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STRESS ADAPTATION

Adapting to ever-
changing conditions
Experiments involving periodic stimuli shed light on the interplay 
between hyper-osmotic stress and glucose starvation in yeast cells.

SERGE PELET

Microbial cells have to constantly adapt 
to their environment. Consider, for 
example, yeast cells growing on the 

surface of a fruit: if the fruit is suddenly exposed 
to direct sunlight, the yeast cells will have to cope 
with a rise in temperature, DNA damage (caused 
by the ultraviolet radiation in the sunlight), and 
an increase in the osmolarity of their growth 
medium (caused by accelerated evaporation of 
the medium). To adapt to such changes, micro-
bial cells have evolved complex signal trans-
duction pathways, which allow them to adjust 
their metabolism and produce stress-response 
proteins that help the cells adapt to their new 
environment and pursue their growth. While the 
key molecular players involved in these processes 
have been identified, many of the details are 
not fully understood, especially when the cells 
have to respond to two or more changes in their 
environment.

In the laboratory, the budding yeast Saccha-
romyces cerevisiae has been used as a model 
system to understand the response of eukary-
otic cells to changes in the environment (Ho and 
Gasch, 2015). In most of these experiments, 
the researchers modified one environmental 

parameter at a specific time, which made it 
possible to identify the diverse components that 
relay information from the cells’ environment 
into a defined biological response. These experi-
ments revealed that the different signal transduc-
tion pathways involved in the various responses 
are connected to each other and form a complex 
network. However, to better understand this 
network, it is necessary to perform experiments 
in which multiple stimuli are combined in a 
dynamic way. Microfluidic devices consisting of 
micrometer-sized growth chambers fed by flow 
channels are ideally suited for such experiments 
(Breslauer et  al., 2006; Hersen et  al., 2008). 
Now, in eLife, Pascal Hersen and colleagues – 
including Fabien Duveau as first author – report 
how they used microfluidic chips to monitor the 
response of yeast cells to repeated periods of 
hyper-osmotic stress and/or glucose starvation 
for up to 24 hours (Duveau et al., 2024).

Hyper-osmotic stress activates a kinase called 
Hog1, which orchestrates cellular adaptation, 
notably by stimulating the production of glyc-
erol (Brewster and Gustin, 2014). During the 
30  minutes after the onset of hyper-osmotic 
stress, the yeast cells accumulate glycerol until 
the internal osmotic pressure reaches a new equi-
librium with the external osmotic pressure and 
growth can resume. In a fluctuating environment, 
when hyper-osmotic stress is applied repeatedly 
to cells for periods of less than 30 minutes, the 
cells cannot reach the equilibrium and growth 
is inhibited during the exposure to the stress. 
In contrast, if the frequency of the fluctuations 
is reduced and the stress is applied for longer 
than 30  minutes, the cells will be able to start 
growing again once equilibrium is re-established 
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(Figure  1A). Thus, fast (high frequency) fluctu-
ations in hyper-osmotic stress have a greater 
impact on growth than slow (low frequency) 
fluctuations.

The impact of glucose starvation is different. 
When glucose is removed, the rate of growth 
falls rapidly but cell division can still take place 
during the 20–30  minutes before the cell cycle 
is blocked (Broach, 2012; Irvali et  al., 2023). 
This means that repeatedly starving the cells 
of glucose for short periods of time has a rela-
tively low impact on growth, whereas starving 
them for periods of longer than 30 minutes will 
bring growth to a halt until glucose is replen-
ished. Therefore, in contrast to what is seen with 
hyper-osmotic stress, slow fluctuations in glucose 
starvation have more impact on growth than fast 
fluctuations.

In follow-up experiments, Duveau et al. – who 
are based at the Institut Curie and other institutes 
in Paris and Lyon – tested a combination of the 
two stresses being applied periodically. First, 
hyper-osmotic stress and glucose starvation were 
applied at the same time. In these “in-phase” 
experiments, only a few cell divisions were 
observed when the stresses were being applied, 
but growth restarted when the stresses were 
removed (Figure  1C). However, removal of the 
stresses also resulted in rare events of cell death.

Next, periods of hyper-osmotic stress without 
glucose starvation were followed by periods of 

glucose starvation without hyper-osmotic stress. 
In these “antiphase” experiments, the overall 
number of cell divisions was lower than in the 
in-phase experiments, and the rate of cell death 
was higher (Figure  1D). The surprisingly low 
number of cell divisions during the periods of 
hyper-osmotic stress – when glucose was present 
– was likely caused by the high osmolarity in the 
cells disrupting the process of glycolysis. Cells 
can only produce the glycerol needed for stress 
adaptation if glycolysis is active (Hohmann et al., 
2007), but high levels of osmolarity can disrupt 
many cellular functions, including glycolysis 
(Miermont et al., 2013). Cells are thus trapped 
between two conflicting imperatives, and it would 
be interesting to explore if a small delay between 
the replenishment of glucose and the application 
of the hyper-osmotic stress could provide more 
favourable conditions for cellular adaptation and 
thus lead to increased growth.

Another key observation is that the substantial 
cell death via lysis that is observed in the anti-
phase experiments happens mostly at the start 
of the period of glucose starvation (Figure 1D). 
Remarkably, yeast cells that cannot accumulate 
glycerol during period of hyper-osmotic stress 
(for instance, mutants deleted for the kinase 
Hog1) do not undergo lysis. Therefore, under the 
specific conditions tested in these experiments, 
a mutant that would not survive in the wild 
becomes fitter than wild-type cells which have 
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Figure 1. Yeast cells under stress. (A) Yeast cells subjected to periodic hyper-osmotic stress (top panel) and provided with a steady supply of glucose 
(middle panel) display high rates of cell division (red line, bottom panel) in the absence of stress. During periods of stress (shaded area, bottom 
panel), which last 48 minutes in this example, the rate of cell division drops sharply at first, but then begins to increase after about 30 minutes as 
the accumulation of glycerol brings the internal and external osmotic pressures back into equilibrium. The rate of cell division then plateaus, before 
increasing again to its normal value once the hyper-osmotic stress is removed. Hyper-osmotic stress is applied by exposing yeast cell to a medium 
containing an elevated concentration of a sugar called sorbitol. (B) Yeast cells subjected to periodic glucose starvation (middle panel) suffer a 
progressive arrest of cell division (red line, bottom panel). However, cell division returns quickly to normal rates once glucose becomes available again. 
(C) When yeast cells are subjected to periodic hyper-osmotic stress that is “in-phase” with periodic glucose starvation, the rate of cell division drops 
sharply during the period when both stresses are being applied, but it recovers when these stresses are removed (red line, bottom panel). However, a 
small number of cells deaths occur when the stresses are removed (brown line, bottom panel). (D) When the two stresses are applied at different times 
(the antiphase experiments), the overall rate of cell division is low (red line, bottom panel), and the number of cell deaths due to lysis is higher (brown 
line, bottom panel) than in the in-phase experiments.
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evolved to withstand a wide range of stressful 
situations.

The interplay between hyper-osmotic stress 
and glucose starvation is intricate because the 
kinase Hog1, when active, diverts part of the 
cellular glucose pool towards the production of 
glycerol. Interestingly, in a low-glucose medium, 
the stress adaptation takes much longer, which 
suggests that a smaller quantity of glucose is 
devoted to glycerol production (Shen et  al., 
2023). The generation of more complex temporal 
stress stimuli could help identify the parame-
ters that control the metabolic fluxes between 
growth and stress adaptation. It would also be 
valuable to include other kinds of stresses in such 
experiments. In particular, studying the interplay 
between hyper-osmotic stress and nitrogen star-
vation could help us understand which of the 
processes seen by Duveau et al. are specific to 
glucose metabolism and which are relevant to 
nutrient starvation more generally.

Serge Pelet is in the Department of Fundamental 
Microbiology, University of Lausanne, Lausanne, 
Switzerland
​serge.​pelet@​unil.​ch

‍ ‍ https://orcid.org/0000-0002-0245-049X

Competing interests: The author declares that no 
competing interests exist.

Published 28 February 2024

References
Breslauer DN, Lee PJ, Lee LP. 2006. Microfluidics-
based systems biology. Molecular BioSystems 
2:97–112. DOI: https://doi.org/10.1039/b515632g, 
PMID: 16880927

Brewster JL, Gustin MC. 2014. Hog1: 20 years of 
discovery and impact. Science Signaling 7:re7. DOI: 
https://doi.org/10.1126/scisignal.2005458, PMID: 
25227612
Broach JR. 2012. Nutritional control of growth and 
development in yeast. Genetics 192:73–105. DOI: 
https://doi.org/10.1534/genetics.111.135731, PMID: 
22964838
Duveau F, Cordier C, Chiron L, LeBec M, Pouzet S, 
Séguin J, Llamosi A, Sorre B, Di Meglio JM, Hersen P. 
2024. Yeast cell responses and survival during periodic 
osmotic stress are controlled by glucose availability. 
eLife 12:RP88750. DOI: https://doi.org/10.7554/eLife.​
88750
Hersen P, McClean MN, Mahadevan L, Ramanathan S. 
2008. Signal processing by the HOG MAP kinase 
pathway. PNAS 105:7165–7170. DOI: https://doi.org/​
10.1073/pnas.0710770105, PMID: 18480263
Ho YH, Gasch AP. 2015. Exploiting the yeast stress-
activated signaling network to inform on stress biology 
and disease signaling. Current Genetics 61:503–511. 
DOI: https://doi.org/10.1007/s00294-015-0491-0, 
PMID: 25957506
Hohmann S, Krantz M, Nordlander B. 2007. Yeast 
osmoregulation. Methods in Enzymology 428:29–45. 
DOI: https://doi.org/10.1016/S0076-6879(07)28002-4
Irvali D, Schlottmann FP, Muralidhara P, Nadelson I, 
Kleemann K, Wood NE, Doncic A, Ewald JC. 2023. 
When yeast cells change their mind: Cell cycle “Start” 
is reversible under starvation. EMBO Journal 
42:e110321. DOI: https://doi.org/10.15252/embj.​
2021110321, PMID: 36420556
Miermont A, Waharte F, Hu S, McClean MN, 
Bottani S, Léon S, Hersen P. 2013. Severe osmotic 
compression triggers a slowdown of intracellular 
signaling, which can be explained by molecular 
crowding. PNAS 110:5725–5730. DOI: https://doi.org/​
10.1073/pnas.1215367110, PMID: 23493557
Shen W, Gao Z, Chen K, Zhao A, Ouyang Q, Luo C. 
2023. The regulatory mechanism of the yeast 
osmoresponse under different glucose concentrations. 
iScience 26:105809. DOI: https://doi.org/10.1016/j.​
isci.2022.105809, PMID: 36636353

https://doi.org/10.7554/eLife.91717
https://orcid.org/0000-0002-0245-049X
https://doi.org/10.1039/b515632g
http://www.ncbi.nlm.nih.gov/pubmed/16880927
https://doi.org/10.1126/scisignal.2005458
http://www.ncbi.nlm.nih.gov/pubmed/25227612
https://doi.org/10.1534/genetics.111.135731
http://www.ncbi.nlm.nih.gov/pubmed/22964838
https://doi.org/10.7554/eLife.88750
https://doi.org/10.7554/eLife.88750
https://doi.org/10.1073/pnas.0710770105
https://doi.org/10.1073/pnas.0710770105
http://www.ncbi.nlm.nih.gov/pubmed/18480263
https://doi.org/10.1007/s00294-015-0491-0
http://www.ncbi.nlm.nih.gov/pubmed/25957506
https://doi.org/10.1016/S0076-6879(07)28002-4
https://doi.org/10.15252/embj.2021110321
https://doi.org/10.15252/embj.2021110321
http://www.ncbi.nlm.nih.gov/pubmed/36420556
https://doi.org/10.1073/pnas.1215367110
https://doi.org/10.1073/pnas.1215367110
http://www.ncbi.nlm.nih.gov/pubmed/23493557
https://doi.org/10.1016/j.isci.2022.105809
https://doi.org/10.1016/j.isci.2022.105809
http://www.ncbi.nlm.nih.gov/pubmed/36636353

	Adapting to ever-­changing conditions
	References


