold of the dust filter chip (see below for details) was made by spin coating a 25 µm layer of 
SU-8 2025 photoresist on a 3″ wafer (Neyco, FRANCE) at 2700 rpm for 30 s. Then, we used a soft bake 
of 7 min at 95 °C on heating plates (VWR) followed by exposure to 365 nm UVs at 160 mJ/cm² with 
a mask aligner (UV-KUB3 Kloé, FRANCE). Finally, a postexposure bake identical to the soft bake was 
performed before development using SU-8 developer (Microchem, USA).

The mold for the spiral-shaped cell filter device (see below for details) was obtained by spinning 
SU-8 2025 at 1750 rpm to achieve a 50 µm deposit. Bakes were 6 min long at 95 °C and UV exposure 
was done at 180 mJ/cm². A hard bake at 150 °C for 15 min was then performed to anneal potential 
cracks and to stabilize the resist.

Finally, the master molds were treated with chlorotrimethylsilane to passivate the surface.

Microfluidic chip fabrication
The microfluidic devices were fabricated by pouring polydimethylsiloxane (PDMS, Sylgard 184, Dow 
Chemical, USA) with its curing agent (10:1 mixing ratio) on the different molds. The chips were punched 
with a 1 mm biopsy tool (Kai medical, Japan) and covalently bound to a 24 × 50 mm coverslip using 
plasma surface activation (Diener, Germany). The assembled chips were then baked for 1 hr at 60 °C 
to consolidate covalent bonds between glass and PDMS. Then, the dust filter chip was connected 
to the spiral cell filter which was in turn connected to the observation chip. All the connections used 
1 mm (outside diameter) Polytetrafluoroethylene (PTFE)tubing (Adtech Polymer Engineering, UK).
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All medium flows were driven using a peristaltic pump (Ismatec, Switzerland) at a 100 µl/min rate. 
The system was connected to the tank of media and cells described in the previous section. The 
observation chip was loaded with the cells of interest using a 5 ml syringe and a 23 G needle. Last, 
we plugged the cell outlet of the spiral and the observation chip outlet into the tank so the system is 
closed and without loss of media or cells.

Microfluidic cell filter and dust filter
The spiral-shaped microfluidic device (Kuntaegowdanahalli and Papautsky, 2008) was designed to 
filter out cells coming from the liquid culture to prevent clogging in the observation device (Figure 1—
figure supplement 1C). The dimensions of the cell filter (i.e., a channel of 100 µm width and 50 µm 
height, defining a spiral of five loops separated by 900 µm) were set to maximize the separation of 
haploid yeast cells, that is, ~5 μm particles, according to the following principle: particles in a spiral 
microfluidic channel with a rectangular section are submitted to several inertial forces that depend on 
their size and are either directed towards the center of the channel or the walls. Therefore, particles 
of similar diameters reach an equilibrium position and tend to focus on a single line, allowing their 
separation from the rest of the fluid by splitting the output channel in two different outlets. A similar 
filter could be used with other microorganisms by adapting the dimensions.

We also added a particle filter before the spiral to avoid any clogging of the spiral because of dust 
particles or debris (Figure 1—figure supplement 1B).

To measure the filtration efficiency of the cell filter, the cell concentration of the inlet and the 
two outlets was measured at four different time points (0  , 24  , 48  , and 120 hr) using a turbidity 
measurement (OD 660 nm, Fisherbrand). Another independent measurement was done using Green 
Fluorescent Protein (GFP) fluorescent yeast cells and measuring the fluorescence along the section of 
the device (See Figure 1—figure supplement 1). The filtration efficiency was equal to 99 % in both 
measurements, independently of the inlet cell concentration.

Microscopy
For all experiments except pH measurements, cells in the observation device were imaged using an 
inverted widefield microscope (Zeiss Axio Observer Z1). Fluorescence illumination was achieved using 
LED lights (precisExcite, CoolLed) and the light was collected using a ×63 (N.A. 1.4) objective and an 
EM-CCD Luca-R camera (Andor). Standard GFP and mCherry filters were used.

For experiments using the pHluorin cytosolic pH probe, a Nikon Ti-E microscope was used along 
with a LED light (Lumencor) fluorescence illumination system. The fluorescence was measured using 
two excitation wavelengths using a standard roGFP2 filter set (AHF, peak excitation wavelengths 
390  /18  and 475/28  nm, beamsplitter 495  nm, and emission filter 525/50  nm). Emitted light was 
collected using a ×60 N.A. 1.4 objective and a CMOS camera (Hamamatsu Orca Flash 4.0).

We used motorized stages to follow up to 64 positions in parallel throughout the experiment. 
Single plane images were acquired every 15 , 30 , 60 , or 240 min depending on the phase of the 
culture (high sampling rate during FP versus lower acquisition frequency in SP) to limit photodamage.

Image processing and data quantification
Calibration of the cytosolic pH probe
To calibrate the probe, 2  ml of exponentially growing culture (0.5 OD600) were centrifuged and 
resuspended in 200 μl calibration buffer (50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 50 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 50 mM KCl, 50 mM NaCl, and 200 mM 
NH4CH3CO2) at various pH from 5 to 8, and supplemented with 75 μM monensin, 10 μM nigericin, 
10 mM 2-deoxyglucose, and 10 mM NaN3, as described previously (Mouton et al., 2020). The cells 
were incubated in this buffer for 30 min and then imaged in the microfluidic device to perform a rati-
ometric fluorescence measurement (Figure 1—figure supplement 1I).

Image processing
The raw images were processed using Matlab-based software (PhyloCell) and custom additional 
routines (Fehrmann et al., 2013; Paoletti et al., 2016). This software has a complete graphical inter-
face for cell segmentation (based on a watershed algorithm), tracking (assignment cost minimization), 
and fluorescence signal quantification. The software can be downloaded online (https://​github.​com/​
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gcharvin/​phyloCell​Charvin, 2021). Raw data related to Figure 1 can be found online: https://​doi.​org/​
105281/​zenodo5592983.

Data replicates
All measurements reported in this study are based on at least two replicates.

Quantification of growth rate
The growth rate of the cells was computed using the evolution of the area of segmented cells (and 
buds) over time.

Identification of growth phases
To determine the limit between successive growth phases, we used a piecewise linear fit to the evolu-
tion of the total number of cells with time (D’Errico, 2017). The time point of the intersection between 
two pieces of the piecewise linear fit was defined as the time of transition between the two corre-
sponding phases (Figure 1—figure supplement 1G).

Globularization score
The Ilv3-mCherry globularization score was measured in each cell by calculating the mean intensity of 
the five brightest pixels of the cell minus that of the other pixels, as previously described (Cai et al., 
2008).

Inheritance of the respiration defect
To quantify the inheritance of the respiration defect, we measured the average standard deviation of 
the respiration status (after assigning a value of 0 if the cells are unable to respire and one if they are 
respiration competent) within individual microcolonies of cells (microcolony size from 10 to 20 cells). 
We then obtained an ‘inheritance index’ by normalizing this value to the standard deviation obtained 
after taking all cells into account (i.e., with no distinction about their belonging to a given microco-
lony). Hence this index equals 1 when the respiration defect appears at random in lineages and 0 if 
the transmission of the phenotype is fully inheritable.

Quantification of fluorescence foci
The fraction of cells displaying foci of GFP was manually scored at different time points using the 
ImageJ Cell Counter plugin.

Mobility of fluorescent foci
The fluorescent foci in each cell were detected using the centroid position of the five brightest pixels. 
The frame-to-frame displacement of the foci was computed by iterating this procedure over all the 
frames and then averaged over a population of cells.

Time of foci mobility loss and LDs
The time of mobility loss was determined by visual inspection of successive images due to the low 
signal-to-noise ratio in the image.

Extend of pH drop
The start and end of the pH drops were determined using a piecewise linear adjustment, similar to 
what was used to determine the transition between metabolic phases.
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The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Aspert T, Jacquel B, 
Charvin G

2021 Dataset pHluorin cells 
experiencing entry into 
quiescence

https://​doi.​org/​10.​
5281/​zenodo.​5592983

Zenodo, 10.5281/
zenodo.5592983
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Figure 1 – Supplement 1: Design and calibration of the experimental setup. 

(A) Schematics representing the main question addressed in this study, namely how the

natural dynamics of environmental changes shapes nonuniform cellular responses and

induces distinct cellular fates in a clonal population. (B) Schematics of the dust filter device,

including a closeup of withe debris retention arrays of 30 and 20 µm size. (C) Schematics of

the cell-filtering device, made of a spiraling channel with five loops of 100 µm width,

separated by 900 µm. (D) Sample fluorescence images of TDH3-GFP cells at different

positions in the filtering device. Each image represents the indicated loop. The magenta

dotted line represents the middle of the channel. Scale bar = 150 µm. (E) Fluorescence profile

of the first loop (gray) and fifth loop (green) along the channel’s cross-section. The value is

normalized to the maximum of each condition. In the upper part is displayed the cumulative

signal on each side of the channel of the fifth loop. (F) Schematics of the whole closed-loop

fluidic platform. The flask is connected to a peristaltic pump, which drives media flows to the

dust filter. The dust-free media then flows into the inlet of the spiral. The cell outlet of the

spiral is redirected into the flask while the cell-free outlet irrigates the observation device. To

close the loop, the outlet of the observation device is connected to the flask. (G)

Determination of the culture metabolic phases during the yeast life cycle based on the

evolution of cell number over time. A piecewise linear fit on the number of cells defines the

limit between fermentation phase (FP) and diauxic shift (DS; left), DS and respiration phase

(RP; middle), or RP and stationary phase (SP; right). Gray dots represent the measured number

of cells in one microcolony, thin dashed lines represent the line fits and vertical dashed lines

the transition time. Each shaded area represents a distinct proliferation phase, as indicated

in the legend. (H) Cumulative fraction of cells reentering the cell cycle after 10 days in SP over

time, upon refeeding with YPD medium (N = 60). (I) Calibration curve of the pHluorin probe.

Gray dots represent the ratio of fluorescence collected at 390 nm over the fluorescence

collected at 475 nm excitations, error bars represent the standard deviation (N = 20). The

dashed line corresponds to an exponential fit f(x) = a × exp(b × x) of parameters (with 95 %

confidence bounds): a = 0.01419 (0.005774, 0.0226) and b = 0.5967 (0.5174, 0.6761).
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Figure 1 – Supplement 2 

 

Figure 1 – Supplement 2: Population measurements of cell growth during an entire life 

cycle. 

Growth curves comparison between prototrophs FY, S288c, and BY (A) and auxotrophs W303 

and BY Ilv3-tdimer expressing strains (B). Haploid FY Rho (red curve) is unable to respire and 

stop proliferating after carbon fermentation. Automated turbidity measurement was done 

using the Bioscreen C device (Labsystems). Strains were maintained 24 hr in exponential 

phase in rich medium supplemented with Adenine (YPDA) at 30°C, then inoculated into the 

microplates at OD600m = 0.01, 150 μl YPDA, 30 °C. Yeasts were grown at continuous 

agitation, with absorbances reading every 10 min during 3 days. 
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Figure 1 – Supplement 3 

Single-cell dynamics of entry into stationary phase in BY versus W303 strains. 

(A) Left: typical sequence of phase-contrast and fluorescence images for W303 cells that 

display (respectively, do not display) an early cytosolic pH decay upon the diauxic shift (DS; 

red and blue cell contours, respectively). The fluorescence image displays an overlay of 

fluorescence images obtained using indicated excitation wavelengths. Right: quantification 

of the raw (i.e., uncalibrated) ratio of the fluorescence level obtained using indicated 

excitation wavelength. The colored shading indicates the fermentation phase (FP) and the 

DS. N > 30 cells. (B) Same as A, but using the BY strain as a control. N > 30 cells. 
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Figure 1 – Video 1: (please see 

https://elifesciences.org/articles/73186/figures#fig1video1)  

Top: phase-contrast video of a microcolony growing in the observation device during the life 

cycle of the culture. 

Bottom: fold increase in the number of cells during colony proliferation. The colored progress 

bar indicates the metabolic phase of the culture as defined in Figure 1. Scale bar: 6.3 µm. 

 

Figure 1 – Video 2: (please see 

https://elifesciences.org/articles/73186/figures#fig1video2) 

Top: phase-contrast (left) and pHluorin (right, channels 1 and 2 merged as in Figure 1) video 

of a microcolony growing in the observation device during the life cycle of the culture. 

The colored progress bar indicates the metabolic phase of the culture as defined in Figure 1. 

The red and blue contours indicate R− and R+ cells, respectively. Scale bar: 10.8 µm. Bottom: 

quantification of cytosolic pH over time, as described in Figure 1. 
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Figure 2 – Supplement 1:  

Complementary analyses of the divergent cell fate at the diauxic shift. 

(A) Proliferation capacity in a respirative media. Box plots indicate the fold increase in cell 

area from the diauxic shift (DS) in each subpopulation (blue and red lines for cells with a late 

or early cytoplasmic pH decay, respectively), after a 12 hr exposure to a 2 % lactate respirative 

media after the DS (N = 30 for each box plot). (B) Inheritance of the R+ and R− phenotypes. 

Sample pedigrees representing two single cells (#1 and #25) and their progeny; each 

horizontal bar represents a cell. Cells reveal their respiratory status at the DS, hence are 

displayed in gray before the DS, and red (for R−) or blue (R+) after the DS. Daughters born 

after DS are represented in light blue. Only the first daughter of mothers born before the DS 

are represented for clarity. 

 

Figure 2 – Video 1: (please see 

https://elifesciences.org/articles/73186/figures#fig2video1) 

Phase-contrast (left) and Ilv3-mCherry (right) video of a microcolony growing in the 

observation device during the life cycle of the culture. 

The colored progress bar indicates the metabolic phase of the culture as defined in Figure 1. 

The thick red and blue contours indicate original R− and R+ cells, respectively, while the thin 

red and blue contours indicate the daughters of the original cells. Scale bar: 6.3 µm. 
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Figure 2 – Supplement 1: 

Coincidence of lipid droplets and Gln1-GFP foci mobility. 

Correlation of the time of mobility loss of Gln1-GFP foci with that of the lipid droplet (LD) in 

R− (left plot) or R+ (right plot) cells. The origin of time is set as the proliferation arrest for each 

type of cells, that is the onset of diauxic shift (DS) and the onset of stationary phase (SP), 

respectively. The dashed lines represent the diagonal. (B) Correlation of the half-time of the 

pH drop with the time of LD mobility loss in R+ cells. The time origin the onset of SP. The 

dashed lines represent the diagonal. 

Figure 3 – Video 1: (please see 

https://elifesciences.org/articles/73186/figures#fig3video1) 

Phase-contrast (left) and Gln1-GFP (right) video of a microcolony growing in the 

observation device from fermentation phase to respiration phase. 

The colored progress bar indicates the metabolic phase of the culture as defined in Figure 1. 

The red and blue contours indicate R− and R+ cells, respectively. Scale bar: 6.3 µm 
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Discussion 
In addition to the paper’s discussion: 

Our methodology allowed us to follow single-cell throughout the successive phase and 

capture their entry into quiescence. With that, we were able to answer the following question: 

What is the source of this senescent population? The inability to activate the respirative 

metabolism at the diauxic shift, that is why we call them R- cells. 

Do these cells enter some kind of quiescence before losing viability? They have been 

described as senescent or non-quiescent because of their short viability and because they 

lose quiescence markers after their death. Our data show that these cells display all the 

markers seen in bona fide quiescent cells, and that the R- cells can re-enter the cell cycle 

during a few days after proliferation arrest. Therefore, if these cells are unable to sustain 

quiescence, they can enter it. Hence, in the strict sense of the term, they are quiescent cells. 

The fact that they die rapidly is (at least partly) linked to their inability to form trehalose and 

glycogen storages [52] [36], two well-known byproducts of respiration. The R- cells are 

probably close to cells abruptly switched from a glucose media to glucose depleted media 

(See “SP” on Figure 78, p.186). 

Yet, if trehalose supplementation during fermentation can restore longevity in non-respirative 

cells [36], it cannot do so after an abrupt starvation [53]. This suggests that other processes 

linked to the dynamics of the media (like a prolonged exposure to ethanol during 

fermentation) are necessary to achieve a prolonged quiescence. 

Can we predict which cells will become R- before quiescence by looking at their history? A 

part is predictable and due to the loss of mtDNA (ϱ0 cells), but unexpectedly, it does not 

represent the majority of the R- cells. In line with that, we performed the experiment in 

another background known to have very few ϱ0 cells, and also observed R- cells (Figure 1 – 

Suppl 3). Characterizing these cells in detail and understanding why they experience this 

metabolic crash is made possible with this new methodology and is an interesting 

perspective. 
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Do we observe gelification of the cytosol like in abrupt energy depletion experiments? Yes, 

to our knowledge, this is the first evidence that the cytosol of cells undergoes a gel-like 

transition during quiescence in physiological conditions. Even if this was expected since it is 

the case after abrupt transitions [24,25], these experiments require drugs to completely 

abolish the glycolysis, and the phase transition is not observed with a simple glucose 

depletion.  

Yet, if our data about the phase transition are weak (based on the decreased mobility of 

particles), they are strongly supported by in-vitro experiments that can reproduce protein 

phase transition by decreasing the pH of the solution [30,54–56]. Besides, S. pombe cells 

submitted to abrupt starvation with drugs remain cylindrical after cell wall removal, 

suggesting a gel-like state of the cytosol [25]. 

Interestingly, we observe this gelification occurrs several days after proliferation arrest, while 

abruptly arrested cells only take a few minutes to display it. The mechanism behind that is 

also likely to explain the vast heterogeneity regarding the time of freezing in R+ cells during 

quiescence. 

 

Overall, this method opens new opportunities to track single-cell and link their history with 

their phenotype, not only in the field of quiescence but also collective oscillatory behaviors, 

cellular cooperation, or antibiotics collective response.
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Appendixes 

Appendix 1: Microfluidic enrichment of old cells 
and sorting according to their senescent state 
Single-cell timelapse approaches are powerful but limited to fluorescent reporters and can 

hardly probe complex signals such as chromatin state, protein-DNA interactions. Besides, 

they are limited to a candidate approach and do not allow genome/proteome-wide analysis. 

On the other hand, when working with standard enrichment methods, the fact that cells do 

not age in the same way or at the same pace is not considered. Therefore, since the hallmarks 

of aging appear at different times from one cell to another, assaying a desynchronized 

population opacifies the dynamics of the hallmarks themselves as well as their in-between 

temporal (thus causal) links (discussed p.67) (Figure 44).. Among them, some might be 

triggering aging, while some others might just be a 

byproduct (see main text). 

Therefore, some kind of sorting must be done before performing population assays in order 

to reduce the impact of the averaging bias. 

As presented in the main text (p.86), most cells follow a stereotyped path of aging in which 

they experience a cell-cycle slowdown (Senescence Entry Point, SEP). This slowdown strongly 

correlates with an increase in the karyoplasmic ratio and is preceded by an increase in 

nucleolus size. The SEP occurs at very different ages from one cell to another, but using these 

two markers could help sort the cells in pre-SEP and post-SEP categories (Appendix figure 

1). 

Page left blank on purpose 
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Appendix figure 1: (Top) Division duration of a population aligned to birth (left) and to the SEP (right) after a 
timelapse. (Middle): Harvesting a culture of old cells at a given time gives a heterogeneous population made of 
pre-SEP and post-SEP cells, that needs to be sorted. (Bottom): Sorting cells regarding their SEP state is possible 

without knowing their history, by using fluorescent markers. 
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To enrich a population with old cells, I developed a microfluidic device based on microtraps 

similar to what is presented in the main text (p.89). Indeed, an array of 2 million U-shaped 

traps (improved from [3], [4]) can trap mother cells that are maintained against the structure 

by a constant flow of media. Hence, the progeny of the trapped mothers is automatically 

dissected and flushed away (Appendix figure 2).  

Appendix figure 2: (Top): Schematics and image of the microfluidic device used for old mothers enrichment. 
(Bottom): Typical images (Phase contrast + mCherry) of the chip after injection (left), after 24h (center), or after 

48h (right). Old cells are larger and their NLS-mCherry signal is stronger. 

Importantly, the trapping is reversible and cells can be freed from the traps by applying a 

flow in the opposite direction, with an efficiency of 97±0.5% (N=3 replicates of 500 cells, by 

counting the number of cells remaining of the traps after the retrieval). The fluorescence and 

size of these cells can then be measured by flow cytometry, and cells of interest can be sorted 

out based on the cytometric signals (Appendix figure 3). 
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Appendix figure 3: Summary of the method to enrich a population with old individuals and sort them according 
to their senescence status. (A) Using a microfluidic device, one can trap and age mother cells inside specific 
structures that automatically remove the progeny. (B) Reverting the flow allows retrieval of the old cells. (C) FACS 
is used to discriminate cells according to their senescent stage. (D) Subsequent analysis can be performed on the 
different categories 

Doing that after 24h enrichment with a strain harboring a nuclear marker (NLS-mCherry) 

shows that 35% of the 2 million retrieved cells have a fluorescent signal higher than the one 

from exponential culture (Appendix figure 4). However, we could still observe a population 

of small cells with a small nuclear signal, which is probably daughters born during the 
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harvesting. By selecting cells from different gatings relative to their size and fluorescence, we 

could obtain subpopulations with different post-SEP/pre-SEP ratios. 

 

 
Appendix figure 4: NLS-mCherry signal against forward scatter signal from the cytometric profile of 

exponentially growing culture (purple) and of the retrieved population after 24h of enrichment (orange). 

 

These preliminary results suggest that it is possible to enrich a population with old cells and 

sort them according to their senescence status. However, controls have to be done to validate 

the method. In particular, it is possible to reinject the sorted subpopulations in the 

microfluidic device in order to measure their cell cycle duration, size, and nucleus size, as well 

as their remaining replicative lifespan. 

Therefore, to estimate the stringency of the sorting, measuring the age distribution of the 

different subpopulations (by counting the bud scars), but also the fraction of pre- and post-

SEP cells will need to be done. 

 

Why use microfluidics over already existing enrichment techniques? If the yield is two orders 

of magnitude lower than standard techniques, microfluidics allows the tracking of the cells 
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before harvesting them to correlate longitudinal signals with the subsequent readouts (such 

as transcriptomic profiles). Besides, cells can be cultured in changing environments (for 

instance, temporal patterns such as steps, ramps, or PWM of a given stress), which is difficult 

to do with the current methods. 

 

As a perspective, the sorting could be refined using a nucleolar marker to differentiate 

between an “early pre-SEP” and a “late-pre-SEP” population (Appendix figure 1). Besides, 

the whole pipeline could be integrated into a single microfluidic device using droplet-based 

microfluidic sorting of single-cells [5–7]. 
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Appendix 2: Versatile heating system for long-
term microfluidic culture 
Culturing cells during their replicative lifespan requires a constant temperature to avoid 

potential unwanted effects and ensure reproducibility. Besides, a stable temperature ensures 

focus stability during timelapses. 

Traditional systems for temperature control in microfluidic are based on heating the plate 

holding the microfluidic device. This is efficient when the contact surface between the chip 

and the holder is high. However, for high-throughput applications, this surface has to be 

minimized in order to increase the area of the device that can be imaged. This leads to high-

temperature heterogeneities (up to 3°K) between the device's center and edges (Appendix 

figure 5). 

Appendix figure 5: Schematics representing the different contact area between the microfluidic device and the 
heated sample holder. A setup with a high contact area as a small scanning area (left) and vice-versa (right). 

Other ways of controlling the temperature of a microfluidic device involve using heated fluids, 

which are very efficient and allow high-speed temperature switches (of the scale of the 

second) but require specific secondary channels for each device. 

It is also possible to homogeneously control the temperature of the microfluidic device by 

putting the microscope in an incubator, but this solution requires a lot of space and a complex 

setup. 
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Therefore, no simple and versatile system can heat a microfluidic device on a large optical 

opening sample holder. Hence, I developed a portable heating system based on a heating 

glass in contact with the device from the top face. 

With that, the heating is homogeneous and adaptable to any device. To control the 

temperature precisely, a probe based on the infrared emission measures the temperature of 

the glass slide on which the cells are. Interestingly, the PDMS and the glass slide are opaque 

to infrared light, so all the infrared incoming to the probe is emitted by the glass surface. 

Confirming that, a thermistor probe casted into the PDMS gives a very similar temperature 

to that of the infrared probe (Appendix figure 6). Finally, an Arduino chip with a custom 

program enslaves the temperature to the given setpoint using a Proportional Integral 

Derivative (PID) controller. 

 
Appendix figure 6: Schematics of the heating system in 3D (A) and in 2D (B). 

With this system, one can achieve stable temperature control, reaching a steady-state in 5min 

(Appendix figure 7) and with a maximal spatial temperature variation of 0.3°K (data not 

shown). Although it is not suitable to make fast temperature switches (for example, to apply 

a heatshock), it is applicable to any microfluidic device and costs less than 75€. 
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Appendix figure 7: Temperature of the chip (blue curve) measured with the infrared probe (solid line) or with a 
thermistor casted inside the chip (dotted line). The setpoint is represented with the black dotted line and the 

startpoint is indicated by the black arrow. The orange line indicates the value of the PID controller.  
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Appendix 3: (Collaboration) Specialization of 
chromatin-bound nuclear pore complexes 
promotes yeast aging 
This paper is the result of a collaboration with the Barral lab (ETH Zurich), to which I sent my 

microfluidic devices for them to perform aging experiments. The message of the paper is in 

line with the rest of the thesis since it describes how ERCs can be toxic to the cell. (See 

paper next page) 
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changes composition in many species as the organism ages. However, how these changes arise and 11 

whether they contribute themselves to aging is poorly understood.  We show that in replicatively 12 
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specialization are key drivers of aging.  20 
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Introduction 1 

Nuclear pore complexes (NPCs), which mediate transport of cargos between the nucleus and the 2 

cytoplasm, undergo substantial changes during aging from yeast to mammals (Rempel et al., 2020).  3 

In post‐mitotic cells such as neurons, core NPC components are very stable, tend to become oxidized 4 

over time and progressively lose functionality (Savas et al., 2012; Toyama et al., 2013).  Accordingly, 5 

in the neurons of old rats NPCs become increasingly leaky with age, affecting the proper retention of 6 

nucleoplasmic proteins in the nucleus (D’Angelo et al., 2009).  On the opposite, yeast NPCs are 7 

targeted by a quality control machinery that removes damaged or misassembled NPCs (Webster et 8 

al., 2014).  Accordingly, no oxidized NPCs are observed in replicative aging yeast cells (Rempel et al., 9 

2019).  Still, proteomics analysis of the old yeast cells indicate that they progressively change 10 

composition, losing their nuclear basket and cytoplasmic complexes (Janssens et al., 2015; Rempel et 11 

al., 2019).  Similar changes are observed in the liver of aging rats (Ori et al., 2015; Rempel et al., 12 

2020).  However, little is known about the underlying mechanisms and whether this process is 13 

simply a consequence or contributes to aging. Particularly, the NPC changes observed in replicative 14 

aging yeast cells did not lead to leakage but rather to a more stringent compartmentalization of the 15 

tested cargos (Morlot et al., 2019; Rempel et al., 2019). Given the pivotal role of NPCs in a wide 16 

variety of cellular processes beyond nucleocytoplasmic exchange, from the regulation of gene 17 

expression to DNA repair, it is plausible that defects in NPC function could affect cellular physiology 18 

and contribute to the ageing process.  However, a clear view of how age affects NPCs and their 19 

functionality has been lacking so far, precluding a robust understanding of whether and how NPCs 20 

indeed contribute to the aging process. 21 

The budding yeast Saccharomyces cerevisiae undergoes both post mitotic and replicative aging 22 

(Longo et al., 2012).  In the first case, also called chronological aging, starved yeast cells progressively 23 

lose viability, with their mortality increasing exponentially with time (Fabrizio and Longo, 2003).  In 24 

the second case, cells that proliferate in rich nutrient conditions divide asymmetrically through the 25 

budding of rejuvenated daughters off the surface of their aging mother cell, which retain and 26 

accumulate diverse aging factors (Mortimer and Johnston, 1959; reviewed in Denoth Lippuner et al., 27 

2014). After undergoing 20‐30 divisions and generating as many daughter cells, these mother cells 28 

stop dividing and ultimately die.  Although a number of the involved aging factors and some of the 29 

mechanisms of their retention in the mother cell have been characterized, little is known about how 30 

they affect the viability of old mother cells. 31 

Extrachromosomal DNA circles (ERCs, (Denoth Lippuner et al., 2014; Morlot et al., 2019; Sinclair and 32 

Guarente, 1997)), which are generated in virtually all mother cells at some point in their lifespan 33 

through excision of one or more rDNA repeat(s) from the rDNA locus, are a particularly prominent 34 

aging factor.  These episomes lack a centromere and are very efficiently retained in the mother cell 35 

at mitosis. As they replicate once per division cycle, they accumulate exponentially in the nucleus of 36 

the old mother cell over time. At the end of their life, the mother cell may contain up to thousand 37 

ERCs, which represent about as much DNA as the rest of the genome (Denoth‐Lippuner et al., 2014; 38 

Morlot et al., 2019).  Several lines of evidence establish that ERCs accumulation promote aging of 39 

the cell.  Mutants that form ERCs at a reduced rate, such as the fob1∆ mutant cells, show an 40 

extended replicative lifespan (RLS; (Defossez et al., 1999).  In reverse, cells in which recombination in 41 

the rDNA is derepressed, such as cells lacking the sirtuin Sir2, show a higher rate of ERC formation, 42 

accumulate them faster and are short‐lived (Kaeberlein et al., 1999).  Finally, artificially introducing 43 

an ERC (Sinclair and Guarente, 1997) or any other replicating DNA circle in a young cell (Denoth‐44 

Lippuner et al., 2014) causes premature aging.  However, how ERCs promote aging is not known. 45 

Appendix 3  ——————————————————————————————————————————————————

232



The tight retention of the ERCs in the mother cell depends on their attachment to NPCs at the 1 

nuclear periphery (Denoth‐Lippuner et al., 2014).  Attachment is mediated by the SAGA complex, a 2 

large multi‐subunit complex harboring acetyl‐transferase activity (provided by Gcn5) and which 3 

binds both NPCs, via the SAGA subunit Sgf73 and the stable nucleoporin Nup1 (Jani et al., 2014; 4 

Köhler et al., 2008) and chromatin (Durand et al., 2014; Wang et al., 2020).  Since yeast cells undergo 5 

a closed mitosis and NPCs remain intact through mitosis, attachment of the DNA circles to NPCs 6 

leads to the retention of both in the mother cell.  Retention is facilitated by the presence of a 7 

ceramide‐based, lateral diffusion barrier in the outer‐membrane of the nuclear envelope (Baldi et 8 

al., 2017; Clay et al., 2014; Denoth‐Lippuner et al., 2014; Megyeri et al., 2019; Prasad et al., 2020; 9 

Shcheprova et al., 2008). Accordingly, cells that fail to attach ERCs to NPCs (such as the cells lacking 10 

the SAGA subunits Sgf73 and Gcn5) or fail to assemble the diffusion barrier (in cells lacking the 11 

barrier protein Bud6) cannot tightly confine the ERCs to the mother cell anymore and do not 12 

accumulate them over time. Providing further evidence for ERCs promoting cellular aging, these cells 13 

and the mutant strains unable to form a lateral diffusion barrier in the nuclear envelope (such as the 14 

cells lacking the ceramide synthase Lag1, the sphinganine C4‐hydroxylase Sur2) show a dramatically 15 

increased longevity (Clay et al., 2014; D’Mello et al., 1994; Denoth Lippuner et al., 2014; Megyeri et 16 

al., 2019; Shcheprova et al., 2008).  Interestingly, because ERCs and NPCs are retained together in 17 

the mother cell during cell division, aging wild type cells also accumulate NPCs and this accumulation 18 

is relaxed in cells lacking either of the Fob1, Sgf73 or Bud6 proteins (Denoth‐Lippuner et al., 2014).  19 

Thus, these accumulating NPCs may contribute to the mechanisms by which ERCs promote aging of 20 

the cell. 21 

The nuclear pore complex is a ~100 megadalton entity comprising repetitions of more than 30 22 

different subunits, called nucleoporins (short Nups)(Beck and Hurt, 2017; Kim et al., 2018).  The core 23 

of the NPC is inserted in the nuclear envelope and stabilized by protein rings at its periphery.  The 24 

center is filled by so‐called FG‐Nups, which both form a barrier to passive diffusion through the pore 25 

and facilitate the passage of transport intermediates across the NPC.  On their cytoplasmic face, 26 

NPCs are decorated by a complex of cytoplasmic Nups which have been also described as fibrils or 27 

filaments (Fernandez‐Martinez et al., 2016; Strambio‐De‐Castillia et al., 2010)(Fig. 1A).  On their 28 

nucleoplasmic side, they assemble the so‐called nuclear basket formed mainly of the extended 29 

protein TPR, known as Mlp1 and Mlp2 in yeast (Strambio‐de‐Castillia et al., 1999).  Diverse studies 30 

have involved the basket in controlling the interaction of chromatin with the NPC (Niepel et al., 31 

2013).  However, whether and how DNA circle attachment to NPCs affects these NPCs is not known.  32 

Therefore, we have investigated here whether the anchorage of DNA circles to NPCs affects their 33 

composition during replicative aging and whether this has an effect on cellular viability.  34 

35 

Results and discussion 36 

Circle‐bound NPCs lack the nuclear basket 37 

In order to study whether the anchorage of DNA circles to NPCs affects the NPCs’ composition, we 38 

took advantage of an engineered reporter DNA circle, which we have previously characterized (Baldi 39 

et al., 2017; Denoth‐Lippuner et al., 2014; Shcheprova et al., 2008). The non‐centromeric reporter 40 

DNA circle can be generated in vivo in a controlled manner.  This circle is formed upon the induced 41 

excision of the centromere from a circular mini‐chromosome and carries an array of 256 TetO 42 

repeats (Megee and Koshland, 1999). Hence, it is visible as a fluorescent dot in cells expressing TetR 43 

fused to a fluorescent protein (Fig. 1B, see methods and (Denoth‐Lippuner et al., 2014). This circle 44 
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replicates in S‐phase and remains confined in the mother cell upon cell division, where it 1 

accumulates as the cell ages through successive rounds of cell division. Within 8‐10 division cycles, 2 

the accumulating DNA circles cluster together to form a bright patch at the nuclear periphery. The 3 

attached NPCs accumulate with them in the nuclear envelope adjacent to the cluster (Denoth‐4 

Lippuner et al., 2014).  Upon fusion of GFP to core nucleoporins, these NPCs are visible as a cap of 5 

enhanced fluorescence density (Fig. 1C, Figure 1‐supplement 1A), different from young cells without 6 

accumulation of DNA circles, where nucleoporins are rather homogenously distributed in the nuclear 7 

envelope (Figure 1‐supplement 1B). In the few cells that accumulate the circle in the population, this 8 

systems conveniently allows imaging circle‐bound NPCs at single cell level, to discriminate them 9 

from unbound NPCs in the remainder of the same nuclear envelope. 10 

Thus, we used this engineered DNA circle to quantify the local enrichment of single nucleoporins in 11 

the NPC cap compared to the rest of the nuclear envelope, to study the composition of DNA circle 12 

bound NPCs.  We tagged 17 nucleoporins with GFP, representative of different NPC subcomplexes, 13 

in cells where the DNA circle cluster was labelled in red, owing to the expression of TetR‐mCherry 14 

(Fig. 1B, C). In these images, all the stable core Nups, i.e. the scaffold components (outer ring: 15 

Nup84, Nup133; inter ring: Nup170, Nic96) and the components of the transport channel (FG‐Nups: 16 

Nup53, Nup59) accumulated in the cap to similar extents. Quantification of their indicated a median 17 

of 2.4‐fold enrichment, compared to their localization elsewhere in the nuclear envelope; Fig. 1D, E).  18 

All tested core nucleoporins showed the same enrichment in the cap covering the DNA circles, 19 

indicating that the circles bind intact NPC cores.  The enrichment level of core Nups in the cap served 20 

therefore as reference to determine whether peripheral Nups were stoichiometrically associated 21 

with core NPCs bound to circles or depleted from those pores. 22 

In striking contrast to core Nups, most peripheral subunits on both sides of the NPC were found to 23 

not accumulate in the cap. Four out of the five components of the nuclear basket and four out of the 24 

six components of the cytoplasmic complexes were excluded from the cap (Fig. 1C, E). Only Nup1, a 25 

stable nucleoporin at the nuclear side, and Nup159 and Nup83, which form the docking site for the 26 

cytoplasmic complexes at the cytoplasmic side of NPCs, accumulated together with core Nups. The 27 

basket components Mlp1 and 2, Nup60 and Nup2, and the subunits at the cytoplasmic side Nup116, 28 

Nup42, Gle1 and Gle2 were extensively excluded from the cap. The exclusion was the strongest for 29 

the basket proteins Mlp1 and Mlp2 (Fig. 1E), similarly to what is observed in the vicinity of the 30 

nucleolus (Galy et al., 2004), although the cluster of circles and the nucleolus do not overlap 31 

(Denoth‐Lippuner et al., 2014). Altogether, these quantifications indicate that relative to the 32 

unbound NPCs, the circle‐bound NPCs were specifically stripped of their nuclear basket and 33 

cytoplasmic complexes.  34 

This picture is highly reminiscent of recent proteomics data indicating that Nup116, Nup2 and Nup60 35 

are extensively lost from old yeast cells (Rempel et al., 2019).  This study also identified Nsp1, a 36 

component of both the core and the cytoplasmic complex of the NPC (Bailer et al., 2001), as being 37 

lost with age. Because tagged Nsp1 is partially defective (Rajoo et al., 2018), we did not characterize 38 

its distribution.  Thus, our results support previous observations indicating that old cells lose specific 39 

parts of the NPC, and suggest that this loss is driven by the attachment of DNA circles to the affected 40 

NPCs.  Since Mlp1 and Mlp2 are required for DNA attachment to NPCs (Texari et al., 2013), including 41 

the attachment of DNA circles (Shcheprova et al., 2008), these proteins might mediate the 42 

recruitment of the DNA to NPCs but be subsequently displaced from them.  Furthermore, our 43 

observations suggest that the loss of NPC components is not limited to those picked up by mass 44 

spectrometry but can be extended to nearly the entire basket and cytoplasmic complexes, including 45 
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Mlp1 and Mlp2, Nup42, Gle1 and Gle2.  Indeed, proteomic studies do not have the subcellular 1 

resolution obtained with our approach.  2 

The basket and cytoplasmic complexes are displaced from NPCs in wild type cells aging under 3 

physiological conditions. 4 

To evaluate whether remodeling of the circle‐bound NPCs was indeed reflecting what happens in 5 

cells undergoing unperturbed aging, we next asked whether the basket and cytoplasmic complexes 6 

dissociates from NPCs of old cells not carrying our reporter circles. For some reason, accumulating 7 

ERCs are rather dispersed throughout the nuclear periphery and form clusters only episodically, such 8 

that NPC caps are less prominently observed in these cells.  Clustering of the reporter circle might be 9 

stabilized by the fluorescent label (mCherry still has a low affinity for itself) or ERCs have means to 10 

escape clustering.  In order to study if NPC remodeling happens under these conditions, we co‐11 

labelled pairs of Nups with distinct fluorophores and characterized their co‐incorporation into NPCs 12 

by analyzing the spatial correlation of their fluorescence in the nuclear periphery as the cells aged 13 

(Fig. 2A). Indeed, the signals of the two labelled Nups should correlate well with each other as long 14 

as both colocalize to NPCs, and poorly if any one of them is displaced from NPCs (Fig. 2A).  15 

In order to acquire images of old mother cells, the labelled cells were loaded on a microfluidic chip 16 

(Jo et al., 2015) and imaged for 26 hours (21 divisions in average). A continuous flow of fresh 17 

medium provided nutrients to the trapped mother cells and flushed their daughter cells out, 18 

allowing the continuous imaging of the isolated mother cells. Bright field images were taken every 19 

15 minutes to monitor budding events and record the replicative age of each cell. Fluorescence 20 

images were acquired after 2 and 26 hours (i.e. on average 2 and 21 divisions, respectively, Fig. 2B) 21 

and the degree of colocalization between two Nups was quantified at these two time points (Fig. 22 

2C).  23 

Analysis of the Pearson correlation between the signals of two core nucleoporins, namely Nup159 24 

(labelled with mCherry) and Nup170 (labelled with GFP), showed that it was high in young cells and 25 

remained similarly high in old yeast mother cells (average correlation = 0.79±0.02, n=30 and 26 

0.78±0.03, n=33, respectively; Fig. 2C). Thus, these two proteins remain indeed stable at NPCs of old 27 

cells.  In contrast, the basket proteins Nup60 and Mlp1 and the cytoplasmic protein Gle1 (labelled 28 

with GFP) colocalized less extensively with Nup159 already in young cells (average correlation = 29 

0.68±.0.04, n=32; 0.61±0.04, n=31 and 0.62±0.05; n=32 respectively), consistent with these proteins 30 

being more mobile and transiently associated with NPCs (Denning et al., 2001; Denoth‐Lippuner et 31 

al., 2014; Dilworth et al., 2001; Niepel et al., 2013). More importantly, the correlation substantially 32 

dropped further in old cells (average correlation 0.35±0.05, n=33; 0.31±0.06, n=37 and 0.24±0.06, 33 

n=35 respectively; p<10‐4; Fig. 2C). A similar drop of correlation was observed when comparing the 34 

signals of Mlp1‐GFP and Nup82‐mCherry (Fig. 2D, E), indicating that this correlation drop did not 35 

depend on the core Nup used as reference.  Thus, the basket and cytoplasmic complexes are indeed 36 

displaced from a substantial fraction of the NPCs in old cells, upon unperturbed aging.  37 

The ERCs mediate the displacement of the basket from NPCs of old mother cells 38 

To determine whether this remodeling of the NPC upon aging is driven by the accumulation and 39 

attachment of endogenous DNA circles, we first asked whether delaying ERC accumulation also 40 

delayed the removal of the basket from NPCs. Thus, we deleted the FOB1 gene, which promotes ERC 41 

formation, and tested whether this restored the presence of the basket components Nup60 and 42 

Mlp1 at NPCs of old mutant cells (Fig. 3A).  Strikingly, no significant dissociation of the basket from 43 

NPCs was observed in old fob1∆ mutant cells compared to wild type at the same age (same number 44 
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of divisions) or to young fob1∆ mutant cells (Fig. 3A). Moreover, deleting the SGF73 gene, which 1 

docks SAGA to NPCs and mediates circle anchorage to nuclear pores, also restored the localization of 2 

the basket to NPCs in aged cells (Fig. 3B). Thus, ERC presence and attachment is required for the 3 

basket to be displaced from NPCs.   4 

Finally, as ERC anchorage displaces the basket from a substantial fraction of the NPCs in old wild 5 

type mother cells, their daughters, which do not inherit ERCs are expected to rapidly restore the 6 

proper localization of the basket proteins. Indeed, when comparing signal correlation between the 7 

basket proteins Nup60 or Mlp1, with the core Nup, Nup159, colocalization between basket and core 8 

nucleoporins was extensive in the rejuvenated daughter cells of old mothers, similar to what is 9 

observed in both the young mothers and their daughters (Fig. 3C, D). The correlation between 10 

basket and core Nups was only reduced in aged mothers.  Altogether, we conclude that the 11 

formation of ERCs and their attachment to NPCs drives the displacement of the nuclear basket from 12 

pores.  ERC accumulation is a direct cause for the displacement and loss of the nuclear basket from 13 

NPCs in physiologically aging yeast cell. This event probably mediates the subsequent displacement 14 

and loss of the cytoplasmic complexes (see below).  15 

The cells do not recognize remodeled NPCs as defective 16 

Several studies have indicated that NPCs can deteriorate with time and established the existence of 17 

a machinery dedicated to removing damaged or misassembled NPCs. This quality control system 18 

recruits the ESCRT III machinery, including the adaptor protein Chm7, to defective NPCs and 19 

mediates their removal from the nuclear envelope (Rempel et al., 2019; Webster et al., 2016). Thus, 20 

we next asked whether the attachment of DNA circles and basket removal induces a defect that 21 

would be recognized as damage by the cell. To address this question, we investigated whether the 22 

circle‐bound NPCs recruit Chm7 more frequently than bulk NPCs. We recorded the localization of 23 

Chm7, tagged with GFP, in cells loaded with DNA circles and asked whether it accumulated in the 24 

cap (Fig. 4A).  The cells containing a cluster of DNA circles were categorized in the following classes: 25 

1) the cells showing at least one Chm7 focus in the NPC‐cap, 2) those showing a Chm7 focus26 

somewhere else in the nuclear envelop and 3) those showing no visible Chm7 foci in the nuclear 27 

envelope (Fig. 4A). Interestingly, most cells formed either no Chm7 focus at the nuclear periphery 28 

(category 3, 41% of cells, n = 190 cells with circle cluster) or the focus formed was not associated 29 

with the cluster of DNA circles (category 2, 23% of the cells).  Only about a third of the cells (category 30 

1, 36%) formed a Chm7 focus adjacent to the circle‐cluster, i.e. where the NPC‐cap is located.  Note 31 

that these Chm7‐labeled foci are much smaller than the NPC‐cap (Fig. 1C, 4A), indicating that if any, 32 

only few of the NPCs in the cap are targeted by this machinery. Importantly, based on fluorescence 33 

intensity measurements using Nup84‐GFP in DNA circle loaded cells (Fig. 1C), we estimate that about 34 

45% (+/‐ 12%, n = 10) of the NPCs is sequestered in the NPC‐cap at that stage. Thus, this analysis did 35 

not reveal any substantial enrichment of Chm7 overlapping with the clusters of DNA circle; the 36 

occurrence of Chm7 in the NPC cap seemed to be rather coincidental. We concluded that the circle‐37 

bound NPCs are not detected as defective by the cell more or less than the other NPCs in the rest of 38 

the nuclear envelope. 39 

The remodeled NPCs are not particularly old 40 

Since the anchorage of a DNA circle to an NPC causes its retention in the mother cell, we next 41 

wondered whether this could cause the progressive accumulation of older NPCs in aged mother 42 

cells.  To test this possibility, we measured the relative age of NPCs in old mothers and their 43 

daughter cells using the tandem fluorescent protein timer, consisting of mCherry (mCh) and 44 

superfolder GFP (sfGFP) (Khmelinskii et al., 2012). Due to different maturation kinetics between the 45 
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two fluorophores, a newly synthesized protein appears first in the green channel before acquiring 1 

the red fluorescence over time. As the turnover rate of Nup170 is very low in NPCs (D’Angelo et al., 2 

2009), older pores with tagged Nup170 are expected to emit more red fluorescence than green in 3 

comparison to newly assembled pores. To see if old mothers are enriched in red‐shifted old pores, 4 

we loaded the cells expressing Nup170‐mCh‐sfGFP on the microfluidic chip and imaged them as 5 

above (Fig. 2B) as the cells aged (Jo et al., 2015). The fluorescence channels were recorded after 2 6 

and 26h. We did observe a tendency for young cells to put slightly more red shifted NPCs in the bud 7 

than in the mother cell (Fig. 4B, not statistically significant, n=31 mother‐bud pairs), as was shown 8 

before (Khmelinskii et al., 2012). Over time we observed a highly significant increase of the red 9 

fluorescence signal relative to the green signal in old compared to young cells (n=29 old cells, 10 

p<0.001), indicating that old cells actually accumulate old pores over time. Although we observed a 11 

trend for the NPCs of the daughters of old mother cells to be slightly younger, indicative for some 12 

retention of old pores in the mother cell, this difference was not significant in our analysis (Fig. 4B).  13 

Thus, together these data make three points.  First, the data support earlier findings indicating that 14 

pre‐existing NPCs in young cells are not particularly retained in the mother cell and even that their 15 

segregation might be biased towards the daughter cell (Khmelinskii et al., 2012). Second, the data 16 

establish that over time the mother cell does accumulate older NPCs, possibly with the accumulation 17 

of ERCs.  Third, these older NPCs are however not tightly retained in the old mother cell.  As circle‐18 

bound NPCs are retained in the mother cell (Fig. 3C, D, (Denoth‐Lippuner et al., 2014)), these 19 

findings suggest that old NPCs do exchange the circles with younger ones.  This conclusion is in 20 

agreement with the results from photobleaching experiments previously reported (Denoth‐Lippuner 21 

et al., 2014), indicating that although NPC exchange is slow between the cap and the rest of the 22 

nuclear envelope, it does happen.  Thus, we concluded that although circle‐bound NPCs 23 

accumulating in mother cells are rather old in average, they are not significantly older than those of 24 

the rejuvenated daughter cells.  Thus, together our data do not support the notion that the age of 25 

the old mother NPCs drives their remodeling.  26 

Nucleoporin acetylation promotes NPC remodeling 27 

Since DNA circles attach to NPCs via the SAGA complex, we next wondered whether basket removal 28 

could be driven by their SAGA‐dependent acetylation. Indeed, three of the four basket proteins 29 

displaced from NPCs upon circle attachment are acetylated in vivo, and the acetylation of Nup60 and 30 

Nup2 is mediated at least in part by SAGA (Downey et al., 2015; Henriksen et al., 2012). Testing 31 

whether removing SAGA activity altogether restored the recruitment of the basket proteins was not 32 

possible in our “cap” assay since knocking out its catalytic subunit, encoded by GCN5, abolished 33 

circle clustering and cap formation (Fig. 5A), consistent with SAGA and its acetyl‐transferase activity 34 

mediating circle anchorage to NPCs (Denoth‐Lippuner et al., 2014).  35 

Thus, instead of inactivating SAGA we asked whether acetylation of the basket proteins contributes 36 

to displacing them from pores.  Nup60 is prominently acetylated on lysine 467(Choudhary et al., 37 

2014, 2009).  Therefore, we asked as a proof of principle whether preventing this modification by 38 

substituting lysine‐467 by arginine was sufficient to abrogate the exclusion of Nup60 from the cap 39 

(Fig. 1C, E). Strikingly, not only Nup60‐K467R now accumulated in the cap nearly as much as core 40 

nucleoporins, but the cells expressing this protein also restored the localization of the cytoplasmic 41 

complexes (Nup116, Nup42, Gle1 and Gle2) to cap NPCs (Fig. 5B, C). In contrast, the basket 42 

component Mlp1 remained displaced, indicating that the anchorage of DNA circles might also lead to 43 

other modifications in different basket proteins, independently of that of Nup60 at lysine‐467. Thus, 44 

we concluded that the acetylation of Nup60 on K467 upon circle attachment drives Nup60’s 45 

displacement from NPCs and subsequently that of the cytoplasmic complexes as well.  How Nup60’s 46 
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presence at the nuclear pore regulates the recruitment or stabilization of the cytoplasmic complexes 1 

on NPCs is not known at this stage. Possibly a signal is transduced from the nuclear to the 2 

cytoplasmic side of the NPC, or the clustering of the pores could drive the displacement of the 3 

cytoplasmic complexes. Furthermore, additional events displace the Mlp1/2 proteins as well, 4 

possibly also through their own acetylation or that of Nup2.  5 

Thus, altogether we found no indication for the anchorage of DNA circles causing NPC deterioration. 6 

Rather, our data indicate that circle anchorage promotes the displacement of the nuclear basket 7 

through post‐translational modifications, and that this in turn causes the detachment of the 8 

cytoplasmic complexes. Considering the fact that Nup60 acetylation contributes to the regulation of 9 

gene expression (Kumar et al., 2018), and that the residence of the basket to NPCs is dynamic also in 10 

young cells, the removal of the basket upon circle attachment might reflect a common physiological 11 

process taking place each time chromatin interact in a SAGA‐dependent manner with interphase 12 

NPCs.  The fact that DNA circles remain attached to NPCs during mitosis, whereas chromosomes 13 

detach from the nuclear periphery at that stage (Kanoh, 2013), might be caused by their inability to 14 

undergo condensation and recruit the deacetylase Hst2 (Kruitwagen et al., 2018).  Further studies 15 

will be needed to determine the role of acetylating other Nups beyond Nup60 in basket 16 

displacement, circle anchorage and aging, and whether Hst2 reverts the acetylation of these 17 

proteins at chromosome‐attached NPCs during mitosis. 18 

Basket displacement promotes aging  19 

Thus, together our results indicate that DNA circles modulate the organization of NPCs as they 20 

attach to them, leading to the accumulation of remodeled NPCs as circles accumulate and the cell 21 

progresses in replicative aging.  Therefore, we wondered whether the effect of DNA circles on NPC 22 

organization is at least a part of the mechanisms by which ERCs promote cellular aging.  Thus, we 23 

next investigated whether interfering with NPC remodeling has an impact on the lifespan of the 24 

cells.  We took advantage of a new microfluidic chip design, that could retain more efficiently cells 25 

during their entire lifespan (i.e. >95% of the cells were kept until cell death (Fig. 6A, B), see 26 

methods). When monitoring wild type cells in this setup, their replicative life span was reproducibly 27 

of 18 generations (Fig. 6C). Although this lifespan is relatively low, it is within the range of RLSs 28 

reported for wild type cells measured on different microfluidic platforms (Chen et al., 2017; Janssens 29 

and Veenhoff, 2016). Interestingly, mutant cells with pores lacking the central basket component 30 

Nup60 aged rapidly (median life span of 13 divisions), while the nup60‐K467R mutant cells already 31 

showed an extended longevity (20 divisions, Fig. 6C), despite the proteins Mlp1 and Mlp2 remaining 32 

displaced in these cells.  Thus, our observations support the idea that displacement of the basket by 33 

SAGA promotes aging, while basket stabilization fosters longevity. Together our data indicate that 34 

the remodeling of NPCs upon DNA circle attachment to them is one causal element for how ERC 35 

accumulation limits the longevity of yeast mother cells.  36 

Strikingly, the displacement of the basket from NPCs is highly reminiscent of what has been already 37 

described for the NPCs adjacent to the nucleolus in yeast.  Indeed, the yeast nucleolus adheres to 38 

the nuclear envelope and the NPCs bordering the nucleolus lack Mlp1/2 (Galy et al., 2004). The 39 

functional relevance of this observation is unknown but has suggested that these NPCs might be 40 

functionally specialized.  Thus, we suggest that the accumulation of basket‐less NPCs with age does 41 

not reflect an accumulation of defective NPCs per‐se, but rather leads to an imbalance of specialized 42 

over non‐specialized NPCs in old cells (Fig. 6D). 43 

mRNA export and mRNA surveillance factors are specifically displaced from circle‐bound NPCs 44 
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Thus, we reasoned that NPC specialization might have some regulatory effect on their function. 1 

Nuclear pore complexes mediate the transport of cargos between nucleoplasm and cytoplasm and 2 

therefore transport factors transiently localize to NPCs in young and healthy cells (Derrer et al., 3 

2019; Kumar et al., 2002). Any effect of NPC remodeling on the localization of these factors to NPCs 4 

may reflect changes in their dynamics within NPCs and hence, on NPC functionality. Therefore, we 5 

characterized how circle anchorage affected the recruitment of transport factors and other 6 

associated proteins to NPCs. We labeled a broad panel of transport and associated factors with GFP 7 

and quantified their nuclear localization in respect to the DNA circle cluster, as in Fig. 1. Only the 8 

factors showing a clear (transient) localization to the nuclear envelope of young wild type cells were 9 

characterized. Consistent with circle‐bound NPCs lacking a basket, the two basket‐associated 10 

proteins Esc1 and Ulp1 (both involved in telomeric silencing and mRNA surveillance, (Bonnet et al., 11 

2015)) were excluded from NPC caps (Fig. 7A, B). In striking contrast, none of the 10 importins tested 12 

were displaced from the cap (Fig. 7B). Likewise, the exportins Xpo1 (Crm1), Msn5 and Los1, which 13 

ensure the export of proteins and tRNAs, accumulated with the cap to similar extent as the core 14 

Nups. Since nearly all these proteins accumulated to the same extent as core NPCs in the cap 15 

compared to elsewhere in the nuclear envelope, we concluded that basket‐less pores interact with 16 

them with similar dynamics as bulk NPCs.  Two importins were in average significantly further 17 

enriched at the cap, namely Srp1/Kap60 and Kap123. This may indicate either that these two 18 

nucleoporins shuttle more intensely through basket‐less NPCs, or that they linger longer in them.  19 

Strikingly, Kap123 mediates the nuclear import of ribosomal proteins, promoting their subsequent 20 

assembly into ribosomes, and the import of histones H3 and H4.  Both ribosome and nucleosome 21 

assembly have been shown to become reduced in aged yeast cells (reviewed in (Matos‐Perdomo 22 

and Machín, 2019)).  23 

More strikingly, 5 exportins were specifically depleted from the cap (Fig. 7B), indicating that their 24 

interaction with core NPCs was substantially decreased. Interestingly, all of these exportins are 25 

involved in mRNA export. Thus, all seven proteins that we find to be excluded from the cap are 26 

involved in this process (Bonnet et al., 2015; Iglesias et al., 2010; Stewart, 2010).  We postulate that 27 

circle‐bound NPCs are specifically inhibited for their function in mRNA export.  28 

Conclusion 29 

In summary, our data indicate that old yeast cells accumulate an increasing proportion of NPCs 30 

depleted of the nuclear basket and cytoplasmic complexes and that may have a reduced capacity for 31 

mRNA export.  Once the proportion of basket‐associated NPCs goes below some threshold, the 32 

resulting imbalance become deleterious for the cell.  Importantly, our study establishes that the 33 

stoichiometry changes observed with age are not due to NPC deterioration but rather to their 34 

specialization as they become increasingly decorated with DNA circles, mainly ERCs.  The function of 35 

this specialization is not known but observed also in young cells, for example near the nucleolus.  36 

Whether nucleolus‐associated NPCs are depleted of other factors, such as the cytoplasmic 37 

complexes, has not been reported but our study suggests that it might be the case.  Furthermore, 38 

the dissociation of the basket from NPCs appears to have broad functions beyond nucleolar NPCs in 39 

young cells since the acetylation of Nup60 is involved in the regulation of diverse loci on 40 

chromosomes, such as the activation of cell cycle genes (Kumar et al., 2018), and the SAGA complex 41 

is involved in the rapid activation of many genes in response to environmental changes such as heat 42 

shock, inositol starvation or changes in the available carbon source (Huisinga and Pugh, 2004; 43 

Kremer and Gross, 2009).  In many of these instances, SAGA‐dependent regulation involves the 44 

recruitment of the target locus to the nuclear periphery and their anchorage to NPCs. Thus, the 45 

modifications observed at circle‐bound NPCs reflect physiological changes that are common in 46 
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young cells and amplified through ERC accumulation in old cells. Future studies will require to 1 

determine how this imbalance affects cellular viability.  2 

The notion that the age‐dependent remodeling of NPC is not due to damages but to regulatory steps 3 

has consequences for our understanding of the evolution of aging.  Indeed, a leading theory for the 4 

apparition of the aging process in evolution is that it is the result of traits and processes that are 5 

selected for their selective advantage early in life, despite of deleterious effects later‐on (Kirkwood 6 

and Rose, 1991).  Antagonistic pleiotropy has been difficult to document beyond the well accepted 7 

idea that sparing on quality control and damage‐repair liberates resources for the generation of 8 

progeny early in life, at the expense of longevity (Ackermann et al., 2007; Austad and Hoffman, 9 

2018; Williams, 1957).  The case of NPCs and their role in SAGA‐dependent gene regulation might 10 

depart from this notion by suggesting that the trade‐off here is not a matter of quality control but of 11 

adaptability.  Indeed our data suggest that the remodeling of NPCs with age is a secondary 12 

consequence of the role of chromatin‐NPC interaction in the rapid and strongly response of cells to 13 

environmental challenges.  The mechanistic relevance of these interactions during gene regulation, 14 

sometimes referred as gene gating, as well as their effects on NPC activity and possibly other 15 

processes at NPCs, such as DNA repair (Strambio‐De‐Castillia et al., 2010), are not yet fully 16 

understood but their characterization is likely to shed light into why and how aging has emerged, at 17 

least in yeast.  Furthermore, our study indicate that aged cells may offer a model of choice for 18 

studying how NPC specialization affects their function. 19 

There is currently no evidence for DNA circles contributing to aging in other organisms but there is 20 

strong evidence that chromatin interaction with the nuclear periphery is affected by age in many cell 21 

types. Most remarkably, progerin, a progeriatric isoform of Lamin A and causing the Hutchinson‐22 

Gilford progeria syndrome in humans, affects the recruitment of heterochromatin to the nuclear 23 

periphery, and displaces Nup153 and TPR (the mammalian homologs of Nup60 and Mlp1/2) from 24 

the nuclear periphery (Balmus et al., 2018; Cobb et al., 2016; Kelley et al., 2011; Larrieu et al., 2018). 25 

Thus, we suspect that the effects of aging on NPCs and the role of NPCs in aging might be strikingly 26 

similar between yeast and mammals.  27 
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Materials and methods 1 

‐ Strains and plasmid 2 

All the yeast strains and plasmids used in this study are listed in table S1 and are isogenic to S288C. 3 

GFP‐tag and knock‐out strains were generated using classical genetic approaches (Janke et al., 4 

2004)). All cultures were grown using standard conditions, in synthetic drop‐out medium (SD‐5 

medium; ForMedium, Norfolk, UK) or indicated otherwise, at 30°C. 6 

The non‐chromosomal DNA circle was obtained from the Megee lab (Megee and Koshland, 1999) 7 

and contains an array of 256 TetO repeats, the centromere is flanked by target site for the R‐8 

recombinase; the β‐estradiol‐inducible expression recombinase (from the genome) drives the 9 

excision of the centromere and converts the minichromosome into a non‐chromosomal DNA circle 10 

((Baldi et al., 2017; Denoth‐Lippuner et al., 2014; Shcheprova et al., 2008). TetR‐NLS‐mCherry is 11 

genetically expressed and labels the TetO repeats; the NLS (nuclear localization signal) ensures its 12 

accumulation in the nucleus.  13 

The nup60‐K468R strain was generated with a one‐step CRISPR‐Cas9 method, based on (Laughery et 14 

al., 2015). The gRNA was designed with an online tool to identify an optimal guide RNA (gRNA) target 15 

site in Nup60 (http://wyrickbioinfo2.smb.wsu.edu/crispr.html). The donor DNA with the 16 

Nup60K467R mutation and the gRNA‐encoded DNA were ordered as single stranded oligo’s 17 

(Microsynth AG, Balgach, Switzerland) and annealed. The gRNA‐encoded DNA was recombined into 18 

the Cas9 expression vector pML104_Cas9_HygR in a one‐step approach, to induce the Nup60K467R 19 

mutation simultaneously: SwaI‐linearized vector, the gRNA‐encoded double stranded oligo’s and the 20 

donor DNA were transformed all at once into a wild type yeast strain and plated on hygromycin 21 

selection medium. The expression vector with gRNA (pML104_Cas9_HygR_Nup60) was rescued from 22 

cell material, propagated in bacteria and confirmed by digest analysis and sequencing. Genomic DNA 23 

was extracted from single yeast clones and the presence of the point mutation was confirmed by 24 

sequencing. Positive clones were propagated on YPD to get rid of the expression vector.  25 

‐ Microscopy 26 

For fluorescent microscopy, yeast cells were precultured for minimally 24h in synthetic drop‐out 27 

medium. 1 ml of cells from exponential growing cultures with OD<1 were concentrated by 28 

centrifugation at 1.000xG, resuspended in ~5 ul of low fluorescent SD‐medium, spotted on a round 29 

coverslip and immobilized with a SD/agar patch. The cells were imaged in z‐stacks of 6 slices with 0.5 30 

μm spacing, with a 100×/1.4 NA objective on a DeltaVision microscope (Applied Precision) equipped 31 

with a CCD HQ2 camera (Roper), 250W Xenon lamps, Softworx software (Applied Precision) and a 32 

temperature chamber set to 30°C.  33 

To accumulated DNA circles in the nuclei of aging mother cells, yeast cells were pre‐cultured for 24h 34 

in SD–URA at 30°C and then shifted to SD‐LEU medium supplemented with 1 µM β‐Estradiol (Sigma‐35 

Aldrich, St. Louis, MO), incubated for 16‐18h at room temperature. The β‐Estradiol induced 36 

expression of the recombinase and the excision of the centromere, see:(Denoth‐Lippuner et al., 37 

2014). To visualize DNA clusters, we use specifically 1x1 binning and made short time‐lapse movies 38 

of 15 min, intervals for 5 min.  39 

‐ Aging microfluidic platform 40 

Nucleoporin colocalization and the tandem fluorescent protein timer analysis during aging were 41 

investigated using the high‐throughput yeast aging analysis (HYAA) microfluidics dissection platform 42 

(Jo et al., 2015). The PDMS (polydimethylsiloxane) microchannel is made by soft‐lithography and 43 
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bonded on the 30 mm micro‐well cover glass in the 55 mm glass bottom dish (Cellvis, CA, USA). For 1 

the lifespan analyses, a chip with a new cell trapping design was used (Fig. 6A, B), to ensure excellent 2 

retention of old cells (see below).  3 

To start the experiment, yeast cells were pre‐cultured for 24h in SD‐full supplemented with 0.1% 4 

Albumin Bovine Serum (protease free BSA; Acros Organics, Geel, Belgium). Young cells from a 5 

exponentially growing culture were captured in the traps of the microfluidic chip; the chip was 6 

continuously flushed with fresh medium at a constant flow of 10 μl/min, using a Harvard PHD Ultra 7 

syringe pump (Harvard Apparatus, Holiston, MA, USA) with two or four 60mL BD syringes, with inner 8 

diameter 26.7 mm (Becton Dickinson, Franklin Lakes, NJ, USA). Bright field images were recorded 9 

every 15 min. throughout the duration of the entire experiment. To measure the nucleoporin 10 

colocalization or pre‐mRNA translation, fluorescent images only after 2h, 12h, 26h or/and 50h. For 11 

imaging we used an epi‐fluorescent microscope (TiE, Nikon Instruments, Tokyo, Japan) controlled by 12 

Micro‐Manager 1.4.23 software (μManager, PMID 25606571), with a Plan Apo 60x 1.4 NA objective. 13 

For fluorescence illumination of the GFP and mCherry labeled proteins, a Lumencor Spectra‐X LED 14 

Light Engine was used. Stacks of 7 slices with 0.3 μm spacing were recorded during. The age of the 15 

cell was defined by the number of daughter cells that emerged during the budding cycles.  16 

For the nucleoporin correlation analysis, a cell of interest was manually selected if it stays in the 17 

focal plane in the bright field channel. Its age was determined and a segmented line was drawn 18 

through the nuclear envelope in an image in the focal plane, using Fiji/ImageJ 1.51n (Schindelin et 19 

al., 2012), and the intensity profiles were recorded for both fluorescence channels. The Pearson 20 

correlation between the intensity profiles was calculated and plotted in R (R Development Core 21 

Team, 2011). 22 

For the tandem fluorescent protein timer analysis, late mitotic cells were selected after 2h and 26h 23 

incubation in the chip. Its age was determined and a segmented line was drawn through the nuclear 24 

envelope in an image in the focal plane, as described above. The average background corrected 25 

intensity for GFP and mCherry was calculated and plotted in R.  26 

To obtain a reliable lifespan curves, the majority of the cells should be retained until cell death to 27 

prevent biasing the data. Although different microfluidic dissection platforms have been developed, 28 

it is still a challenge to reach high enough retention efficiency in the microfluidics chip for life span 29 

analysis. Here we used an improved design of yeast cell traps, having small “claws” at both sides, 30 

preventing the escape of bigger cells at higher age (Fig. 6A, B). This allowed us to retain >95% of the 31 

cells during their full lifetime. Only bright field images were recorded every 15 min. throughout the 32 

entire experiment of 70‐80 hours. All cells in a field of view were analyzed, the replicative lifespan 33 

was determined for each single cell by counting the budding cycles before cell death. 34 

35 
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Figures 1 

2 

Figure 1. DNA circle anchored NPCs lack the peripheral subunits. (A) Cartoon of the NPC, showing 3 

the scaffold core, cytoplasmic complexes and nuclear basket. (B) Cartoon of an engineered DNA 4 

circle with excisable centromere (CEN3) and TetR‐mCherry decorated TetO repeats. The circle 5 

contains an autonomic replication sequence (ARS1) and selection markers (LEU2, URA3). (C) 6 

Fluorescent images of nuclei in yeast cells with accumulated DNA circles; the DNA circle clusters are 7 

labeled with TetR‐NLS‐mCherry (red) and different nucleoporins labeled with GFP (green). Scale bar 8 
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is 2 µm. More images in Figure 1 – figure supplement 1. (D) Cartoon exemplifying the quantification1 

of protein accumulation around the DNA cluster. The NPC cap was selected by a line scan through 2 

the nuclear envelope adjacent to the DNA circle cluster. The relative accumulation (RA) is defined as 3 

the ratio of background corrected GFP intensity in the NPC cap (Ic – IBG) over that in the rest of the 4 

nucleus (IR – IBG). (E) Quantification of GFP‐labeled nucleoporin accumulation in the NPC cap 5 

localized at the DNA circle cluster. The relative fluorescence intensity in the NPC cap is plotted on a 6 

log2‐scale. The median accumulation of the core nucleoporins is indicated (green line). p‐value 7 

stands for student’s t‐test between the specific nucleoporin and pooled data of all core nups 8 

together, no p‐value is indicated if the difference is not significant; the sample size per strain is 9 

indicated (n). 10 

11 

12 

13 

Figure 1‐supplement 1. DNA circle anchored NPCs lack the peripheral subunits, Related to figure 1. 14 

(A) Additional example images of all strains as quantified in Figure 1E. The DNA circle clusters are15 

labeled with TetR‐NLS‐mCherry (red) and different nucleoporins with GFP (green). Scale bar is 2 µm. 16 

(B) Example images of nuclei in young yeast cells prior to DNA circle accumulation; with nucleoporins17 

labeled with GFP and soluble TetR‐NLS‐mCherry. Without Tet‐O containing DNA circles, TetR‐NLS‐18 

mCherry is homogenously distributed in the nucleoplasm and the localization of both core subunits 19 

(Nup133‐GFP) and basket subunits (Nup60‐GFP) is rather homogenously distributed throughout the 20 

nuclear envelope. 21 
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1 

2 

Figure 2. Peripheral subunits of NPC displaced in wild type aged cells. (A) To quantify the degree of3 

nucleoporin colocalization, a line was drawn through the nuclear envelope in a focal image of a 4 

young (top) and aged (bottom) nucleus of cells co‐expressing GFP‐tagged Nup GFP (e.g. Nup60‐GFP) 5 

and a mCherry‐tagged Nup as a reference (e.g. Nup159‐mCherry, see material and methods). The 6 
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Pearson correlation between the two intensity profiles is calculated, and used as a measure for 1 

nucleoporin colocalization. (B) Fluorescent images of young and old cells in the yeast aging chip, with 2 

nucleoporins labeled with GFP (green) and the reference Nup159 with mCherry (red). The age of 3 

each cell is indicated. Scale bars are 5 µm. (C) Quantification of the degree of colocalization between 4 

target and reference nucleoporin is plotted for young and old wt. The p‐value stands for the 5 

student’s t‐test between young and old cells. The sample size (n) and the median age is indicated. 6 

(D) Fluorescent images of young and aged cells in the yeast aging chip, as in A, but with Nup84‐7 

mCherry as a reference nucleoporin. Scale bars are 5 µm. (E) Quantification of the co‐localization 8 

between nucleoporins in young and old cells, as in D, but with Nup84‐mCherry as a reference. 9 
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1 

Figure 3. Endogenouse DNA circles drive nuclear basket displacement in wild type aged cells. (A) 2 

Quantification of the degree of colocalization between target and reference nucleoporin is plotted 3 

for young and old wt, as was done in Fig. 2C, but in fob1Δ cells. The sample size (n) and the median 4 

age is indicated. The p‐value stands for the student’s t‐test between young and old cells. (B) Same as 5 

A, but in sgf73Δ cells. (C) Fluorescent images of young and old mitotic cells in the yeast aging chip. 6 

Scale bars are 5 µm. (D) Same as in Fig. 2C, but comparing nucleoporin colocalization in young and 7 

old mother (M) with their corresponding daughter (D) cell. The p‐value stands for the student’s t‐test 8 

between mother and daughter cell. The sample size (n) and the median age is indicated. 9 

10 

Figure 4. DNA circle anchored NPCs are not recognized as defective. (A) Fluorescent images of 11 

nuclei in yeast cell with accumulated DNA circles labeled with TetR‐mCherry and Chm7‐GFP. 12 

Occurance of Chm7‐GFP localization is categorized 1) at least one Chm7 focus in the NPC‐cap, 2) a 13 

Chm7 focus somewhere else in the nuclear envelop and 3) no visible Chm7 foci. The standard error 14 

of the mean is indicated, n = 190. (B) The relative age of the NPC plotted as the intenstity ratio 15 

between mCherry and GFP of Nup170 tagged with a fluoresecent timer (Nup170‐mCherry‐sfGFP), 16 

measured in young and old mother (M) versus daughter cells (D). 17 

18 

19 

20 

21 
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1 

Figure 5. Basket displacement is post‐transcriptional regulated. (A) Example images of nuclei in2 

yeast cells with accumulated DNA circles and Nup82‐GFP in wt and gcn5Δ cells. The DNA circle 3 

clusters are labeled with TetR‐mCherry (red). Scale bar is 2 µm. Same as A, but with Nup60‐GFP and 4 

nup60‐K467R‐GFP. (C) Quantification of GFP‐labeled nucleoporin accumulation in the cap, in nup60‐5 

K467R (brown lines), compared to wt (black lines) on a log2‐scale, as in Fig. 2B. Wt data is a copy 6 

from Fig. 2B. The p‐value stands for the student’s t‐test between accumulation ratio of a specific 7 

nucleoporin in wt and nup60‐K467R, no p‐value is indicated if the difference is not significant. The 8 

sample size (n) is indicated. 9 

10 

11 
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1 

2 

3 

Figure 6. Basket displacement promotes aging (A) Example images of the same young and old wt 4 

cell in a trap of the yeast aging chip. The age of the cell is indicated, scale bar is 5 µm. (B) The design 5 

of the array with improved traps in the aging chip. One single trap is highlighted to show its 6 

dimensions. The arrow shows the direction of the medium flow. (C) The lifespan curve for nup60Δ 7 

and nup60‐K467R compared to a wt strain, plotted with 95% confidence interval limits. The p‐value 8 

stands for Log‐Rank test between nup60Δ or nup60‐K467R with the wt strain. (D) Model depicting 9 

that DNA circle accumulation affects the organization of the NPC via a SAGA‐mediated basket 10 

displacement. 11 

12 
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1 
Figure 7. mRNA export and surveillance factors are displaced from circle‐bound NPCs. (A) 2 

Fluorescent images of nuclei in aged yeast cells, where the DNA circle clusters are labeled with TetR‐3 

NLS‐mCherry (red) and transport factors with GFP (green). Scale bar is 2 µm. (B) Quantification of 4 

factor recruitment in the NPC cap adjacent to the DNA circle cluster, as in Fig. 2B. The protein 5 

accumulation is plotted for associated factors (grey), import factors (red) and export factors 6 

(orange), and is compared to accumulation of the pooled NPC core subunits NPC (green line, 7 

duplicated from Fig. 2B), no p‐value is indicated if the difference is not significant. The sample size 8 

(n) is indicated.9 

10 
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Appendix 4 

257 

Appendix 4: Distinct mechanisms underlie H2O2 
sensing in C. elegans head and tail 
This paper is the result of an intra-lab collaboration with Sophie Quintin. Here, I developed a 

microfluidic device to trap C. elegans worms in order to observe their response to oxidative 

stress using timelapse microscopy. 

(See paper next page) 
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Abstract 

Environmental oxidative stress threatens cellular integrity and should therefore be 
avoided by living organisms. Yet, relatively little is known about environmental oxidative stress 
perception. Here, using microfluidics, we showed that like I2 pharyngeal neurons, the tail 
phasmid PHA neurons function as oxidative stress sensing neurons in C. elegans, but display 
different responses to H2O2 and light. We uncovered that different but related receptors, GUR-
3 and LITE-1, mediate H2O2 signaling in I2 and PHA neurons. Still, the peroxiredoxin PRDX-2 is 
essential for both, and might promote H2O2-mediated receptor activation. Our work 
demonstrates that C. elegans can sense a broad range of oxidative stressors using partially 
distinct H2O2 signaling pathways in head and tail sensillae, and paves the way for further 
understanding of how the integration of these inputs translates into the appropriate behavior. 

Graphical abstract 
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Introduction 

Reactive oxygen species (ROS) are well-known to exert a dual effect, promoting aging 
and pathological conditions on the one hand and increasing organism resistance and longevity 
on the other hand (Davalli et al., 2016). Neurons are easily exposed to ROS, and many 
neurodegenerative diseases have been associated with oxidative stress (Cobb and Cole, 2015). 
However, exposure of C. elegans nematodes to a mild oxidative stress has been reported to 
be beneficial for neuron sensory function: micromolar doses of the ROS-inducing agent 
paraquat or of hydrogen peroxide (H2O2) improve the sensitivity in ASH polymodal neurons 
(Gourgou and Chronis, 2016; Li et al., 2016), whereas millimolar doses of H2O2 reduce neuron 
response (Li et al., 2016), likely inducing oxidative stress. Therefore, it is essential for 
nematodes to detect a broad range of H2O2 concentrations to preserve their cellular integrity.  

Although the cellular response to oxidative stress has been extensively characterized 
(reviewed in (Blackwell et al., 2015), little is known on how oxidants are actually perceived 
and which underlying molecular pathways are involved. Recent studies indicate that light and 
H2O2 sensing are tightly connected in yeast (Bodvard et al., 2017) and in nematodes (Bhatla 
and Horvitz, 2015). While it has been demonstrated that light is converted into an H2O2 signal 
in yeast (Bodvard et al., 2017), this question remains unanswered in nematodes. Notably, C. 
elegans can detect both H2O2 and light via the I2 pharyngeal neurons and responds to these 
stimuli by inhibition of feeding or by an avoidance behavior (Bhatla and Horvitz, 2015). Initially 
described as interneurons, the I2 neurons proved to be primary sensory neurons exposed to 
the environment, and were shown to be highly specialized in oxidative stress sensing (Bhatla 
and Horvitz, 2015), and were recently shown to respond moderatly to salt or odor (Yemini et 
al., 2021). However, although detection of a large spectrum of H2O2 is critical for nematodes, 
the range of H2O2 concentrations detected by I2 neurons has not been investigated, and the 
molecular mechanisms involved in H2O2 signaling are not well defined.  

In addition, the nematode also possesses tail sensory neurons specialized in chemo-
repulsion, called phasmids (PHAs and PHBs) (reviewed in (Goodman and Sengupta, 2019). In 
contrast to I2 neurons, these tail neurons can respond to many noxious stimuli (Zou et al., 
2017) and trigger avoidance (Hilliard et al., 2002), but whether PHA neurons can sense H2O2 
or light remains an open question.   

H2O2 sensing in I2 neurons requires the function of the peroxiredoxin PRDX-2 (Bhatla 
and Horvitz 2015), a highly conserved antioxidant enzyme whose role remains unclear. 
Peroxiredoxins (Prxs) belong to a family of thiol peroxidases which can reduce H2O2 in cells 
following the oxidation of one or two cysteines in their catalytic domain, and they are highly 
abundant from yeast (Breker et al., 2013; Ho et al., 2018) to human cells, in which they 
represent approximately 1% of the total dry cellular mass (Chae et al., 1999; Low et al., 2007). 
Oxidised Prxs are recycled in the reduced, active form, by thioredoxin (Hall et al., 2009). At 
high H2O2 concentrations, Prxs become hyperoxidized, a form that has been shown to function 
as a molecular chaperone (Jang et al., 2004; Moon et al., 2005). Similarly, thioredoxins have 
been shown to have redox-independent function (McCallum et al., 2016; Sanzo-Machuca et 
al., 2019). As pivotal antioxidants, Prxs dysfunction has been associated with several 
pathologies (Park et al., 2016), including cancer (Ding et al., 2017). In budding yeast, the 
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peroxiredoxin Tsa1 has a major role in maintaining the redox balance, and is massively induced 
upon oxidative stress as a direct target of the H2O2-sensing transcription factor Yap1 (Goulev 
et al., 2017; Lee et al., 1999). In C. elegans, among three genes encoding peroxiredoxins, PRDX-
2 is the only one whose depletion induces a phenotype and is considered as the major 
peroxiredoxin (Isermann et al., 2004; Oláhová et al., 2008). PRDX-2 is expressed in many cell 
types including neurons, gut (Hirani et al., 2013; Isermann et al., 2004; Oláhová et al., 2008), 
muscle and epithelial cells (Bhatla and Horvitz, 2015). Although a global induction of prdx-2 
mRNA expression has been reported upon treatment with the strong tBOOH oxidant 
(Isermann et al., 2004), cells in which PRDX-2 expression is induced remain to be identified. 
Likewise, the question of a tissue-specific regulation of PRDX-2 by SKN-1, the closest ortholog 
of Yap1, has not been addressed.  

Importantly, beyond their peroxidase activity, Prxs have long been proposed to act as 
intracellular H2O2 sensors, which influence cellular signaling (Ledgerwood et al., 2017; Rhee 
and Woo, 2011; Veal et al., 2007). For example, the p38/MAPK signaling pathway, which 
controls adaptive mechanisms and/or cell fate decisions, is activated by H2O2 through Prxs in 
an evolutionary conserved manner (Barata and Dick, 2020; Jarvis et al., 2012). Like in 
mammalian or in drosophila cells, several studies in C. elegans indicate that PRDX-2 would 
relay H2O2 signaling, activating the downstream p38/PMK-1 pathway (Gomes et al., 2016; 
Haes et al., 2014; Li et al., 2016). Notably, low doses of H2O2 potentiate the sensory response 
of ASH sensory neurons  to glycerol through activation of the PRDX-2/p38/PMK-1 cascade (Li 
et al., 2016). Yet, whether this cascade is at play in I2 neurons to influence H2O2 perception 
has not been analyzed. 

Here, we undertook a subcellular analysis of the peroxiredoxin PRDX-2 in C. elegans, 
focusing on its requirement in neuronal H2O2 sensing. Using a CRISPR knock-in line, we showed 
that PRDX-2 is present in many cells, among which several pairs of neurons: I2s in the head, 
PHAs in the tail and CANs in the body. Interestingly, upon an H2O2 challenge, an upregulation 
of PRDX-2 is observed only in the anterior gut and in the excretory pore, but not in neurons, 
suggesting that PRDX-2 might fulfill different functions, depending on the cell type where it is 
expressed. Using a microfluidic-based approach and real-time calcium imaging, we show that 
PHA neurons also respond to H2O2, with an even higher sensitivity than I2 neurons. Although 
H2O2 perception depends on prdx-2 function in both pairs of neurons, we uncovered that it 
relies on different gustatory receptors and downstream transducers: while dispensable in I2 
neurons, the p38/MAPK kinase contributes to the hypersensitivity of PHA neurons to H2O2. 
Interestingly, we uncovered that H2O2 sensing requires the same receptors as light sensing, 
and that PHA neurons respond to light —establishing a parallel between PHA and 
photosensory ASH neurons. Based on our work and on previous studies, we propose a 
molecular model of how H2O2 could trigger neuronal activation in I2 and PHA through a 
peroxiredoxin-mediated redox relay. Taken together, our data suggest that C. elegans can 
sense a broad range of oxidative stress using partially distinct H2O2 signaling pathways acting 
in head and tail sensillae.  
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Results 

Expression pattern of prdx-2 and its evolution upon H2O2 treatment 

In budding yeast, the peroxiredoxin Tsa1 is massively induced upon H2O2 treatment 
(Goulev et al., 2017; Lee et al., 1999). To gain insight into the tissue-specific expression of 
PRDX-2 upon oxidative stress, we first used the PRDX-2 reporter line generated by (Hirani et 
al., 2013). However, the level of expression of this strain varies a lot, and transgenics show 
many fluorescent aggregates (Hirani et al, 2013; sup. Fig. 1), likely associated with transgene 
overexpression. Consistently, the strain displays a much stronger resistance to oxidative stress 
than wild-type animals (sup. Fig. 1), suggesting that overexpressed PRDX-2 construct induces 
a higher H2O2 scavengeing capacity in transgenics. Furthermore, it was impossible to identify 
PRDX-2-expressing cells in this strain, preventing the use of this strain in our study. For these 
reasons, we created a GFP knock-in line of PRDX-2, using the CRISPR-Cas9 technique 
(Dickinson et al., 2013). A C-terminus GFP fusion targeting all PRDX-2 isoforms, comprising a 
linker, was engineered and inserted at the prdx-2 locus (Fig. 1A). Three independent knock-in 
lines were obtained, sharing an identical expression pattern (Fig. 1B).  

In the PRDX-2::GFP knock-in line, we detected a broad expression of PRDX-2 in various 
cell types, including the proximal and distal gut, muscles (body wall, vulval and pharyngeal), 
epithelial cells (vulva, nose tip, hypodermis) and I2 neurons (Fig. 1B), consistent with previous 
reports (Bhatla and Horvitz, 2015; Isermann et al., 2004; Oláhová et al., 2008). In addition, we 
observed for the first time PRDX-2 expression in the excretory pore cell (EPC), and in two other 
pairs of neurons; the tail phasmids (PHA/PHB) and the excretory canal-associated neurons 
(CANs), located close to the vulva (Fig. 1B). Consistent with this, a high number of prdx-2 
transcripts was detected in CANs and in the EPC (Cao et al., 2017). Therefore, we hypothesized 
that the knock-in line faithfully reflects the endogenous PRDX-2 expression, and characterized 
it further.  

PRDX-2 expression is induced in the anterior gut upon H2O2 treatment, but not in I2 
neurons 

We noticed that many PRDX-2-expressing cells are directly in contact with the 
environment, such as the EPC, the tip of the nose, the vulva, and neurons, which all possess 
terminations exposed outside. This pattern is strikingly reminiscent of that detected in animals 
carrying the HyPer H2O2 biosensor after H2O2 exposure (Back et al., 2012). Thus, PRDX-2 is 
expressed in cells in which environmental H2O2 penetrates more easily, suggesting a 
protective role of PRDX-2 in these cells as a peroxidase. Therefore, in the following, we 
wondered whether all PRDX-2-expressing cells respond similarly to H2O2-induced oxidative 
stress. 

To determine whether PRDX-2 expression changes upon oxidative stress, we exposed 
animals to different doses of H2O2, and PRDX-2::GFP expression was quantified in different 
cells after spinning-disc confocal acquisitions. A higher PRDX-2 expression was detected in the 
anterior gut two hours after a 10mM H2O2 treatment, but not after a 1mM H2O2 treatment 
(Fig. 1C,E). The higher fluorescence was due to PRDX-2::GFP as H2O2-treated controls did not 
show a higher gut autofluoresecence (sup. Fig. 2). Similarly, PRDX-2 expression was only 
induced in the EPC at the high dose of 10mM H2O2 (Fig. 1F, sup. Fig. 2). Thus, our data indicate 
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a dose-dependent PRDX-2 induction —as it occurs at 10mM but not at 1mM. The origin of this 
difference could arise from the animal behavioral response: at 1mM H2O2 the pharyngeal 
pumping is strongly inhibited to prevent ingestion (Bhatla and Horvitz, 2015), thereby 
exposure of gut cells to H2O2. This could explain the absence of PRDX-2 induction at 1mM in 
the gut and the unchanged level of prdx-2 mRNA reported by Isermann et al. (2004) after 1mM 
H2O2 treatment. In contrast, at 10mM H2O2, the nematode should retract back (avoidance 
response, Bhatla and Horvitz 2015); but here, as animals are trapped in wells and cannot 
escape, they likely swallow a certain amount of H2O2, exposing the foregut to a severe 
oxidative stress that could in turn trigger PRDX-2 induction. A 10mM H2O2 treatment of 30min 
has been shown to induce hyperoxidation of over 50% total PRDX-2 in wild-type lysed worms 
(Thamsen et al., 2011) and this form persists after a 4h recovery period (Oláhová et al., 2008). 
Still, the induction we observed suggests that PRDX-2 could scavenge H2O2 in the EPC and in 
the foregut, to exert a protective role. 

Among PRDX-2-expressing neurons, the I2 pair shows the highest expression and 
possesses terminations exposed to the outside (Bhatla et al., 2015). Therefore, we focused on 
I2 neurons to investigate whether the neuronal level of PRDX-2 is affected upon H2O2 
treatment. However, at both concentrations tested (1 and 10mM), the level of PRDX-2 in I2 
neurons constantly remained unchanged after H2O2 treatment (Fig. 1D,F, sup. Fig. 2).  

Thus, we observed an upregulation in the anterior gut and in the EPC following an 
acute oxidative stress, but not in neurons. As Prxs belong to a homeostatic system, an 
upregulation was shown to be associated with a detoxification function (Goulev et al., 2007). 
Therefore, these data suggest that PRDX-2 might fulfill a peroxidase function in the foregut 
and in the EPC to protect the animal against environmental aggressions, consistent with the 
reported protective role of intestinal PRDX-2 (Oláhová et al., 2008). In contrast, no 
upregulation of PRDX-2 has been observed in I2 neurons upon oxidative stress, suggesting that 
PRDX-2 would instead act in H2O2 sensing and/or signaling, as proposed (Isermann et al., 2004; 
Bhatla and Horvitz, 2015). We conclude that the responses of PRDX-2 to oxidative stress are 
cellular context-dependent.  

SKN-1 controls expression of PRDX-2 in the gut, but not in neurons 

This prompted us to test whether PRDX-2 expression could rely on different subcellular 
regulations. By analogy with yeast, we wondered whether PRDX-2 would be controlled by the 
Yap1 nematode orthologue SKN-1 (Blackwell et al., 2015) in cells where PRDX-2 is induced 
upon oxidative stress, and asked whether such regulation occurs in other cells. We sought to 
test this hypothesis by inactivating the function of SKN-1 in the PRDX-2::GFP knock-in line. We 
first used the skn-1(zj15) allele, which inactivates specifically the gut-specific isoforms, leaving 
neuronal isoforms unaffected (Tang et al., 2016). In this mutant, the basal expression level of 
PRDX-2 is reduced in the foregut, but a weak induction persists after a 10mM H2O2 treatment 
(Fig. 2C), suggesting that the neuronal isoforms could mediate this effect. Consistent with this, 
the RNAi-mediated knock-down of all skn-1 isoforms also triggered a reduction of PRDX-2::GFP 
signal in the anterior gut and an absence of induction upon H2O2 treatment (Fig. 2B,D). This 
result indicates that SKN-1 activity is essential to regulate PRDX-2 expression in the anterior 
gut, both at the basal level and under oxidative stress. In agreement with this, SKN-1 was 
found to bind to the prdx-2 promoter in chromatin immunoprecipitation experiments coupled 
with high-throughput DNA sequencing (ChIP-seq) (Niu et al., 2011) (Fig. 2E). 
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 In contrast, in I2 neurons, no change in the PRDX-2 level was detected at the basal 
level or after H2O2 treatment compared to controls, neither in skn-1(zj15) mutants nor in skn-
1(RNAi) animals (sup. Fig. 2). With the limitation that RNAi efficiency may be lower in neurons 
(Calixto et al. 2010), we suggest that additional transcription factor(s) might regulate prdx-2 
expression in these neurons. Consistently, multiple transcription factors were reported to bind 
to the prdx-2 promoter by ChIP-seq (Niu et al., 2011) (Fig. 2E). 

We conclude that skn-1 accomplishes a cell autonomous regulation of prdx-2 in the 
intestine, but this regulation may not occur in neurons, where PRDX-2 is expressed. Taken 
together, our data suggest that PRDX-2 might exert a different function depending on the cell 
type: H2O2 detoxification in the foregut, triggered by SKN-1, vs. H2O2 perception or signaling 
in I2 neurons.  

PHA neurons respond to H2O2 in a prdx-2-dependent manner 

As PRDX-2 is expressed in other neurons than I2s, we asked whether PRDX-2 endows 
these neurons with oxidative stress sensing properties. We focused on PHA tail neurons, as 
they belong to the phasmid sensory sensilla and respond to many noxious stimuli (Zou et al., 
2017). We monitored PHA neuron activation by imaging calcium using the GCaMP3 
fluorescent sensor (Tian et al., 2009) expressed under the flp-15 promoter, specific to I2 and 
PHA neurons (Kim and Li, 2004).  

To image calcium fluxes in neurons, L4 animals were trapped in microfluidic chambers 
and exposed to H2O2 (Fig. 3A, sup. Fig. 3), and their response was followed in 4D spinning-disc 
ultrafast acquisitions. This experimental setup, combined with semi-automated image 
analyses to quantify the mean fluorescence in neurons over time, confirmed the activation of 
I2s upon a 1mM H2O2 treatment (Fig. 3B-D, movie 1), similar to that observed upon exposure 
to H2O2 vapor (ie. 8.82M, Bhatla and Horvitz, 2015). As PRDX-2 reproducibly shows an 
asymmetric expression level in I2L and I2R (Fig. 1B,D), each neuron was scored individually to 
take into account a putative left-right effect. However, this did not impact neuron response 
as no significant difference in the normalized response of left and right neurons was noticed 
(Fig. 3B,C,L). Importantly, we observed that PHA neurons respond to 1mM H2O2 comparably 
to I2 neurons (Fig. 3C,D,H, movie 2). We then investigated whether PRDX-2 function was 
necessary for PHA response, using a strong prdx-2 loss of function mutant. In agreement with 
previous work (Bhatla and Horvitz, 2015), I2 neurons in prdx-2(gk169) mutants failed to 
respond to 1mM H2O2 (Fig 3E-H, movie 3). Interestingly, we uncovered that PHA neuron 
response was severely impaired in prdx-2 mutants, although not completely abolished as in 
I2s (Fig. 3E,G,H, movie 4). From these observations, we conclude that both I2s and PHAs 
responses to oxidative stress require the function of the peroxiredoxin PRDX-2, but the 
residual response of PHA neurons suggests a lesser requirement of the antioxidant in tail 
neurons.  

I2s and PHAs show differences in H2O2 sensitivity and in receptors involved 

Given the putative role of PRDX-2 as an H2O2 sensor, the fact that there was a slight 
difference in PRDX-2 activity requirement in I2s and PHAs prompted us to analyze whether 
the head and tail neurons share the same sensitivity to H2O2. We thus tested whether I2 and 
PHA neurons exhibit a response to the very mild dose of 10µM H2O2. Indeed, at this dose, it 
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has been reported that only a minority of animals (» 35%) respond by inhibiting pharyngeal 
pumping (Bhatla and Horvitz, 2015). In our experiments, whereas I2 neurons failed to be 
activated in most animals at 10µM H2O2 (25/29, Fig. 3I,J,L, movie 5), PHA neurons responded 
in the vast majority of animals (25/27, Fig. 3I, movie 6), in a similar manner than at 1mM H2O2 
(Fig. 3K,L). We conclude that PHA neurons are more sensitive to low doses of H2O2 than I2 
neurons. 

The difference in sensitivity between I2 and PHA neurons may come from distinct 
molecular mechanisms. To explore this possibility, we first tested which receptors are 
required in I2s and in PHAs for H2O2 perception. We focused on photoreceptors as 
photosensation is likely to involve the generation of ROS (Bhatla and Horvitz, 2015; Zhang et 
al., 2020). In C. elegans, light sensing relies on unusual gustatory G-protein-coupled receptors 
(GPCRs) related to vertebrate photoreceptors: the two nematode closest paralogs LITE-1 and 
GUR-3 mediate photosensation in ASJ and ASH neurons (Liu et al., 2010; Ward et al., 2008; 
Zhang et al., 2020), and light and H2O2 sensing in I2 neurons (Bhatla and Horvitz, 2015). We 
investigated whether these two receptors are differentially localized in I2 and PHA neurons. 
We generated a knock-in GUR-3::GFP line, which revealed that GUR-3 is solely expressed in I2 
and I4 photosensory neurons (Fig. 4A), as previously reported using episomal expression  
(Bhatla and Horvitz, 2015). Such a restricted pattern deeply contrasts with the broad 
expression domain of LITE-1, which includes phasmid neurons (PHA and PHB), but not I2 
neurons, as shown using both translational and transcriptional reporters (Bhatla and Horvitz, 
2015).  

These differential localizations prompted us to inquire whether mutants in these 
receptors were still able to trigger a response to 1mM H2O2 in I2 and PHA neurons. In gur-
3(ok2245) mutants, only PHA neurons were able to respond to 1mM H2O2 (Fig. 4B,C, sup. Fig. 
4, movies 7,8), providing evidence that GUR-3 function is not essential in PHA neurons for 
H2O2 sensing. In contrast, lite-1(ce314) mutants showed a reciprocal response, with only I2 
neurons activated upon 1mM H2O2 exposure (Fig. 4B,C, sup. Fig. 4, movies 9,10). In conclusion, 
H2O2 likely activates I2 neurons via gur-3 and PHA neurons via its paralog lite-1, respectively. 
Interestingly, these observations might explain the previously reported impaired avoidance 
response of lite-1 mutants to 1mM H2O2 (Bhatla and Horvitz, 2015), as PHA neurons are 
involved in escape behavior (Hilliard et al., 2002). 

PMK-1 is required for PHAs response to H2O2 but seems dispensable in I2s 

Since H2O2 perception in I2 and PHA neurons involves different receptors and requires 
the function of PRDX-2 in both cases, we wondered what type of signaling occurs downstream 
PRDX-2 to trigger neuronal activation upon H2O2 stimulation. 

As mentioned above, studies in various models have reported that peroxiredoxins can 
modulate the p38/MAPK signaling pathway to influence cellular decisions, notably in 
drosophila and mammalian cells (Barata and Dick, 2020). In C. elegans, specifically, the 
activation of this PRDX-2-PMK-1/p38 cascade allows micromolar doses of H2O2 to potentiate 
the ASH neuron sensory behavior to glycerol (Li et al., 2016). Therefore, we tested a potential 
requirement of the PMK-1/p38 MAPK function in H2O2 sensing in I2s and PHAs by analyzing 
their responses in a pmk-1 loss-of-function genetic background. As the strongest allele pmk-
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1(ok811) is a homozygous lethal deletion, we had to use the hypomorphic pmk-1(km25) viable 
mutant, which carries an N-terminal deletion, generating a truncated version of PMK-1 
(Mizuno et al., 2004). In pmk-1(km25) mutants, while I2 neurons responded to 1mM H2O2, 
PHA neurons showed an attenuated response to 1mM H2O2 compared to controls (Fig. 4D,E, 
movies 11, 12). Therefore, PMK-1 seems dispensable in I2 neurons for 1mM H2O2 sensing but 
plays a role in PHA neurons response. 

In ASH neurons, the activation of p38/PMK-1 leads to the phosphorylation of the 
voltage-gated calcium channel OSM-9; resulting in improved neuronal sensitivity (Li et al., 
2016). Given the differential requirement of PMK-1 in I2 and PHA neurons, we then asked 
whether p38/PMK-1 could promote PHA sensitivity to low doses of H2O2, as in ASH neurons. 
We thus examined PHA neuron response to 10µM H2O2 in pmk-1(km25) mutants, and found 
that it was abolished (Fig 4D,F, movies 13,14). We conclude that PMK-1/p38MAPK activity is 
required for PHA neurons hypersensitivity to H2O2, whereas it seems dispensable in I2 
neurons.  

PHA neurons are photosensory neurons like ASH neurons  

Light sensing has been reported for ASJ, ASH and I2 neurons and require either the 
LITE-1 or the GUR-3 receptor, respectively (Bhatla and Horvitz, 2015; Liu et al., 2010; Ward et 
al., 2008; Zhang et al., 2020). As PHAs neurons require LITE-1 to respond to H2O2 (Fig. 4B,C), 
we asked whether they could respond to light. To test this, we monitored calcium transients 
in three neuronal compartments using the GCaMP strain upon stimulating neurons with blue 
light, as previously done for I2 or ASH neurons (Bhatla and Horvitz, 2015; Zhang et al., 2020). 
Interestingly, we found that all regions of PHA neurons responded to light, displaying a 
different response profile than those of I2 neurons (Fig. 4G,H, movies 15,16,17): PHA soma 
showed a stronger and longer response than I2 soma; PHA posterior neurite responded much 
slower that in I2 where it exhibits the fastest and strongest response peak, and the anterior 
neurite also had a slower recovery than in I2. Overall, while I2 neurons exhibit a fast 
photoresponse within 10-15s, PHA neurons photoresponse requires twice longer to return to 
steady state (approx. 30s). Strikingly, we noticed that PHA neurons profile is highly reminiscent 
of that reported in ASH neurons photoresponse (Zhang et al., 2020).  

Discussion 

 H2O2 sensing in head and tail neurons relies on different mechanisms 

Here, we describe how two pairs of sensory neurons located in the head and the tail 
of C. elegans, namely I2s and PHAs, contribute to exogenous H2O2 sensing. Compared to 
previous reports, our study relies on a PRDX-2::GFP knock-in line more closely reflecting 
endogenous expression level, in comparison to overexpression often observed with 
extrachromosomal arrays. While classical methods do not enable precise control of the 
environment such as application of a stress, we carried out neuron response experiments 
using the microfluidic technology, allowing  live imaging of immobilized animals upon 
simultaneous exposure to a controlled oxidative stress. 
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We found that PHA tail neurons can elicit a response to a micromolar range of H2O2, 
whereas I2 head neurons cannot, suggesting that distinct molecular mechanisms may account 
for this difference. Accordingly, while the peroxiredoxin PRDX-2 is essential for H2O2 sensing 
in both I2 and PHA neurons, each neuron pair seems to require a different transmembrane 
receptor to transduce the signal: I2 neurons rely on activity of the gustatory receptor GUR-3, 
while PHA neurons would require its paralogue LITE-1. Finally, we found that p38/PMK-1 
activity would be specifically required in PHA neurons to confer their hypersensitivity to H2O2, 
but dispensable in I2 neurons.  

Overall, our data are consistent with previous findings unveiling the existence of two 
distinct modes of response to oxidative stress in C. elegans: a direct response in peripheral 
tissues such as the gut, and a neuronally-regulated response relying on synaptic transmission 
(Rangaraju et al., 2015). Specifically, we uncovered that a harsh oxidative stress (10mM H2O2) 
triggers stress response in the anterior gut and in the EPC (Figs. 1-2) through PRDX-2 induction, 
while a lower dose of H2O2 (1mM) triggers I2 and PHA neuron activation (Fig. 3). Interestingly, 
both types of response involve the peroxiredoxin PRDX-2, which behaves differently in the 
two cellular contexts: PRDX-2 was found to be cell-autonomously induced by SKN-1 in the 
intestine, but likely not in neurons. Therefore, we propose that in the gut PRDX-2 might act as 
a peroxidase, as proposed (Oláhová et al., 2008),  whereas it could function as a H2O2-signaling 
molecule in neurons, as suggested for I2 neurons (Isermann et al., 2004, Bhatla and Horvitz, 
2015). Importantly, H2O2 response in I2 and PHA neurons requires the joint function of PRDX-
2 and a receptor, as each mutant individually cannot respond (Figs. 3-4). In addition, former 
rescue experiments indicated that light response in I2 requires the activity of PRDX-2 and GUR-
3 in I2 neurons (Bhatla and Horvitz, 2015).  Based on all these data and recent studies shedding 
light on how H2O2 is sensed in plant and animal cells (Barata and Dick, 2020; Wu et al., 2020), 
we propose new hypotheses regarding H2O2 signaling in neurons which are depicted in Fig. 5 
and described below, to integrate our findings with recent results from the literature.  

A presumptive model of H2O2 sensing in C. elegans neurons 

In both I2 and PHA neurons, we favor the hypothesis that cytosolic PRDX-2 rather than 
the transmembrane receptor would be the neuronal H2O2 sensor, based on the following 
observations: i) in many cases, H2O2 signaling is mediated by oxidation of cysteines in redox-
regulated proteins (Groitl and Jakob, 2014). Alternatively, redox signaling often relies on a 
cascade involving peroxiredoxins as a sensor and transducer of H2O2 signal (Stöcker et al., 
2018). It has been proposed that thiol modifications would be much faster when catalyzed by 
peroxiredoxins (Flohé, 2016; Netto and Antunes, 2016; Randall et al., 2013), due to their 
relative abundance and their very high reactivity towards H2O2 (Winterbourn and Peskin, 
2016). Here, the striking abundance of PRDX-2 in PHA and especially in I2 neurons seen in the 
GFP-tagged prdx-2 knock-in line reinforces this idea, as well as the quasi-absence of H2O2 
response in prdx-2 mutants. Interestingly, LITE-1-dependent photosensation in ASH neurons 
requires thioredoxin (Zhang et al., 2020), suggesting redox signal transduction through 
antioxidants of the peroxiredoxic cycle; and LITE-1-dependent ASJ photosensory neurons also 
express the TRX-1 thioredoxin (Miranda-Vizuete et al., 2006). Therefore, we propose that H2O2 
signaling in I2 and PHA would involve a redox signaling cascade through PRDX-2. ii) Concerning 
receptor topology, GUR-3 and LITE-1 present a relatively small extracellular domain —poorly 
conserved compared to its intracellular part— devoid of any conserved cysteine. 
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Remarquably, conserved cysteines between LITE-1 and GUR-3 are only found in the first and 
third intracellular loops and in the fifth transmembrane domain (Fig. 5A,B). This structure is 
reminiscent of the vertebrate transmembrane protein GDE2, which is activated intracellularly 
by the Prdx1 peroxiredoxin to induce motor neuron differentiation (Yan et al., 2009); but it 
sharply contrasts with that of the recently identified H2O2 sensor in plants, the HCPA1 receptor 
(Wu et al., 2020). HCPA1 possesses a large extracellular domain with many cysteines, which 
when directly oxidized by H2O2, induces a conformation change, in the receptor, hence HCPA1 
activation and subsequent calcium intracellular entry. Here, GUR-3 and LITE-1 receptor 
topology does not support the hypothesis of a direct oxidation by H2O2 on the extracellular 
domain, but rather suggests intracellular signaling as in the case of GDE2. 

Taken together, we thus propose a scenario in which H2O2 would diffuse through the 
neuron plasma membrane and oxidize PRDX-2. Oxidized PRDX-2 or its disulfide form (PRDX-
2ox/S-S) would in turn activate GUR-3 in I2s, or LITE-1 in PHAs, through the cysteines of their 
intracellular domain, eg. by inducing a conformation change upon the formation of a disulfide 
bond or by forming a transient disulfide bond conjugate (Fig. 5A,B). Once GUR-3 or LITE-1 
becomes activated by PRDX-2ox, this likely triggers action potentials upon the opening of 
voltage-gated calcium channels and neurotransmitter release, likely inducing the appropriate 
behavior (Fig. 5C,D). Interestingly, the voltage-gated calcium channels have been reported to 
be different in the two neuron pairs: whereas I2 activation depends in part on the voltage-
gated calcium channels UNC-2 and UNC-36 (Bhatla et al., 2015); PHA neurons calcium 
transients rely on both the cyclic nucleotide-gated channel TAX-4 and on OSM-9, the 
nematode equivalent of vertebrate TRPV5 (i.e., transient receptor potential vanilloid cation 
channel subfamily V member 5) (Zou et al., 2017). In addition, the other TRPV5 channel 
subunit OCR-2 may also act in PHAs, as it functions in a cooperative association with OSM-9 
(Ohnishi et al., 2020), and OCR-2 is expressed in PHAs (Jose et al., 2007)(sup. Fig. 8). Therefore, 
although they are closely related and can both sense H2O2 and light, GUR-3 and LITE-1 
signaling seems to rely on different downstream transducers. Thus, except for the 
requirement of PRDX-2, which might trigger H2O2-mediated receptor activation, I2 and PHA 
neurons would use distinct molecular pathways to transduce H2O2 response.  

A striking parallel between PHA and ASH neurons 

Our data uncover a high sensitivity of PHAs to micromolar doses of H2O2 that is not 
seen in I2 neurons, which requires PMK-1/p38 activity. Strikingly, micromolar doses of H2O2 
increase the sensitivity of ASH neurons to glycerol through the PRDX-2-mediated activation of 
the PMK-1/p38 pathway (Li et al., 2016), which results in the terminal phosphorylation of the 
TRPV sensory channel OSM-9, likely increasing its sensitivity (Li et al., 2016). Although our 
study and the latter do not elucidate how PRDX-2 triggers PMK-1 activation, recent evidence 
sheds light on this process: in both mammalian and drosophila cells, H2O2 induces transient 
disulfide-linked conjugates between the MAP3K and a typical 2-Cys peroxiredoxin (Barata and 
Dick, 2020). Similarly, in C. elegans, PRDX-2 could activate the MAPKKK NSY-1, as NSY-1 
function is required in ASH neuron for H2O2-behavioral induced potentiation (Li et al., 2016), 
and it may be expressed in PHAs (unidentified cells of the tail, D. Moerman, WormBase). Based 
on these observations and on the fact that OSM-9 is expressed (Colbert et al., 1997) and likely 
required in PHA neurons (Zou et al., 2017), we propose that PMK-1 function might increase 
PHA neurons’ sensitivity to H2O2, potentially through the downstream phosphorylation of 
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OSM-9, as in ASH neurons (Fig. 5D). These assumptions, which will necessitate further 
experimental validations, are supported by the observation that ASHL/R and PHAL/R are both 
descendants of ABplp or ABprp in the nematode cell lineage, and hence may express similar 
sets of genes following lineage-specific priming (Charest et al., 2020). In addition, the fact that 
PHA, PHB and ASH were found in the same neuron cluster by (Lorenzo et al., 2020), further 
suggests that they share similar molecular signatures. To illustrate the parallel between ASH 
and PHA polymodal nociceptors, we retrieved the set of genes expressed in these neurons 
from (Lorenzo et al 2020)’s dataset, and analysed which genes were specifically enriched in 
these two neurons in comparison to all other neurons (sup. Fig. 8). This analysis revealed that 
ASH and PHA not only express many genes specific to ciliated neurons, as expected (eg. che-
3, nphp-4, che-11, ifta-1; C33A12.4 and R102.2, (Kunimoto et al. 2005)) but also a number of 
common receptors (eg. ocr-2, osm-9, ida-1, casy-1, ptp-3 or pdfr-1) although some of them 
are more enriched in ASH (dop-2, nrx-1, snt-5, sue-1). Intriguingly, their neuropeptide profile 
appears slightly different for the two neuron pairs (PHA enriched in flp-7, flp-4, flp-16, nlp-1 
ins-18, while ASH strongly express flp-13 and npr genes), suggesting that beyond their 
functional similarity, ASH and PHA may trigger different types of intercellular communication. 
Finally, this analysis highlights that several genes with unknown function are highly enriched 
in both ASH and PHA (eg. F27C1.11, W05F2.7, tos-1, cab-1, sup. Fig. 8), pointing to their 
potential importance in neuronal function.    

Taken together, our analyses highlight the common features shared between PHA and 
ASH polymodal nociceptive neurons, as formerly noticed (Hilliard et al., 2002), since they both: 
i) display a higher sensitivity dependent on the PMK-1/p38 pathway (Fig. 4F and (Li et al.,
2016),  ii) exhibit a similar profile of response to light (Fig. 4H and (Zhang et al., 2020), iii)
require the photoreceptor LITE-1 for lightsensing (Zhang et al., 2020) or H2O2 sensing (Fig 4BC),
iv) trigger avoidance (Hilliard et al., 2002), and v) were found in the same class of gene-
expressing neurons and therefore share a close molecular signature (Lorenzo et al., 2020),
sup. Fig. 8).  These observations led us to propose that the nematode might integrate the
environmental redox signals from at least three different pairs of neurons (I2, ASH, PHA) in
order to trigger an appropriate dose-dependent physiological response. To our knowledge,
the sensitivity of PHA neurons to light and to a low H2O2 concentration has never been
described.

GUR-3 and LITE-1 receptors mediate both light and H2O2 sensing 

In yeast, light sensing relies on the peroxisomal oxidase Pox1 which triggers light-
dependent H2O2 formation,  the latter being sensed by the Tsa1 peroxiredoxin and transduced 
to thioredoxin for subsequent signaling (Bodvard et al., 2017). Nematodes, unlike yeast, 
require a photoreceptor in addition to the antioxidant for lightsensation: GUR-3 in I2 neurons 
(Bhatla and Horvitz, 2015), and LITE-1 in ASJ and ASH neurons (Liu et al., 2010; Zhang et al., 
2020). Here we showed that both I2 and PHA respond to light, but with a different profile. 
Despite its unusual membrane topology, LITE-1 has been shown to encode a bona fide 
photoreceptor, whose photoabsorption depends on its conformation (Gong et al., 2017). 
However, whether light directly activate the neuron photoreceptor or triggers intracellular 
H2O2 release and signaling is still unclear. In agreement with the fact that H2O2 inhibits LITE-1 
photoabsorption in vitro (Gong et al., 2017), it has been shown that a H2O2 pretreatment 
reduces LITE-1-mediated photoresponse in ASH neurons (Zhang et al., 2020). Consistent with 
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these reports, our data illustrate for the first time that GUR-3 and LITE-1 have a dual function 
in both light and H2O2 sensing and open up the hypothesis that, as in yeast, redox signaling 
could be involved in transducing the light signal, as for H2O2 sensing (Fig. 5). We observed that 
PHA and ASH neurons exhibit a similar type of reponse to light (Fig 4H and (Zhang et al., 2020), 
which is slower than that observed in I2 neurons (Fig. 4G and Bhatla and Horvitz 2015). 
Whether this difference depends on the photoreceptor (LITE-1 in PHA and ASH vs GUR-3 in 
I2), or on its downstream redox signaling cascade, would be worth investigating.  

Finally, it is noteworthy that some neurons rely on peroxiredoxin for oxidative stress 
and/or light sensing, such as I2 or PHA, while others rely on thioredoxin, such as ASJ, or ASH 
for light sensing. This further underlines the importance of redox signaling relays involving 
antioxidants of the peroxiredoxic cycle in these photosensory neurons of the nematode. 

In conclusion, our work illustrates that nematodes can sense various concentrations of 
H2O2 through sensory neurons located in the head and the tail, using either partially different 
(I2 and PHA), or similar molecular mechanisms (ASH and PHA). This set of neurons also confer 
light sensing to the nematode with a distinct speed in the response (fast in I2, slow in PHA and 
ASH, (Zhang et al., 2020)). While I2 neurons seem more specialized in sensing oxidative stress 
(Bhatla and Horvitz, 2015; Yemini et al., 2021), PHA and ASH can detect many other stimuli 
(Zou et al, 2016), but all of them can trigger avoidance. These observations may help uncover 
whether and how inputs from head and tail oxidative stress sensory neurons integrate to allow 
nematodes to quickly and appropriately react to a sudden change in the environment.  
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Experimental procedures 

Generation of plasmids and transgenic strains by CRISPR/Cas9-mediated genome 
editing 

C. elegans strains (listed in Table S1) were maintained as described (Brenner, 1974).
PRDX-2::GFP knock-in strain was generated by CRISPR/Cas9-mediated genome editing, using 
a DNA plasmid-based repair template strategy (Dickinson et al., 2013). For both PRDX-2 and 
GUR-3 knock-ins, a C-terminal GFP fusion was generated, comprising a flexible linker between 
the coding region and GFP to allow correct folding of the fusion protein. A combined small 
guide-RNA/repair template plasmid was built using the SAP Trap strategy (Schwartz and 
Jorgensen, 2016). Phusion DNA polymerase was used to amplify by PCR 5’ and 3’ prdx-2 and 
gur-3 homology arms (HAs) from N2 genomic DNA, using primers containing SapI restriction 
sites and silent mutations to prevent Cas9 re-cleavage (primers listed in Supplemental Table 
2). After purification, 5’ and 3’ HAs and sgRNA oligonucleotides were assembled into the 
destination vector (pMLS256), together with the flexible linker (from pMLS287), GFP and the 
unc-119 rescuing element (from pMLS252), in a single SapI restriction-ligation reaction, as 
described (Schwartz and Jorgensen, 2016). Prior to transformation in DH5α cells, a sabotage 
restriction was performed with SpeI to digest empty destination vectors but not the desired 
assembly constructs, which were subsequentially verified by restriction digest analysis and 
sequencing. All plasmids used for injection were purified using a DNA Miniprep Kit (PureLink, 
Invitrogen), or a DNA midiprep kit (Macherey Nagel). For PRDX-2::GFP knock-in, a plasmid mix 
containing combined sgRNA/repair template plasmid (50 ng/μl), Cas9-encoding pSJ858 
(25ng/μl) and co-injection markers (pCFJ90 at 2.5ng/μl; pCFJ104 at 5ng/μl, and pGH8 at 
5ng/μl) was injected in the germline of unc-119(ed3) animals (Dickinson et al., 2013). For GUR-
3::GFP knock-in, an injection mix containing purified Cas9 protein (IDT) associated with 
tracrRNA and crRNA (guide RNA), GUR-3 repair template, and co-injection markers was 
injected in unc-119(ed3) animals, according to IDT online protocols for C. elegans. Plates 
containing 2/3 injected F0 animals were starved, chunked on fresh plates, for candidates 
screening (attested by the presence of wild-type non fluorescent animals). Knock-in events 
were validated by PCR on homozygous lysed worms (QuantaBio AccuStart II GelTrack PCR 
SuperMix), using primers annealing in the inserted sequence and in an adjacent genomic 
region not included in the repair template. The PRDX-2::GFP strain was outcrossed 5 times to 
N2 wild-types. 

RNA interference 

RNAi experiments were performed by feeding using the Ahringer-MRC feeding library 
(Kamath et al., 2003). Animals fed with the empty vector L4440 served as a negative control. 
The efficiency of each RNAi experiment was assessed by adding an internal positive control, 
zyg-9(RNAi), which induces embryonic lethality. 

Spinning-disk confocal microscopy acquisitions and fluorescence intensity 
measurements 

For live imaging, animals were anesthetized in M9 containing 1mM levamisole and 
mounted between slide and coverslip on 3% agarose pads. Synchronized L4 animals were 
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treated for 30min in a 96-well flat bottom plate, in 50µl of M9 containing 1mM or 10mM H2O2. 
Treated animals were transferred using a siliconized tip on a freshly seeded plate to recover, 
and imaged 1h30 to 2h later. Spinning-disk confocal imaging was performed on a system 
composed of an inverted DMI8 Leica microscope, a Yokogawa CSUW1 head, an Orca Flash 4.0 
camera (2048*2018 pixels) piloted by the Metamorph software. Objective used were oil-
immersion 40X (HC PL APO, NA 1.3) or 63X (HCX PL APO Lambda blue, NA 1.4). The 
temperature of the microscopy room was maintained at 20 ˚C for all experiments. Z-stacks of 
various body regions were acquired with a constant exposure time and a constant laser power 
in all experiments. Maximum intensity projections were used to generate the images shown. 
Fluorescence intensity measurements in int1, I2 and EPC cells were performed using the Fiji 
software, by manually drawing a region of interest (ROI) around the cell (int1, EPC), or applying 
a threshold (I2 neurons), background was subtracted and average pixel intensity was 
quantified.  

Microfabrication and microfluidic chip preparation 

The microfluidic chip original design was inspired by the the Wormspa (Kopito and 
Levine, 2014), but pillars distances were adapted to trap L4 animals, and multiple series of 
traps were included to increase the number of experiments per chip (sup. Fig. 3). A master 
mold was made by standard soft photolithography processes by spin-coating a 25μm layer of 
SU-8 2025 (Microchem, USA) photoresist at 2700 rpm for 30sec on a 3" wafer (Neyco, 
FRANCE). Then, we used a soft bake f 7min at 95°C on hot plates (VWR) followed by a UV 
365nm exposure at 160 mJ/cm² with a mask aligner (UV-KUB3 Kloé®, FRANCE). Finally, a post-
exposure baking identical to the soft bake was performed before development with SU-8 
developer (Microchem, USA). Then, the wafer was baked at 150°C for 15min to anneal 
potential cracks and strengthen the adhesion of the resist to the wafer. Finally, the master 
mold was treated with chlorotrimethylsilane to passivate the surface. 

Worm microchannels were cast by curing PDMS (Sylgard 184,10:1 mixing ratio), 
covalently bound to a 24 × 50 mm coverslip after plasma surface activation (Diener, 
Germany), and incubated 20min at 60°C for optimal adhesion. The chip was perfused with 
filtrated M9 solution through the medium inlet using a peristaltic pump (Ismatec), until 
complete removal of air bubbles. Worm loading was performed with the pump set at a low 
flow rate (<30 μl/min), through a distinct inlet (sup. Fig. 3): 10-15 young L4 animals 
(synchronized by bleaching 48h prior to each experiment) were picked in a siliconized 
Eppendorf tube containing M9, and perfused into the traps. The loaded chip was carried to 
the microscope while being still connected to the pump by a gravity flow (preventing animals 
to escape) until the microfluidic chip was installed on the microscope stage.  

Calcium imaging 

I2 and PHA neuronal response was monitored using the calcium sensor GCaMP3 
expressed under the flp-15 promoter as in (Bhatla and Horvitz, 2015). To image H2O2 response, 
young L4 animals trapped in microfluidic chips were imaged using the confocal spinning disc 
system described above with the 20X air objective (HC PL APO CS2, NA 0.75). The microfluidic 
chip allowed the simultaneous recording of up to 3 animals per experiment (sup. Fig. 3). Z-
stacks of 10-15 images (10 μm spacing) were acquired every 2s (using the stream Z mode), for 
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350 time points. Exposure time was 50ms and laser power set on 40%. The device was 
perfused with M9 medium throughout the experiment using a peristaltic pump set at 80 
μl/min, and H2O2 was perfused (at 10µM or 1mM in M9) for 100 time points (3min20s) after 
an initial recording of 35-45 time points. Movies were computationally projected using 
MetaMorph, and data processing (including movie registration, neuron segmentation and 
tracking over time) was conducted with a custom-developed Matlab program detailed below 
and available at https://github.com/gcharvin/viewworm (a user guide is provided in 
supplemental Methods).  

To image light response in I2 and PHA neurons, L4 worms were mounted on a slide 
covered with 3% agarose pads in M9 supplemented with 1mM levamisole. Video-recordings 
were performed on the spinning-disc microscope using the 40X oil objective. Animals were 
exposed to blue light (485nm) while their neuronal response was simultaneously recorded in 
stream mode (10 frames/sec, single Z, 100ms exposure, laser 100%) for 30sec.  

Calcium response analyses  

For H2O2 response analyses, sequences of images were spatially realigned with respect 
to the first image of the timeseries in order to limit the apparent motion of the worm in the 
trap and ease the tracking of neurons of interest. This image registration process was 
performed using standard 2D image cross-correlation by taking the first image as a reference. 
Then, we used a machine-learning algorithm (based on a decision tree) to segment pixels in 
the fluorescent images. For this, we took a series of image transforms (gaussian,  median, 
range filters) as descriptors for the classifier, and we trained the model on typically 10 frames 
before applying the result to the rest of the time series. This segmentation method appeared 
to be superior to simple image thresholding, which is inadequate when dealing with 
fluorescent signals that vary both in time and space (the brightness of two neurons is quite 
different). Next to the segmentation procedure, we tracked the identified neurons using 
distance minimization, and we quantified the mean fluorescence signal in each neuron over 
time. Last, fluorescence data corresponding to individual animals were pooled after 
synchronization from the time of exposure to H2O2 and signal normalization. This image 
analysis pipeline is available at https://github.com/gcharvin/viewworm and a tutorial for use 
is included in supplemental methods. As some movies could not be quantified due to 
uncontrolled animal movements, a visual classification of neuronal responses (high, 
moderate, absent) was made by comparison to successfully tracked movies.  

For light response analyses in I2 and PHA neurons, the same image processing pipeline 
as in (Bhatla and Horvitz, 2015) was used, except that ROI were manually drawn in Fiji. 

Statistical analyses 

P-values were calculated with an unpaired two-tailed Student test; the Welsh
correction was applied when the two samples had unequal variances. Error bars depict 
standard deviation in all figures. Statistical analyses were conducted with the GraphPad 
Prism9 software. The data presented here come from at least three independent experiments. 
For p values, not significant p>0.05; *p<0.05; **p<0.01; ***p<0.001: ****p<0.0001. 

Appendix 4  ——————————————————————————————————————————————————

272

http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements 

We are grateful to all the staff members of the Imaging Center of the IGBMC, especially 
Elvire Guiot, Erwan Grandgirard and Bertrand Vernay for assistance in confocal microscopy. 
We thank Christelle Gally, Basile Jacquel and Eric Marois for helpful discussions and critical 
reading of the manuscript, and Sandra Bour for assistance with figure design. We are indebted 
to the Reymann, Vermot and Jarriault labs for sharing their equipments and reagents. We 
thank the Horvitz lab, especially Na An, for providing the MT GCaMP strains. We thank 
WormBase and the Caenorhabditis Genetics Center (funded by NIH Office of Research 
Infrastructure Programs P40 OD010440, University of Minnesota) for providing strains.  

Funding 

This work was funded by the grant ANR-10-LABX-0030-INRT, a French State fund 
managed by the Agence Nationale de la Recherche under the frame program Investissements 
d’Avenir ANR-10-IDEX- 0002-02. 

Author contributions 

S.Q. designed and conducted the experiments, analyzed data and wrote the 
manuscript; T.A. designed and printed the microfluidic chip; T. Y. contributed to ChIP seq data 
analyses; G.C. developed the Matlab pipeline for data analyses. 

Conflict of interest 

The authors declare no competing interest. 

Appendix 4  ——————————————————————————————————————————————————

273

http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

Back, P., De Vos, W.H., Depuydt, G.G., Matthijssens, F., Vanfleteren, J.R., and Braeckman, B.P. 
(2012). Exploring real-time in vivo redox biology of developing and aging Caenorhabditis 
elegans. Free Radic. Biol. Med. 52, 850–859. 

Barata, A.G., and Dick, T.P. (2020). A role for peroxiredoxins in H2O2- and MEKK-dependent 
activation of the p38 signaling pathway. Redox Biol 28, 101340. 

Bhatla, N., and Horvitz, H.R. (2015). Light and hydrogen peroxide inhibit C. elegans Feeding 
through gustatory receptor orthologs and pharyngeal neurons. Neuron 85, 804–818. 

Bhatla, N., Droste, R., Sando, S.R., Huang, A., and Horvitz, H.R. (2015). Distinct Neural Circuits 
Control Rhythm Inhibition and Spitting by the Myogenic Pharynx of C. elegans. Curr. Biol. 25, 
2075–2089. 

Blackwell, T.K., Steinbaugh, M.J., Hourihan, J.M., Ewald, C.Y., and Isik, M. (2015). SKN-1/Nrf, 
stress responses, and aging in Caenorhabditis elegans. Free Radic. Biol. Med. 88, 290–301. 

Bodvard, K., Peeters, K., Roger, F., Romanov, N., Igbaria, A., Welkenhuysen, N., Palais, G., 
Reiter, W., Toledano, M.B., Käll, M., et al. (2017). Light-sensing via hydrogen peroxide and a 
peroxiredoxin. Nat. Commun. 8, 14791. 

Breker, M., Gymrek, M., and Schuldiner, M. (2013). A novel single-cell screening platform 
reveals proteome plasticity during yeast stress responses. J. Cell Biol. 200, 839–850. 

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71–94. 

Cao, J., Packer, J.S., Ramani, V., Cusanovich, D.A., Huynh, C., Daza, R., Qiu, X., Lee, C., Furlan, 
S.N., Steemers, F.J., et al. (2017). Comprehensive single-cell transcriptional profiling of a
multicellular organism. Science 357, 661–667.

Chae, H.Z., Kim, H.J., Kang, S.W., and Rhee, S.G. (1999). Characterization of three isoforms of 
mammalian peroxiredoxin that reduce peroxides in the presence of thioredoxin. Diabetes Res. 
Clin. Pract. 45, 101–112. 

Charest, J., Daniele, T., Wang, J., Bykov, A., Mandlbauer, A., Asparuhova, M., Röhsner, J., 
Gutiérrez-Pérez, P., and Cochella, L. (2020). Combinatorial Action of Temporally Segregated 
Transcription Factors. Dev. Cell 55, 483-499.e7. 

Cobb, C.A., and Cole, M.P. (2015). Oxidative and nitrative stress in neurodegeneration. 
Neurobiol. Dis. 84, 4–21. 

Colbert, H.A., Smith, T.L., and Bargmann, C.I. (1997). OSM-9, a novel protein with structural 
similarity to channels, is required for olfaction, mechanosensation, and olfactory adaptation 
inCaenorhabditis elegans. Journal of Neuroscience. 

Davalli, P., Mitic, T., Caporali, A., Lauriola, A., and D’Arca, D. (2016). ROS, Cell Senescence, and 
Novel Molecular Mechanisms in Aging and Age-Related Diseases. Oxid. Med. Cell. Longev. 
2016, 3565127. 

Appendix 4  ——————————————————————————————————————————————————

274

http://creativecommons.org/licenses/by-nc-nd/4.0/


Dickinson, D.J., Ward, J.D., Reiner, D.J., and Goldstein, B. (2013). Engineering the 
Caenorhabditis elegans genome using Cas9-triggered homologous recombination. Nat. 
Methods. 

Ding, C., Fan, X., and Wu, G. (2017). Peroxiredoxin 1 - an antioxidant enzyme in cancer. Journal 
of Cellular and Molecular Medicine 21, 193–202. 

Flohé, L. (2016). The impact of thiol peroxidases on redox regulation. Free Radic. Res. 50, 126–
142. 

Gomes, L.C., Odedra, D., Dikic, I., and Pohl, C. (2016). Autophagy and modular restructuring of 
metabolism control germline tumor differentiation and proliferation in C. elegans. Autophagy 
12, 529–546. 

Gong, J., Yuan, Y., Ward, A., Kang, L., Zhang, B., Wu, Z., Peng, J., Feng, Z., Liu, J., and Xu, X.Z.S. 
(2017). The C. elegans Taste Receptor Homolog LITE-1 Is a Photoreceptor. Cell 168, 325. 

Goodman, M.B., and Sengupta, P. (2019). How Caenorhabditis elegans Senses Mechanical 
Stress, Temperature, and Other Physical Stimuli. Genetics 212, 25–51. 

Goulev, Y., Morlot, S., Matifas, A., Huang, B., Molin, M., Toledano, M.B., and Charvin, G. 
(2017). Nonlinear feedback drives homeostatic plasticity in H2O2 stress response. Elife 6. 

Gourgou, E., and Chronis, N. (2016). Chemically induced oxidative stress affects ASH neuronal 
function and behavior in C. elegans. Sci. Rep. 6, 38147. 

Groitl, B., and Jakob, U. (2014). Thiol-based redox switches. Biochim. Biophys. Acta 1844, 
1335–1343. 

Haes, W.D., De Haes, W., Frooninckx, L., Van Assche, R., Smolders, A., Depuydt, G., Billen, J., 
Braeckman, B.P., Schoofs, L., and Temmerman, L. (2014). Metformin promotes lifespan 
through mitohormesis via the peroxiredoxin PRDX-2. Proceedings of the National Academy of 
Sciences 111, E2501–E2509. 

Hall, A., Karplus, P.A., and Poole, L.B. (2009). Typical 2-Cys peroxiredoxins--structures, 
mechanisms and functions. FEBS J. 276, 2469–2477. 

Hilliard, M.A., Bargmann, C.I., and Bazzicalupo, P. (2002). C. elegans responds to chemical 
repellents by integrating sensory inputs from the head and the tail. Curr. Biol. 12, 730–734. 

Hirani, N., Westenberg, M., Gami, M.S., Davis, P., Hope, I.A., and Dolphin, C.T. (2013). A 
simplified counter-selection recombineering protocol for creating fluorescent protein 
reporter constructs directly from C. elegans fosmid genomic clones. BMC Biotechnol. 13, 1. 

Ho, B., Baryshnikova, A., and Brown, G.W. (2018). Unification of Protein Abundance Datasets 
Yields a Quantitative Saccharomyces cerevisiae Proteome. Cell Syst 6, 192-205.e3. 

Isermann, K., Liebau, E., Roeder, T., and Bruchhaus, I. (2004). A peroxiredoxin specifically 
expressed in two types of pharyngeal neurons is required for normal growth and egg 
production in Caenorhabditis elegans. J. Mol. Biol. 338, 745–755. 

Appendix 4  ——————————————————————————————————————————————————

275



Jang, H.H., Lee, K.O., Chi, Y.H., Jung, B.G., Park, S.K., Park, J.H., Lee, J.R., Lee, S.S., Moon, J.C., 
Yun, J.W., et al. (2004). Two Enzymes in One. Cell 117, 625–635. 

Jarvis, R.M., Hughes, S.M., and Ledgerwood, E.C. (2012). Peroxiredoxin 1 functions as a signal 
peroxidase to receive, transduce, and transmit peroxide signals in mammalian cells. Free 
Radic. Biol. Med. 53, 1522–1530. 

Jose, A.M., Bany, I.A., Chase, D.L., and Koelle, M.R. (2007). A specific subset of transient 
receptor potential vanilloid-type channel subunits in Caenorhabditis elegans endocrine cells 
function as mixed heteromers to promote neurotransmitter release. Genetics 175, 93–105. 

Kamath, R.S., Fraser, A.G., Dong, Y., Poulin, G., Durbin, R., Gotta, M., Kanapin, A., Le Bot, N., 
Moreno, S., Sohrmann, M., et al. (2003). Systematic functional analysis of the Caenorhabditis 
elegans genome using RNAi. Nature 421, 231–237. 

Kim, K., and Li, C. (2004). Expression and regulation of an FMRFamide-related neuropeptide 
gene family in Caenorhabditis elegans. J. Comp. Neurol. 475, 540–550. 

Kopito, R.B., and Levine, E. (2014). Durable spatiotemporal surveillance of Caenorhabditis 
elegans response to environmental cues. Lab Chip 14, 764–770. 

Kuramochi, M., and Doi, M. (2019). An Excitatory/Inhibitory Switch From Asymmetric Sensory 
Neurons Defines Postsynaptic Tuning for a Rapid Response to NaCl in Caenorhabditis elegans. 
Frontiers in Molecular Neuroscience 11. 

Ledgerwood, E.C., Marshall, J.W.A., and Weijman, J.F. (2017). The role of peroxiredoxin 1 in 
redox sensing and transducing. Arch. Biochem. Biophys. 617, 60–67. 

Lee, J., Godon, C., Lagniel, G., Spector, D., Garin, J., Labarre, J., and Toledano, M.B. (1999). 
Yap1 and Skn7 control two specialized oxidative stress response regulons in yeast. J. Biol. 
Chem. 274, 16040–16046. 

Li, G., Gong, J., Lei, H., Liu, J., and Shawn Xu, X.Z. (2016). Promotion of behavior and neuronal 
function by reactive oxygen species in C. elegans. Nature Communications 7. 

Liu, J., Ward, A., Gao, J., Dong, Y., Nishio, N., Inada, H., Kang, L., Yu, Y., Ma, D., Xu, T., et al. 
(2010). C. elegans phototransduction requires a G protein–dependent cGMP pathway and a 
taste receptor homolog. Nature Neuroscience 13, 715–722. 

Lorenzo, R., Onizuka, M., Defrance, M., and Laurent, P. (2020). Combining single-cell RNA-
sequencing with a molecular atlas unveils new markers for Caenorhabditis elegans neuron 
classes. Nucleic Acids Res. 48, 7119–7134. 

Low, F.M., Hampton, M.B., Peskin, A.V., and Winterbourn, C.C. (2007). Peroxiredoxin 2 
functions as a noncatalytic scavenger of low-level hydrogen peroxide in the erythrocyte. Blood 
109, 2611–2617. 

McCallum, K.C., Liu, B., Fierro-González, J.C., Swoboda, P., Arur, S., Miranda-Vizuete, A., and 
Garsin, D.A. (2016). TRX-1 Regulates SKN-1 Nuclear Localization Cell Non-autonomously in 
Caenorhabditis elegans. Genetics 203, 387–402. 

Appendix 4  ——————————————————————————————————————————————————

276



Miranda-Vizuete, A., González, J.C.F., Gahmon, G., Burghoorn, J., Navas, P., and Swoboda, P. 
(2006). Lifespan decrease in aCaenorhabditis elegansmutant lacking TRX-1, a thioredoxin 
expressed in ASJ sensory neurons. FEBS Letters 580, 484–490. 

Mizuno, T., Hisamoto, N., Terada, T., Kondo, T., Adachi, M., Nishida, E., Kim, D.H., Ausubel, 
F.M., and Matsumoto, K. (2004). The Caenorhabditis elegans MAPK phosphatase VHP-1
mediates a novel JNK-like signaling pathway in stress response. EMBO J. 23, 2226–2234.

Moon, J.C., Hah, Y.S., Kim, W.Y., Jung, B.G., and Jang, H.H. (2005). Oxidative stress-dependent 
structural and functional switching of a human 2-Cys peroxiredoxin isotype II that enhances 
HeLa cell resistance to H2O2-induced cell …. Journal of Biological. 

Netto, L.E.S., and Antunes, F. (2016). The Roles of Peroxiredoxin and Thioredoxin in Hydrogen 
Peroxide Sensing and in Signal Transduction. Mol. Cells 39, 65–71. 

Niu, W., Lu, Z.J., Zhong, M., Sarov, M., Murray, J.I., Brdlik, C.M., Janette, J., Chen, C., Alves, P., 
Preston, E., et al. (2011). Diverse transcription factor binding features revealed by genome-
wide ChIP-seq in C. elegans. Genome Res. 21, 245–254. 

Ohnishi, K., Saito, S., Miura, T., Ohta, A., Tominaga, M., Sokabe, T., and Kuhara, A. (2020). OSM-
9 and OCR-2 TRPV channels are accessorial warm receptors in Caenorhabditis elegans 
temperature acclimatisation. Sci. Rep. 10, 18566. 

Oláhová, M., Taylor, S.R., Khazaipoul, S., Wang, J., Morgan, B.A., Matsumoto, K., Blackwell, 
T.K., and Veal, E.A. (2008). A redox-sensitive peroxiredoxin that is important for longevity has
tissue- and stress-specific roles in stress resistance. Proc. Natl. Acad. Sci. U. S. A. 105, 19839–
19844.

Park, M.H., Jo, M., Kim, Y.R., Lee, C.-K., and Hong, J.T. (2016). Roles of peroxiredoxins in cancer, 
neurodegenerative diseases and inflammatory diseases. Pharmacology & Therapeutics 163, 
1–23. 

Randall, L.M., Ferrer-Sueta, G., and Denicola, A. (2013). Peroxiredoxins as preferential targets 
in H2O2-induced signaling. Methods Enzymol. 527, 41–63. 

Rangaraju, S., Solis, G.M., Andersson, S.I., Gomez-Amaro, R.L., Kardakaris, R., Broaddus, C.D., 
Niculescu, A.B., 3rd, and Petrascheck, M. (2015). Atypical antidepressants extend lifespan of 
Caenorhabditis elegans by activation of a non-cell-autonomous stress response. Aging Cell 14, 
971–981. 

Rhee, S.G., and Woo, H.A. (2011). Multiple Functions of Peroxiredoxins: Peroxidases, Sensors 
and Regulators of the Intracellular Messenger H2O2, and Protein Chaperones. Antioxid. Redox 
Signal. 15, 781–794. 

Sanzo-Machuca, Á., Monje Moreno, J.M., Casado-Navarro, R., Karakuzu, O., Guerrero-Gómez, 
D., Fierro-González, J.C., Swoboda, P., Muñoz, M.J., Garsin, D.A., Pedrajas, J.R., et al. (2019). 
Redox-dependent and redox-independent functions of Caenorhabditis elegans thioredoxin 1. 
Redox Biol 24, 101178. 

Appendix 4  ——————————————————————————————————————————————————

277

http://creativecommons.org/licenses/by-nc-nd/4.0/


Schwartz, M.L., and Jorgensen, E.M. (2016). SapTrap, a Toolkit for High-Throughput 
CRISPR/Cas9 Gene Modification in Caenorhabditis elegans. Genetics 202, 1277–1288. 

Stöcker, S., Maurer, M., Ruppert, T., and Dick, T.P. (2018). A role for 2-Cys peroxiredoxins in 
facilitating cytosolic protein thiol oxidation. Nat. Chem. Biol. 14, 148–155. 

Tang, L., Dodd, W., and Choe, K. (2016). Isolation of a Hypomorphic skn-1 Allele That Does Not 
Require a Balancer for Maintenance. G3 Genes|Genomes|Genetics 6, 551–558. 

Thamsen, M., Kumsta, C., Li, F., and Jakob, U. (2011). Is Overoxidation of Peroxiredoxin 
Physiologically Significant? Antioxidants & Redox Signaling 14, 725–730. 

Tian, L., Hires, S.A., Mao, T., Huber, D., Chiappe, M.E., Chalasani, S.H., Petreanu, L., Akerboom, 
J., McKinney, S.A., Schreiter, E.R., et al. (2009). Imaging neural activity in worms, flies and mice 
with improved GCaMP calcium indicators. Nat. Methods 6, 875–881. 

Veal, E.A., Day, A.M., and Morgan, B.A. (2007). Hydrogen peroxide sensing and signaling. Mol. 
Cell 26, 1–14. 

Ward, A., Liu, J., Feng, Z., and Shawn Xu, X.Z. (2008). Light-sensitive neurons and channels 
mediate phototaxis in C. elegans. Nature Neuroscience 11, 916–922. 

Winterbourn, C.C., and Peskin, A.V. (2016). Kinetic Approaches to Measuring Peroxiredoxin 
Reactivity. Mol. Cells 39, 26–30. 

Wu, F., Chi, Y., Jiang, Z., Xu, Y., Xie, L., Huang, F., Wan, D., Ni, J., Yuan, F., Wu, X., et al. (2020). 
Hydrogen peroxide sensor HPCA1 is an LRR receptor kinase in Arabidopsis. Nature 578, 577–
581. 

Yan, Y., Sabharwal, P., Rao, M., and Sockanathan, S. (2009). The antioxidant enzyme Prdx1 
controls neuronal differentiation by thiol-redox-dependent activation of GDE2. Cell 138, 
1209–1221. 

Yemini, E., Lin, A., Nejatbakhsh, A., Varol, E., Sun, R., Mena, G.E., Samuel, A.D.T., Paninski, L., 
Venkatachalam, V., and Hobert, O. (2021). NeuroPAL: A Multicolor Atlas for Whole-Brain 
Neuronal Identification in C. elegans. Cell 184, 272-288.e11. 

Zhang, W., He, F., Ronan, E.A., Liu, H., Gong, J., Liu, J., and Xu, X.Z.S. (2020). Regulation of 
photosensation by hydrogen peroxide and antioxidants in C. elegans. PLoS Genet. 16, 
e1009257. 

Zou, W., Cheng, H., Li, S., Yue, X., Xue, Y., Chen, S., and Kang, L. (2017). Polymodal Responses 
in C. elegans Phasmid Neurons Rely on Multiple Intracellular and Intercellular Signaling 
Pathways. Sci. Rep. 7, 42295. 

Appendix 4  ——————————————————————————————————————————————————

278

http://creativecommons.org/licenses/by-nc-nd/4.0/


B

PR
DX

-2
::G

FP

E

C D

F G

Figure 1

1 2
3 4

A
sgRNA+ Cas9
+ GFP repair

flexible linker
prdx-2 isoforms

PRDX-2A

PRDX-2B

PRDX-2C

sgRNA target

PRDX-2 GFP

Appendix 4  ——————————————————————————————————————————————————

279

http://creativecommons.org/licenses/by-nc-nd/4.0/


PR
DX

-2
::G

FP
PR

DX
-2

::G
FP

A

B

Figure 2

E

Source WormBase, Niu et al., 2011

ncRNA

ncRNA

CEOP2172

SKN-1

PHA-4

DAF-16

NHR-28

HLH-30

HPL-2

int1 fluo.
intensity

(a.u.)

control RNAi skn-1(RNAi)

int1 fluo.
intensity

(a.u.)

control skn-1(zj15)
control H2O2 10mM control H2O2 10mMcontrol H2O2 10mM control H2O2 10mM

DC

Appendix 4  ——————————————————————————————————————————————————

280



Figure 3

time (s) time (s)

time (s) time (s)

time (s) time (s)

281



Figure 4

A

G H

Appendix 4  ——————————————————————————————————————————————————

282



A B

Figure 5

pharynx inhibition/ avoidance avoidance

C D

A B

Appendix 4  ——————————————————————————————————————————————————

283

http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

Figure Legends 

Figure 1- PRDX-2::GFP knock-in line expression pattern and its evolution upon H2O2 
treatment 
(A)- Sketch depicting the PRDX-2::GFP knock-in strategy using CRISPR Cas9-mediated genome 
editing. The sgRNA target sequence (shown in red) was chosen a few base pairs upstream 
PRDX-2 STOP codon, to tag all prdx-2 isoforms. Black boxes indicate exons, white boxes 
unstranslated regions. Bar, 100 bases pairs. The last exon of the PRDX-2::GFP fusion protein is 
shown on the right; note the insertion of a flexible linker between PRDX-2 and the GFP, likely 
allowing its correct folding. After injection, three independent knock-in lines were recovered, 
sharing the same expression pattern. (B) Spinning-disc confocal projections of a 
representative PRDX-2::GFP knock-in animal, in 4 body regions (correspondingly boxed in the 
worm drawing). PRDX-2::GFP expression is observed in the tip of the nose (e3 cell), in 
pharyngeal muscle cells (pm), in body wall muscles (m), in the excretory pore cell (EPC), in 
proximal and distal gut cells (int1 and int9), and in several neuron pairs, indicated in blue. Note 
the different level of PRDX-2 between I2 left and right neurons in panel B1. (C-G) An acute 
oxidative stress triggers an upregulation of PRDX-2 in the foregut, but not in neurons. (C-D) 
Spinning-disc confocal projections of control or H2O2-treated animals in the foregut (C) or in 
the head region (D). (E-G) Quantification of fluorescence intensity in controls and in H2O2-
treated animals in the int1 cell (E), in the EPC (F), and I2 neurons (G). Bars indicate mean and 
s.d. ns, not significant, p>0.05; *p<0.05; ***p<0.001. Scale bar, 20µm.

Figure 2- SKN-1 function is required for PRDX-2 expression in the gut 
(A-B)- Spinning-disc confocal projections of head and foregut of PRDX-2::GFP knock-in animals, 
in control RNAi (A) and in skn-1(RNAi) animals (B). The right panel shows the foregut of a 
10mM H2O2-treated animal in both genotypes. Note the low level of int1 PRDX-2::GFP 
fluorescence in skn-1(RNAi) animal. (C-D) Quantification of the int1 cell fluorescence intensity 
in control and after a 10mM H2O2-treatment, in skn-1(zj15) mutants (C) and in skn-1(RNAi) 
animals (D). Bars indicate mean and s.d. ns, not significant, p>0.05; **p<0.01; ***p<0.001. 
Scale bar, 20µm. (E) Genome Browser from WormBase (release WS283, JBrowse II) showing 
the peaks detected by ChIP-seq using an anti-GFP antibody (Niu et al., 2011) in prdx-2 and pkc-
3 promoters, in GFP-tagged transgenic lines of the indicated transcription factors. Top 
numbers indicate the coordinates on chromosome II. Note the co-regulation of the prdx-2 and 
pkc-3, which are organized in an operon, indicated by the green bar. 

Figure 3- I2 and PHA neurons both respond to 1mM H2O2 in a prdx-2-dependent manner, 
but only PHA neurons respond to 10µM H2O2  
(A)- Low-magnification DIC picture of L4 animals trapped in the microfluidic device used in 
neuron recordings experiments, as in (B,C,F,G,J,K), which indicate I2R/I2L responses (B,F,J) and 
PHAL/PHAR responses (C,G,K) to a H2O2 stimulation at the dose indicated below the red bar. 
The average curves show the normalized calcium response measured over time (indicated in 
seconds) using the GCaMP3 sensor expressed in I2 and PHA neurons, for left and right neurons 
(top and bottom curves). N, number of movies quantified for each genotype, in wild-type 
(B,C,J,K) and in prdx-2 mutants (F,G). (D,E,I) Bar graph of the fraction of animals responding to 
the H2O2 stimulation in all experiments, classified as high (green), moderate (yellow) or absent 
(red) responses (see Methods). N, number of movies analyzed. (H,L) Quantification of the 
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calcium response to H2O2 in I2 and PHA in controls and prdx-2 mutants at 1mM (H) and in I2LR 
and PHALR controls, at 1mM and 10µM (L). The number of movies quantified is indicated on 
each column. Bars indicate mean and s.d. ns, not significant, p>0.05; ***p<0.001; 
****p<0.0001. See also Movies 1-6 and sup. Fig. 5. 

Figure 4- The GUR-3 receptor is required in I2 neurons while lite-1 and pmk-1 functions are 
required in PHA response to H2O2  
(A)- Spinning-disc confocal projections of a representative GUR-3::GFP knock-in animal, at L1 
(left) and L4 stages (right). GUR-3::GFP signal is detected in I2 neurons and in a single I4 
neurons (head panel), but not in PHA/PHB neurons (tail panel). Bar, 10µm. (B,D) Bar graph of 
the fraction of lite-1 and gur-3 mutants responding to the H2O2 stimulation, classified as high 
(green), moderate (yellow) or absent (red) responses. N, number of movies analyzed. (C,E,F)- 
Quantification of the calcium response to 1mM H2O2 in I2 and PHA neurons in controls and in 
gur-3 and lite-1 mutants (C), and in pmk-1 mutants at 1mM (E) and 10µM H2O2 (F). The number 
of movies quantified is indicated on each column. Bar, s.d.; ns, not significant, p>0.05; 
*p<0.05; **p<0.01; ****p<0.0001. See also Movies 7-14 and sup. Figs. 6, 7. (G,H)- Blue light
triggered different calcium fluxes in I2 and PHA neurons in the three regions analyzed; anterior
neurite (green), posterior neurite (red) and soma (blue). Bars indicate s.d. See Movies 15-17.

Figure 5- Model of H2O2 sensing in C. elegans via I2 and PHA neurons based on this and 
previous work  

(A-B)- A putative PRDX-2 redox relay may trigger H2O2-induced receptor activation. Sketch of 
GUR-3 (A) and LITE-1 (B) gustatory receptors structure (present in I2 and PHA neurons), 
showing their 5 conserved cysteins in the intracellular and in the fifth transmembrane 
domains. In the presence of H2O2, oxidized or disulfide form of PRDX-2 (PRDX-2ox/S-S) could 
oxidize these cysteines, possibly forming a disulfide conjugate and/or inducing a conformation 
change which triggers receptor activation. (B)- Hypothetic model of of H2O2-induced neuronal   
activation, based on our data and on previous studies. Schematic drawing of a presynaptic 
button in I2 (C) and PHA (D) neurons, illustrating the presumptive H2O2-PRDX-2-mediated 
neuronal activation in both cases. High doses of H2O2 (1mM) are sensed by both neurons, but 
only PHA responds to 10µM H2O2, as indicated in red. In this presumptive model, H2O2 would 
freely diffuse across the neuron plasma membrane and oxidize PRDX-2, presumably leading 
to LITE-1 or GUR-3 activation. Receptor activation is likely relayed by cGMP signaling, resulting 
in the opening of voltage-gated calcium channels (depicted in green) and neurotransmitter 
release (glutamate in both cases), triggering an adapted response. In PHA neurons, PMK-
1/p38MAPK activity is additionally required to promote neuronal response to a low dose of 
H2O2, potentially through OSM-9 phosphorylation as observed in ASH neurons (Li et al., 2016). 
See discussion for further details and bibliographic references. 
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(CTD1051.3) does not suit to our study. 
Supplemental Figure 2, related to Figs. 1, 2- PRDX-2 induction is not observed in I2 neurons 
upon H2O2 treatment. 
Supplemental Figure 3, related to Figs. 3, 4- Design of the microfluidic chip used in H2O2
neuronal response experiments. 
Supplemental Figure 4, related to Fig. 4- gur-3 and lite-1 mutant show reciprocal H2O2 sensing 
phenotypes in I2 and PHA neurons. 
Supplemental Figure 5, related to Fig. 3- Individual intensity measurements of movies 1-6. 
Supplemental Figure 6, related to Fig. 4- Individual intensity measurements of movies 7-10. 
Supplemental Figure 7, related to Fig. 4 - Individual intensity measurements of movies 11-14. 
Supplemental Figure 8, related to Discussion- PHA and ASH neurons belong to the same 
neuronal cluster, and share partially overlapping transcriptomic signatures. 

Movie list (see Movies legends p.10) 
Movie 1- control I2 response to 1mM H2O2 
Movie 2- control PHA response to 1mM H2O2 
Movie 3- prdx-2 mutant I2 response to 1mM H2O2 
Movie 4- prdx-2 mutant PHA response to 1mM H2O2 
Movie 5- control I2 response to 10µM H2O2 
Movie 6- control PHA response to 10µM H2O2 
Movie 7- gur-3 mutant I2 response to 1mM H2O2 
Movie 8- gur-3 mutant PHA response to 1mM H2O2 
Movie 9- lite-1 mutant I2 response to 1mM H2O2 
Movie 10- lite-1 mutant PHA response to 1mM H2O2 
Movie 11- pmk-1 mutant I2 response to 1mM H2O2 
Movie 12- pmk-1 mutant PHA response to 1mM H2O2 
Movie 13- pmk-1 I2 response to 10µM H2O2 
Movie 14- pmk-1 PHA response to 10µM H2O2 
Movie 15- I2 response to light 
Movie 16- PHA response to light 
Movie 17- I2 and PHA simultaneous responses to light 

Supplemental methods 
I- Matlab tutorial for analysis of C. elegans neuronal activation using a calcium sensor
II-Analysis of single cell transcriptomic data in ASH and PHA neurons (for the generation
of the dot plots in supp. Fig. 8)

Supplemental tables 
Table S1- List of strains used (p. 15) 
Table S2- Sequences of the oligonucleotides used (p. 15-16) 
Table S3- Differential analysis of genes expressed in cluster 28 versus all neurons 
Table S4- Differential analysis of genes expressed in cluster 28.0 (PHA) versus all neurons 
Table S5- Differential analysis of genes expressed in cluster 28.1 (ASH) versus all neurons 

Supplemental References 

286



Supplemental Figures 

Supplemental Figure 1, related to Fig. 1- The available PRDX-2::GFP transgenic line 
(CTD1051.3) does not suit to our study. 
(A) Low magnification fluorescent image of untreated animals from the CTD1051.3 line
showing that transgenics express aggregates of PRDX-2::GFP, a hallmark of overexpression of
the fusion protein. Bar, 100µm. (B,C) Low magnification images of animals treated in flat
bottom wells captured after 24h of treatment in the oxidative stress inducing agent tBOOH.  In
the control well (A), almost all animals are all dead in 2mM tBOOH, appearing as rods, while
CTD1051.3 transgenics survive a 25X higher dose of the  drug, indicating their much stronger
resistance to oxidative stress.
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Supplemental Figure 2, related to Figs. 1, 2- PRDX-2 induction is not observed in I2 
neurons upon H2O2 treatment.  
(A,B)- Wild-type controls do not show a higher gut autofluorescence upon H2O2 treatment 
(N>20). (C,D)- Quantification of the PRDX-2::GFP fluorescence level in I2 neurons and in the 
excretory pore cell (EPC) in controls upon a 1mM-H2O2 treatment. (E,F)- Quantification of the 
PRDX-2::GFP fluorescence level in I2 neurons in skn-1(zj15) mutants and in skn-1(RNAi) 
animals upon a 10mM-H2O2 treatment. Bars indicate mean and s.d.; ns, not significant, p>0.05. 
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Supplemental Figure 3, related to Figs. 3, 4- Design of the microfluidic chip used in H2O2
neuronal response experiments. 
A- Global view of the microfluidic chip used in all neuron response experiments, showing the
6 independent series of 10 worm traps. The original file (Autocad format) is available at
https://github.com/gcharvin/viewworm.
B- Magnification of the worm trap area showing the 10 individual channels (corresponding to
the red box in A). Scale bar, 1mm
C- DIC image of an animal trapped (anterior to the left). Occasionally animals were trapped in
the opposite orientation, but this did not affect the neuronal response. Scale bar, 100µm.
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Supplemental Figure 4, related to Fig. 4- gur-3 and lite-1 mutants show reciprocal H2O2 
sensing phenotypes in I2 and PHA neurons. 
(A-D) Average curves showing the normalized calcium response to 1mM H2O2 measured over 
time (indicated in seconds) using the GCaMP3 sensor in I2 and PHA neurons, for left and the 
right neurons (top and bottom curves) in gur-3(ok2245) (A,B) or lite-1(ce314) mutants (C,D). 
N, number of movies analyzed for each genotype. See Movies 7-10. 
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Supplemental Figure 5, related to Fig. 3- Individual intensity measurements of movies 1-
6. 
The curves represent the mean pixel intensity raw value over time (1 frame=2sec) quantified 
in I2 and PHA neurons in control and in prdx-2 mutants (genotypes indicated) upon a 1mM or 
a 10µM H2O2 stimulation. Red and blue colors show left and right neurons for I2 (left panel) 
and PHA (right panel). Note that the colors have been changed in normalized average curves 
shown in Fig. 3. T0 indicate the time point at which the H2O2 treatment has been applied 
during 100 frames.  
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Supplemental Figure 6, related to Fig. 4 and sup. Fig. 4- Individual intensity 
measurements of movies 7-10. 
The curves represent the mean pixel intensity raw value over time (1 frame=2sec) quantified 
in I2 and PHA neurons in gur-3 and lite-1 mutants upon a 1mM H2O2 stimulation (starting at 
T0 and lasting 100 frames). Red and blue colors show left and right neurons for I2 (left panel) 
and PHA (right panel). Note that the colors have been changed in related normalized average 
curves shown in sup. Fig. 4. 
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Supplemental Figure 7, related to Fig. 4, continued- Individual intensity measurements of 
movies 11-14. 
The curves represent the mean pixel intensity raw value over time (1 frame=2sec) quantified 
in I2 and PHA neurons in pmk-1 mutants upon a 1mM or a 10µM H2O2 stimulation (starting 
at T0 and lasting 100 frames). Red and blue color show left and right neuron I2 (left panel) 
and PHA (right panel). 
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Supplemental Figure 8, related to Discussion- PHA and ASH neurons belong to the same 
neuronal cluster, and share partially overlapping transcriptomic signatures. 
(A)- Uniform Manifold Approximation and Projection (UMAP) projection of parent cluster 
28, from (Lorenzo et al., 2020), in which ASH and PHA/PHB nociceptive neurons were 
found in distinct sub-clusters (Louvain clustering at 8 PCs and at 1.2 resolution). 
(B, C)- Dot plot indicating for a selection of genes both the intensity of gene expression and 
the fraction of expressing cells in each sub-cluster (B), based on single-cell RNA-sequencing 
data from (Cao et al., 2017). See supplemental Methods, p. 14. 
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Movie Legends 

Movie 1- control I2 response to 1mM H2O2 
Movie 2- control PHA response to 1mM H2O2 
Movie 3- prdx-2 mutant I2 response to 1mM H2O2 
Movie 4- prdx-2 mutant PHA response to 1mM H2O2 
Movie 5- control I2 response to 10µM H2O2 
Movie 6- control PHA response to 10µM H2O2 
Movie 7- gur-3 mutant I2 response to 1mM H2O2 
Movie 8- gur-3 mutant PHA response to 1mM H2O2 
Movie 9- lite-1 mutant I2 response to 1mM H2O2 
Movie 10- lite-1 mutant PHA response to 1mM H2O2 
Movie 11- pmk-1 mutant I2 response to 1mM H2O2 
Movie 12- pmk-1 mutant PHA response to 1mM H2O2 
Movie 13- pmk-1 I2 response to 10µM H2O2 
Movie 14- pmk-1 PHA response to 10µM H2O2 

Legend of movies 1-14 (related to Figs. 3, 4) 
All movies show the neuronal responses to H2O2 in I2 and PHA neurons visualized using the 
GCaMP3 calcium sensor, in animals trapped in microfluidic chambers. All movies shown have 
been processed for re-alignment to facilitate response visualization (using the Matlab 
Readworm_PHA code), and accelerated 60 times. See Sup. Figs. 5, 6, 7 for corresponding 
fluorescence intensity measurements of these movies. 

Movie 15- I2 response to light 
Movie 16- PHA response to light 
Movie 17- I2 and PHA simultaneous responses to light 

Legend of movies 15-17 (related to Fig. 4) 
Neuronal responses to blue light (485nm) in I2 and PHA neurons visualized with the GCaMP3 
calcium sensor. Original movies have been colored artificially (using Fiji ‘glow’ look up table) 
to highlight fluorescence intensity variations. Note the different pace of response of each neuron 
especially in the simultaneous recording (movie 17), and the contrast between the quasi 
instantaneous response of the posterior neurite in I2 neurons (movies 16,17, Fig. 4G) and the 
strikingly long soma response in PHA (movies 16,17, Fig. 4H). Accelerated 5 times.  
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Supplemental Methods 

I- Matlab tutorial for analysis of C. elegans neuronal activation using a calcium sensor

These codes have been created for tracking timelapse recordings of left and right 
neuronal pairs expressing a calcium sensor such as GCaMP, and available at: 
https://github.com/gcharvin/viewworm. Below are described the sequential functions to run 
under Matlab to perform movie quantification.  

Upon acquisition, movies should be cropped as small as possible to minimize 
processing time and should be save as .tif files.  
Note: we recommend to first make a 4D-projection of the original movie, draw the smallest 
ROI around the neurons and transfer it to the original movie, to ensure that all frames are 
properly included in the cropped selection. 

1. Movie registration

—>  readworm_PHA (‘movie_name.tif')

After ROI selection with the 2 neurons of interest (shown above), the function 
readworm_PHA processes every movie time point and performs the alignment of neurons, 
generating two files:  

movie-registered.mat 
movie.mp4 

The mp4 allows the user to quickly verify that the movie has been correctly aligned. 
Note: supplemental movies 1-14 were generated using this program. 

2. Neuron segmentation, selection and tracking

—> viewworm_2(‘movie_name')

The function opens a figure project with several images and buttons.
The top left image allows movie traveling in the registered movie for each frame, using the 
right and left keyboard arrows, or typing directly the frame number in the box at the bottom of 
the window. To better visualize neurons, the intensity threshold of the image viewer can be 
adjusted with the top and bottom keyboard arrows. 

Using the ‘Pixel Train’ button, the user teaches the program which pixels should be 
selected for neuronal segmentation by painting them in green (left mouse click). The pixels  
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which should not be included for segmentation are painted in red (right mouse click). This 
needs to be done for several time points to obtain the best segmentation results, especially 
during the neuronal response. Below is shown an example with the selected neurons in green 
and the posterior neurite in red (excluded from the analysis), during the response. 

When this teaching has been done as often as needed, the user clicks ‘Classify pixels’, 
leading to the neuron segmentation as defined by the user. Then the user defines each 
neuron in the bottom segmented image, by clicking the ‘Select neurons‘ button: 

right click—> red selection (left neuron); 
left click —> blue neuron (right neuron); 

Upon pressing the ‘Track’ button, left and right neurons will be tracked for all movie time 
points. Upon pressing ‘Plot’, the mean fluorescence intensity is indicated as a function of 
time, generating the red and blue curves in the bottom right panel, as shown below. 

Important note : this step allows the correction of tracking errors at every frame. 
The quality control is performed by the user by selecting the appropriate neuron and clicking 
‘Track’ again until all tracking errors are corrected. Below is shown an example of error 
correction at time point 164 (pixels colored in green are excluded from the quantification in 
the bottom left box): 
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When the movie is properly tracked to the end, click ‘Save’ button to obtain the .fig 
files which will be used for subsequent analyses. The user needs to indicate the T0 in the 
command window, which corresponds to the time point at which the stress/ stimulus was 
applied.  

Finally click on ’Movie’ to generate an mp4 movie showing the registered, segmented 
and tracked movies altogether, allowing an assessment of the global quality of the analysis. 

Once all movies have been successfully processed, create a folder containing all the 
individual .fig analyzed files, which will be used for processing the average curve. 

3. Average curve processing

—> averageGCamp2(‘folder_name')

In the command window, assign [low, high, offset]=averageGCamp2(‘folder_name’)

—> processAverage(‘low,high,offset')

This function will generate average curves for red and blue neurons, for raw and
normalized data. 

Finally to retrieve individual intensity mean values at the response peak, run the 
ExportSingleWormData function which will produce an Excel sheet with all individual peak 
values. 
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II- Analysis of single cell transcriptomic data in ASH and PHA neurons (for the
generation of the dot plots in supp. Fig. 8)

Single-cell RNA-sequencing data was generated by (Cao et al. 2017). Clusters and sub-
clusters were defined as described in (Lorenzo et al. 2020), using Louvain clustering at 8 PCs 
and at 1.2 resolution. The dataset normalization was performed using Seurat v4 (Hao et al. 
2021), and visualized using dot plots. We performed differential analyses using the 
‘FindMarkers’ function of Seurat v4 to compare cluster 28 versus all neurons (Table S3); 
cluster 28.0 (PHA) versus all neurons (Table S4); clusters 28.1 (ASH) versus all neurons 
(Table S5). Selected genes were chosen among the most significantly enriched from these 
lists. 
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Supplemental tables 

Table S1- List of strains used 

N2   wild type, reference strain 
CTD1051.3  N2 whEx127 [fNH059 (PRDX-2::GFP)+pRF4 (rol-6(su1006)]  (Hirani et al. 2013) 
SXB01   prdx-2(gch01[PRDX-2::GFP, unc-119(+)]) II; unc-119(ed3) III 
SXB05   prdx-2(gch03[PRDX-2::GFP, unc-119(+)] II; unc-119(ed3) III 
SXB15  5 times outcrossed SXB01 prdx-2(gch01[PRDX-2::GFP, unc-119(+)] II 
SXB19  5 times outcrossed SXB05 prdx-2(gch03[PRDX-2::GFP, unc-119(+)] II 
HT1593 7 times outcrossed unc-119(ed3) III  (Dickinson et al. 2013) 
QV225  skn-1(zj15) IV  (Tang, Dodd, and Choe 2016) 
SXB21   prdx-2(gch03) II; skn-1(zj15) IV 
MT21650  nIs575[flp-15prom::GCaMP3, lin-15(+)] III; lin-15(n765) X  (Bhatla and Horvitz 
2015) 
MT21570  nIs575 III; lite-1(ce314) lin-15(n765) X   (Bhatla and Horvitz 2015) 
MT21785  nIs575 III; gur-3(ok2245) lin-15(n765) X  (Bhatla and Horvitz 2015) 
KU25  pmk-1(km25) IV   (Mizuno et al. 2004) 
VC289   prdx-2(gk169) II  (The C. elegans Deletion Mutant Consortium et al. 2012) 
SXB53   prdx-2(gk169) II; nIs575 III 
SXB63   unc-119(ed3) III; gur-3(gch16[GUR-3::GFP, unc-119(+)]) X 
SXB67   nIs575 III; pmk-1(km25) IV 

All SXB strains were made in the course of this study. 

Table S2- Sequences of the oligonucleotides used 
All primers listed below are in the 5’-3’orientation. 

1°) PRDX-2::GFP knock-in 
Introduction of prdx-2 sgRNA (into pMLS256): 

Forward: TTGAGTGCTTCTTGAAGTACTCT  
Reverse: AACAGAGTACTTCAAGAAGCACT 

PCR amplification of 5’ and 3’ homology arms (HAs) of prdx-2 (including a SapI restriction 
site and template-specific overhangs): 

— 5’ HA PCR product (542bp), upstream prdx-2 stop codon: 
Forward: TGTGCTCTTCTTggACCCACTTGACTTCACT  
Reverse: gtgGCTCTTCgCGCGTGCTTCTTAAAGTATTCTTGACTTTCTTTGA (with 
silent mutations to change the PAM sequence) 

— 3’ HA PCR product (570bp), starting at prdx-2 stop codon: 
Forward: actGCTCTTCGggtTAAatgtcttacatctctaatttcc 
Reverse: ttaGCTCTTCTtacatctccgtcctcctctaatgatgt 

2°) GUR-3::GFP knock-in 
Introduction of gur-3 sgRNA : 

Forward: TTGtaagacaattttatTTACAC 
Reverse: AACGTGTAAataaaattgtctta 
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PCR amplification of 5’ and 3’ HAs of gur-3 (with SapI restriction site and template-specific 
overhangs): 

— 5’ HA (614bp), upstream gur-3 stop codon: 
Forward: tgaGCTCTTCaTGGgttatcatttaaccgtgattgcatgca 
Reverse: gacGCTCTTCtCGCCACAGGTGGTTGGACAATGAGCA 

— 3’ HA (555bp), downstream gur-3 stop codon: 
Forward: tccGCTCTTCtGGTTAAataaaattgtcttaacattttccccatattga 
Reverse: tttGCTCTTCgTACtctcgtttaacgatttctcctgtctga 
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Appendix 5 
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Appendix 5: (Collaboration) Self-Learning 
Microfluidic Platform for Single-Cell Imaging and 
Classification in Flow 
This paper is the result of a collaboration with the Knop lab (Heidelberg). In this study, I 

participated in the development and fabrication of a microfluidic device for 3D focusing of 

cells, in order to reproduce a cytometer-like microfluidic device in which the analysis is 

performed by a machine-learning algorithm. 

(See paper next page) 
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Abstract: Single-cell analysis commonly requires the confinement of cell suspensions in an analysis
chamber or the precise positioning of single cells in small channels. Hydrodynamic flow focusing
has been broadly utilized to achieve stream confinement in microchannels for such applications.
As imaging flow cytometry gains popularity, the need for imaging-compatible microfluidic devices
that allow for precise confinement of single cells in small volumes becomes increasingly important.
At the same time, high-throughput single-cell imaging of cell populations produces vast amounts of
complex data, which gives rise to the need for versatile algorithms for image analysis. In this work,
we present a microfluidics-based platform for single-cell imaging in-flow and subsequent image
analysis using variational autoencoders for unsupervised characterization of cellular mixtures. We use
simple and robust Y-shaped microfluidic devices and demonstrate precise 3D particle confinement
towards the microscope slide for high-resolution imaging. To demonstrate applicability, we use
these devices to confine heterogeneous mixtures of yeast species, brightfield-image them in-flow
and demonstrate fully unsupervised, as well as few-shot classification of single-cell images with
88% accuracy.

Keywords: microfluidics; 3D flow focusing; 3D particle focusing; particle/cell imaging; bioMEMS;
unsupervised learning; neural networks; variational inference

1. Introduction

Phenotypic profiling of cell populations is routinely performed in research and diagnostic
laboratories using flow cytometry [1–3]. Flow cytometry provides cellular analysis at an unparalleled
throughput and allows for the screening of diverse samples and the isolation of cell subpopulations for
further study. Standard applications of flow cytometry employ multi-channel fluorescence detection
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and sample characterization based on light scattering and fluorescence signal intensity, which provide
limited spatial resolution [4]. Imaging flow cytometry combines the speed and sample size of flow
cytometry with spatial resolution and allows for the acquisition of images and their use for sample
characterization and sorting decisions [5]. While imaging flow cytometry gives researchers the
opportunity to conduct multiparametric analysis of cell populations based on single-cell images,
acquiring high-resolution images at throughputs common in flow cytometry remains challenging.
This is primarily due to the difficulty of precisely positioning cells, and the challenges associated with
imaging fast moving objects [6].

Recently, there has been a push towards the development of microfluidic-based flow cytometers
with the aim to reduce complexity and sample volume and increase accessibility and portability [7,8].
One challenging aspect in the miniaturization of flow cytometers has been the focusing of fast-moving
cells in a small, defined volume. Successful 3D hydrodynamic focusing techniques have been
demonstrated over the past decade, but many rely on multi-layer structures, incompatible with
polydimethylsiloxane (PDMS)-based soft-lithography [9–11]. Additionally, particles in these devices
are focused to the center of tall microfluidic channels, tens, or hundreds of micrometers away from the
microscope slide which is suboptimal for imaging flow cytometry [12]. For better signal-to-noise ratio,
it is preferable that particles are positioned as close to the microscope slide as possible, minimizing
background fluorescence. More importantly, when the specimen is located far from the surface of
the cover slip the resolution obtained using high numerical aperture (NA) oil objectives is impaired.
The use of such objectives is required for sensitive fluorescence detection, but resolution decreases with
distance due to optical aberrations arising from a difference in refractive index between the immersion
liquid (oil) and the sample (particles in aqueous solution) [13,14]. Moreover, due to the limited depth
of field in conventional microscopy, particles in imaging microfluidic cytometers need to be focused in
a small volume along the z-axis for high resolution imaging [15].

Microfluidic devices designed for imaging flow cytometry have been demonstrated with partial
success. Devices that utilize inertial forces (i.e., inertial lift and Dean forces that arise from fluid and
particle inertia) for cell positioning have been a popular alternative to sheath flow-based particle
steering. The most prominent examples include curved and spiral microchannels, but successful
positioning in such devices demands high flow rates that often compromise image quality [16,17].
While imaging technologies for flow cytometry have been suggested, imaging particles moving at
high velocities while processing captured images in parallel still remains challenging [6]. Another
popular device design used for imaging applications utilizes channel heights that are comparable in
size to the particles being imaged. Such forced confinement works well for bigger cells, like blood
cells, but it’s prone to clogging, which makes it unsuitable for smaller cells that often tend to aggregate,
such as yeast cells [18]. Recently, the first presentation of a microfluidics-based, imaging flow cytometer
capable of cell sorting was demonstrated, and it is expected to lead the way for a new field to emerge
in microfabrication [19]. Despite the successful demonstration, this system is complicated to set up
and operation still requires trained technicians.

Another big challenge associated with high-throughput imaging flow cytometry is the vast amount
of complex data collected. As manual analysis of such data sets would be prohibitively slow and
laborious, automated image analysis using advanced algorithms is necessary. In the case of standard
flow cytometry, event data is low-dimensional and can be analyzed semiautomatically using gating
on fluorescence channel intensities and standard non-parametric clustering of gated events [20–22].
Here dimensions correspond to meaningful visual features such as cell shape and cell focal plane.
These approaches break down in the face of high-dimensional data due to what is known as the
‘curse of dimensionality’ [23]. For complex, high-dimensional data such as single-cell images, distance
measures become less useful for clustering and values in single dimensions (i.e., pixel values) become
less informative for gating purposes [24]. Using hand-crafted sets of image features, more informative
low-dimensional representations of images can be extracted [25,26]. Such features could include
texture and image moments, or in more specific cases, cell features like elongation and size. However,
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these representations are task specific, and may not reflect any kind of biologically relevant properties.
To counteract these restrictions, neural networks are becoming popular for the task of learning
biologically interpretable classifiers for imaging data based on which different types of cells can be
classified [27–29]. However, in order to apply neural networks to a classification problem, the data
need to satisfy two main conditions: classes of data need to be known, and data acquisition and
annotation should be efficient. For example, neural networks can be trained and applied for the
classification of single-cell imaging data with known categorical factors of variation (e.g., species,
or protein localization) and easily acquired and annotated training data sets. Successful applications of
neural network classifiers include imaging flow cytometry, image activated cell sorting [19], and offline
analysis of single-cell imaging data [27,29]. Other classifiers such us support vector machines (SVM)
have also been similarly used for the offline analysis of single-cell imaging data [30,31]. However,
such approaches become difficult to use when it comes to analyzing complex populations of a priori
unknown factors of variation, or performing classification tasks using limited training data.

The characterization of a data set without the use of training examples is known as unsupervised
learning. As fully unsupervised classification is a hard problem, a variety of methods focus on
simplifying this task by learning meaningful low-dimensional representations of high-dimensional
data [32]. For that reason, neural networks are not trained directly for classification, but on related tasks,
where it is possible to generate training data artificially [33–35]. A more natural approach to imaging
data classification is learning to generate realistic image samples from a data set [36–38]. For example,
networks can be trained to predict the relationship between rotations, zooms and crops of a given image,
or learn to construct realistic images from a low-dimensional representation. This way, the networks
learn low-dimensional features relevant to their training data and by extension to downstream
classification tasks, without explicitly being trained on annotated examples. Recent approaches further
demand low-dimensional representations to be human-interpretable, such that every dimension
corresponds to a single factor of variation of the training dataset. For example, training on single
cell images should result in a representation, where one dimension corresponds to cell type, another
to cell size and yet another to the position of the cell within the image. Such representations
are referred to as disentangled representations. Disentangled representations have been shown
to be beneficial for classification using very few training examples (few-shot classification) [39].
A subset of unsupervised learning methods known as variational autoencoder (VAE) provide a
foundation for learning disentangled representations that are simple to train and implement [40–45].
In particular, FactorVAE and related methods explicitly modify the VAE training process to promote
more interpretable representations.

In this report, we attempt to bridge the gap between technology and biology and present a
self-learning microfluidic platform for single-cell imaging and classification in flow. To achieve 3D
flow and particle focusing, we use a simple microfluidic device, based on a variation of the commonly
used three-inlet, Y-shaped microchannel. We utilize a difference in the height between sheath and
sample inlet to confine heterogeneous cells in a small controllable volume directly adjacent to the
microscope cover slide, which is ideal for high-resolution imaging of cells in flow. Even though the
device design is conceptually similar to previous designs [46–48], controlled 3D hydrodynamic flow
focusing has never been fully demonstrated in such devices, nor has particle positioning in focused
flow streams been investigated. In this study, we fully characterize different device variations using
simulations, and experimentally confirm 3D flow focusing using dye solutions. Additionally, we use a
novel, neural network-based regression method to directly measure the distribution of microspheres
and highly heterogeneous cells within the focused stream. We confine and image mixtures of different
yeast species in flow using bright-field illumination and classify them by species by performing fully
unsupervised, as well as few-shot cell classification. To our knowledge, this is the first application of
unsupervised learning to classification in imaging flow cytometry.
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2. Materials and Methods

2.1. Device Design and Fabrication

To achieve sample flow focusing close to the surface of the microscope cover slip we redesigned
a simple microfluidic device based on a variation of the commonly used Y-shaped microchannel
(Figure 1) [9,46–48]. For the fabrication of the silicon wafer master, we used standard two-layer,
SU-8 (MicroChem, Westborough, MA, USA) photolithography [49]. Figure S1a,b show the two layers
of photoresist used in the fabrication process. By sequentially combining these two layers, we created
a device with three inlets and one outlet, as shown in Figure S1c. The two outer inlets introduce sheath
fluids in the device and are taller than the middle inlet, which delivers the sample containing the
particles under investigation (i.e., microspheres, cells). The height ratio between the sheath inlets and
sample inlet can be controlled by adjusting the height of photoresist and several ratios can be fabricated
for testing using the same set of photomasks. Devices for testing were fabricated using single-layer,
PDMS-based soft lithography (SYLGARD™ 184 Silicone Elastomer, Dow Chemical, Midland, MI,
USA) [50]. Since the difference in inlet height is created at the wafer-level, PDMS devices are fabricated
in a single step, with no need of assembling a multi-layer structure.
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Figure 1. (a) Lengthwise 3D device cross-section showing the difference in height between the sheath
and sample inlets. Red color is used to show the bottom layer of photoresist, and also the device
footprint. The top layer of photoresist is shown in grey (mirror symmetry across the y-axis applies).
The difference in height between the sheath inlet and the sample inlet shown is not drawn to scale
and only serves as an example; (b) Device top view showing the flow focusing mechanism, where the
black area is occupied by sheath fluid and the green area is occupied by the sample; (c) 2D lengthwise
cross-section of the channel (front view) showing sample confinement from both the top and the sides.

2.2. Flow Focusing Principle

A schematic of the full device geometry is shown in Figure 1a. For better visualization of the
difference in height between the sheath inlets and the sample inlet, a lengthwise 3D cross section
of the device is provided. Any desired height ratio is possible as long as the layer thickness lies
within the resolution of the photoresist and the height:width channel aspect ratio remains lower than
1:10 to ensure that channels will not collapse. The flow focusing mechanism behind these devices is
shown in Figure 1b (top view; xy-plane) and Figure 1c (cross section; xz-plane). We use a three-inlet,
Y-shaped microchannel to introduce the sample along with two sheath flows. The sample enters
the device from the middle inlet (shown in green) and is enfolded by two sheath streams (shown in
black, Figure 1b). Due to the occurrence of laminar flow in microchannels, the three streams flow
parallel to each other without convective mixing [51]. While 2D sample confinement on the xy-plane
has been demonstrated in similar devices numerous times [52–54], simultaneous flow confinement
along the z-axis (3D flow focusing) has only been briefly investigated [46–48]. One example is a paper
by Scott et al., where 2D and 3D flow confinement were achieved in devices of similar geometry,
but confinement below the sample inlet height required a geometry modification, a step in the outlet
channel after the junction [46]. One other example is a paper by Chung et al. where 3D flow confinement
was demonstrated successfully, but control over the degree of confinement also required geometry
modifications [48]. Flow focusing along the z-axis is illustrated in Figure 1c. As drawn in the figure,
due to the difference in height between the sheath and sample inlet, sheath fluids surround sample
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flow from all sides (black color), constraining it in a small volume close to the microscope cover slide.
Here, the final volume occupied by the sample stream merely depends on the sheath-to-sample flow
rate ratio, with higher sheath flow rate resulting in further sample confinement in both the xy- and
xz-planes for any given device height.

2.3. Device Simulations

The device geometry was parameterized within COMSOL Multiphysics®, leaving the channel
widths, the sample channel height and the sheath fluid channel height as variables. Two-fold
symmetry was exploited by simulating only one half of the device split along the x-axis, applying
symmetric boundary conditions where appropriate. Steady-state fluid flow through the device was
simulated using the computational fluid dynamics (CFD) module, coupled to the transport of diluted
species module for all simulations involving fluorescein. We used the particle tracing module for all
simulations involving microparticles. Simulations were conducted under the assumption of laminar
flow, with no-slip boundary conditions on all walls. Inlets were subjected to laminar inflow constraints,
parameterized by the sample flow rate and the sheath flow rate respectively. The outlet pressure was
constrained to zero. Fluid parameters were assigned for liquid water at 293 K. For simulations involving
fluorescein, the sample inlet was subjected to a concentration constraint, fixing the concentration of
fluorescein at the inlet to its experimental value of 1 mM/mL. All other inlets were subjected to zero
concentration constraints. Coupled CFD-transport systems were solved using COMSOL’s default
solver. Maximum sample (fluorescein) height was calibrated using experimental data for a single
set of sample and sheath flow rates, yielding a threshold concentration of fluorescein in the model.
Fluorescein heights and widths were predicted by thresholding fluorescein concentration at the outlet.
Particles used in tracing simulations were assumed to have a diameter of 6 um and density 1.002 kg/L,
within the range of the parameters of a Saccharomyces cerevisiae cell [55]. Particles were subjected to
Stokes’ drag, neglecting other force contributions. The simulation was initialized with 500 particles
uniformly distributed at the sample inlet and traced for 10 ms. Particle positions were registered at
the outlet and used to compute the mean particle position and its standard deviation for comparison
with experiment.

2.4. Microscopy

To visualize flow focusing and particle confinement in these devices we used confocal microscopy
(Leica TCS SP5 confocal microscope). Threshold was determined for the lowest-flowrate image using a
modified version of the iterative intermeans algorithm as implemented in ImageJ (default method) [56].
This threshold was kept fixed for thresholding subsequent images. The concentration of microspheres
(Fluoresbrite polychromatic red 6.0 micron, Polysciences Inc., Warrington, PA, USA) dispersed in
fluorescein solution was 107 particles/ml. For bright-field imaging we used a Nikon Eclipse Ti-U
inverted microscope. Images were acquired using a chromatic aberration free infinity (CFI) Plan Apo
Lambda 60× oil objective (NA 1.4). The calculated lateral resolving power of the objective at 380 nm
is 139 nm and the focal depth is 515 nm. A Point Gray Grasshopper (GS3-U3-23S6M-C) camera was
used for image acquisition. Images of microspheres in flow were captured at 1330 frames/s and 7-µs
exposure times. Images of yeast in flow were captured at 1000 frames/s and 5-µs exposure times.

Stationary images for neural network training were captured at the same conditions. Z-stacks
were acquired at 0.25 µm offset between slices. Stacks were segmented automatically using a version of
the Multiscale Adaptive Nuclei Analysis (MANA) algorithm adapted to bright-field image stacks [57].
Cell-containing frames were automatically detected by keeping images with maximum patch-wise
variance at least twice as high as mean image variance. 128 × 128-pixel crops were extracted from
cell-containing frames by locating the image-patch of maximum variance and cropping a square of
128 × 128 pixels around the patch center.

307



Micromachines 2019, 10, 311 6 of 21

2.5. Microsphere Z-Displacement Regression

To determine the offset of each imaged bead from the focal plane, we used neural network-based
regression. Z-stacks of static microspheres served as a training set (Supplementary File S1). A neural
network was implemented in PyTorch (Figure S2a) [58]. It consisted of three convolutional blocks
with leaky rectified linear unit activation [59,60], with batch normalization in every layer but the
last. The network was trained on the z-stack data until convergence using the Adam optimizer with
mean square error loss and initial learning rate 1 × 10−4 to predict the displacement of bead centers
with respect to the focal plane [58,61]. Training images were augmented using random rotations,
cropping and addition of Gaussian noise with mean 0 and standard deviation 0.1. Bright-field images
of microspheres in flow were evaluated using the network and a z-displacement distribution of
microspheres was computed.

2.6. Yeast Cell Z-Distance Regression

To determine the offset between yeast cell images acquired in flow and the focal plane, the strategy
used for microspheres (see above) is not easily applicable, since yeast cells exhibit high variability in
size and shape. Instead, we used pairs of bright-field cell images captured within the same field of view
and at known z-distances from the focal plane. Z-stacks of stationary cells for all yeast species under
consideration were acquired with an inter-slice spacing of 0.25 µm. Single-cell stacks were cropped from
the acquired fields of view. Image augmentation (rotation, translation, mirroring, addition of noise)
was used to yield visually different images at a known z-distance. Using this information, we trained
a siamese neural network (Figure S2b) to predict the z-distance between pairs of single-cell images.
A siamese neural network yields predictions for inputs relative to a reference by first embedding
the reference and inputs using the same neural network module, concatenating the results of the
reference-path and target-path, and finally applying a further neural network module for input-reference
comparison [62]. This is done to discourage the neural network from learning to compare the input
images pixel-by-pixel, instead of on a global scale. The siamese neural network was trained to infer the
distance between pairs of z-stack slices for a single cell. Slices were augmented by random rotations,
translations, zoom and Gaussian noise with mean 0 and standard deviation 0.1. The network was
trained using the Adam optimizer with initial learning rate 1 × 10−4 until convergence [61]. Bright-field
images of yeast cells in flow were embedded using the neural network. A well-focused S. cerevisiae cell
was chosen as a reference for z-distance computation. Z-distances-to-reference were computed for all
single-cell images to derive a z-displacement distribution.

2.7. Unsupervised Learning For Cellular Mixtures

To characterize a set of captured single-cell images, we use a probabilistic generative approach.
We assume that for single-cell yeast images, x is drawn from a distribution pθ(x) = pθ(x|z) p(z) with
parameters θ where z are low-dimensional latent variables, p(z) is the prior distribution of latent
variables, and pθ(x|z) is the likelihood of an image x given a latent vector z. Here, pθ(x|z) is given by a
neural network. Following [36], we construct a neural network to give a variational approximation
qθ(z|x) to the true posterior p(z|x) by reparameterization and optimize the variational lower bound
to the marginal log-likelihood log p(x) with respect to all neural network parameters θ (Figure S3).
The neural network qθ maps single-cell images to samples from the low-dimensional latent distribution,
and can thus be understood as an encoder, embedding data points into latent space. Similarly, pθ can be
understood as a decoder, mapping samples from the latent distribution to high-dimensional single-cell
images. Optimizing the variational lower bound is then realized as training the encoder and decoder
to reconstruct input images well, under the constraint that the latent distribution should be as close
as possible to the prior distribution p(z) (Figure S3, purple term). To successfully learn a latent
space, where latent dimensions correspond to meaningful visual features (e.g., cell shape, cell focal
plane), we follow and implement the FactorVAE term in the variational lower bound promoting
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the independence of latent dimensions (Figure S3, red term) [40]. This term penalizes the latent
distribution’s total correlation (TC) as given by the Kullback–Leibler (KL) divergence of the marginal
distribution q(z) and its corresponding factored distribution, which is a product of the distributions for
each latent dimension [63]. This forces the latent distribution to be close to a product of independent
distributions. Therefore, the neural networks are encouraged to learn a more strongly disentangled
latent representation.

For our data set, a variational autoencoder with FactorVAE loss was trained on cell-containing
crops (size 128 × 128 pixels) from continuous-flow imaging [41]. The encoder consisted of six
convolutional kernels of size 3 × 3 with ReLU activation [59], and batch normalization with an
increasing number of features (16, 32, 64, 128, 256, 512) [64], followed by reparametrization to yield
a sample from a 10-dimensional normal distribution [36,65]. The decoder consisted of transpose
convolutions in the reverse order of the encoder, again followed by ReLU activation and batch
normalization. The discriminator used for FactorVAE loss computation was a multi-layer perceptron
(MLP) with two layers, 64 hidden units and ReLU activation. The networks were trained using the
Adam optimizer with initial learning rate 5 × 10−4, and factor loss balancing parameter γ = 10 until
convergence. K-means clustering as implemented in scikit-learn was applied to the latent space to
separate S. cerevisiae cells from S. pombe cells and compared to ground-truth species labels [66]. Nearest
neighbors for sample cells were extracted using euclidean distance in latent space. The latent space
was visualized in 2D using t-distributed stochastic neighbor embedding (TSNE) [67].

3. Results and Discussion

3.1. Simulation Results

Our goal is to use these microfluidic devices to deliver and confine yeast cells for in-flow imaging.
Since cell diameter for yeast is typically 4–8 µm, we aim to confine sample flow within 10 µm from the
microscope cover slide. To optimize our design, we used COMSOL Multiphysics® to simulate the effect
of device height and sheath-to-sample flow velocity ratio on the maximum distance between sample
and microscope cover slide, referred to here as “sample height”. The results of the parametric sweep
are shown in Figure 2a. According to the simulation, any sheath-to-sample flow velocity ratio over 20
(Figure 2a, y-axis) should result in sample height below 10 µm (Figure 2a, color scale, darker green color)
relative to the coverslip. This appears to be independent of the height of the device used (Figure 2a,
x-axis). To test the simulation results, we fabricated two devices with different heights, the cross sections
of which are shown in Figure 2b. The first device has a total height of 60 µm (10 µm bottom layer height
+ 50 µm top layer height), and the second device has a height of 120 µm (10 + 110 µm).
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3.2. Sample Confinement Testing Using Fluorescein

To visualize flow focusing in these devices we used confocal microscopy. Fluorescein dissolved in
water was introduced through the sample inlet and was kept at a constant flow rate of 0.25 µL/min
(0.87 mm/s). Water was used as sheath fluid and was introduced through the two taller, outer inlets at
increasing flow rates. Figure 3a shows a montage of confocal images (channel cross section) for the
device with a height of 60 µm. As predicted by simulation, for increasing sheath flow rates the volume
occupied by fluorescein in the channel is progressively reduced. We observe fluorescein confinement
in all directions, seen in the pictures as a reduction in the width and height of the fluorescein cone,
also shown as an image overlay in Figure 3b. The reduction in the height of the fluorescein cone
corresponds to confinement towards the microscope cover slip. When sheath flow rate is equal to
sample flow rate (0.25 µL/min), fluorescein occupies a large fraction of the channel volume (red).
With increasing sheath flow rates, the volume occupied by fluorescein shrinks towards the cover slip
(black). The highest sheath flow rate achieved without affecting flow equilibrium was 20 µL/min,
corresponding to a sheath-to-sample flow velocity ratio of 16. This is quantified in Figure 3c in a plot
showing the measured fluorescein heights for every sheath flow rate tested. As seen in the graph,
experimentally measured fluorescein heights correspond well with the equivalent values obtained
from simulations, for sheath flow rates up to 20 µL/min. Since our final goal is to use optimized devices
for applications in single-cell imaging in flow, sample flow rates were kept low in order to avoid image
blur during imaging. For applications in flow cytometry, sample focusing can be optimized at higher
flow rates.
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Figure 3. (a) Confocal microscopy images at increasing sheath-to-sample flow velocity ratio for 10
+ 50 µm device. As sheath flow rate increases, fluorescein is confined both towards the microscope
slide (bottom), as well as from the sides. In the z-direction the pixel size is w = 0.41 µm, h = 0.65 µm;
(b) Z-projection of thresholded confocal microscopy images showing fluorescein confinement for
increasing sheath flow rate; (c) Simulated (black) and experimentally measured (red) fluorescein heights
for constant fluorescein flow rate of 0.25 µL/min and varying sheath flow rates. Shaded area highlights
fluorescein height below 10 µm.

Using these devices, we were not able to experimentally reproduce simulated sheath flow rates
over 20 µL/min and fluorescein confinement below 10 µm was not achieved (maximum confinement
was ~14 µm). Instead, for sheath flow rates over 20 µL/min (34.72 mm/s) we saw fluorescein backflow
towards the sample inlet, suggesting a large difference in pressure between the sheath and sample
inlets not predicted by the simulation shown in Figure 2a. To predict pressure driven backflow
in microchannels using COMSOL Multiphysics®, pressure constraints need to be applied. For all
simulations shown in this work, flow velocity constraints that prohibit backflow were applied instead.
Indeed, when pressure constraints are applied instead of velocity constrains, we see a negative velocity
in the x-direction within the sample channel, which confirms flow towards the sample inlet for sheath
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flow rates above 20 µL/min (Figure S4). These results demonstrate that devices with a height of 60 µm
do not fulfill the necessary requirements for sample flow focusing within 10 µm from the coverslip.

To eliminate the problem of sample backflow towards the inlet we next tested devices with a
height of 120 µm. An increase in the area of the channel cross-section is expected to alleviate backflow
since channel pressure is expected to drop. The logical way to achieve this would be to increase channel
height, as opposed to channel width, as we would otherwise lose horizontal focusing. Similar to the
previous device, the fluorescein flow rate was kept at 0.25 µL/min and sheath flow rate was slowly
increased from 0.25 µL/min (0.43 mm/s) to 200 µL/min (347.22 mm/s). Again, to evaluate fluorescein
confinement we used confocal microscopy and the results are shown in Figure 4a. We found that for
a 1:1 sheath-to-sample flow rate ratio, fluorescein occupies a large fraction of the channel volume,
also shown in red in the image overlay in Figure 4b. With increasing sheath flow rates, we observe
continuous fluorescein confinement, seen in the figures as a reduction in the width and height of the
fluorescein cone. Quantification of the fluorescein cone height from the images revealed a confinement
within a distance of 10 µm from the cover slip at flow rates over 100 µL/min (173.61 mm/s), shown as
the shaded area in the graph in Figure 4c. The distance between the microscope slide and the tip
of the fluorescein cone decreased further to a minimum of ~5µm when the highest tested flow rate
(200 µL/min) was used. At such high sheath flow rates, sample flow begins to become unstable,
which results in a change in the observed fluorescein shape, as seen in Figure 4a. Importantly, due to
the larger cross-section of this device, flow equilibrium was maintained, and no fluorescein backflow
was present even at very high sheath-to-sample flow rate ratios. As seen in the graph, experimentally
measured fluorescein heights correspond well with the equivalent simulated heights, and confinement
below ~5 µm was experimentally reproduced. To better visualize confinement, we used COMSOL
Multiphysics® to generate animations that show sample flow confinement with increasing sheath flow
rates in 2D and 3D, see Supplementary Animation S1 and S2. In summary, devices with a height of
120 µm can robustly confine fluorescein as close as ~5 µm from the microscope slide.
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Since these devices are optimized for use in single-cell imaging in flow, it is important that
flow focusing is maintained for several hundred micrometers after the junction in order to provide
enough space for cell detection, cell imaging, and potential integration of cell sorting mechanisms [68].
We therefore investigated four positions within the device with increasing distance from the inlet
junction; 100 µm, 500 µm, 1.1 mm, and 2.1 mm. Confocal microscopy images of fluorescein dissolved
in water were taken at these positions and are shown in Figure S5i–iv. Flow equilibrium and sample
confinement is maintained along the main channel even 2 mm away from the junction ensuring
enough space for cell imaging and sorting. Even though the height of the fluorescein cone remains the
same along the channel, fluorescein diffuses into the sheath fluid (water), which is to be expected in
channels characterized by laminar flows where mass transport by transverse diffusion is the dominant
mechanism for mixing [69,70].

3.3. Simulation of Particle Positioning and Validation Using Microspheres

For high-resolution imaging of cells flowing in these devices, it is important to be able to
predict how cell position varies along the z-axis according to the flow rates used. To evaluate the
equilibrium position of particles flowing in such channels, we first used simulations where we traced
500 microspheres with a diameter of 6 µm uniformly distributed at the sample inlet. We found that at
low sheath flow rates, the mean equilibrium position of the microspheres (red squares in Figure 5a)
is predicted to be closer to the tip of the fluorescein cone (Figure 5a, black squares) rather than the
coverslip. In other words, the center of gravity of the microspheres is predicted to be on average closer
to tip of the fluorescein cone than the coverslip. With increasing sheath flow rates (above 100 µL/min)
and as the size of the fluorescein cone is decreasing due to flow confinement, the simulations predict
that the mean equilibrium position of the microspheres will shift towards the microscope slide, close to
the center of the fluorescein cone. This shift in the mean position of microspheres follows a shift in the
flow streamlines, which is in turn based on an increase in the shear force exerted by the velocity gradient
at higher flow rates (Figures S6 and S7). To validate the results from the simulations, we dispersed red
fluorescent microspheres in fluorescein solution and used confocal microscopy to track their location.
Due to the limited speed and the line-scanning mode of data acquisition in confocal microscopy,
the moving microspheres appear as lines (Figure 5b,c). Even though the confocal microscope image in
Figure 5b qualitatively confirms that particles equilibrate on average closer to the tip of the fluorescein
cone rather than the base, a quantitative measurement of the position of microspheres is not possible
due to limitations of the microscope. Simulations shown in Figure 5c, however, mathematically
reproduce the microscopy data shown in Figure 5b. Again, most microspheres are predicted to reach
equilibrium closer to the tip of the fluorescein cone (green contour) rather than the cover slip (bottom
of the figure). To facilitate comparison between experimental and simulation data we included a
juxtaposition of the two as an inset in Figure 5c.

To further quantify the distribution of microsphere positions within the sample phase without
line-scanning artefacts, we used bright-field microscopy to image microspheres in flow at a fixed
z-position in devices with a height of 120 µm. We set the imaging z-position to match the mean
equilibrium z-position of microspheres predicted by simulation. Microspheres were dissolved in water
at a concentration of 107 particles/ml and were introduced into the device through the sample inlet.
To keep the particle velocity within the range we can image without being affected by image blur,
we used sample flow rate of 0.1 µL/min and sheath (water) flow rate of 10 µL/min. These flow rates
resulted in microspheres being confined within 16 µm from the coverslip, with a mean equilibrium
position at approximately 10 µm away from the coverslip. To automatically and accurately quantify
the z-positions of all microspheres imaged in flow with respect to the microscope focal plane and the
coverslip, we trained a simple neural network on z-stacks of images acquired from static microspheres
(Figure 5d and Supplementary File S2). Details about the network can be found in Section 2.4.
The distribution of microspheres within the sample stream is depicted as a histogram in Figure 5e.
Microsphere z-displacement is shown relative to the true focal plane (z-displacement = 0), as well as
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relative to the microscope slide (z-displacement = 10 µm). Microspheres located within 2 µm from the
focal plane, depicted by the shaded area in Figure 5e, account for 68% of all spheres imaged. As we
already demonstrated in Figures 3 and 4, further confinement is possible in these devices by increasing
the sheath flow rate. It is expected that this will increase the percentage of microspheres located within
2 µm from the focal plane since there will be less space available for them to move. However, increasing
the sheath flow rate also increases the velocity of the microspheres, which in turn results in significant
motion blur that no longer allows us to quantify the microsphere distribution.
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Figure 5. (a) Simulated distance between fluorescein cone tip and microscope slide for increasing sheath
flow rates and fluorescein flow rate of 0.25 µL/min (black). Mean bead equilibrium position (along with
standard deviation) with respect to the microscope slide (red); (b) Confocal microscopy image of the
cross section of the sample stream (green), sheath fluid (black). Red fluorescent microspheres (diameter
~ 6 µm) dispersed in the sample stream appear as lines due to line scanning in confocal microscopy.
This image was taken in a device with a height of 120 µm, at a fluorescein flow rate of 0.25 µL/min
(0.43 mm/s) and sheath flow rate of 10 µL/min (17.36 mm/s). The height of the fluorescein cone in
this image is 27 µm, and the scale bar is 6 µm; (c) Simulation reproducing microscopy data shown
in (b). Fluorescein contour shown as green dotted line. Microspheres appear to concentrate closer
to the fluorescein cone tip rather that the microscope slide. The insert shows a juxtaposition of the
confocal image and the equivalent simulated data. (d) Microsphere images acquired at known distances
from the focal plane, used as part of the training set for bead focal plane regression. (e) Histogram of
z-displacement of microspheres relative to the focal plane. Bins have a width of 0.5 µm, with the x-axis
the displacement relative to the focal plane and the y-axis the bead count for each bin. The shaded
region within 2 µm of the focal plane, accounts for 68% of all microspheres. Displacement on the x-y
plane is shown in the inset. 87% of sphere centers are located within 2 µm of the stream centerline.

For applications in imaging flow cytometry, it is also important to ensure tight particle focusing
on the x-y plane in order to minimize the field-of-view that is imaged and subsequently analyzed.
The total width of the sample phase for the flow conditions described above was found to be ~10 µm.
The displacement of bead centers from the stream centerline is provided as the inset in Figure 5e
(green histogram). Almost all bead centers (87%) were found to lie within 2 µm from the sample
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stream centerline, which confirms excellent focusing along the x-axis and allows for the capturing
of small images for fast read-out and processing. Together, our results demonstrate confinement of
microspheres in a narrow stream close to the surface of the coverslip, as predicted by the simulations.

3.4. Single-Cell Imaging in Flow

Next, we replaced microspheres with yeast cells of different species, i.e., S. cerevisiae, Sd. ludwigii
and S. pombe. Unlike microspheres, each of these species exhibit characteristic cell shapes in the
size-range of 3–12 µm. S. pombe cells are rod-shaped, Sd. ludwigii are lemon shaped, and S. cerevisiae
cells are round. Furthermore, cell shapes change through the life cycle since S. pombe divides by fission,
while Sd. ludwigii and S. cerevisiae cells divide by forming a bud attached to the so-called mother cell.
The irregularity in cell shape and sizes imposes limitations on the tools we can use to determine the
z-displacement distribution of yeast cells within the focused sample stream in our device. The simple
neural network training strategy used for microspheres (Section 2.4, Figure 5d) could not be used in
this case due to the lack of homogeneity. Instead, we used pairs of bright-field cell images captured
within the same field of view and at known z-distances from the focal plane. Single-cell stacks were
cropped from the acquired fields of view and images were augmented to yield visually different images
of cells with a known z-distance. Using this information, a siamese neural network was trained to
predict the z-distance between pairs of single-cell images (Figure 6a) [62]. More details about yeast
cell z-distance regression have been outlined in Section 2.5. To evaluate the learning success of this
strategy, we used the trained network to predict the distance between pairs of images taken from a test
data set that has not been used for training purposes. As shown in Figure 6b the neuronal network
predicted with high accuracy the z-distance in the test data.

To continue with the analysis of cell focusing, we imaged yeast cells in flow under the same
conditions described in Section 3.3 for microsphere imaging. Imaging data for all yeast species are
given in Supplementary File S3. Some sample yeast images that highlight cell heterogeneity are
shown in Figure 6c. We used bright-field microscopy to image cells in flow at a fixed z-position in
devices with a height of 120 µm. The focal plane for yeast cells was found to be approximately 16 um
from the coverslip. Using the trained neural network, we determined the position of each imaged
cells within the device using well-focused cell images as reference. Similar to what we observed
for microspheres in Figure 5e, the z-distribution for all species peaked around the focal plane of the
microscope, with a broad tail towards the microscope slide (Figure 6d). When considering cells of
all species and sizes, the main peak around the focal plane (z-displacement = 0) contained 51% of
imaged cells. The broad tail formed at the bottom of the device, adjacent to the microscope slide can be
explained by the broad heterogeneity of the sample, since size and shape distributions are known to
influence particle focusing positions in different types of devices [71,72]. Given this information, and in
addition to the fact that the tail is much less pronounced when imaging monodisperse microspheres
under identical flow conditions in the same devices, we assume that this broad tail is in fact due to cell
heterogeneity, examples of which are shown in the inset of Figure 6d. To test this assumption, we limited
cell-shape degrees of freedom by considering only S. cerevisiae cells in Figure 6e. The distribution now
clearly shows two peaks, where the main peak contains 59% of all cells. Closer examination in the
composition of the lower peak reveals that 57% of cells are small, single cells and 28% are budding
cells. These cases are susceptible to pessimistic neural network predictions. Here, we call a network
prediction pessimistic, when the maximum possible z-distance between the imaged cells and the
reference cell is predicted. For example, if an input image contains a well-focused mother cell and an
out-of-focus daughter cell, the network uses the z-distance between the out-of-focus daughter cell and
reference cell, and therefore classifies the entire image as out-of-focus, even though the mother cell is
in focus. Examples of these events are shown in the inset of Figure 6e. In total, 85% of lower-peak cells
are either differently sized than the main-peak cells, or have pessimistic z-distance predictions. For the
purposes of evaluating the cell focusing performance of our device compared to that of microspheres
of the same size, we may therefore safely neglect the z-distribution’s lower peak. This indicates that
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the simple microfluidic devices we developed can be successfully used to also focus cells, allowing for
imaging and downstream tasks, such as sample characterization and cell sorting.Micromachines 2019, 10, x 13 of 20 
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Figure 6. (a) Work flow underlying distance learning for automated z-position determination of
flowing cells. Stacks of images of large fields of view containing many cells were recorded on the
same microscope used for the imaging of flowing cells, but using an ordinary mounting of the cells.
Single-cell stacks were cropped out. Random image pairs with known z-distances taken from single-cell
stacks were used after image augmentation to train a Siamese neural network. (b) Predicted and real
z-distance in pairs of cells taken from a test set of single cell stacks. (c) Images of the different yeast
species used. (c) Example images of S. cerevisiae, S. ludwigii and S. pombe cells. The example cells
highlight the high within-species and inter-species heterogeneity of the cells used. Scale bar length
corresponds to 5 µm. (d,e) Histogram of z-displacement of flowing yeast cells in the device relative to
an in-focus reference cell. Bins have a width of 0.5 µm, with the x-axis the z-displacement relative to
the distribution median. Across all yeast species, example images highlighting their heterogeneity are
shown. The shaded region within 2.5 µm of the focal plane contains 51% and 60% of imaged cells for all
species (d) and S. cerevisiae (e) respectively. S. cerevisiae examples of non-budding cells and pessimistic
predictions in the region below −10 µm are shown, accounting for 85% of the distributions lower peak.

3.5. In-Flow Cell Imaging and Cell Classification

Imaging large cell populations using conventional microscopy requires scanning using large
mechanical moving stages. Imaging flow cytometry offers the possibility of imaging many cells while
avoiding moving mechanical parts. Moreover, each cell is imaged individually, eliminating the need
for retrospective cell segmentation and object identification in large fields of view, which is often a
daunting task especially when cells are close together. Microfluidic devices like the one described
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in this work offer the possibility for high-throughput imaging and open up applications that also
involve rapid, in-line characterization of the investigated sample. To outline possible applications,
we took imaging of different yeast species within our devices another step further and concluded
this work by devising a flexible framework for efficient, automated imaging data analysis. To this
end, we implemented unsupervised machine learning in the form of a VAE to extract phenotypic
information from single-cell images without the need for user intervention.

To demonstrate the capabilities of our framework, we trained a VAE with FactorVAE loss on
single-cell images (see Section 2.6) and classified yeast cells by species in a fully unsupervised manner.
The model consists of an encoder and a decoder. The encoder maps images to 10-dimensional points
in latent space, while the decoder generates images from such points. A schematic of the model and
objectives involved is shown in Figure 7a. The model is trained to have generated images match
input images and produce a latent space, where each dimension corresponds to a meaningful visual
characteristic of cells. For example, the cell species should vary along one dimension, while the cell
shape should vary along another (for more details, please refer to Section 2.6). Qualitative evaluation
of the resulting latent space by nearest neighbor analysis shows that single-cell images at a similar
level of focusing and of similar shape are close together in the learned representation. As such, the four
nearest neighbors shown in Figure 7b are budding S. cerevisiae cells, if the query cell is a budding S.
cerevisiae cell, and elongated cells, if the query is an elongated cell. This suggests that our VAE has
learned a meaningful latent representation, which could be applied to downstream classification tasks.

As our VAE learns visual similarities and differences among imaged cells, a high within-species
variance of cells increases the difficulty of distinguishing different species. One factor resulting in high
intraspecies variance is a lack of cell focusing. On the other hand, images of similarly sized, well-focused
cells reduce intraspecies variance and as a result greatly simplify and improve classification. Our device
achieves such improvements by precisely focusing similarly sized cells close to the microscope slide.
In addition to particle focusing along the z-axis, our device tends to orient non-spherical particles in
the direction of fluid flow, further reducing intraspecies variance. This tendency can be seen in the cells
displayed in Figure 7b. Our model learns this regularity of the data and therefore groups similarly
oriented cells.

To allow for the automated analysis of data from our devices, the learned representation should
capture phenotypic properties necessary for distinguishing single-cell images of different yeast species.
We evaluated the suitability of our learned representation for this task of unsupervised classification
by using it to distinguish between images of S. cerevisiae and S. pombe cells captured in-flow in
our microfluidic devices. S. ludwigii cells were not used for classification since they tend to form
aggregates that disrupt flow and clog the microfluidic channels, resulting in few available examples
of S. ludwigii cells in flow compared to S. cerevisiae and S. pombe. A qualitative inspection of the
latent space labeled by yeast species (Figure 7c, left) reveals a separation between budding and fission
yeast cells, with similar subsets of cells forming smaller clusters. Fully unsupervised classification is
performed with an accuracy of 74%. Data-points that were wrongly classified (Figure 7c, center) are
mostly located in regions where species labels overlap. Some failure cases are shown on the right in
Figure 7c. A qualitative inspection of these failure cases reveals small out-of-focus S. cerevisiae cells
being misclassified as S. pombe cells, while round out-of-focus S. pombe cells are misclassified as S.
cerevisiae cells. Both of these are cases of misclassification, where distinguishing between yeast species
becomes hard even for human experts. We have therefore achieved fully unsupervised classification of
yeast cell by species with an accuracy of 74%. This complements our device with a strong baseline for
cell classification without the need for expert intervention.
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Figure 7. (a) Variational autoencoder (VAE) architecture for unsupervised learning. Cell images are
convolutionally embedded into 10-dimensional latent space and reconstructed using same-shaped
transpose convolutions. The network is trained to perform image reconstruction and is constrained
to produce a disentangled latent space by KL divergence relative to a normal distribution and a
penalty on total correlation. (b) Sample nearest neighbor queries for eight query cells. Query results
are displayed in the order of increasing distance in latent-space. (c) Assessment of unsupervised
classification accuracy. A two-dimensional embedding of data points for S. cerevisiae (blue) and S. pombe
(turquoise) is shown, with ground truth species labels (left), a map of data points wrongly classified
(red) by latent space k-means (center), and images of random failure cases for both species (right).
Failure cases comprise S. cerevisiae cells classified as S. pombe cells (left column) and vice versa (right
column). k-means on latent space classifies 74% of samples correctly, without the need for supervision.
(d) Assessment of few-shot classification accuracy. A map of wrongly classified data points (red) using
an support vector machines (SVM) classifier on latent space with 10 training examples per species
shows an accuracy of 88% (left). The full training set is displayed for both species (top right), together
with a confusion matrix showing the percentage of classifications for the classifier (bottom right).
Sc and Sp indicate S. cerevisiae and S. pombe respectively. (e) Latent space interpretability. A latent space
interpolation between three cells is shown, indicating latent space vectors encoding for cell focal plane
(focus), as well as cell elongation (shape).
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While fully unsupervised classification removes the need for large, hand-annotated training data
sets, annotating small amounts of training examples is both feasible and beneficial for classification
accuracy. We extend our data analysis setup with few-shot cell classification, to improve accuracy and
enable expert-guided adaptation to more fine-grained classification tasks. To this end, we trained an
SVM classifier on a representative set of 10 annotated single-cell images per species (Figure 7d, top right).
The few-shot classifier increases classification performance to an accuracy of 88%, with negligible
training time (Figure 7d). While misclassified data-points occur at similar locations in latent space as
for fully unsupervised classification, the number of wrongly classified cells is significantly reduced
(Figure 7d, left). The confusion matrix for the SVM classifier (Figure 7d, bottom right) shows that
both S. cerevisiae and S. pombe cells are misclassified as the other with a probability of 11–14%, a vast
improvement compared to unsupervised classification. Our integrated platform can therefore perform
few-shot classification of yeast cell images captured in-flow in our microfluidic device and achieve 88%
success in separating yeast cells by species.

In flow cytometry, it is desirable to gate single-cell events by their properties, e.g., fluorescence
intensities. In imaging flow cytometry, such properties correspond to spatially resolved features, such as
cell morphology and subcellular protein localization. Ideally, our latent space should capture those
properties. Qualitative inspection of the latent space reveals interpretable latent dimensions, which can
be linked to biologically meaningful morphological features, such as cell focal plane and elongation.
These are visualized in a latent interpolation between cells along these dimensions in Figure 7e.
The results in this figure also show that our latent space captures valuable semantic information,
which could be used to differentiate between different cell phenotypes based on morphology in
bright-field images. These indicate that our combined microfluidic and unsupervised learning platform
can be used for the biologically-relevant characterization of complex cellular mixtures with minimal
human intervention. The learned semantic latent space captures enough phenotypic features to
group cells based on their morphology and extract accurate subpopulation classifiers with very few
training examples.

4. Discussion

In this work, we have demonstrated 3D flow focusing in simple microfluidic devices for
applications in imaging flow cytometry. The devices used utilize a difference in height between
the outer sheath inlets and the middle sample inlet and achieve sample flow confinement within a few
micrometers from the microscope slide, which makes them suitable for use with high NA oil objectives.
In contrast to most previously demonstrated geometries, our devices maintain a simple, single-layer
architecture that makes them accessible to non-expert users. Instructed by simulations, we fabricated
and tested two devices with different heights, 60 µm and 120 µm, and found that flow equilibrium
between sheath and sample is more stable in taller devices, and sample confinement within 5 µm from
the microscope slide was achieved. To evaluate device performance for use in single-cell imaging in
flow, we introduced 6-µm polymer microspheres dispersed in fluorescein through the sample inlet
and monitored their position using confocal microscopy. Further, we used simulation tools to predict
bead equilibrium positions in these devices for different sheath flow rate ratios and the results were
confirmed using confocal microscopy. Once the mean microsphere equilibrium positions had been
calculated and confirmed, we used bright field microscopy to image fast-moving beads traveling
through these devices. We applied a novel, neural network-based approach to determine the distance of
spheres to the focal plane. We found that 68% of the microspheres were traveling within 2 µm from the
focal plane, thus enabling the acquisition of single plane images across their body. These results were
reproduced for yeast cells of multiple species travelling in the same devices, further demonstrating the
applicability of such devices in imaging flow cytometry. Our optimized microfluidic device can be
used for a range of flow rates (0.1 µL/min–200 µL/min have been tested) and a range of particle sizes
(3–12 um tested) without the need for geometry modification, which makes it robust and compatible
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with both imaging and non-imaging flow cytometry. Additionally, such devices could be relevant in
other applications where hydrodynamic focusing into a small, well-defined volume is required [73].

Furthermore, we applied state-of-the-art unsupervised learning techniques to classify yeast
cells by species. This was done in a fully unsupervised manner and also using SVM in a few-shot
setting. We learned a semantically meaningful latent representation of yeast cells, with latent vectors
representing visually and biologically meaningful features. Our latent representation allowed for the
unsupervised distinction between S. cerevisiae and S. pombe cells with 74% accuracy, increasing to 88%
in the 10-shot setting, which proves it suitable for further downstream classification tasks. We also
verified via nearest-neighbor analysis, that biologically and visually similar cells are grouped in latent
space. In summary, we have presented the first application of unsupervised learning in imaging flow
cytometry. Interpretable latent spaces provide biologically meaningful image parameters that could
improve image-activated cell sorting and allow for FACS-like gating on imaging data.

Our demonstration only utilized bright field imaging of microspheres and yeast cells. For practical
applications, imaging flow cytometry requires the capability to acquire fluorescent images of cells.
This requires acquisition speeds that are fast enough to reveal subcellular structures inside the moving
cells, ideally in the range of the diffraction limit of a high NA objective (i.e., ~200 nm lateral and
~800 nm vertical resolution when using a 1.4 NA oil objective). This poses several challenges, some of
which can be overcome using different techniques already described in the literature [6].

5. Conclusions

In conclusion, we have demonstrated a learning microfluidic platform capable of imaging live
cells in flow and classifying acquired images without the need for human supervision. Cell streaming,
confinement and imaging are achieved in a simple and versatile microfluidic device. Such devices
can confine flow towards the microscope slide in a controlled manner, which makes them especially
suitable for applications in single-cell imaging in flow. We have demonstrated that a large range of flow
rates and particle sizes can be used without the need for geometry modification, since both tightness of
focusing and line of focusing along the z-direction only depends on the flow rate ratio between sheath
and sample. In fact, we were able to successfully stream, focus, and image S. cerevisiae, S. ludwigii and
S. pombe yeast. This is the first demonstration of controlled 3D flow confinement well below the inlet
height in this simplified version of a single layer Y-shaped microfluidic device and the firsttime particle
and cell positioning in the focused stream are studied. We expect that such a robust device will find
applications in the quickly growing fields of imaging flow cytometry and flow cytometry on-chip.

Additionally, we achieved image classification using a powerful unsupervised learning paradigm
of disentangling variational autoencoders. Our variational autoencoder embeds single-cell images in
an interpretable latent space and allows for both similarity-based queries and classification. The biggest
advantage of such classification is that it is completely unsupervised, obviating the need for large
hand-annotated training data sets prevalent in neural network-based machine learning. To our
knowledge, this is the first application of unsupervised representation learning to imaging flow
cytometry. In particular, disentangled representation learning has not been applied to single-cell
images before and we expect it will play a big role in gating for image activated cell sorting. In conclusion,
we presented a simple and affordable platform for continuous-flow single-cell imaging, large-scale
data analysis, and image classification.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/5/311/s1,
Figure S1: Device fabrication schematic, Figure S2: Schematic of neural network architectures, Figure S3:
Schematic of variational autoencoder training, Figure S4: X-direction velocity profile simulation for the 60 µm
(10 + 50 µm) device, Figure S5: Flow focusing at four positions within the device with respect to the junction,
Figure S6: Qualitative shear force distribution due to xy-velocity gradients in the z direction, Figure S7:
Theoretical flow focusing behavior dependent on x-velocity, Supplementary Animation S1, Supplementary
Animation S2. Supplementary Files S1–S3 are deposited in the heiDATA Dataverse repository at: https:
//doi.org/10.11588/data/L5J7WO. Source code and neural network weights for all parts of the project are deposited
on GitHub at: https://github.com/mjendrusch/learning-ifc.
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Chapitre 1: Déchiffrer les dynamiques du vieillissement à 
l'aide de la microfluidique et de l'apprentissage profond 

Introduction générale 

Le vieillissement est un phénomène naturel défini par une dégradation des fonctions et une 

augmentation de la probabilité de mourir avec l'âge. Il implique de nombreux processus 

biologiques dynamiques et agit à différentes échelles. Ainsi, Saccharomyces cerevisiae est 

l'un des organismes modèles les plus simples pour l'étudier, et notamment pour comprendre 

pourquoi une cellule meurt après avoir effectué un certain nombre de divisions, phénomène 

appelé vieillissement réplicatif. 

 

En effet, S. cerevisiae est un organisme unicellulaire eucaryote qui se divise 

asymétriquement : une cellule dite cellule mère donne naissance à une cellule fille à l’issue 

de la division cellulaire. La cellule mère voit sa probabilité de mourir augmenter avec le 

nombre de divisions effectuées, tandis que les cellules filles naissent avec un plein potentiel 

de réplication, c’est-à-dire qu’elles sont réjuvénées. 

Lors de cette division, la plupart du contenu de la cellule mère est partagé symétriquement 

avec la nouvelle cellule, mais certains facteurs sont partagés asymétriquement. Ainsi, le 

dogme pour expliquer le vieillissement réplicatif est que des facteurs toxiques 

s’accumuleraient dans la mère avec l’âge réplicatif, et ne seraient pas transmis à la fille. 

Dès lors, des dizaines de marqueurs de vieillissement et de gènes de longévité ont été 

identifiés, comme l’agrégation protéique, la perte de potentiel et de structure 

mitochondriale, la dérégulation de l’acidité cytosolique et vacuolaire, la dérégulation des 

ports nucléaires, ou la dérégulation de la transcription de l’AND ribosomique (ADNr).  

Partie méthodologique 

Introduction 

Cependant, aucun mécanisme ne permet de relier causalement ces processus moléculaires 

ni de différencier ceux qui sont à l'origine du vieillissement de ceux qui n'en sont que des 

conséquences. Cela est dû notamment à une approche expérimentale limitée : 
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D’une part, les moyens classiques, utilisant des tests populationnels, ne parviennent pas à 

saisir la dynamique propre des processus observés. Ils ne peuvent que dire si ceux-ci sont 

affectés, en moyenne dans la population et dans le temps, ou non, et ne prennent pas en 

compte l’hétérogénéité entre les cellules. 

D’autre part, il est possible de suivre des cellules uniques pendant toute leur vie en utilisant 

la microfluidique et la vidéomicroscopie long terme, pour mesurer la dynamique de processus 

en particulier et pouvoir les ordonner temporellement. Cependant, cette méthode reste à 

faible débit dû à des limitations techniques microfluidiques ainsi qu’à un débit d’analyse 

limité. 

Résultats 

Dès lors, un des projets de ma thèse a été de développer un système pour suivre des cellules 

uniques tout au long de leur vie, avec un débit élevé. Ce système est basé sur une puce 

microfluidique qui permet de piéger 30 000 cellules mères dans des microstructures et de 

disséquer automatiquement leurs cellules filles. Cette puce a été optimiser de façon à pouvoir 

conserver les cellules mères au sein du piège, quel que soit leur taille, ce qui était un défi 

technique non résolu par les puces existantes, sachant que le volume d’une cellule mère peut 

être multiplié par 10 lors du vieillissement. La puce a été aussi pensée pour rendre 

l’expérience plus simple à réaliser et plus robuste, en limitant les bouchons de cellule, les 

bulles d’air ou les contaminations grâce à un système de filtres.  

Pour suivre ce grand nombre de cellules, nous avons développé un système de microscopie 

rapide basé sur une caméra à large champ, un objectif à faible grossissement, un filtre de 

fluorescence multibandes, et un système d’autofocus rapide. 

Ainsi, une expérience typique génère 30000 vidéos de cellules uniques contenant des 

centaines d’images (https://youtu.be/hQVNThbwbXo). Néanmoins, les méthodes existantes 

pour analyser ce genre de données reposent sur l'annotation manuelle des images, limitant 

le débit de l’analyse. Pour pallier à cela, nous avons développé un logiciel basé sur 

l'apprentissage pour analyser automatiquement les vidéos, notamment pour détecter les 

événements pertinents tels que les divisions cellulaires ou la mort, et mesurer la taille ou la 

fluorescence des cellules (https://youtu.be/yvD_C8byeOE). Pour détecter les divisions et la 

mort, le système utilise une classification des images grâce à un Réseau Neuronal Convolutif 

travaillant sur les images individuelles de la vidéo, couplé à un réseau travaillant sur les 

séquences pour prendre en compte le lien temporel entre les images. Il utilise un réseau de 

type U-Net pour analyser les pixels des images individuelles afin de segmenter les cellules 

mère. Ainsi, le logiciel détecte les divisions et la mort avec une précision de 98% et permet 
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de suivre l’évolution de la taille de la cellule ou de marqueurs fluorescents en fonction du 

nombre de divisions effectuées. Il permet de gagner deux à trois ordres de grandeurs de 

débit d’analyse par rapport à une analyse manuelle. De plus, les réseaux de neurones de ce 

logiciel sont entraînables avec des données personnalisées, et nous avons montré qu’il 

performait aussi bien avec des données issues d’autres laboratoires utilisant d’autres puces 

microfluidiques. 

Un tel outil permet donc de mesurer les dynamiques d'un processus biologique grâce à un 

suivi temporel à haut débit de cellules uniques, et de cribler des marqueurs et des mutants 

de manière standardisée. Dès lors, il peut être utilisé au-delà du domaine du vieillissement, 

dans un but fondamental ou appliqué, sur des thèmes comme le cycle cellulaire, la 

quiescence. Ainsi, nous avons montré une preuve de principe en appliquant cet outil à l’étude 

de la réponse au stress, en récapitulant l’existence de plusieurs populations face à une gamme 

de doses de stress oxydant. 

Partie biologique 

Introduction 

Parmi tous les facteurs de vieillissement identifiés, l’accumulation de cercle d’ADNr menant à 

de multiples dérégulations au sein de la cellule, représente un des modèles de vieillissement 

réplicatif les plus aboutis. Chez S. cerevisiae, l’ADNr se présente sous la forme d’une suite de 

150-200 répétitions présente dans le chromosome XII, de laquelle peut s’exciser une 

répétition sous la forme d’un cercle. Chaque répétition contenant une séquence de 

réplication autonome, ce cercle peut se répliquer à chaque division. De plus, ces cercles 

d’ADN restent au sein de la cellule mère et ne sont pas transmis à la fille. Dès lors, ils 

s’accumulent de manière exponentielle avec l’âge réplicatif. Cependant, une des questions 

de ce modèle est de savoir si l’excision du premier cercle d’ADNr représente l’évènement 

élémentaire de la cascade menant au vieillissement, ou si cet évènement est une 

conséquence de l’âge. En d’autres termes, nous cherchons à savoir si la probabilité d’excision 

d’un cercle d’ADNr augmente avec l’âge ou reste inchangée, décrivant un processus 

stochastique. 

Résultats 

Pour répondre à cette question, j’ai utilisé une souche dans laquelle une des répétitions de 

gène d’ADNr était marquée avec un promoteur lié à une GFP. Ce rapporteur transcriptionnel 

permet ainsi de suivre l’augmentation exponentielle du nombre de cercles d’ADNr, si le gène 
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excisé est celui qui contient le marqueur. Dès lors, cet outil permet de mesurer le moment de 

l’excision, mais puisqu’une seule répétition parmi les 150-200 est marquée, cette mesure n’est 

possible que dans très peu de cellules. 

Cependant, en utilisant la méthodologie développée précédemment et décrite dans la partie 

I. de ce résumé, nous avons pu analyser assez de cellules pour avoir la puissance statistique 

nécessaire et conclure que l’évènement d’excision d’un cercle d’ADNr suivait une loi de 

Poisson, c’est-à-dire que sa probabilité d’occurrence était constante avec l’âge. De plus, nous 

avons montré que cette probabilité était environ égale à 10% par division dans les cellules 

sauvages, et à 5% par division dans le mutant fob1Δ connu pour réduire la probabilité 

d’excision. 

 

Cette découverte montre que le vieillissement réplicatif peut être déclenché par un 

événement moléculaire ponctuel, contrairement au paradigme communément admis et 

anthropocentrique, définissant le vieillissement comme étant une défaillance progressive de 

processus parallèles. Pour valider ce modèle, il s’agit maintenant de cribler des mutants de 

longévité en utilisant la méthodologie développée, et de déterminer si la modification de leur 

durée de vie réplicative est due à un effet sur la probabilité d’excision des cercles d’ADNr, ou 

s’ils survivent mieux aux effets de l’accumulation de ces cercles. 
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Chapitre 2 :  Suivi de la dynamique de l'entrée en quiescence 
à l’échelle de la cellule unique 

Introduction 

La capacité de prolifération des micro-organismes est étroitement liée à la nature et à la 

disponibilité des nutriments dans leur habitat. La multiplication exponentielle des cellules 

conduit à l'épuisement ou à la modification de ces nutriments, et est donc liée à différentes 

phases prolifératives de la culture, allant jusqu’à l’arrêt de prolifération. 

 

Par exemple, la levure bourgeonnante S. cerevisiae subit des transitions entre différentes 

phases métaboliques en raison de la consommation progressive de nutriments dans 

l'environnement. Une phase rapide de fermentation des sucres au cours de laquelle de 

l'éthanol est produit, est suivie d'une phase de respiration où les cellules consomment 

l'éthanol. Entre ces deux phases, les cellules subissent un arrêt de prolifération réversible 

appelé le diauxic shift. Après l'épuisement complet de toutes les sources de carbone, les 

cellules entrent dans un état d’arrêt de prolifération réversible, appelé quiescence, qui dure 

jusqu'à ce que de nouvelles sources de nutriments apparaissent. Par conséquent, l’état 

métabolique de S. cerevisiae est fortement dynamique et étroitement lié au remodelage 

continu de son environnement. 

Cependant, ces changements sont associés à des réorganisations intracellulaires qui sont très 

hétérogènes d’une cellule à l’autre, et dépendant de la nature de la privation de nutriments, 

de la composition initiale du milieu, mais aussi de la vitesse de consommation des nutriments. 

Cependant, l'étude de la quiescence à l'échelle de la population ignore les hétérogénéités 

de cellule à cellule, tandis que l'observation de cellules uniques avec des stratégies classiques 

telles que la microfluidique, est incapable de prendre en compte la dynamique naturelle d'un 

milieu de culture puisqu’elles fonctionnent avec des privations abruptes de nutriments. 

En d’autres termes, l'étude de l'entrée en quiescence naturelle nécessite à la fois un suivi 

longitudinal de cellules uniques, tout en permettant aux cellules d'avoir un impact collectif 

sur l'environnement. 

Résultats 

Pour cela, nous avons développé une méthodologie pour imager des cellules uniques de 

levure bourgeonnante au cours d'un cycle de vie non perturbé, de la phase fermentative à la 

fin de la quiescence, dans un environnement se dégradant de manière autonome. Des cellules 
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piégées dans une puce microfluidique d'observation sont constamment alimentées par le 

milieu d'une culture de cellules en croissance, subissant ainsi des conditions 

environnementales identiques. Pour éviter que les cellules du milieu de culture ne viennent 

envahir la puce microfluidique d’observation, nous avons mis au point un système de filtration 

pour séparer de manière continue les cellules de leur milieu, afin de ne perfuser que ce 

dernier.  

Grâce à cela, nous avons montré une divergence abrupte de la population au moment du 

diauxic shift, où une fraction des cellules se retrouve incapable de passer à un métabolisme 

respiratoire et subit une entrée dans un état de pseudo-quiescence conduisant à une mort 

prématurée. De plus, nous avons montré que le pH interne de la cellule était directement lié 

à l’état métabolique de la cellule, et que les fluctuations de ce pH lors des différentes phases 

métaboliques conduisent à la formation de superassemblages protéiques. De plus, une fois 

en quiescence, le cytoplasme effectue une transition vers un état vitreux de manière abrupte 

et stochastique, certaines cellules transitionnant quelques minutes après l’arrêt de croissance, 

tandis que d’autres prennent plusieurs jours. 

Au-delà de l’étude de l’entrée en quiescence, ce nouveau cadre expérimental ouvre la voie à 

une nouvelle approche de l’étude du destin cellulaire dans le cadre d’une dégradation 

autonome de l’environnement par la population.
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Théo ASPERT 
Déchiffrer les dynamiques du 

vieillissement à l'aide de la microfluidique 
et de l'apprentissage profond 

Abstract 
Aging is a natural phenomenon defined by a loss of fitness and an increase in mortality rate. Behind 
this simple phenomenologic description lies a complex mechanism involving many very dynamical 
biological processes acting at different scales. Saccharomyces cerevisiae is one of the simplest model 
organism to study aging. Yet, despite the dozens of hallmarks of aging and longevity genes identified, 
no precise mechanism can describe why a cell dies after a certain number of divisions. This is partly 
due to a limited experimental power, with populational assays not considering the heterogeneities 
between cells, while the current single-cell longitudinal approaches have a too low throughput, hence 
preventing to grasp the complexity of the phenomenon experimentally. 
Therefore, we developed a framework based on microfluidics, fast-microscopy, and deep-learning to 
track single-cells throughout their lifespan, with a throughput increase of two orders of magnitude 
compared to existing systems. With that, it is possible to track and analyse more than 30000 cells per 
experiment and automatically detect relevant events such as cell divisions. Thus, one can screen 
markers and mutants in a standardized and systematic manner in order to capture the links and 
temporalities of the different processes of aging. 
As an application, we sought to measure the statistics of an event thought trigger an cascade of leading 
to death. Interestingly, we found that this event was stochastic, suggesting that aging can arise from 
age-independent causes. 
Keywords: Aging, single-cell, longitudinal tracking, homeostasis, division, yeast, microfluidics, deep-
learning, stochasticity 

Résumé court
Le vieillissement est un phénomène naturel défini par une dégradation des fonctions et une 
augmentation de la probabilité de mourir. Derrière cette description phénoménologique simple se 
cache un mécanisme complexe impliquant de nombreux processus biologiques dynamiques agissant 
à différentes échelles. Saccharomyces cerevisiae est l'un des organismes modèles les plus simples pour 
étudier le vieillissement. Pourtant, malgré les dizaines de marqueurs de vieillissement et de gènes de 
longévité identifiés, aucun mécanisme précis ne permet de décrire pourquoi une cellule meurt après 
avoir effectué un certain nombre de divisions. Cela est dû en partie à une puissance expérimentale 
limitée, les essais populationnels ne prenant pas en compte les hétérogénéités entre les cellules, tandis 
que les approches longitudinales à l’échelle de la cellule unique ont un débit trop faible actuellement. 
Il est alors difficile de lier temporelle et causalement les processus moléculaires menant à la mort. 
Par conséquent, nous avons développé un système basé sur la microfluidique, la microscopie rapide 
et l'apprentissage profond pour suivre des cellules uniques tout au long de leur vie, augmentant le 
débit de deux ordres de grandeur par rapport aux systèmes existants. Il permet de suivre et d’analyser 
plus de 30000 cellules par expérience et de détecter automatiquement les événements pertinents tels 
que les divisions cellulaires. Ainsi, il est possible de cribler des marqueurs et des mutants de manière 
standardisée et systématique afin de saisir les liens et les temporalités des différents processus du 
vieillissement. 
En guise d'application, nous avons cherché à mesurer les statistiques d'un événement connu pour 
déclencher une cascade d'événements conduisant à la mort. Nous avons constaté que cet évènement 
avait la même probabilité quel que soit l’âge de la cellule, ce qui suggère que le vieillissement peut 
émerger de la stochasticité. 
Mots clefs: Vieillissement, cellule unique, suivi longitudinal, homéostasie, division, levure, 
microfluidique, apprentissage profond, stochasticité 
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