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Abstract

When faced with environmental changes, microbes enter a lag phase during which cell growth is arrested, allowing cells to
adapt to the new situation. The discovery of the lag phase started the field of gene regulation and led to the unraveling of
underlying mechanisms. However, the factors determining the exact duration and dynamics of the lag phase remain largely
elusive. Naively, one would expect that cells adapt as quickly as possible, so they can resume growth and compete with
other organisms. However, recent studies show that the lag phase can last from several hours up to several days. Moreover,
some cells within the same population take much longer than others, despite being genetically identical. In addition, the lag
phase duration is also influenced by the past, with recent exposure to a given environment leading to a quicker adaptation
when that environment returns. Genome-wide screens in Saccharomyces cerevisiae on carbon source shifts now suggest
that the length of the lag phase, the heterogeneity in lag times of individual cells, and the history-dependent behavior are
not determined by the time it takes to induce a few specific genes related to uptake and metabolism of a new carbon source.
Instead, a major shift in general metabolism, and in particular a switch between fermentation and respiration, is the major
bottleneck that determines lag duration. This suggests that there may be a fitness trade-off between complete adaptation of
a cell’s metabolism to a given environment, and a short lag phase when the environment changes.
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The lag phase: a time for adapting gene
regulation

The seminal work of Francois Jacob and Jacques Monod
revealed how microbes temporarily stop dividing when they
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Like this seminal work, the majority of subsequent studies
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Two recent studies measured the lag phase when yeast
cells are transferred from glucose to a less-preferred car-
bon source such as maltose, galactose or ethanol (Fig. 1a)
(Perez-Samper et al. 2018; Cerulus et al. 2018). The
results show large differences in lag duration between
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different yeast strains and even between individual cells
of the same isogenic population.

What determines the length of the lag phase? The
classic view is that the lag phase allows cells to adapt
the expression of specific genes. In particular, it is often
assumed that expression of transporters and hydrolases are
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«Fig. 1 Overview of the different aspects of the lag phase and its
link to respiration. a General experimental setups for measuring lag
times. Left: cultures adapted to growth on maltose are transferred to
glucose. After a specific time on glucose, cultures are washed into
maltose and experience a lag phase. When transferred from maltose
to glucose, the yeast cells induce glucose repression of the respira-
tory metabolism. Upon transfer to maltose, cells induce respiration
to efficiently escape the lag phase to maltose. Right: cultures adapted
to glucose are transferred to low-glucose media supplemented with
maltose. Glucose is preferentially consumed, and upon depletion,
cells experience a lag phase before growing on the available maltose.
During glucose growth, respiratory metabolism is repressed. Upon
depletion of glucose, respiration is induced to efficiently start grow-
ing on maltose. b Top: the natural variation in lag times between
different S. cerevisiae strains correlates with the level of glucose
repression of the respiratory metabolism. Middle: history-dependent
behavior within one strain shows that the lag time depends on the
time grown in glucose. Longer growth periods in glucose allow for
more complete repression of respiration and thus give rise to longer
lag phases upon a shift to maltose. Bottom: heterogeneity in lag times
within an isogenic population. Cell density in figure is derived from
colony size measurements. Within a population, some cells show
stronger repression of respiration and thus longer lag phases, whereas
other cells have more relaxed repression and thus show shorter lag
phases

the key factors that need to be induced, as they are respon-
sible for transport and the first steps in the catabolism of
the alternative sugars. However, Perez-Samper and col-
leagues used the molecular toolbox of Saccharomyces cer-
evisiae to identify the genes and processes that determine
the length of the lag phase (Perez-Samper et al. 2018).
The results show that while expression of transporters and
hydrolases, such as the MAL or GAL genes which allow
uptake and metabolism of maltose or galactose, respec-
tively, is necessary for cells to escape the lag phase, the
induction of these genes does not seem to be the rate-
limiting step. Instead, Bar-Seq and transcriptome analyses
reveal that efficient escape from the lag phase requires
the activation of genes involved in respiratory metabo-
lism. When S. cerevisiae is grown in glucose, respiratory
metabolism is suppressed in favor of fermentation (De
Deken 1966; Hagman et al. 2014). This so-called Crabtree
effect is very similar to the Warburg effect in mammalian
cells and likely allows cells to reach a maximal energy
production rate. This, however, at the cost of efficiency,
as fermentation of glucose yields more ATP molecules per
minute, but fewer ATP molecules per molecule of glucose
(Alexander and Jeffries 1990; Van Hoek et al. 1998; Van-
der Heiden et al. 2009; Diaz-Ruiz et al. 2011; Pfeiffer and
Morley 2014). The results of Perez-Samper et al. show
that when cells are shifted from glucose to an alternative
carbon source such as galactose, induction of respiratory
metabolism always precedes escape from the lag phase.
Blocking respiration still allows this escape, but only
after a much longer lag phase. Conversely, overexpressing
HAP4, a master regulator of respiration in S. cerevisiae,

shortens the lag phase significantly (Perez-Samper et al.
2018).

The duration of the lag phase also depends on the genetic
makeup of a particular individual. The study by Perez-
Samper et al. shows that different yeast strains exhibit large
variation in their lag durations. Interestingly, these differ-
ences are correlated with the cellular concentration of pro-
teins involved in respiration. Yeast strains that on average
contain higher concentrations of respiration-associated
proteins, especially proteins linked to the electron transport
chain complexes, show shorter lag phases, again hinting at a
central role of respiration as a key determinant of lag dura-
tion (Fig. 1b).

History-dependent behavior:
how the past influences the present

In a second study, Cerulus and coworkers used live-cell
microscopy to obtain a more detailed view on the lag behav-
ior of S. cerevisiae cells (Fig. 2), measuring the lag duration
of hundreds of individual cells in transitions from glucose
to less preferred carbon sources such as maltose and galac-
tose. They indeed confirm the previous finding of Perez-
Samper et al. that the duration of the lag phase depends on
the genetic background of a given yeast strain. Furthermore,
they show that the lag duration is determined by the past
environments that the cells encountered. Specifically, the
results show that cells that have been growing in glucose for
at least 12 h show much longer lag phases compared to cells
that only grew on glucose for a few hours (Online Resource
1) (Cerulus et al. 2018). Interestingly, even daughter cells
that have never directly seen the initial environment show
this history-dependent behavior.

Previous studies hinted that such history-dependent
behavior, sometimes referred to as “memory” or “hyster-
esis”, may be due to changes in the speed with which genes
can be re-activated. For example, it has been proposed that
the S. cerevisiae GAL genes can be re-activated more rapidly
when cells were exposed to galactose in the previous few
hours (Kundu and Peterson 2010; New et al. 2014; Stock-
well et al. 2015). The key idea is that activation of these
genes causes certain epigenetic changes, such as loosen-
ing of the chromatin structure around the promoters and/
or posttranscriptional modifications to local nucleosomes,
that are only slowly restored when the cells are transferred
to conditions in which these genes are not induced (Turner
2002; Zacharioudakis et al. 2007; Tan-Wong et al. 2009;
Brickner 2010; Kundu and Peterson 2010; Stockwell et al.
2015; D’Urso et al. 2016). Therefore, when cells are shifted
from galactose to glucose and back to galactose, the GAL
genes may, in theory, be induced more quickly if galactose
is re-introduced before the chromatin structure around the
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Fig.2 Time-lapse microscopy showing natural variation, history-
dependent behavior and heterogeneity for two strains A and B after
a sudden glucose-to-maltose shift. The induction of Mall2-yECitrine
fluorescence can be used as a proxy for lag time. The rows show three
different pregrowth conditions (0 h — 4 h — 24 h glucose pregrowth),
the columns different time points during the microscopy experi-

GAL genes returns to its non-active state. Though plausible,
there is little strong experimental evidence supporting this
proposed mechanism. A second, alternative explanation for
history-dependent behavior is transgenerational persistence
of proteins. This proposed mechanism assumes that when
cells are shifted from galactose to glucose, key Gal proteins
are not actively broken down and, therefore, linger, only
slowly disappearing because of natural degradation and dilu-
tion during cell division (Zacharioudakis et al. 2007; Stock-
well et al. 2015). Interestingly, however, in the conditions
used by Cerulus et al., the authors show that neither GAL
or MAL gene induction nor the inheritance of Gal or Mal
proteins drives the history-dependent behavior. When cells
are shifted from galactose to glucose and back to galactose,
the level of cellular Gal proteins at the time of the return to
galactose indeed correlates nicely with observed lag times.
This makes it tempting to speculate that Gal protein inherit-
ance is indeed at the basis of the history-dependent behavior.
However, when cells are switched from maltose to glucose
to galactose, the lag phases upon the switch to galactose are
similar to the galactose—glucose—galactose lag phases, even
though the first growth phase in maltose does not induce
GAL gene expression, and cells do not carry detectable lev-
els of Gal proteins (Cerulus et al. 2018). Instead, the authors,
using several genome-wide screens, hint at a central role
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ment (1.5 h — 12 h — 24 h). The long-lag strain A induces Mall2,
the maltose-cleaving enzyme, later than strain B, a short-lag strain.
Longer glucose pregrowth leads to longer lag phases for both strains.
Within the population, some cells induce Mall2 earlier than others.
For strain A, some cells do not induce Mall2 even after 24 h (black
arrows) and thus do not start to grow on maltose

for the activation of respiration as a crucial factor to escape
the lag phase. Similar to what Perez-Samper et al. report
on the population level, single-cell analyses confirm that
genes involved in respiratory metabolism are activated prior
to escape from the lag phase, and even prior to activation
of the GAL or MAL genes. Blocking respiration lengthens
the lag phase, while over-activating respiration by overex-
pressing HAP4 results in shorter lag phases. Hence, it seems
that, instead of transcriptional memory in GAL or MAL gene
expression or inheritance of Mal or Gal proteins, the expres-
sion or inheritance of proteins and complexes involved in
respiration may be the key factor underlying history-depend-
ent behavior in the lag phase.

It seems plausible that when cells are shifted to glucose,
respiration is only slowly repressed, with full repression tak-
ing about 12 h, equivalent to about 6-8 cell divisions. If
cells are shifted back to an alternative carbon source before
respiration is completely repressed, they are able to more
rapidly adjust and resume growth (Fig. 1b). However, thus
far, the exact genes or molecules involved have not yet been
completely identified. Recently, a molecular mechanism for
a rapid, adaptive response through regulated protein aggre-
gation of respiratory activators was proposed, which could
also influence history-dependent behavior (Simpson-Lavy
and Kupiec 2018). Moreover, it is still unclear why cells
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need to activate respiration because, in principle, sugars such
as maltose and galactose can also be fermented. However,
during a switch in carbon sources, cells experience a severe
drop in intracellular ATP levels, and this drop is much more
severe in cells that cannot respire (Perez-Samper et al. 2018).
Hence, a threshold level of respiration may allow cells to
efficiently produce energy from the few molecules of sugar
they can import and/or from reserve carbohydrates that are
stored intracellularly, providing them with the resources
needed to reprogram their metabolism and resume growth.

The lag phase differs between individual
cells

Another aspect of the lag phase revealed through single-cell
analyses is that despite being genetically identical, individ-
ual cells in a population often show very different behav-
iors (Fig. 1b). While some cells are able to escape the lag
phase a couple of hours after the shift, other cells take more
than 20 h (Cerulus et al. 2018). Even more surprisingly, a
significant fraction of the cells seems to never escape the
lag phase at all. In some conditions and for some genetic
backgrounds, the fraction of cells that fails to escape the lag
phase is more than 90%. This is quite puzzling, as one would
intuitively expect that cells would have evolved to respond as
quickly as possible to environmental changes. After all, cells
that adapt more rapidly can escape the lag phase and resume
growth more quickly, thereby outcompeting cells that take
longer to escape. Moreover, it seems logical to assume that
genetically identical cells in a uniform environment would
respond similarly to environmental triggers. Why, then, are
some cells in an isogenic population, subjected to exactly
the same environment, able to switch rapidly whereas some
others even completely fail to escape the lag phase?

One simple explanation would be that the lag duration
depends on the cell cycle stage a particular cell is in when
the carbon source shift happens. Another possibility would
be that older mother cells, that have been growing in glucose
much longer than newly born daughter cells, show slower
transitions. However, no dependency on cell cycle or rep-
licative age was found (Cerulus et al. 2018). What, then,
could explain the differences between individual cells? One
hypothesis is that during growth on glucose, some cells
show stronger repression of respiration than others. Cells
that are partly respiring may show shorter lag phases, pos-
sibly at the cost of fitness during glucose growth. Indeed,
it has been shown that strong catabolite repression leads to
optimal fitness in stable glucose environments, whereas a
more relaxed repression may be more favorable in variable
and unpredictable environments (Fig. 1b) (New et al. 2014;
Wang et al. 2015). So, depending on the specific conditions,

it might be beneficial for cells to not switch too quickly when
the environment changes.

Interestingly, various single-cell analyses have demon-
strated the existence of seemingly stochastic differences
between genetically identical cells. These differences,
often referred to as biological noise, can result from vari-
ous sources, not in the least stochastic processes related to
molecular interactions, gene expression, and protein stability
and inheritance (Newman et al. 2006; Maheshri and O’Shea
2007; New et al. 2014). Moreover, theoretical work suggests
that a quick and uniform response is perhaps not always the
best strategy, and that noise may in some cases be benefi-
cial. For example, a seminal study by Kussell and Leibler
predicts that in some cases it may be more favorable if cells
in a population do not uniformly adapt to an environmental
change, but instead employ stochastic switching between dif-
ferent states, with each state fitting a particular environment
(Kussell and Leibler 2005). This implies that in any given
population and any given environment, a fraction of the cells
is not optimally adapted. However, the flipside of this strat-
egy is that a population always contains a certain fraction of
cells that can resume growth as soon as a new environment
comes along. In addition, mathematical models suggest that
the fitness effect of a fraction of slow-growing cells in a
population is much smaller than one would intuitively pre-
dict (Cerulus et al. 2016). The proposed stochastic switching
would be most favorable when the environmental changes
are also stochastic and infrequent since the cost to maintain
a sensing and signaling system becomes larger if having the
sensor only becomes useful occasionally. Of course, much
also depends on the switching rates of the stochastic sys-
tem; these are presumed to be evolutionarily tuned to the
rate at which the environmental changes take place. Simi-
larly, theoretical work also predicts that a form of epigenetic
memory or hysteresis may also help to further tune the adap-
tive response of cells (Kussell and Leibler 2005; Friedman
et al. 2014). In this scenario, prolonged exposure to a given
environment is interpreted as a sign that this environment
has a high chance of returning, making it advantageous to
not have all individuals quickly shift to a new state when a
(temporary) change occurs.

However, it is unclear whether the lag phase variation
between individual cells is indeed adaptive rather than
merely a consequence of biological noise. In that respect,
it would be interesting to compete with otherwise isogenic
variants that show different lag behaviors, ranging from uni-
formly short lags to highly heterogeneous long lags, in vari-
ous environments. Would it indeed be true that strains show-
ing more history-dependent behavior and heterogeneous lag
phases show increased fitness in highly variable and unpre-
dictable environments? To investigate this, one would first
need to identify the natural alleles that explain variation in
lag behavior, for example, by performing a Quantitative Trait
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Locus (QTL) analysis, starting from a few fast- and slow-
switching strains. Then by introducing only those mutations
that cause the difference in lag behavior, one would have a
perfect set of variants to study the implications of having
short or long lag times.

Together, the new results show that, while activation
of specific genes involved in the uptake and metabolism
of alternative sugars, such as the GAL and MAL genes, is
necessary to resume growth on alternative carbon sources
after glucose runs out, the cells first need to make a bigger
change in their metabolism, namely re-routing carbon flux
from fermentation to respiration (Perez-Samper et al. 2018;
Cerulus et al. 2018). This major re-routing is, in at least
some cases, the rate-limiting step, and the longer cells have
grown on glucose, and the more their metabolism is adapted
to it, the more difficult and slow a switch to a new carbon
source becomes, even for cells that were born in the last few
hours or minutes before the switch from glucose to maltose
or galactose. Interestingly, the heterogeneity in the lag phase
between different yeast strains and between different cells
in the same population suggests that the lag phase might
be evolutionary optimized through various mechanisms,
including genetic mechanisms that determine the strength
of repression of respiration in glucose (New et al. 2014), as
well as the level of stochasticity in the response (Cerulus
et al. 2016, 2018). In light of these new results from Perez-
Samper et al. and Cerulus et al. (2018), it might also be
interesting to investigate whether this re-routing from fer-
mentation to respiration can be linked to mechanisms behind
other important biological phenomena such as stress toler-
ance, longevity and quiescence (Miles and Breeden 2017;
Soontorngun 2017; Zhang and Cao 2017; Pascual-Ahuir
et al. 2018).
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