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tolerance in Saccharomyces cerevisiae
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ABSTRACT Tolerance to desiccation in cultures of Saccharomyces cerevisiae is inducible; only
one in a million cells from an exponential culture survive desiccation compared with one in five
cells in stationary phase. Here we exploit the desiccation sensitivity of exponentially dividing
cells to understand the stresses imposed by desiccation and their stress response pathways.
We found that induction of desiccation tolerance is cell autonomous and that there is an
inverse correlation between desiccation tolerance and growth rate in glucose-, ammonia-, or
phosphate-limited continuous cultures. A transient heat shock induces a 5000—fold increase in
desiccation tolerance, whereas hyper-ionic, -reductive, -oxidative, or -osmotic stress induced
much less. Furthermore, we provide evidence that the Sch9p-regulated branch of the TOR
and Ras-cAMP pathway inhibits desiccation tolerance by inhibiting the stress response tran-
scription factors Gis1p, Msn2p, and Msn4p and by activating Sfp1p, a ribosome biogenesis
transcription factor. Among 41 mutants defective in ribosome biogenesis, a subset defective
in 60S showed a dramatic increase in desiccation tolerance independent of growth rate. We
suggest that reduction of a specific intermediate in 60S biogenesis, resulting from conditions
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such as heat shock and nutrient deprivation, increases desiccation tolerance.

INTRODUCTION

Desiccation tolerance is the ability of an organism to withstand re-
moval of as much as 95% of its water and resume normal metabo-
lism after rehydration (Crowe et al., 1992). Desiccation tolerance is
commonly found in seeds, which contain desiccated plant em-
bryos, and also rarely in adult extremophiles such as bacteria
(Deinococcus  radiodurans), fungi (Saccharomyces cerevisiae),
plants (resurrection plants and bryophytes), and animals (nema-
todes, tardigrades, brine shrimp, and rotifers) (Potts, 1994). Desic-
cation is thought to impose a number of stresses, including hyper-
osmolarity, hyperoxidation, hyperionicity, and protein misfolding/
aggregation (Franca et al., 2005; Chakrabortee et al., 2007). All
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these stresses have the potential to inflict lethal damage upon es-
sential cellular components such as DNA, proteins, and membranes
(Herrero et al., 2008; Hohmann, 2009; Verghese et al., 2012). How-
ever, which of these stresses (alone or in combination) is actually
responsible for desiccation-induced death and how extremophiles
counter the relevant lethal stresses are unknown. A molecular un-
derstanding of desiccation tolerance is likely to provide key insights
into water homeostasis in all cells and to generate powerful tools
to address important agricultural problems such as crop loss due to
drought and biomedical problems such as long-term blood
storage.

Desiccated organisms have been studied for many years and
have been found to harbor a number of molecules thought to miti-
gate different stresses. These putative protective molecules include
osmolytes, heat shock proteins (HSPs), redox balance enzymes, tre-
halose, short unstructured hydrophilic proteins, and others (Crowe
et al., 1992; Billi and Potts, 2002; Tunnacliffe and Wise, 2007). How-
ever, in many cases, their presence remains only correlated to des-
iccation tolerance without a demonstration of causality. An ideal
tool to assess causality in vivo is the budding yeast S. cerevisiae, a
conditionally desiccation-tolerant organism especially amenable to
genetic analyses.
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Our laboratory and others have shown that S. cerevisiae is more
desiccation tolerant during stationary phase than exponential phase
(Ratnakumar and Tunnacliffe, 2006; Calahan et al., 2011). One
method to predict the stress response pathways responsible for stress
tolerance in stationary-phase cells is to examine changes in gene ex-
pression levels. However, previous studies in yeast showed that any
one of a panel of environmental stresses triggers a stereotypical
change in expression of some 900 genes, including those encoding
products necessary for combating other stresses (Gasch et al., 2000;
Causton et al., 2001). This broad gene expression response, named
the environmental stress response (ESR), is also strongly induced dur-
ing entry into stationary phase, obfuscating the importance of indi-
vidual genes in surviving a particular stress, including desiccation
tolerance. Furthermore, studies investigating the importance of
stress-activated genes and stress-tolerance genes have found little
overlap (Giaever et al., 2002; Berry and Gasch, 2008). Thus analyses
of gene expression responses to stresses have shown limited predic-
tive value for identifying the genes essential for survival.

In light of these discoveries, researchers have begun to exploit
genetic tools in yeast to assess the functional importance of specific
genes and pathways in desiccation tolerance. A survival analysis of
a mixture of 5000 mutant strains subjected to desiccation, each de-
leted for a different nonessential gene, suggested that 653 genes
may be important for desiccation tolerance of cells growing after
diauxic shift (Ratnakumar et al., 2011). Strains lacking MSN2, MSN4,
or GIS1, genes encoding transcriptional regulators of HSPs and tre-
halose biosynthetic enzymes, were underrepresented, as were some
of the regulators of the Ras-cAMP signaling pathway. Although this
screen provided potential clues, we decided to make further inqui-
ries to clarify the signaling mechanisms regulating desiccation
tolerance.

Using a more sensitive assay for desiccation tolerance capable of
assaying up to 108 cells for viability (see Materials and Methods), we
surveyed mutants defective in many stress response factors and
regulators (DNA damage repair, oxidative and salt homeostasis, as
well as global stress regulators of osmolarity) for desiccation toler-
ance in saturated cultures (Calahan et al., 2011). Surprisingly, desic-
cation tolerance in these mutants was minimally affected, if at all.
The failure of the candidate gene approach prompted a screen of
the yeast deletion collection of nonessential genes to identify dele-
tions that reduced desiccation tolerance of stationary-phase cultures
by several orders of magnitude. Intriguingly, only deletions that ab-
rogated respiration were identified, exhibiting a reduction of 10,000-
fold in desiccation tolerance. Further analysis demonstrated that
processes associated with respiration before desiccation allow des-
iccation tolerance.

This respiration requirement for desiccation tolerance can be
bypassed by activation of Med2p, a subunit of the activator sub-
module of the mediator complex involved in regulation of tran-
scription, or inhibition of Ras2p, a small GTPase that is responsive
to glucose and stress signals. Taken together, these results suggest
that the induction of stress effectors by Ras2p or Med2p before
desiccation is necessary for subsequent tolerance. Unfortunately,
exploiting these insights to find the stress effectors has proven dif-
ficult. Ras2p and Med2p regulate the expression of hundreds of
genes. Furthermore, several Ras2p-/Med2p-regulated genes are
likely involved because the deletion of any single nonessential gene
(other than those required for respiration) does not reduce toler-
ance beyond a few fold.

Here we narrow down potential candidates for effectors by defin-
ing the specific stress responses that contribute to desiccation toler-
ance. We show that desiccation-sensitive, exponential-phase cells
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can acquire desiccation tolerance by pretreatment with heat stress,
or in a graded manner by decreasing growth rate due to nutrient
limitation in continuous culture, but very little by osmotic, reductive,
oxidative, or salt stress. We further connect desiccation and heat
tolerance by showing that they are both inhibited by TORC1. We
provide evidence that TOR and Ras-cAMP signaling inhibit desicca-
tion tolerance in exponential phase via Sch9p and the cAMP-depen-
dent protein kinase A (PKA), respectively. We show that Sch9p and
PKA modulate desiccation tolerance by modulating the activity of
Msn2p, Mns4p, and Gis1p (transcription factors critical for heat stress
response) and Sfp1p (involved in ribosome biogenesis). Finally, ex-
amination of 41 ribosome biogenesis mutants reveals mutants de-
fective in 60S ribosome biogenesis that exhibit increased desicca-
tion tolerance independent of growth rate. We suggest a model in
which reduced 60S biogenesis, resulting from conditions such as
heat shock and nutrient deprivation, is necessary for increased desic-
cation tolerance.

RESULTS

Acquisition of desiccation tolerance is cell autonomous

Only one in a million cells from an exponential culture survives des-
iccation, whereas one in five survives desiccation from a stationary-
phase culture (Calahan et al., 2011). We wondered whether the dif-
ference in desiccation tolerance of these two cultures might be the
result of cell-to-cell communication. For example, quorum-sensing
molecules secreted by bacteria accumulate in proportion to cell
density and cause their constituents to alter gene expression in re-
sponse to signal concentration (Miller and Bassler, 2001). Addition-
ally, fungi including S. cerevisiae exhibit quorum-sensing activity in
response to nutrient limitation (Chen and Fink, 2006).

To test for the presence of a secreted desiccation tolerance-in-
ducing factor, we pelleted exponential-phase cells and resuspended
them in either dilute phosphate-buffered saline (PBS) or conditioned
medium from a stationary-phase culture. Cells were assayed for des-
iccation tolerance immediately after resuspension and 6 h after re-
suspsension (Figure 1, lanes 3, 4, 9, and 10). A 6-h incubation was
likely to be more than sufficient time to induce desiccation toler-
ance, because a change in carbon source can induce tolerance in
2 h (Calahan et al., 2011). Brief incubation of exponential-phase cells
in conditioned medium did not change desiccation tolerance sig-
nificantly (Figure 1, lanes 1 and 3). A 6-h incubation caused desicca-
tion tolerance to increase 36-fold (Figure 1, lanes 3 and 4); however,
cells resuspended in dilute PBS for 6 h showed a similar fold in-
crease (Figure 1, lanes 4 and 10). Thus the small increase observed
due to conditioned medium appeared to be independent of the
medium itself and likely due to time spent in a nondividing, starving
state. We conclude that conditioned medium is unlikely to contain a
soluble factor that induces desiccation tolerance.

Secreted factors are not the only means by which cells communi-
cate. Examples of cell signaling due to direct contact (juxtacrine) are
common in mammalian cells and also cause gene expression
changes (Singh and Harris, 2005). We considered that an extracel-
lular factor important for desiccation tolerance induction may be cell
bound, and thus signal an increase in desiccation tolerance when cells
received sufficient direct-contact stimulation. To test this, we mixed
stationary-phase G418° cells (1.6 x 108 cells) with exponential-phase
G418R cells (4 x 107 cells) in a low volume of dilute PBS (optical den-
sity [ODlgoo = 44), and assessed desiccation tolerance of the expo-
nential-phase cells immediately after mixing and 6 h later (Figure 1,
lanes 7 and 8). We were able to distinguish the desiccation tolerance
of exponential-phase cells from stationary-phase cells by their ability
to grow in medium containing the antibiotic G418. The increase in
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FIGURE 1: Desiccation tolerance is acquired in a cell-autonomous
manner. Exponential-phase G418R cells (gal3A) were resuspended in
four conditions: medium from saturated cells, medium and cells from
stationary-phase culture, cells from stationary-phase culture in dilute
PBS, or in dilute PBS alone. These were then assayed for desiccation
tolerance at the indicated times. Controls (left) are G418R cells (gal3A)
in either exponential or stationary phase.

desiccation tolerance of the exponential-phase cells was not signifi-
cantly different from that of exponential-phase cells resuspended in
dilute PBS (Figure 1, lanes 8 and 10). Thus direct contact with sta-
tionary-phase cells does not confer desiccation tolerance on expo-
nential-phase cells, indicating that a cell-bound factor capable of
inducing desiccation tolerance does not exist. In this experiment the
exponential-phase culture was incubated at a cell density similar to
those of stationary-phase cultures for 6 h before desiccation. The
failure to induce tolerance under these conditions also suggests that
high cell density is not sufficient to induce desiccation tolerance.

To test whether a cell-bound factor may require its native me-
dium to be active, we replaced a small fraction of the cells in a sta-
tionary-phase culture with the same number of G418R exponential-
phase cells and allowed this mixed culture to incubate for 6 h. Again
this condition failed to elevate the desiccation tolerance of expo-
nential-phase cells, either immediately or after 6 h, above that ob-
served for exponential-phase cells in dilute PBS (Figure 1, lanes 5, 6,
9, and 10). This experiment also eliminated the possibility that sta-
tionary cells could protect exponential cells by forming a structural
cage. Taken together, these experiments suggest that the increase
in desiccation tolerance of a culture as it grows to saturation is a cell-
autonomous process.

®Nitrogen Limited

B Carbon Limited

13.8 Doubling Time (H)

Induction of desiccation tolerance via stress treatment

As cells transition from exponential phase to stationary phase, they
exhaust energy-containing carbon sources. Thus a potential cell-
autonomous inducer of desiccation tolerance in stationary-phase
cultures is nutrient starvation. We began investigating this by first
asking whether glucose starvation might induce desiccation toler-
ance. We transferred exponentially growing cells in rich medium
with glucose to rich medium lacking glucose and measured desicca-
tion tolerance over time (Figure 2A). Desiccation tolerance increased
a millionfold within 16 h, whereas cell density increased by 1.5-fold.
This result indicates that glucose starvation can induce desiccation
tolerance and that extensive cell doubling is not required for the
acquisition of desiccation tolerance.

To assess whether desiccation tolerance could be induced by
decreasing growth rate by nutrient limitation, we used a continuous
culture system. Cultures of protorophic yeast were grown in chemo-
stat vessels under three different medium regimes at three different
exponential growth rates for each medium: glucose-limited, nitro-
gen-limited, and phosphate-limited. In the continuous culture sys-
tem, the culture growth rate is set by the rate of fresh medium (con-
taining a defined limiting nutrient) influx: an increased flow rate
results in an increased growth rate, whereas a decreased flow rate
results in a decreased growth rate (Monod, 1950; Novick and Szilard,
1950). When at steady state, desiccation tolerance was assessed.

Regardless of the limiting nutrient used to set the growth rate,
decreased growth rate resulted in increased desiccation tolerance
(Figure 2B). Desiccation tolerance for cultures with the slowest
growth rate (13.8-h doubling time) reached levels similar to those
seen in stationary-phase cultures. The tight correlation between
nutrient-imposed slow growth and desiccation tolerance suggests
that slow growth in general or a component(s) associated with nutri-
ent-imposed slow growth results in desiccation tolerance.

A potential explanation for these observations is that increased
respiration, due to reduced growth rate, is responsible for the induc-
tion of desiccation tolerance in continuous culture. We think not, for
several reasons. First, under sufficiently nutrient-limiting conditions,
yeast cells will respire regardless of glucose abundance (van Hoek
etal., 1998, 2000), yet we see a graded increase in dessication toler-
ance as the growth rate is lowered, and desiccation tolerance is not
fully induced until much longer doubling times (Figure 2B). Second,
in the case of heat shock resistance, Lu et al. (2009) were able to
show a graded increase of resistance with lower growth rate in respi-
ratory-deficient (p7) strains of yeast.

We next assessed whether stresses other
than nutrient limitation could induce desicca-
tion tolerance. We asked whether tolerance
could be induced after exponential-phase
cells were treated with heat, ionic, osmotic,
or oxidative stress. A previous study sug-
gested that heat stress gave a modest two-
fold increase, and the other stresses had
even smaller increases (Ratnakumar and
Tunnacliffe, 2006). However, the assay used
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FIGURE 2: Starvation can induce desiccation tolerance. (A) Exponential-phase BY4742 cells
were transferred from rich medium containing glucose to the same medium without glucose,
and samples were taken at the indicated times and assayed for desiccation tolerance. (B) Strain
DBY12000 was grown under defined media conditions in a chemostat at constant doubling time
at the times and nutrient-limiting conditions indicated until steady-state conditions were
reached, and then were tested for desiccation tolerance using the described protocol (see
Materials and Methods). The experiment was performed in triplicate, and representative results

are shown.
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to measure desiccation tolerance in this
study was compromised by the high basal
rate of desiccation tolerance of the untreated
control (~5%), likely caused by the slow
desiccation method used. During slow desic-
cation, samples undergo nutrient starvation,
thereby inducing desiccation tolerance. We
decided to reinvestigate the ability of other
stresses to induce desiccation tolerance
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FIGURE 3: Pretreatment with heat, but not other stresses, highly
induces desiccation tolerance. (A) Exponential-phase BY4742 cells
growing at 30°C in rich medium were pelleted and resuspended in the
same medium with or without 1 M sodium chloride or 1.5 M sorbitol
added or preheated to 39°C in rich medium at an ODggp < 0.6 and
desiccated at the indicated time points and then assessed for viability.
(B) Cells from the same experiment indicated in (A) were also treated
for thermotolerance at the same time points by incubating at 52°C for
15 min and then assessed for viability. (C) Exponential-phase BY4742
cells from rich medium were collected and resuspended in rich
medium with or without dithiothreitol or H,O, added, and samples
were assayed for desiccation tolerance at the indicated time points.
(D) Growth rates of indicated cultures. Growth rate was calculated
using the following formula: ATime/(Log,[Cell densitys;na/Cell
density;nitall). The time period used to assess growth rate for each
culture was between 1 and 3 h.
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using our more sensitive assay in which the basal rate of desiccation
tolerance was one in a million cells.

Exponential-phase cells growing at 30°C were subjected to sub-
lethal stresses by resuspending them in rich medium that either was
preheated to 39°C or contained sublethal amounts of sodium chlo-
ride, sorbitol, dithiothreitol, or hydrogen peroxide (Figure 3, A-C).
At several time points, aliquots were resuspended in dilute PBS and
then immediately desiccated (Figure 3, A and C). Additionally, at
these same time points, thermally, ionically, or osmotically stressed
cultures were treated with lethal heat shock (52°C) and then assayed
for viability (Figure 3B). We chose concentrations of these stressors
and treatment time frames that had previously been shown to in-
duce significant changes in the transcription profile of genes impli-
cated in alleviating stress (Gasch et al., 2000). We found that un-
treated control cultures remained both thermosensitive and
desiccation sensitive. Pretreatment of cells with sodium chloride or
sorbitol increased desiccation tolerance 70- to 100-fold, a signifi-
cant but small increase compared with the 5000-fold increase
caused by heat shock (Figure 3A). This trend is observed at a later
time point as well (Supplemental Figure S1). No increase in desicca-
tion tolerance was observed when cells were treated with dithiothre-
itol or hydrogen peroxide (Figure 3C). Thus pretreatment of cells
with different sublethal stressors appears to have dramatically differ-
ent effects on the level of desiccation tolerance induced.

This conclusion depends on the assumption that the level of
stressors used in our study indeed induced significant amounts of the
relevant stress and stress response. This assumption was supported
by our knowledge that levels of stressors used in our experiments
were known to cause similar induction of the ESR (Gasch et al., 2000).
Beyond ESR induction, we validated this assumption in several ways.
Thermotolerance increased in the 39°C culture 30,000-fold within 3 h
(Figure 3B). These results corroborate previous studies in which heat
shock increased thermotolerance and induced sweeping gene ex-
pression changes within 15-30 min (Sanchez and Lindquist, 1990;
Gasch et al., 2000). Hyperosmotic treatment induced gene expres-
sion changes indicative of osmotic stress, and showed a significant
decrease in growth rate (Figure 3D and Supplemental Figure S2).
Treatment with hydrogen peroxide and dithiothreitol at the concen-
trations used here and in previous transcription studies failed to pro-
duce any change in growth rate. To investigate whether higher levels
of stress imposed by these two stressors increased desiccation toler-
ance, we treated cells with sufficiently higher concentrations of these
stressors to slow growth (Figure 3D and Supplemental Figure S4, A
and B). We still failed to observe an increase in desiccation tolerance.
Thus, the difference in the type of stress used to confer cross-toler-
ance to desiccation is unlikely to be due to differences in the degree
of stress experienced.

Finally, to make sure that the stress did not dissipate during des-
iccation, we tested whether the presence of these stressors with the
desiccating samples would affect desiccation tolerance. A culture of
exponential-phase cells growing at 30°C was transferred to fresh
medium with or without sodium chloride, dithothreitol, or hydrogen
peroxide and desiccated in dilute PBS with or without the same
stressor (Supplemental Figure S3, A-C). We found no significant
change in desiccation tolerance due to the presence of the stressor
during desiccation. Sorbitol was not tested in this manner because
it forms a glass at the bottom of the tube and blocks desiccation.
These results strongly suggest that our conditions were sufficient to
induce the relevant stresses and their stress responses.

Taken together, these experiments suggest a number of impor-
tant conclusions. The minimal cross-protection conferred by salt,
osomotic, or redox stresses suggests that effectors of these stress
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responses, unlike heat shock, contribute minimally to desiccation
tolerance. Consistent with a unique relationship between desicca-
tion tolerance and heat shock, the other stressors also failed to in-
duce heat tolerance as well as desiccation tolerance (Figure 3B).
However, cross-protection due to heat shock is only partial, as the
increase in desiccation tolerance is still several orders of magnitude
lower than the level of desiccation tolerance in a stationary-phase
culture. This finding suggests that acquisition of desiccation toler-
ance requires additional stress effectors beyond those sufficient for
heat tolerance and/or higher levels of the common stress effectors.
Finally, because these other stresses imposed slow growth but failed
to induce desiccation tolerance, the stress/slow growth imposed by
nutrient limitation (and possibly heat shock) is distinct. This distinc-
tion suggests that desiccation tolerance arises from a component or
components that are associated with nutrient-imposed slow growth
rather than slow growth per se.

Regulation of desiccation tolerance by the TOR pathway
The TOR pathway, conserved from yeast to humans, is one of the
major integrators of information regarding the nutrient status within
a cell (Zaman et al., 2008). The TOR complex 1 (TORC1) is active in
exponential-phase cells, phosphorylating downstream targets to re-
press stress responses and to promote ribosome biogenesis and
cell-cycle progression. Interestingly, a recent study showed similar
regulation of certain proteins by heat shock and TOR signaling
(Bandhakavi et al., 2008). Thus TORC1 regulates responses to both
nutrient abundance and heat, two factors that we showed corre-
lated with desiccation tolerance.

On the basis of these reports, we hypothesized that TORC1
might mediate the increase in desiccation tolerance exhibited by
nutrient-deprived or heat-stressed cells. Manipulation of TORC1 ac-
tivity is possible using the macrolide drug rapamycin. Rapamycin
binds to Fpr1p (FKBP12 in humans), forming a complex that binds
Tor1p, thereby inhibiting TORC1. Using rapamycin, we investigated
whether TORC1 may regulate heat shock and desiccation tolerance.
A culture of exponential-phase cells was treated with rapamycin and
then assayed for both desiccation and heat tolerance (Figure 4A).
Rapamycin was washed out of the culture before assessment of des-
iccation or heat tolerance. Rapamycin treatment elevated both des-
iccation and heat tolerance three to four orders of magnitude; these
absolute values approach the maximum values of desiccation and
heat tolerance seen in stationary-phase cultures or those pretreated
with a heat stress. This dual induction by rapamycin of desiccation
and heat tolerance is consistent with their putative use of common
stress mitigators.

We further characterized the induction of desiccation tolerance
by rapamycin by assessing the kinetics of desiccation tolerance in-
duction. Cell aliquots were removed at various times after the addi-
tion of rapamycin and assayed for desiccation tolerance (Figure 4B).
This treatment induced a dramatic increase in desiccation tolerance
of 7700-fold in 2 h, with desiccation tolerance reaching an absolute
level of 10% by 7 h. Throughout this time course, control cell viabil-
ity of rapamycin-treated cultures did not drop below 50% as com-
pared with the untreated control culture’s viability. Both the rapid
response and significant induction mirror the desiccation tolerance
response of cells switched from glucose to glycerol medium (Calahan
et al., 2011). To verify that the desiccation tolerance induction by
rapamycin was in fact due to inhibition of Tor1p and not an off-tar-
get effect of this drug, we used the tor1-1 allele that is insensitive to
rapamycin. A strain bearing the tor1-1 allele as the only copy of
TOR1 was assayed for desiccation tolerance in the presence or
absence of rapamycin (Figure 4C). Rapamycin failed to induce any
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FIGURE 4: The TOR pathway inhibits desiccation tolerance in
exponential-phase cells. (A) Exponential-phase cells growing in rich
medium were transferred to the same media containing either
rapamycin or the vehicle (ethanol) and then assayed for desiccation
tolerance or heat tolerance after 6-10 h incubation while diluting to
maintain ODggg < 0.6. (B) Exponential-phase cells growing in rich
medium were transferred to the same media with either rapamycin or
the vehicle (ethanol) added and then assayed for desiccation
tolerance at the indicated time points, while maintaining ODgqp < 0.6.
(C) Cells containing a rapamycin-insensitive allele of TOR1 (tor1-1) and
wild-type cells were assayed for desiccation tolerance as described in
(A). (D) Exponential-phase cells of the indicated genotype were
assayed for desiccation tolerance as described in (A).

desiccation tolerance in this mutant, confirming that rapamycin in-
duces desiccation tolerance by Tor1p inhibition.

It has been reported that tor1A cells induce a mild stress response
(Wei et al., 2008, 2009). However, we did not observe any change in
desiccation tolerance in torTA cells during growth in exponential
phase (Supplemental Figure S5A). This lack of change may be due
to the ability of Tor2p to substitute for Tor1p in TORC1.

Finally, we asked whether the induction of desiccation tolerance
by Tor1p inhibition is dependent on respiration. To do this, we ex-
amined desiccation tolerance in respiration-incompetent mrpl16A
cells treated with or without rapamycin (Figure 4D). MRPL16 en-
codes a mitochondrially specific ribosomal protein of the large sub-
unit, and absence of this protein causes cells to lose respiration ca-
pability. Indeed, this strain exhibited robust desiccation tolerance
after treatment with rapamycin. Thus the induction of desiccation
tolerance by Tor1p inhibition is independent of the respiratory state
of the cell.

The TORC1 pathway regulates a multitude of downstream tar-
gets. For example, TORC1 inhibits genes required for autophagy,
retrograde signaling to the mitochondria, and nitrogen catabolite
repression (NCR; Zaman et al., 2008). Indeed, a recent study
suggested that autophagy is important for desiccation tolerance
(Ratnakumar et al., 2011). TORC1 inhibits these processes by phos-
phorylating Tap42p (Zaman et al., 2008; Figure 5A). Tap42p is an
essential protein that forms several distinct complexes with protein
phosphatase 2A or Sit4p. To test whether Tor1p inhibits effectors of
desiccation tolerance through Tap42p, we grew a strain bearing a
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temperature-sensitive allele of TAP42 to exponential phase at
permissive (23°C) and semipermissive (30°C) temperatures and
tested desiccation tolerance (Figure 5B). Desiccation tolerance in-
creased 120-fold in this mutant. However, the total level of desicca-
tion tolerance was still four orders of magnitude below those of
stationary-phase cultures. Thus genes inhibited by Tap42p may play
a role in desiccation tolerance.

To test whether any of the known targets of Tap42p inhibition were
effectors of desiccation tolerance, we asked whether strains deleted
for individual genes encoding these targets compromised rapamycin-
induced desiccation tolerance (Figure 5C). Mutants lacking RTG3,
ATG1, or ATG17 exhibited minor suppression of rapamycin-induced
desiccation tolerance (~10-fold), whereas the remaining deletions had
no effect. These results indicate that autophagy, retrograde signaling,
and NCR signaling have no role in rapamycin-induced desiccation
tolerance. Additional experiments will be required to assess the tar-
gets of Tap42 necessary for desiccation tolerance.

In addition to Tap42p, TORC1 activates Sch9p, which inhibits
stress-responsive transcription factors and activates ribosome bio-
genesis. Because TORC1 activates Sch9p, the expectation was that
deletion of SCH? should mimic TORC1 inhibition. To test this ex-
pectation, exponential-phase sch%A cells were grown in rich me-
dium in the presence or absence of rapamycin alongside wild-type
cells (Figure 6, B and C). Indeed, we found that exponential sch9A
cells had an 800-fold increase in desiccation tolerance above wild
type, up to 0.03%, with this strain having a minor increase in dou-
bling time (3 + 0.8 h). Rapamycin treatment of sch9A cells further
increased desiccation tolerance to a level similar to that of wild-type
cells treated with rapamycin. These results indicate that TORC1 ac-
tivation of Sch9p can account for a significant portion of desiccation
sensitivity in exponential-phase cells.

Regulation of desiccation tolerance by the Ras/PKA
pathway

Many of the proteins regulated by TORC1 through Sch9p are also
regulated by the Ras-cAMP pathway via PKA. Ras2p is a small GTP-
binding protein and homologous to the mammalian RAS proto-on-
cogenes. We showed in a previous study that deletion of RAS2 re-
stores desiccation tolerance of a stationary-phase culture of
respiration-defective cells to nearly wild-type levels (Calahan et al.,
2011). However, ras2A cells do not exhibit increased desiccation tol-
erance in exponential phase (Figure 7B; Calahan et al., 2011). We
reasoned that exponential-phase cells might fail to acquire desicca-
tion tolerance because of functionally redundant mechanisms that
compensate for loss of Ras2p. Ras2p functions in the Ras-cAMP
pathway by activating adenylate cyclase (Cyr1p); however, the glu-
cose-sensing transmembrane receptors Gprip and Gpa2p and the
Ras2p homolog Ras1p also activate Cyr1p and are capable of com-
pensating for loss of Ras2p.

To overcome these potential compensatory effects, we used a
dominant-negative allele (ras2?2??) that locks Ras2p into a complex
with Cdc25p, inactivating both Ras1p and Ras2p (Powers et al., 1989;
Budovskaya et al., 2004). We constructed strains containing dele-
tions for endogenous RAS2 and carrying either a vector expressing
the dominant-negative allele of RAS2 (ras2%??) or an empty vector.
These strains were grown to exponential phase in medium selecting
for the vector and subsequently tested for desiccation tolerance
(Figure 7C). The strain bearing the empty vector was desiccation sen-
sitive as expected, but not as sensitive as previously observed for
cultures grown in rich medium. This finding is consistent with the
idea that nutrient deprivation (due to selective medium) is positively
correlated with desiccation tolerance (Figure 2B). Nonetheless,
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FIGURE 5: Effectors of Tap42 branch do not significantly affect
desiccation tolerance. (A) Genetic pathways model depicting TORC1's
downstream effectors. (B) Cells of the indicated genotype were
grown to exponential phase in rich medium at 23°C and either
assayed for desiccation tolerance or transferred to the same medium
at 30°C for 6 h, then assayed for desiccation tolerance.

(C) Exponential-phase cells of the indicated genotype were assayed
for desiccation tolerance as described in Figure 4A.

the strain bearing the ras2??? allele exhibited desiccation tolerance
3000-fold greater than that of cells bearing the empty vector alone.
The absolute level of desiccation tolerance approached that of sta-
tionary-phase cultures. These results suggest that Ras1p and Ras2p
activities inhibit desiccation tolerance in exponential-phase yeast
cells.

Ras2p is known to function in several pathways, including the
Ras-cAMP pathway (Sobering et al., 2004). To test whether the
Ras-cAMP pathway inhibits desiccation tolerance in exponential-
phase cultures, we examined the desiccation tolerance of expo-
nential-phase cells overexpressing negative regulators of the Ras-
cAMP pathway (MSI1, PDE2, BCY1). Msi1p, first characterized as a
subunit of chromatin assembly factor 1, has a distinct function as a
suppressor of hyperactive Ras mutants, acting downstream of
Pde2p but upstream of Bey1p (Zhu et al., 2000; Johnston et al.,
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downstream effectors. (B) Exponential-phase cultures of the indicated
genotypes grown in rich medium were assayed for desiccation
tolerance. (C) Exponential-phase cells of the indicated genotype were
assayed for desiccation tolerance as described in Figure 4A.

2001). Bey1p binds to the subunits of the PKA complex and ren-
ders them inactive in the absence of cAMP (Toda et al., 1987).
Wild-type cells carrying plasmids that overexpress MSIT or BCY1
were grown to exponential phase in inducing medium, then as-
sayed for desiccation tolerance (Figure 7D). The elevated levels of
desiccation tolerance in the vector-alone controls are likely due to
nutrient deprivation (Figure 2B). Despite the high basal tolerance
of the controls, overexpression of MSI7 and BCY1 induced a 10- to
40-fold additional increase in desiccation tolerance, consistent
with the hypothesis that modulation of Ras-cAMP signaling affects
desiccation tolerance.

The activity of the Ras-cAMP pathway is ultimately determined
by the kinase activity of the PKA complex, which is regulated by the
level of intracellular cAMP. To test whether cellular cAMP concentra-
tion affects desiccation tolerance, we overexpressed PDE2, which
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encodes a cAMP-phosphodiesterase that degrades cAMP. Wild-
type cells carrying a plasmid that overexpresses PDE2 were grown
to exponential phase in rich medium containing galactose and then
assayed for desiccation tolerance (Figure 7D). Cells overexpressing
PDE2 exhibited an increase in desiccation tolerance of 400-fold
over the empty-vector controls, to levels approaching stationary-
phase cultures.

To further test the effect of modulation of cAMP levels, we inhib-
ited cAMP production by compromising Cyr1p, the essential adeny-
late cyclase protein responsible for converting AMP into cAMP. To
do this, the CYRT gene was replaced with a temperature-sensitive
allele. The cyr1® strain was grown to exponential phase at the per-
missive temperature (23°C), transferred to a semipermissive tem-
perature (30°C) for 6 h, and assayed for desiccation tolerance
(Figure 7E). While at 23°C, the temperature-sensitive strain exhib-
ited desiccation tolerance equivalent to wild type; at 30°C it showed
an increase of 30,000-fold over wild type. Interestingly, the wild type
grown at 23°C exhibited 100-fold increased desiccation tolerance
as compared with the culture grown at 30°C, indicating that cold
stress may induce higher desiccation tolerance. These results show
that the Ras-cAMP pathway is an important inhibitor of desiccation
tolerance in exponential cells.

To test whether the Ras-cAMP pathway and the TOR pathway
may have a synergistic effect on desiccation tolerance, we tested
the same cyr1® strain at 30°C with or without rapamycin added
(Supplemental Figure S5B). Cells inhibited by both the Ras-cAMP
and TOR pathways did not show a further increase in desiccation
tolerance. This result suggests that these pathways target the same
effectors to modulate desiccation tolerance.

Common targets of Tor and Ras/PKA pathways

in desiccation tolerance

The targets of the Ras-cAMP and TOR pathways, PKA and Sch%p,
respectively, regulate common targets, including Msn2p, Msn4p,
Gis1p, Rim15p, and Sfp1p (Zaman et al., 2008). These common
targets represent good candidates for regulators of desiccation
tolerance. On the basis of our earlier results, we expected that fac-
tors inhibited by these two pathways might be positive effectors
and those activated might be negative effectors of desiccation
tolerance.

To investigate the role of these candidate targets in desiccation
tolerance, we first assayed whether individual deletions of these
genes impacted the desiccation tolerance of rapamycin-treated,
exponential-phase cells (Figure 8B). Deletion of targets activated by
TORC1, Sch9p, and Sfp1p had no effect on desiccation tolerance as
expected. However, rim15A cells exhibited 100-fold reduced desic-
cation tolerance as compared with wild type. Rim15p regulates
Msn2p, Msn4dp, and Gis1p, thus we predicted that these proteins
may be playing a role in desiccation tolerance. To test whether
Msn2p, Msndp, and Gis1p were needed for desiccation tolerance,
we examined desiccation tolerance in the msn2A msn4A double mu-
tant and gis1A single mutant (Figure 8B). Neither of these mutant
strains showed a significant decrease in desiccation tolerance, which
was not surprising as these transcription factors are thought to be
partially redundant. To assess possible redundancy, we constructed
a gisTA msn2A msn4A strain and tested it for rapamycin-induced
desiccation tolerance (Figure 8B). This strain exhibited reduced
rapamycin-induced desiccation tolerance by 100-fold similar to that
seen in the rim 15A strain, suggesting that Rim15p was acting through
MSN2, MSN4, and GIS1. These results taken together suggest that
Rim15p activates Msn2p, Msn4p, and Gis1p, which in turn induce
expression of common stress effectors of desiccation tolerance. By
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FIGURE 7: The Ras-cAMP pathway modulates desiccation tolerance. (A) Model depicting
Ras-cAMP regulation of desiccation tolerance. (B) Exponential-phase cultures of the indicated
genotype grown in rich medium were assayed for desiccation tolerance. (C) Exponential-phase
ras2A cells carrying either a vector expressing a dominant-negative allele of RAS2 or an empty
vector were grown in SC medium lacking leucine and methionine for 24 h then assayed for
desiccation tolerance. (D) Exponential-phase cells carrying a vector expressing PDE2, MSI1, or
an empty-vector control were grown in yeast extract peptone (YEP) with 2% galactose for 24 h
then assayed for desiccation tolerance. Exponential-phase cells carrying a vector expressing
BCY1 or an empty-vector control were grown in SC medium lacking histidine and assayed for
desiccation tolerance. (E) Cells with either cyr1® allele or the wild-type allele of CYR1 were
grown to exponential phase at 23°C and then assayed for desiccation tolerance or transferred
to the same medium at 30°C for 6 h and then assayed for desiccation tolerance.

inhibiting Rim15p, TORC1 and the Ras-cAMP pathway inhibit the
activation of Msn2p, Msn4p, and Gis1p and their common targets of
stress effectors.

This model predicts that overexpression of MSN2, MSN4, or
GIST might bypass the inhibitory effects of TORC1 and the Ras-
cAMP pathway’s activities on Rim15p in exponential-phase cells and
allow desiccation tolerance. To test this prediction, we introduced
plasmids into wild-type cells to overexpress MSN2, MSN4, or GIS1
under control of the galactose promoter. Strains bearing these plas-
mids were grown to exponential phase in rich medium containing
galactose and were compared with the strain carrying the vector
alone. Strains expressing these transcription factors exhibited in-
creased desiccation tolerance 100- to 1000-fold, as compared with
strains carrying the empty vector, to an absolute level 10-fold less
than a stationary-phase culture (Figure 8C). These results taken
together suggest that Ras-cAMP and TORC1 signaling through PKA
and Sch9p, respectively, inhibit Rim15p and the activity of Msn2p,
Msndp, and Gis1p to block desiccation tolerance.

Sch9p and PKA not only inhibit these positive effectors, they also
enhance transcription of SFP1. Sfp1p is a positive regulator of ribo-
some biogenesis. Thus we hypothesized that Sfp1p activation by
Sch9p and PKA in exponential-phase cells inhibits desiccation toler-
ance. If so, deletion of SFP1 should partially induce desiccation
tolerance in exponential cells. Indeed, in the absence of rapamycin,
sfolA exponential-phase cells are 1000-fold more desiccation
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nation with sfp1A and tested these strains
for desiccation tolerance in exponential
phase (Supplemental Figure S6). Strains
lacking SFP1, HSP12, and HSP26 showed
no decrease in desiccation tolerance as
compared with the sfp1A strain. This finding
indicates that the increase in desiccation tol-
erance of sfp1A strains is not dependent on
the small HSPs Hsp12 and Hsp26.

We next asked whether the sfp1A strain
exhibited increased desiccation tolerance
by reducing translation. To test this possibil-
ity, we grew wild-type cells in low amounts
of cycloheximide and monitored desicca-
tion tolerance over the course of 6 h (Figure 9A). At the highest
concentration tested (1 pg/ml), translation was inhibited sufficiently
to reduce the cell division rate to 12.5 £ 2 h. Nonetheless, slow
growth and inhibition of translation did not increase desiccation tol-
erance over the course of 6 h. This result suggests that the inhibition
of ribosome biogenesis, and not translation per se, is an important
contributor to desiccation tolerance.

Next we wanted to test more directly whether inhibition of ribo-
some biogenesis could increase desiccation tolerance. To do this,
we obtained 41 strains containing temperature-sensitive alleles of
ribosome biogenesis genes. These strains were grown to exponen-
tial phase at a permissive temperature (23°C), transferred to a semi-
permissive temperature (33°C), and then assayed for desiccation
tolerance (Figure 9B). These strains exhibited a range of desiccation
tolerance, from wild-type levels up to 40,000-fold greater. The
robust tolerance in these mutants compared with that in the sfp1A
strain indicates that ribosome biogenesis may account for all of the
tolerance induced by the inactivation of Sfp1.

The fact that only a subset of mutants exhibited high desiccation
tolerance had two possible explanations. One is that, at the semi-
permissive temperature, mutants that compromised ribosome func-
tion the most became the most tolerant. Alternatively, the tolerant
subset of mutants may have compromised specific components or
steps in ribosome biogenesis that modulated desiccation tolerance.
To test the former explanation, we examined the correlation
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FIGURE 8: Common effectors of PKA and Sch9p affect desiccation tolerance. (A) Genetic
pathways model depicting PKA and Sch9p’s downstream effectors. (B) Exponential-phase cells
grown in rich medium with rapamycin of the indicated genotype were assayed for desiccation
tolerance as described in Figure 4A. (C) Exponential-phase cells carrying a vector expressing
MSN2, MSN4, GIS1, or an empty-vector control were grown in YEP with 2% galactose for 20 h
and then assayed for desiccation tolerance. (D) Exponential-phase cultures of the indicated

genotype grown in rich medium were assayed for desiccation tolerance.

between desiccation tolerance and growth rate of our mutants at
the semipermissive temperature, assuming that growth rate was a
proxy for ribosome function. Therefore we would expect the most
desiccation-tolerant strains to grow the slowest. However, compari-
son of growth rate with desiccation tolerance of these strains does
not support this hypothesis (Figure 9C). Desiccation tolerance did
not increase with slower growth rate at the semipermissive tem-
perature. In fact, many mutants exhibiting >1000-fold increases in
desiccation tolerance were in the quartile with the fastest growth
rate, whereas no mutants with >80-fold increases in desiccation tol-
erance were found in the slowest growing quartile. Indeed, based
on the logarithmic regression line fitted to these data, there is no
correlation between growth rate and desiccation tolerance (R? =
0.037). These data provide the strongest evidence yet that specific
components or steps in ribosome biogenesis modulate desiccation
tolerance. Furthermore these mutants corroborate our previous ob-
servations with osmotic, redox, and ionic stress in which desiccation
tolerance does not correlate with slow growth.

To begin to understand the specific components or steps in ribo-
some biogenesis that modulate desiccation tolerance, we catego-
rized the mutants by their function in general ribosome biogenesis
or specifically in large 60S or small 40S biogenesis (Supplemental
Figure S7). The most desiccation-tolerant mutants were highly
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contain at least some cells poised and ready
for emergencies, such as rapid water loss,
while the remainder of the culture continues
to grow and divide as rapidly as possible.
Whether or how a cell senses water avail-
ability to make the autonomous decision to
become desiccation tolerant or sensitive is
not clear. One clue may be that desiccation
tolerance is coupled to nutrient limitation
(Calahan et al., 2011). We hypothesize that nutrients normally serve
as a proxy for water abundance in nature. Yeast are immobile; they
acquire nutrients largely by diffusion through their aqueous environ-
ment. Thus nutrient limitation may often occur as a consequence of
evaporation, leaving a yeast colony in isolated water droplets sepa-
rated from the nutrient source, and serve as a harbinger of impend-
ing drought and desiccation.

Our study reveals that the exposure of exponentially growing
yeast cells to different environmental stresses gives a graded in-
duction of desiccation tolerance. Nutrient limitation or exposure
to heat stress increased desiccation tolerance 100,000- and
5000-fold, respectively. These observations corroborate a previ-
ous study, although our study produced effects several hundred-
fold greater, likely due to the improved sensitivity of the assay we
developed (Ratnakumar and Tunnacliffe, 2006; Calahan et al.,
2011). Our results indicate that nutrient limitation, heat, and desic-
cation produce common (or shared) stresses that are mitigated by
common (or shared) stress factors. This connection is strengthened
greatly by the observation that tolerance to nutrient limitation,
heat, and desiccation are all induced by inhibition of TORC1
(Bandhakavi et al., 2008). As the damage from heat stress is
thought largely to result from protein misfolding and aggregation,
this connection suggests that protein misfolding and aggregation
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Decreases in ribosome biogenesis can increase desiccation tolerance. (A) Wild-type cells grown in rich
medium were transferred to the same medium containing the indicated concentrations of cycloheximide (CHX) and were
assayed for desiccation tolerance at the indicated time points. (B) Strains containing a temperature-sensitive allele of a
ribosome biogenesis gene or the wild-type strain were grown in rich medium to exponential phase at 23°C, shifted to
33°C for 6 h, then assayed for desiccation tolerance and growth rate. Presented here is only the desiccation tolerance.
(C) Here the same data for desiccation tolerance are shown as in (B), but they are now plotted against the doubling time.
The wild-type strain has a striped box, whereas all mutant strains have a solid black box. A logarithmic-regression line
was fitted to these data. The equation for this line is y = 0.0093e-0.337x, and the R? value of this line is displayed.

are stresses limiting desiccation tolerance. We previously showed
that HSP104 was not needed for desiccation tolerance in station-
ary-phase cultures (Calahan et al., 2011). Our current study sug-
gests that we should revisit HSP function in desiccation tolerance
in the context of exponential-phase cells.

In contrast to heat stress, pretreatment of cells with other
stresses like osmotic, reductive, oxidative, and salt minimally (if at
all) increased desiccation tolerance. This finding is surprising on
two accounts. First, many studies have assumed that these stresses
must be responsible for desiccation sensitivity (Franca et al., 2005).
Our observations suggest that the level of osmotic and salt stresses
that occur during desiccation may be unimportant to cell viability.
Indeed, we previously showed that removing oxidative stress by
desiccating in the absence of oxygen did not increase desiccation
tolerance in exponential-phase cultures (Calahan et al., 2011).
Alternatively, the levels or activities of the effectors responding to
these stresses may be already sufficiently high in unstressed expo-
nential cells to mitigate these stresses during desiccation.

Second, the inability of stresses such as osmotic, reductive, and
salt to provide cross-protection to desiccation has important implica-
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tions for the ESR. The concept of an ESR is derived from observations
that many different stresses cause a common change in the pattern of
gene expression (Lu et al., 2009). Despite this common change in
gene expression, the failure to observe universal cross-protection here
and in a previous study (Berry and Gasch, 2008) suggests that cells
suffering different stresses must be in different physiological states.
Therefore, although the gene products of the ESR may be necessary
for protection against all stresses, they are clearly not sufficient. Iden-
tifying the factors important for desiccation tolerance and heat shock,
be they within or outside of the ESR, remains an important goal.

We also show that exponential cells can become desiccation tol-
erant by the inhibition of Ras-cAMP as well as TORC1 activity. The
regulation of desiccation tolerance by these factors is concordant
with their key roles as regulators of cell metabolism in response to
environmental changes. We identify common targets of Ras/cAMP/
PKA and TOR/Sch9 as potential effectors of desiccation tolerance.
Msn2p and Msndp were likely candidates for stress response fac-
tors; however, demonstrating a causal role for them in desiccation
tolerance was problematic because knockouts were only mildly
reduced in desiccation tolerance (Calahan et al., 2011). Here we
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provide more compelling phenotypic evidence for causality. First,
deletion of RIM15, a regulator of Msn2p, Msn4p, and Gis1p, gives a
100-fold reduction in desiccation tolerance. Second, we show that
overexpression of any one of the three effectors of Rim15p induces
significant desiccation tolerance in the culture. Third, we show that
deletion of all three of these genes results in a significant reduction
in rapamycin-induced desiccation tolerance. By establishing a sig-
nificant redundant role for these three transcription factors in desic-
cation tolerance, assessing their target genes for desiccation toler-
ance effectors becomes a higher priority.

An even more interesting observation from our studies of Ras-
cAMP and TORC1 pathways is that they inhibit desiccation toler-
ance by activating Sfp1p. Sfplp seems to function almost com-
pletely in ribosome biogenesis rather than repressing known stress
response factors (except for Hsp12 and Hsp26) based on gene ex-
pression profiles of strains deleted for SFP1 (Marion et al., 2004).
Despite the exciting link between the increase in desiccation toler-
ance due to heat shock and the fact that HSPs are induced in an
sfp 1A strain, we were unable to uncover any role for HSPs in desic-
cation tolerance thus far.

The hypothesis that the down-regulation of ribosome biogenesis
in the sfp1A strain enhances desiccation tolerance is strongly sup-
ported by our ability to phenocopy this tolerance with mutations in a
subset of ribosome biogenesis components. Moreover, this subset is
highly enriched for mutants compromised in 60S biogenesis and par-
ticularly the 5.8S rRNA maturation step. Interestingly, the abundance
of 60S subunits in Caenorhabditis elegans and S. cerevisiae has been
implicated as an important factor in the stress-associated process of
aging (Hansen et al., 2007; Steffen et al., 2008). We speculate that
assembly intermediates of the 60S subunit induce stress upon desic-
cation perhaps directly through their aggregation or indirectly
through their competition for chaperones that are needed to protect
other proteins. This propensity to aggregate could be counteracted
by increases in chaperone abundance, thereby explaining one mech-
anism of how transcriptional activators of chaperones such as Msn2,
Msn4, Gis1, and heat shock may also facilitate desiccation tolerance.
Thus reduction of specific ribosome intermediates and increased
chaperones would cooperate to increase desiccation tolerance.

The connection between desiccation tolerance and ribosome
biogenesis informs on the inconsistent relationship between desic-
cation tolerance and growth rate. We show here that tolerance cor-
relates with slow growth imposed by nutrient deprivation but not
with slow growth imposed by osmotic, salt, or redox stresses. This
conundrum can be resolved by postulating that stresses or mutants
can grow slowly by different mechanisms and result in different
physiological states. Only growth conditions that lead to a reduction
in the abundance of specific ribosome intermediates will increase
desiccation tolerance. This model predicts that the slow growth as-
sociated with hyperosmotic or oxidative stress will behave like the
40S mutants and not decrease the abundance of a specific ribo-
some intermediate, whereas stresses such as heat shock or nutrient
deprivation will behave like 60S mutants and cause a decrease in
the abundance of this important ribosome intermediate.

The regulation of desiccation tolerance by TOR and RAS path-
ways in yeast is intriguing given their evolutionary conservation in all
eukaryotes. The role of TOR and RAS pathways in desiccation toler-
ance has not yet been investigated in other organisms. However,
studies in the moss Physcomitrella patens show that abscisic acid
(ABA) induces desiccation tolerance and may inhibit TOR in Arabi-
dopsis thaliana (Deprost et al., 2007; Khandelwal et al., 2010). A
mutant in DAF-2 causing C. elegans to arrest in the dauer larva
stage is desiccation tolerant (Erkut et al., 2011). DAF-2 regulates
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expression of a component of CeTORC1 (DAF-15), and deletion of
DAF-15 or the C. elegans homolog of TOR1 (let-363) results in
developmental arrest in a dauer-like stage (Jia et al., 2004). On the
basis of these examples, we suggest that TOR pathways in plants
and animals may inhibit desiccation tolerance and that down-regu-
lation of TOR activity may increase desiccation tolerance possibly
via the mechanism just described. Collectively these studies make
the TOR and RAS pathways appealing targets for agricultural or
medical research (e.g., for the purpose of developing drought-resis-
tant crops or improving blood storage).

MATERIALS AND METHODS
Strain construction
Standard methods were used for strain construction (Burke et al.,
2000). The Ras2?22-containing vector (pPHY2701) was a gift from
Paul Herman (Department of Molecular Genetics, Program in
Molecular, Cellular and Developmental Biology, The Ohio State
University, Columbus, OH; Budovskaya et al., 2004). The vectors
containing Bcy1 (HTP20, HTP21) were a gift from Kevin Morano
(Department of Microbiology and Molecular Genetics, University
of Texas Medical School at Houston, Houston, TX). The tor1-1
allele was amplified from a plasmid given to us by Ted Powers
(Department of Molecular and Cellular Biology, College of
Biological Sciences, University of California, Davis, Davis, CA),
transformed into BY4742, and selected on plates containing
rapamycin to obtain tor7-1-stable integrant. A galactose-inducible
plasmid library was a gift from Rebecca Butcher from which the
MSI1-containing strain was obtained (Butcher et al., 2006). All
other galactose-inducible promoter containing plasmids came
from the FLEXGene collection from Harvard Institute of Proteomics
(Hu et al., 2007).

Yeast strains and plasmids used in this study are shown in Tables
1 and 2, respectively.

Media and growth conditions

Unless otherwise stated, rich medium signifies yeast extract, pep-
tone, and dextrose (YPD), which was made with Bacto Yeast Extract
at 10 g/I (Becton Dickinson, Franklin Lakes, NJ) and Bacto Peptone
at 20 g/l (Becton Dickinson) and dextrose at 20 g/I (Thermo Fisher
Scientific, Waltham, MA). SC medium was prepared as recom-
mended in Burke et al. (2000). Dithiothreitol (DTT, Sigma-Aldrich,
St. Louis, MO) was used at a concentration of 2 mM. Hydrogen per-
oxide (H,O,; Sigma) was used at a concentration of 250 pM.
Rapamycin (Sigma) was used at a concentration of 250 ng/ml. G418
sulfate (Invitrogen Life Technologies, Carlsbad, CA) was used in
plates or liquid media at 200 pg/ml. Log-phase cultures were inocu-
lated as a single colony, or from a liquid culture kept at 4°C, into 5 ml
of liquid medium in a 20-ml glass tube at a cell density such that
overnight incubation yielded a cell density less than ODggg = 0.6.
This culture was then used as the zero time point for subsequent
experiments that day. Stationary-phase cultures were made the
same way, except that they were left to incubate at 30°C for 2-7 d.
Cultures used for time courses were maintained at an ODggg < 0.6
by dilution with fresh medium throughout the time course. Control-
cell viabilities were >10% unless otherwise mentioned. The strain
BY4742 is referred to as wild type. All experiments were repeated at
least two times on separate days with separate isolates when
appropriate.

Gene expression changes

RNA was extracted from cells using an RNeasy Kit (Qiagen,
Chatsworth, CA) and digested with DNase, and then quantitative
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Name Genotype Source
AW6400 MATa wild-type This study
DBY12000 MATa HAP1* wild-type Hickman et al., 2011
BY4742 MATo his3AT leu2A0 lys2A0 ura3A0 American Type Culture
Collection (ATCC)
AW6410 MATa his3A1 leu2A0 lys2A0 ura3A0 URA3 This study
AW6413 MATo. his3A1 leu2A0 lys2A0 ura3A0 sch9:LEU2 This study
AW6421 MATo his3A1 leu2A0 lys2A0 ura3A0 URA3 Pgar1-MSI1 This study
AW6423 MATo his3A1 leu2A0 lys2A0 ura3A0 HIS3 This study
AW6430 MATa his3A1 leu2A0 lys2A0 ura3A0 URA3 Pgar1-MSN2 This study
AW6431 MATo his3AT leu2A0 lys2A0 ura3A0 URA3 Pgap1-MSN4 This study
AW6433 MATo his3A1 leu2A0 lys2A0 ura3A0 ras2::G418R Pyers-Empty LEU2 This study
AW6434 MATo his3A1 leu2A0 lys2A0 ura3A0 ras2::G418R Pyet3-RAS2322 LEU2 This study
AW6473 MATa his3A1 leu2A0 lys2A0 ura3A0 msn2:: NATR msn4:: HYGR This study
AW6481 MATa his3A1 leu2A0 lys2A0 ura3A0 Pga1-PDE2 URA3 This study
AW6500 MATo his3A1 leu2A0 lys2A0 ura3A0 rtg3:: NATR This study
AW6507 MATo his3A1 leu2A0 lys2A0 ura3A0 sfp1:: NATR This study
AW6510 MATa his3A1 leu2A0 lys2A0 ura3A0 gln3:NATR This study
AW6514 MATa his3A1 leu2A0 lys2A0 ura3A0 gIn3::NATR ure2::G418R This study
AW6517 MATa his3A1 leu2A0 lys2A0 ura3A0 sch9:HYGR This study
AW6518 MATo his3A1 leu2A0 lys2A0 ura3A0 atg17:HYGR This study
AW6531 MATo his3A1 leu2A0 lys2A0 ura3A0 Pgpp-BCY1 URA3 This study
AW6532 MATa. his3A1 leu2A0 lys2A0 ura3A0 Pgpp-BCY1T HIS3 This study
AW6540 MATa his3A1 leu2A0 lys2A0 ura3A0 msn2:: NATR msn4d:: HYGR gis1:: G418R This study
atgl1A MATa his3A1 leu2A0 lys2A0 ura3A0 atg1::G418R ATCC
atg13A MATo his3A1 leu2A0 lys2A0 ura3A0 atg13::G418R ATCC
gal3a MATa his3A1 leu2A0 lys2A0 ura3A0 gal3::G418R ATCC
gat1A MATo his3A1 leu2A0 lys2A0 ura3A0 gat1::G418R ATCC
gis1A MATa his3A1 leu2A0 lys2A0 ura3A0 gis1::G418R ATCC
rim15A MATo his3A1 leu2A0 lys2A0 ura3A0 rim15::G418R ATCC
rtg3A MATo his3A1 leu2A0 lys2A0 ura3A0 rtg3::G418R ATCC
sfp1A MATo his3A1 leu2A0 lys2A0 ura3A0 sfp1:G418R ATCC
tor1A MATa his3A1 leu2A0 lys2A0 ura3A0 tor1::URA3 This study
tor1-1 MATo his3AT leu2A0 lys2A0 ura3A0 tor1-1 This study
ure2A MATo his3A1 leu2A0 lys2A0 ura3A0 ure2::G418R ATCC
cyrl® MATo his3A1 leu2A0 met15A0 ura3A0 G418R cyril-ts Li et al., 2011

TABLE 1: Yeast strains used in this study.

reverse-transcription PCR (qRT-PCR) was performed using SYBR
Green and Opticon Monitor (Geneworks, Hindmarsh, Australia).

Chemostat

All cultures were monitored for changes in cell density and dissolved
oxygen and were grown until these values remained steady for at
least 24 h. To achieve different rates of growth, the frequency of
medium addition containing a defined limiting nutrient was modi-
fied (Monod, 1950; Novick and Szilard, 1950). For example, to
achieve slower growth rates, less medium was added per unit of
time, resulting in greater nutrient deprivation. Chemostat medium,
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which is essentially standard minimal medium with minor changes,
was prepared as described in Brauer et al. (2008) with some modifi-
cations. Tables 3 and 4 list the components of each chemostat me-
dium formulation.

Determination of cell viability

Controls and samples containing 4 x 107 cells were resuspended in
200 pl of dilute PBS or YPD, respectively, in a 96-well tissue culture
plate (Becton Dickinson Labware) and serially diluted 1:10 vol/vol
seven times in successive wells containing 180 ul of YPD. Tissue
culture plates were placed at 30°C for 2-3 d until individual colonies
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Name Marker Description Promoter Copy number Source

pPHY2701 LEU2 Pwmers-Ras2a22  Met3 Centromeric Budovskaya et al., 2004

PAW14 LEU2 Pmers-Empty Met3 Centromeric This study

PAW15 URA3 PgaL1-MSN2 Gal1-10 Centromeric This study

pAW16 URA3 PeaLi-MSN4 Gal1-10 Centromeric This study

pGal-GIS1 URA3 PgaLt-GIS1 Gal1-10 Centromeric Harvard Institute of Proteomics FLEXGene Collection
pBYO11 URA3 PeaLi-Empty Gal1-10 Centromeric Harvard Institute of Proteomics FLEXGene Collection
pGal-MSI1 URA3 PoaL1-MSI1 Gal1-10 Centromeric Harvard Institute of Proteomics FLEXGene Collection
pGal-PDE2 URA3 PgaL1-PDE2 Gal1-10 Centromeric Harvard Institute of Proteomics FLEXGene Collection
pRS303 HIS3 HIS3 None Integrating LabLife™

HTP21 HIS3 Pspp-BCY1 GAPDH Centromeric Trott et al., 2005

HTP22 HIS3 Pspo-BCY1 GAPDH Centromeric Trott et al., 2005

TABLE 2: Plasmids used in this study.

were visible in the most dilute well. Because we were diluting 1:10,
the typical number of colonies counted in the final well was <10.
These colonies were counted and multiplied by the appropriate fac-
tor for total viable cells.

Data were entered into a spreadsheet (Microsoft Excel 2012
for Mac, Redmond, WA), and the “% Desiccation Tolerance” or
“% Viability” of a sample was determined by dividing the viable
colonies for the treated (desiccated, heat shocked) sample by the
viable colonies for the untreated (control) sample. Averages and
standard deviations were computed using the AVERAGE and STDEV
worksheet functions, respectively.

Cultures grown in YEP+galactose to overexpress a gene on a vec-
tor were not under selective pressure to maintain plasmids, and thus
some of them were lost. We measured desiccation tolerance in these
cultures based on the number of cells retaining the plasmid, which
we could determine by their ability to grow in selective medium.

Glucose-limited
medium

Phosphate-limited
medium

Nitrogen-limited
medium

**1X metals
(prepared as 1000X stock)

*1X vitamins
(prepared as 1000X stock)

8.19 nM biotin
0.86 UM calcium panthothenate
4.53 nM folic acid

8.09 uM boric acid

0.16 pM copper sulfate

0.60 uM potassium iodide
0.74 uM ferric chloride

2.37 uM manganese chloride

11.1 uM inositol (myo-inositol)
3.25 pM niacin (nicotinic acid)
1.46 uM p-aminobenzoic acid
1.95 uM pyridoxine HCI

0.53 pM riboflavin

1.19 uM thiamine HCI

0.83 uM sodium molybdate
1.39 uM zinc sulfate

1X vitamins*
1X metals**

0.8 g/l glucose
(4.4 mM)

1.0 g/l CaCl,
(6.8 mM)

1.0 g/I NaCl
(17.1 mM)

5.0 g/l MgSQOq4
(20.3 mM)

50.0 g/| (NH4)2504
(378.4 mM)

(73.5 mM)

1X vitamins*
1X metals**

20.0 g/l glucose
(111 mM)

1.0 g/l CaCl,
(6.8 mM)

1.0 g/l NaCl
(17.1 mM)

5.0 g/l MgSOyq4
(20.3 mM)

50.0 g/| (NH4)2504
(378.4 mM)

1.0 g/l KCI
(13.4 mM)

20.0 mg/l KH,PO,
(147 pM)

1X vitamins*
1X metals**

20.0 g/l glucose
(111 mM)

1.0 g/l CaCl,
(6.8 mM)

1.0 g/l NaCl
(17.1 mM)

5.0 g/l MgSOy
(20.3 mM)

(73.5 mM)

40.0 mg/I
(NH4)2504
(303 M)

The limiting nutrient is shown in bold. See Table 4 for asterisk descriptions.

TABLE 3: Composition of synthetic medium used in continuous

cultures.
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TABLE 4: Composition of vitamins or metals used in continuous
cultures.

Desiccation tolerance assay

Approximately 108 cells were withdrawn from a liquid culture and
washed twice in 1 ml of dilute PBS (a stock solution of 50X PBS was
diluted to 1/8X with deionized reverse-osmosis water) then brought
to a final volume of 500 pl. Then a 200-pl aliquot was transferred to
a 1.5-ml microcentrifuge tube and pelleted at 14,000 rpm in a mi-
crocentrifuge. Supernatant was aspirated or decanted, and the
tubes were placed into a vacuum desiccator (Centrivap Concentra-
tor; Labconco, Kansas City, MO) connected to a rotary vane vacuum
pump (Labconco) producing 67 kPa of vacuum at 35°C. The vacuum
centrifuge was operated, without added heat, for 12-36 h. Samples
were removed and resuspended in YPD, and diluted as described
earlier in the text. For the undesiccated controls, 200-pl aliquots
were diluted in 96-well plates as described earlier in the text.
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