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Exogenously added lithocholic bile acid and some other bile acids slow down yeast
chronological aging by eliciting a hormetic stress response and altering mitochondrial
functionality. Unlike animals, yeast cells do not synthesize bile acids. We therefore
hypothesized that bile acids released into an ecosystem by animals may act as
interspecies chemical signals that generate selective pressure for the evolution of
longevity regulation mechanisms in yeast within this ecosystem. To empirically verify
our hypothesis, in this study we carried out a three-step process for the selection of
long-lived yeast species by a long-term exposure to exogenous lithocholic bile acid.
Such experimental evolution yielded 20 long-lived mutants, three of which were capable
of sustaining their considerably prolonged chronological lifespans after numerous
passages in medium without lithocholic acid. The extended longevity of each of the
three long-lived yeast species was a dominant polygenic trait caused by mutations
in more than two nuclear genes. Each of the three mutants displayed considerable
alterations to the age-related chronology of mitochondrial respiration and showed
enhanced resistance to chronic oxidative, thermal, and osmotic stresses. Our findings
empirically validate the hypothesis suggesting that hormetic selective forces can drive
the evolution of longevity regulation mechanisms within an ecosystem.

Keywords: yeast, aging, longevity, natural aging-delaying compounds, ecosystems, evolution, longevity
regulation mechanisms

INTRODUCTION

We have identified lithocholic acid (LCA), a bile acid, as a potent geroprotector that delays
chronological aging in the yeast Saccharomyces cerevisiae (Goldberg et al., 2010b). Several other
bile acids can decelerate yeast chronological aging as well, although to a lesser extent than LCA
(Goldberg et al., 2010b). We demonstrated that exogenously added LCA enters the yeast cell,
accumulates in both mitochondrial membranes, causes a remodeling of mitochondrial membrane
lipidome, alters morphology and functionality of mitochondria, and allows mitochondria to
establish and sustain an aging-delaying pattern of the entire cell (Burstein et al., 2012b; Beach et al.,
2013, 2015b; Burstein and Titorenko, 2014; Medkour and Titorenko, 2016).

A body of evidence indicates that endogenous and exogenously added bile acids can extend
healthy lifespan in laboratory mammals and nematodes (Amador-Noguez et al., 2004, 2007;
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Motola et al., 2006; Gems, 2007; Gerisch et al., 2007; Russell
and Kahn, 2007; Gems and Partridge, 2008; Ramalho et al,
2008; Thomas et al., 2008; Amaral et al., 2009; Hylemon et al,,
2009; Lefebvre et al., 2009; Monte et al., 2009; Tiwari and Maiti,
2009; Vallim and Edwards, 2009; Goldberg et al., 2011, 2013;
Pols et al.,, 2011; Wollam et al., 2011, 2012; Lee and Schroeder,
2012; Chiang, 2013; de Aguiar Vallim et al., 2013; Groen and
Kuipers, 2013; Li and Chiang, 2013, 2014; Magner et al., 2013;
Arlia-Ciommo et al., 2014b; Mahanti et al., 2014). Bile acids are
beneficial to health and longevity of animals not only because
they accelerate the emulsification and absorption of dietary lipids
and fat-soluble vitamins, affect the composition and proliferation
of the intestinal microbial flora, and support the maintenance of
organismal sterol homeostasis (Thomas et al., 2008; Amaral et al.,
2009; Hylemon et al., 2009; Lefebvre et al., 2009; Monte et al.,
2009; de Aguiar Vallim et al., 2013). Bile acids extend healthy
lifespan in animals also because they act as signaling molecules
that enable to sustain lipid, glucose, and energy homeostasis
(Motola et al., 2006; Gerisch et al., 2007; Russell and Kahn, 2007;
Ramalho et al., 2008; Thomas et al., 2008; Amaral et al., 2009;
Hylemon et al., 2009; Lefebvre et al., 2009; Monte et al., 2009;
Tiwari and Maiti, 2009; Vallim and Edwards, 2009; Goldberg
et al.,, 2011, 2013; Pols et al., 2011; Wollam et al.,, 2011, 2012;
Lee and Schroeder, 2012; Chiang, 2013; de Aguiar Vallim et al,,
2013; Groen and Kuipers, 2013; Li and Chiang, 2013; Magner
et al.,, 2013; Arlia-Ciommo et al., 2014b; Mahanti et al., 2014).
Moreover, bile acids extend healthy lifespan in animals because
these mildly toxic molecules with detergent-like properties can
activate detoxification of xenobiotics, thus promoting chemical
hormesis and operating as endobiotic regulators of aging that
improve health and prolong longevity (Amador-Noguez et al.,
2004, 2007; Gems, 2007; Russell and Kahn, 2007; Gems and
Partridge, 2008; Burstein et al., 2012a; Arlia-Ciommo et al.,
2014b; Li and Chiang, 2014; Medkour and Titorenko, 2016).
Although LCA and other bile acids delay yeast chronological
aging, yeast cells do not synthesize these molecules (Lefebvre
et al, 2009; Monte et al., 2009; Goldberg et al., 2010b).
We therefore hypothesized that bile acids released into the
environment by animals composing an ecosystem may act
as interspecies chemical signals that create selective pressure
for the evolution of longevity regulation mechanisms in yeast
within this ecosystem (Goldberg et al.,, 2010a; Burstein et al.,
2012a). Our hypothesis posits the following: (1) only yeast
exposed to exogenous bile acids can develop mechanisms of
protection against cellular damage caused by these external stress
agents and hormetic stimuli; (2) some of these mechanisms
developed against bile acid-induced cellular damage can also
protect yeast against damage and stress accumulated purely
with age; (3) only those yeast species that have developed
(due to exposure to exogenous bile acids) the most protective
mechanisms against bile acid-induced cellular damage can
also develop protective mechanisms against damage and stress
accumulated with age; and (4) these yeast species are therefore
expected to live longer (Goldberg et al., 2010a,b; Burstein et al,,
2012a). In this hypothesis, the presence of exogenous bile
acids creates hormetic selective force that drives the evolution
of not only protective mechanisms against bile acid-induced

cellular damage but also longevity regulation mechanisms
that protect against damage and stress accumulated with age.
Moreover, this hypothesis suggests that yeast cells that are not
exposed to exogenous bile acids cannot develop mechanisms
of protection against cellular damage caused by these mildly
toxic molecules (Goldberg et al., 2010a,b; Burstein et al., 2012a).
Thus, these yeast cells are unable to develop mechanisms of
protection against damage and stress accumulated purely with
age.

To empirically verify our hypothesis, in this study we
conducted a multistep selection of long-lived yeast mutants by
a lasting exposure to LCA under laboratory conditions. We
selected 20 of such mutants. Three of these mutants were able
to maintain their greatly extended lifespans following numerous
passages in medium without LCA. We provide evidence that
the extended longevity of each of the three long-lived yeast
mutants is a dominant polygenic trait caused by mutations in
more than two nuclear genes. We demonstrate that each of these
mutants exhibits significant changes to the age-related dynamics
of mitochondrial respiration and displays enhanced resistance to
chronic oxidative, thermal, and osmotic stresses.

MATERIALS AND METHODS

Yeast Strains, Media, and Growth

Conditions

The wild-type (WT) strain S. cerevisiae BY4742 (MATa his3A
leu2 A0 lys2 A ura3A0) from Thermo Scientific/Open Biosystems
and long-lived mutant species 3, 5, and 12 derived from this strain
were grown in liquid YP medium (1% yeast extract, 2% peptone)
initially containing 0.2% glucose as a carbon source, with or
without LCA, as detailed in Section “Results.” Cells were cultured
at 30°C with rotational shaking at 200 rpm in Erlenmeyer flasks
at a “flask volume/medium volume” ratio of 5:1.

Chronological Lifespan Assay

A sample of cells was taken from a culture at a certain day
following cell inoculation into the medium. A fraction of the
sample was diluted in order to determine the total number of cells
using a hemocytometer. Another fraction of the cell sample was
diluted and serial dilutions of cells were plated in duplicate onto
YEP [1% (w/v) yeast extract, 2% (w/v) peptone] plates containing
2% (w/v) glucose as carbon source. After 2 days of incubation
at 30°C, the number of colony forming units (CFU) per plate
was counted. The number of CFU was defined as the number of
viable cells in a sample. For each culture, the percentage of viable
cells was calculated as follows: (number of viable cells per ml/total
number of cells per ml) x 100. The percentage of viable cells in
mid-logarithmic growth phase was set at 100%.

Mating Assay

A small patch of cells of mating type a [i.e., the haploid WT
strain BY4741 (MATa his3A1 leu2 A0 metl5A0 ura3A0)] was
applied to the surface of a master YEPD (1% yeast extract, 2%
peptone, 2% glucose, 2% agar) plate. 10° cells of mating type
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a [ie., the haploid WT strain BY4742 (MATo his3A1 leu2 A0
lys2 A0 ura3 A0) or the selected long-lived haploid mutant strains
3, 5, or 12] were spread on the surface of a separate crossing
plate with YEPD medium. The master plate was replica plated
onto a lawn of cells on each of the four crossing plates; different
velvet was used for each crossing plate. The crossing plates were
incubated overnight at 30°C. Each of the four crossing plates was
then replica plated onto a synthetic minimal YNB medium plate
(0.67% yeast nitrogen base without amino acids, 2% glucose, 2%
agar) supplemented with 20 mg/] L-histidine, 30 mg/l L-leucine
and 20 mg/l uracil. These plates were incubated overnight at
30°C. A positive mating reaction between cells of the haploid
WT strain BY4741 (MATa his3A1 leu2 A0 metl5A0 ura3A0)
and cells of the haploid WT strain BY4742 (MATa his3A1
leu2 A0 lys2 A0 ura3A0) or cells of each of the selected long-lived
haploid mutant strains 3, 5, or 12 resulted in confluent growth
of diploid cells on a YNB plate (supplemented with L-histidine,
L-leucine, and uracil) at the position of a patch of haploid BY4741
cells.

Sporulation Assay

Cells of the diploid strains recovered in the mating assay were
spread on a separate SPO (0.1% yeast extract, 1% potassium
acetate, 0.05% glucose, 2% agar) plate supplemented with 20 mg/1
L-histidine, 30 mg/l L-leucine, and 20 mg/l uracil. The plates
were incubated at 30°C for 5-6 days, until numerous asci were
observed microscopically.

Dissection of Asci, Separation of
Ascospores, and Tetrad Analysis

An inoculating loop was used to resuspend spores from the lawn
on SPO plates in 50 pl of 0.2 mg/ml Zymolyase 20T solution in
sterile water. The suspension of spores was incubated for 10 min
at room temperature. A total of 450 pl of sterile water was gently
added to the suspension of spores. The mix was then incubated
for 30-40 min at room temperature. An inoculating loop was
used to spread an aliquot of digested asci onto a tetrad dissecting
YEPDD (1% yeast extract, 2% peptone, 2% glucose, 4% agar)
plate. Dissection of asci, separation of ascospores, and tetrad
analysis were performed according to established procedures
(Sherman, 2002; Amberg et al., 2005; Boone et al., 2016).

Oxygen Consumption Assay

A sample of cells was taken from a culture at a certain time-point.
Cells were pelleted by centrifugation and resuspended in 1 ml
of fresh YP medium containing 0.2% glucose. Oxygen uptake by
cells was measured continuously in a 2-ml stirred chamber using
a custom-designed biological oxygen monitor (Science Technical
Center of Concordia University) equipped with a Clark-type
oxygen electrode.

Plating Assays for the Analysis of

Resistance to Various Chronic Stresses

For the analysis of hydrogen peroxide (oxidative stress)
resistance, serial dilutions (1:10 to 1:10°) of WT and mutant
cells removed from each culture at various time-points were

spotted onto two sets of plates. One set of plates contained
YP medium with 2% glucose alone, whereas the other set
contained YP medium with 2% glucose supplemented with 5 mM
hydrogen peroxide. Pictures were taken after a 3-day incubation
at 30°C.

For the analysis of thermal stress resistance, serial dilutions
(1:10 to 1:10°) of WT and mutant cells removed from each
culture at various time-points were spotted onto two sets of plates
containing YP medium with 2% glucose. One set of plates was
incubated at 30°C. The other set of plates was initially incubated
at 55°C for 30 min, and was then transferred to 30°C. Pictures
were taken after a 3-day incubation at 30°C.

For the analysis of osmotic stress resistance, serial dilutions
(1:10 to 1:10°) of WT and mutant cells removed from each
culture at various time-points were spotted onto two sets of
plates. One set of plates contained YP medium with 2% glucose
alone, whereas the other set contained YP medium with 2%
glucose supplemented with 1 M sorbitol (S6021; Sigma). Pictures
were taken after a 3-day incubation at 30°C.

Statistical Analysis

Statistical analysis was performed using Microsoft Excel’s (2010)
Analysis ToolPak-VBA. All data on cell survival are presented
as mean £ SEM. The p values for comparing the means of two
groups using an unpaired two-tailed ¢-test were calculated with
the help of the GraphPad Prism 7 statistics software. The log-rank
test for comparing each pair of survival curves was performed
with GraphPad Prism 7. Two survival curves were considered
statistically different [and two strains were concluded to exhibit
a significant difference in chronological lifespan (CLS)] if the p
value was less than 0.05.

RESULTS

The LCA-Driven Selection of Long-Lived
Yeast Species under Laboratory

Conditions

To empirically verify our hypothesis suggesting that hormetic
selective forces can drive the evolution of longevity regulation
mechanisms within ecosystems, we carried out a three-step
selection of long-lived yeast species by a lasting exposure to LCA
under laboratory conditions.

For the first step of such selection, yeast cells from an
overnight culture were inoculated into a fresh, nutrient-rich
YP medium (with or without LCA) containing 0.2% glucose
to the initial cell titer of 1 x 10° cells/ml (Figure 1). We
chose 0.2% as the initial concentration of glucose in liquid
medium for the LCA-driven selection of long-lived yeast species
because the longevity-extending efficiency of LCA under caloric
restriction (CR) on 0.2% glucose exceeds that under non-
CR conditions on 2% glucose, a concentration typically used
to culture yeast under laboratory conditions (Goldberg et al.,
2009, 2010b; Arlia-Ciommo et al., 2014a). After 1 week of the
incubation in this medium and following approximately 45
cell generations, yeast entered into a non-proliferative state of
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Selection steps

LCA

STEP 1: 1 week (~ 45

Medium: YP + 0.2% glucose

STEP 2: Dilute

generations) + 5 weeks 1:100 in fresh
(ST phase) - medium
A > e o >

Cell titre: 2 x 108/ml

+ LCA), then

STEP 3: Dilute
1:100 in fresh
medium
(- LCAor
+ LCA), then

cells/ml) : (10° cells/ml) =2 x 103 ~ 45
generations

Initial cell titre: 1 x 105/ml Cell viability: repeat STEP 1 repeat STEP 2
Cell viability: 100% (both) 0.01% (- LCA) or

1% (+ LCA)
® The number of cell generations in each ) 4 V.
of the selection steps prior to entry into a :.'.: -:.'.
non-proliferative state (i.e. stationary e Inoculate each of the 10

. 3 YP + 2% glucose randomly chosen

phase [ST] of senescence): (2 x 10 plates andomly chos

colonies in a flask with
medium without LCA

e Enrichment factor for surviving cells
by the end of each of the 5-weeks
selection steps (in LCA-treated samples):
100% viable cells (start) : 1% viable cells
(end) = 102

o Concentrations of LCA used during
each of the selection steps:

Sample 1: no LCA

Sample 2: 5 uyM LCA

Sample 3: 50 uM LCA

Sample 4: 250 uM LCA

> Freeze an aliquot of
each culture @ - 80°C

Spot assays for
> identifying a long-
lived mutant
o

Sample 5: 10 doses x 5 uM LCA added
every 3-4 days

FIGURE 1 | A three-step process for selection of long-lived yeast species by a lasting exposure to LCA under laboratory conditions. For each of the 5
weeks-long selection steps, the number of cell generations and enrichment factor for surviving cells were calculated as shown. The genomes of some of the cells
surviving a selection step may contain mutations that extend yeast chronological lifespan (CLS). The genomes of other cells surviving a selection step may not
undergo any changes affecting their CLS; the survival of these cells may have been caused only by the ability of LCA to extend yeast CLS. LCA concentrations used
during each selection step are indicated. See text for details. LCA, lithocholic acid; ST, stationary growth phase; YP, medium containing 1% yeast extract and 2%

peptone.

Viability testing steps

quiescence by reaching stationary (ST) growth phase at the cell
titer of 2 x 10% cells/ml (Figure 1). Following their entry into
a non-proliferative state, yeast cells were cultured for additional
5 weeks. By the end of this cultivation, only ~0.01% of cells in
the medium without LCA remained viable. In the cell cultures
that were supplemented with LCA, ~1% of cells remained
viable—due to the ability of LCA to increase the CLS of non-
dividing (quiescent) yeast cells. Thus, the enrichment factor for
cells surviving each selection step in LCA-treated samples was
10% (Figure 1). According to our hypothesis of the hormetic
selective forces driving the evolution of longevity regulation
mechanisms, the genomes of some of the cells surviving a
selection step may contain mutations that extend yeast CLS.
Noteworthy, it is conceivable that the genomes of other cells
surviving a selection step may not undergo any changes affecting
their CLS; the survival of these cells may have been caused
only by the ability of LCA to extend yeast CLS. The following
five cultures were used to carry out the selection of long-
lived yeast species: the first culture lacked LCA; the second

culture contained 5 WM LCA added at the moment of cell
inoculation; the third culture contained 50 WM LCA added at
the moment of cell inoculation; the fourth culture contained
250 uM LCA added at the moment of cell inoculation; and the
fifth culture was supplemented with 10 doses of 5 wM LCA each,
by adding a 5-uM dose of LCA every 3 or 4 days (Figure 1).
Of note, LCA exhibited the greatest longevity-extending effect
in chronologically aging yeast if used at a final concentration
of 50 pM (Goldberg et al, 2010b). At the end of the first
selection step, aliquots of each of the five cultures were plated
onto plates with solid YP medium containing 2% glucose. After
2 days, each of the 10 randomly chosen colonies was inoculated
into a liquid medium without LCA to carry out a viability
testing step (Figure 1). Every week, an aliquot of each culture
was used for a spot assay of cell viability to identify long-lived
mutants (if any) induced due to a lasting exposure of yeast to
LCA during the selection step (Figure 1). If such mutants were
detected, an aliquot of their culture in medium lacking LCA was
frozen at —80°C.
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To conduct the second selection step, an aliquot of the culture
recovered at the end of the first step of selection was diluted
100-folds in a fresh YP medium containing 0.2% glucose, with
or without LCA; if added to a culture for the second selection
step, LCA was present at the same final concentration as that
in the medium used for the first step of selection (Figure 1).
From that point, the second selection step was carried out
exactly as the first one and was followed by a spot-assay viability
step described above (Figure 1). The second selection step
was followed by the third selection step and then by a spot-
assay viability step, both conducted as described previously
(Figure 1).

The three-step selection of long-lived yeast species depicted in
Figure 1 was expected to increase the percentage of such mutant
species within a population by the end of each selection step
(Figure 2). Moreover, each next selection step was anticipated to

yield the higher percentage of such mutants than the previous one
(Figure 2; Table 1).

By carrying out this three-step selection of long-lived yeast
species under laboratory conditions, we found no such mutant
species at the end of the first selection step, four long-lived
mutants at the end of the second selection step, and 16 long-
lived mutants at the end of the third selection step (Figures 3A-C,
respectively). We therefore concluded that a long-term exposure
of WT vyeast to LCA during three consecutive selection steps
yielded yeast species that live longer in the absence of LCA than
their ancestor.

Our findings revealed the following order of different LCA
concentrations ranked by the efficiency with which they cause
the appearance of long-lived species (the frequencies of such
appearances are shown in parentheses; they were calculated as
detailed in Table 1): 5 uM LCA (=4 x 10~8 per generation) > 10

@ o OO0
SIS ETO _Crowth ST @ T T OO\ _ ST phase 0808 @08 8 )
EO®O® STEP 1

@ __+Q§§§Q§;__*%ﬁﬁﬁ%%J-.

Dilute 1:100 in fresh
medium with LCA

O DODD DD OO O OO O [@) [@)
XN XSAEAE) STphaseXO O @ O O O Growth @ O 7
CHOICIOIOIONGEEEEE TCIIS NS 1@ \gm— [ sTeP2
SSODD@®O@® COOC@®O @ @) @
Dilute 1:100 in fresh
medium with LCA
) @X ) @
P ) Growth .. P ST phase @ 2
() ®O® S O @
O Alive WT cell @ Dead WT cell @ Alive cell of a long-lived mutant

phase; WT, wild-type.

FIGURE 2 | Changes in the percentage of long-lived mutants within a population of yeast during three consecutive steps of the LCA-driven evolution
of yeast species that live longer. The percentage of such long-lived mutants in a population of yeast exposed to LCA is increased by the end of each selection
step. Each next selection step yields the higher percentage of such mutants than the previous one. See text for details. LCA, lithocholic acid; ST, stationary growth

TABLE 1 | The fraction of long-lived mutants in a population of yeast is expected to be increased by the end of each of the three consecutive steps

during the LCA-driven selection of yeast species that live longer.

Enrichment factor for
long-lived mutants

If the frequency of mutation is:

The fraction of long-lived mutants and their number in a population of
yeast by the end of each of the three consecutive steps of LCA-driven

experimental evolution

Fraction Number

Step 2: [(4.5 x 1074) + (
Step 3: [(4.5 x 1072) + (
Step 1: (107 x 45 gen.
(
(

10~8 per generation 102
10~7 per generation 102
10~6 per generation 102

Step 2: [(4.5 x 1073) +
Step 3:[(4.5 x 10°1) +

Step 1: [10~8 x 45 generations (gen.)] x 102 = 4.5 x 10°
Step 2: [(4.5 x 107%) 4+ (1078 x 45 gen.)] x 102 ~ 4.5 x 103
Step 3: [(4.5 x 1073) 4+ (1078 x 45 gen.)] x 102 ~ 4.5 x 10~
Step 1: (1077 x 45 gen.) x 102 =4.5 x 1074

)

4-5 out of 100,000
4-5 out of 1,000
4-5 out of 10

4-5 out of 10,000
107 x 45 gen.)] x 102 ~ 4.5 x 1072 4-5 out of 1,000
1077 x 45 gen.)] x 102 ~ 4.5 x 10° Al

x 102 = 4.5 x 1073 4-5 out of 1,000
1076 x 45 gen.)] x 102 ~ 4.5 x 10~ 4-5 out of 10
1076 x 45 gen.)] x 102 ~ 4.5 x 10' Al

For each selection step, the number of cell generations and enrichment factor for long-lived mutants were calculated as shown in Figure 1.
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doses x 5 pM LCA (&3 x 1078 per generation) > 50 pM
LCA (=1 x 108 per generation) > 250 wM LCA (no long-
lived species found). Because the lowest used concentration of
LCA resulted in the highest frequency of long-lived species
appearance, it is unlikely that the longevity-extending mutations
they carry are due to mutagenic action of LCA. Thus, these
mutations are likely to arise spontaneously in yeast populations
subjected to a lasting exposure to LCA.

Three Selected Long-Lived Yeast
Species Can Maintain Their Greatly
Extended Lifespans Following Numerous

Passages in Medium without LCA

The three-step experimental evolution of long-lived yeast species
by a prolonged exposure of WT vyeast to LCA resulted in
selection of 20 species that in a spot-assay lived longer than
their ancestor in medium lacking LCA (Figure 3). An aliquot of
the culture of each of these long-lived yeast species was frozen
at —80°C immediately after being recovered during the second
or third selection step. To test the abilities of these species to
maintain their considerably increased lifespans during the first
passage in medium without LCA, each aliquot was thawed and
then inoculated into liquid YP medium lacking this bile acid
and initially containing 0.2% glucose. Our comparative analysis
of the CLS of WT strain and all of these selected long-lived

yeast species revealed that each of the 20 species maintains
its ability to live longer than WT during the first passage in
liquid medium (Supplementary Figure S1). Yeast species 3,
5, and 12 exhibited the highest extent of longevity extension
during the first passage in medium without LCA (Supplementary
Figure S1). These three yeast species underwent four more
passages (each carried out as described for the first passage)
in liquid medium without LCA; they then were tested again
for their abilities to maintain greatly extended lifespans, now
following five successive passages in medium without LCA. As
we found, each of the three extremely long-lived yeast species
evolved under laboratory conditions sustains its significantly
prolonged CLS after five passages in medium without LCA
(Figure 4).

The Extended Longevity of Each of the
Three Selected Long-Lived Yeast

Mutants Is a Dominant Polygenic Trait

Each of the three selected long-lived yeast mutants (each of
mating type o and in the BY4742 genetic background, i.e.,
MATo his3A1 leu2A0 lys2A0 ura3A0) was subjected to the
backcross mating with the WT strain BY4741 (MATa his3A1
leu2 A0 met15A0 ura3A0) of opposite mating type. A WT x WT
diploid strain was created by mating between the haploid WT
strains BY4741 (MATa his3A1 leu2 A0 metl15A0 ura3A0) and

Serial dilutions

— |
Serial dilutions

FIGURE 3 | Spot-assays of cell survival for each of the three consecutive steps of the LCA-driven selection of long-lived yeast species under
laboratory conditions. The selection steps were carried out as outlined in Figures 1 and 2. (A) No long-lived mutant yeast species were found at the end of the
first selection step. (B) Four long-lived mutant yeast species were recovered at the end of the second selection step. (C) Sixteen long-lived mutant yeast species

were recovered at the end of the third selection step.

Long-lived
mutants
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FIGURE 4 | The selected long-lived yeast species 3, 5, and 12 maintain their ability to live much longer than WT following five successive passages in
medium lacking LCA. Long-lived mutants 3, 5, and 12 underwent five consecutive passages in liquid medium without LCA. Each of them was then inoculated into
liquid YP medium lacking LCA and initially containing 0.2% glucose. (A) Survival curves of chronologically aging WT and long-lived mutant strains cultured in this
medium are shown. Data are presented as means + SEM (n = 3). (B) p Values for pairs of survival curves of the WT and mutant strains. Survival curves shown in (A)
were compared. The survival curve for the WT strain was considered statistically different from the survival curve for the mutant strain if the p value was less than
0.05. The p values for comparing pairs of survival curves using the log-rank test were calculated as described in Section “Materials and Methods.” (C) Survival
curves shown in (A) were used to calculate the mean and maximum chronological lifespans for WT and mutant strains. Data are presented as means + SEM (n = 3;
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BY4742 (MATa his3A1 leu2 A0 lys2A0 ura3A0). We compared
the CLS of each, the WT x 3, WT x 5, and WT x 12 diploid
strain, to those of the parental haploid mutant strain, parental
haploid WT strain and WT x WT diploid strain; yeast cells in
these experiments were cultured in YP medium lacking LCA and
initially containing 0.2% glucose. We found that chronologically
aging cells of the WT x 3, WT x 5, and WT x 12 diploid
strains live (1) almost as long as chronologically aging cells of the
parental haploid mutant strain; and (2) significantly longer than
chronologically aging cells of the WT x WT diploid strain and
the parental haploid WT strain (Figure 5). Both the mean and
maximum CLS of each, the WT x 3, WT x 5, and WT x 12
diploid strain, exceeded those of the WT x WT diploid strain to
a similar degree as the mean and maximum CLS of the parental
haploid mutant strains exceeded those of the parental haploid
WT strain (Figure 6). Based on these observations, we concluded
that the extended longevity of each of the three long-lived yeast
mutants is a dominant genetic trait.

To elucidate if the extended longevity of each of the three
long-lived yeast mutants is a monogenic or polygenic genetic
trait, we first subjected the WT x 3, WT x 5, and WT x 12
diploid strains to sporulation. We then removed the outer cell

wall surrounding the four ascospores within individual asci
by treatment with Zymolyase, and used micromanipulation to
separate these ascospores. For each of the three sporulated
diploids, we conducted tetrad analysis of ascospores from six
randomly chosen asci (i.e., the four ascospores recovered within
each ascus). We compared the CLS of individual meiotic
segregants originated from the WT x 3, WT x 5,and WT x 12
diploid strains to the CLS of the parental mutant and WT
strains. This comparative analysis revealed the following: (1)
chronologically aging cells of all four ascospores within each of
the six tested tetrads exhibit an extended CLS characteristic of the
parental mutant strain and live significantly longer than cells of
the parental WT strain; and (2) this relationship between the CLS
of individual meiotic segregants, the parental mutant strain and
the parental WT strain is observed for each of the three diploid
strains, namely WT x 3, WT x 5,and WT x 12 (Supplementary
Figures S2-510). The observed relationship between the CLS of
individual meiotic segregants, the parental mutant strain and
the parental WT strain differed from a relationship that was
expected if the extended longevity of a long-lived yeast mutant
evolved under laboratory conditions was due to a single-gene
mutation or mutations in two nuclear genes. Indeed, if the trait
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FIGURE 5 | The extended longevity of each of the three long-lived yeast mutants evolved under laboratory conditions is a dominant genetic trait. The
parental haploid WT strain BY4742, the WT x WT diploid strain formed by mating between the haploid WT strains BY4741 and BY4742, the long-lived mutant
strains 3, 5, and 12 (each in the BY4742 genetic background), and the WT x 3, WT x 5, and WT x 12 diploid strains were cultured in YP medium without LCA
initially containing 0.2% glucose. Survival curves of chronologically aging cells are shown. Data are presented as means + SEM (n = 4). The p values for comparing
pairs of survival curves using the log-rank test were calculated as described in Section “Materials and Methods.” The survival curve for the WT x 3, WT x 5, or
WT x 12 diploid strain was considered statistically different from the survival curve for the parental haploid mutant strain, parental haploid WT strain, or WT x WT
diploid strain if the p value was less than 0.05. ns, not significant.

of extended longevity was monogenic, it was anticipated that two
of the four ascospores within each of the six randomly chosen
tetrads do not exhibit an extended CLS characteristic of the
parental mutant strain and live almost as short life as cells of
the parental WT strain (Sherman, 2002; Amberg et al., 2005;
Boone et al., 2016). Furthermore, if the trait of extended longevity
was caused by dominant mutations in two nuclear genes, it was
projected that one or two of the four ascospores within three,

four, or five out of the six randomly chosen tetrads do not
exhibit an extended CLS characteristic of the parental mutant
strain and live almost as short life as cells of the parental WT
strain (Sherman, 2002; Amberg et al., 2005; Boone et al., 2016).
Based on these observations, we concluded that the extended
longevity of each of the three selected long-lived yeast mutants
is a polygenic genetic trait caused by mutations in more than two
nuclear genes.
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FIGURE 6 | The extended longevity of each of the three long-lived yeast mutants evolved under laboratory conditions is a dominant genetic trait. The
parental haploid WT strain BY4742, the WT x WT diploid strain formed by mating between the haploid WT strains BY4741 and BY4742, the long-lived mutant
strains 3, 5, and 12 (each in the BY4742 genetic background), and the WT x 3, WT x 5, and WT x 12 diploid strains were cultured in YP medium without LCA
initially containing 0.2% glucose. Survival curves shown in Figure 7 were used to calculate the mean and maximum chronological lifespans for WT and mutant
strains. Data are presented as means £ SEM (n = 4; *p < 0.05; **p < 0.01; ***p < 0.001).

Each of the Three Selected Long-Lived
Yeast Mutants Exhibits Altered
Age-Related Chronology of
Mitochondrial Respiration and Enhanced

Resistance to Chronic Stresses

One of the key aspects of our hypothesis of the hormetic selective
forces driving the evolution of longevity regulation mechanisms
is an assumption that all yeast species within an ecosystem can
respond to LCA and other bile acids released into the ecosystem
by animals (Goldberg et al., 2010a,b; Burstein et al., 2012a). This
response consists in the ability of yeast to develop mechanisms
of protection against cellular damage caused by the mildly toxic
molecules of bile acids (Goldberg et al., 2010a,b; Burstein et al.,
2012a). Of note, our analysis of how different concentrations
of LCA impact yeast longevity has revealed that this bile acid
delays yeast chronological aging by eliciting a hormetic stress
response (Goldberg et al., 2010b; Burstein et al., 2012a), which is
characterized by a non-linear and biphasic dose-response curve
(Goldberg et al., 2010a; Calabrese and Mattson, 2011; Burstein
etal., 2012a; Calabrese et al., 2012; Leonov et al., 2015; Lutchman

etal., 2016). Our recent studies also demonstrated that the ability
of LCA to elicit such longevity-extending stress response is due in
part to alterations in mitochondrial functionality caused by LCA,
including changes in the age-related chronology of mitochondrial
respiration (Goldberg et al., 2010b; Burstein et al., 2012b; Beach
et al., 2013, 2015a,b; Arlia-Ciommo et al., 2014a,b; Burstein and
Titorenko, 2014; Medkour and Titorenko, 2016). These LCA-
driven changes in mitochondrial respiration allow mitochondria
to establish and sustain an aging-delaying pattern of the entire cell
(Goldberg et al., 2010b; Burstein et al., 2012b; Beach et al., 2013,
2015a,b; Arlia-Ciommo et al., 2014a,b; Burstein and Titorenko,
2014; Medkour and Titorenko, 2016). Enhanced resistance of
chronologically aging yeast to chronic oxidative, thermal, and
osmotic stresses is part of such LCA-driven cellular pattern
(Goldberg et al., 2010b; Burstein et al., 2012b; Beach et al., 2015b;
Medkour and Titorenko, 2016); this kind of mitochondria-
dependent hormetic stress response is called “mitohormesis”
(Tapia, 2006; Schulz et al., 2007; Ristow and Zarse, 2010; Ristow,
2014; Yun and Finkel, 2014). We thought, therefore, that some
of the three long-lived yeast mutants selected under laboratory
conditions may have evolved an altered pattern of mitochondrial
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respiration and/or stress susceptibility. We found that in WT
yeast grown in YP medium with 0.2% glucose in the absence
of LCA, the rate of oxygen consumption by mitochondria was
(1) greatly amplified when yeast entered diauxic (D) growth
phase that begins on day 2 of culturing; (2) sharply declined
during the subsequent post-diauxic (PD; occurs between days 3
and 7 of culturing) phase of growth; and (3) gradually reduced
during ST (begins after day 7 of culturing) growth phase that
follows PD phase (Figure 7). In contrast, in all three selected
long-lived yeast mutants grown in this medium, the rate of
oxygen consumption by mitochondria was (1) amplified to a
significantly lesser extent during D phase than it was in WT
yeast; (2) not declined as sharply during the subsequent PD phase
of growth as it was in WT yeast; and (3) elevated again for a
long period of time during ST phase (to the level similar to
that seen in these yeast species during PD phase) and began to
decline slowly only deep into ST phase—unlike the situation seen
in WT yeast (Figure 7). Moreover, we found that each of the
three selected long-lived yeast mutants grown in this medium
displays enhanced cell resistance to chronic oxidative, thermal,
and osmotic stresses, especially during D, PD, and ST growth
phases (Figure 8).

DISCUSSION

Our previously proposed hypothesis posits that LCA and other
bile acids released into the environment by animals may represent

0 LD _PD ST

—- WT

—@— Mutant 3
—{Mutant 5
—A— Mutant 12

0, consumption (nmoles/min/10° cells)

Days in culture

FIGURE 7 | Each of the three selected long-lived yeast mutants
exhibits altered age-related chronology of mitochondrial respiration.
The parental haploid WT strain and the long-lived mutant strains 3, 5, and 12
were cultured in YP medium without LCA initially containing 0.2% glucose.
The dynamics of age-dependent changes in the rate of oxygen consumption
by chronologically aging yeast is shown. Data are presented as means + SEM
(n = 3). D, diauxic growth phase; L, logarithmic growth phase; PD,
post-diauxic growth phase; ST, stationary growth phase.

interspecies chemical signals capable of generating selective
pressure for the evolution of longevity regulation mechanisms
in yeast (Goldberg et al., 2010a; Burstein et al., 2012a). In this
study, we empirically validated our hypothesis by being able to
model the LCA-driven evolution of long-lived yeast species under
laboratory conditions. To carry out such experimental evolution,
cells of WT strain were subjected to a three-step process of a
lasting exposure to exogenously added LCA. Three out of 20 long-
lived mutants selected during this evolution process were able to
maintain the trait of substantially extended CLS after numerous
passages in medium without LCA or other bile acid. Our findings
imply that the prolonged longevity of each of the three long-lived
yeast species is a dominant polygenic trait caused by mutations in
more than two nuclear genes.

Noteworthy, we cannot rule out the possibility that the
longevity extension of one or more of these long-lived yeast
species is caused by some transgenerationally inherited epigenetic
changes, rather than by DNA sequence mutations. Indeed, recent
evidence indicates that various environmental, dietary, genetic,
and pharmacological interventions elicit certain epigenetic
changes that can influence the aging process and define longevity
in evolutionarily distant eukaryotic organisms (Dang et al,
2009; Greer et al.,, 2010; Li et al., 2011; Moskalev et al., 2014;
Benayoun et al,, 2015; Li and Casanueva, 2016; Pal and Tyler,
2016; Sen et al., 2016). Some of these epigenetic changes can
be epigenetically inherited for several generations, thus they can
act in a transgenerational manner to affect the rate of aging
and define the lifespan of the offspring (Greer et al., 2011;
Benayoun et al., 2015; Li and Casanueva, 2016; Pal and Tyler,

2016).
It seems implausible that the longevity extension of one

or more of the three long-lived yeast species is caused by
dominant mitochondrially inherited mutations. Indeed, unlike
higher eukaryotes that inherit mitochondrial DNA (mtDNA)
uniparentally, mtDNA of the yeast S. cerevisiae is known to
be inherited in a biparental manner which is independent of
mating type (Griffiths et al., 2000; Solieri, 2010). Thus, crosses
of WT vyeast cells with yeast strains carrying various so-called
mit mutations in mtDNA yield heteroplasmic zygotes displaying
WT phenotype (Griffiths et al., 2000; Solieri, 2010). Furthermore,
a mitotic division of these heteroplasmic zygotes produces only
diploid buds having WT phenotype (Griffiths et al., 2000).
Moreover, all four meiotic ascospores within individual tetrads
recovered after sporulation of such diploid buds also exhibits
only WT phenotype (Griffiths et al., 2000; Solieri, 2010). In
case of mutations in yeast mtDNA which lead to erythromycin
resistance (eryR), a mitotic division of the original zygotic
heteroplasmon results in the formation of diploid buds some
of which are eryR, whereas others are sensitive to erythromycin
(erys) (Griffiths et al., 2000). Sporulation of eryR diploid buds
yields only ery? meiotic ascospores, whereas sporulation of
diploid buds that are ery® produces only ery® meiotic ascospores
(Griffiths et al., 2000). Therefore, the inheritance patterns for
each of the three long-lived yeast mutants selected in this
study differ from the inheritance patterns of the mit and eryR
groups of mutations in mtDNA; mutations that belong to these
two groups are known to be the most common mutational
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FIGURE 8 | Each of the three selected long-lived yeast mutants displays enhanced resistance to chronic oxidative, thermal, and osmotic stresses.
The parental haploid WT strain and the long-lived mutant strains 3, 5, and 12 were cultured in YP medium without LCA initially containing 0.2% glucose. Cell aliquots
were recovered from various growth phases. The resistance of yeast to chronic oxidative, thermal, and osmotic stresses was monitored as described in Section
“Materials and Methods.” D, diauxic growth phase; L, logarithmic growth phase; PD, post-diauxic growth phase; ST, stationary growth phase.
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lesions in yeast mtDNA (Griffiths et al., 2000). It needs to be
mentioned that one inheritance pattern for each of the three
long-lived yeast mutants selected in this study is similar to
that for yeast mutants carrying suppressive or hyper-suppressive
petite mutations in mtDNA. Specifically, crosses of WT yeast
cells with yeast strains carrying these mtDNA mutations yield
heteroplasmic zygotes that are mainly or almost exclusively
exhibit the petite phenotype of deficiency in mitochondrial
respiration (MacAlpine et al,, 2001; Solieri, 2010). However,
unlike diploids formed by mating between the WT strain
and any of the three selected long-lived yeast mutants, these
respiration-deficient petite zygotes cannot sporulate (Horecker
and Stadtman, 2016).

Our hypothesis further predicted that, if a long-term exposure
to exogenous LCA will yield long-lived yeast species, these
mutant species may evolve an altered pattern of mitochondrial

respiration and/or stress susceptibility. In confirmation of this
prediction, we found that each of the three selected long-
lived mutants of yeast exhibits altered age-related chronology
of mitochondrial respiration and enhanced resistance to chronic
oxidative, thermal, and osmotic stresses. In sum, these findings
provide evidence in support of our hypothesis of the hormetic
selective forces that drive the evolution of longevity regulation
mechanisms within ecosystems.

In the future, it would be interesting to use the long-
lived mutant strains selected in this study for empirical
verification of two groups of evolutionary theories of aging.
One group of these theories is based on the concept of
programmed aging; these theories are trying to explain how
the evolutionary force actively limits organismal lifespan at
an age unique to each species (Skulachev, 1999ab, 2001,
2002a,b; Longo et al., 2005; Skulachev and Longo, 2005; Severin
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et al, 2008; Goldsmith, 2011, 2012, 2014; Mitteldorf, 2012;
Trindade et al., 2013). Another group of evolutionary aging
theories is based on the notion of non-programmed aging;
these theories are attempting to rationalize how lack of the
evolutionary force passively limits organismal lifespan at an
age characteristic of each species (Ljubuncic and Reznick,
2009; Goldsmith, 2011, 2012, 2014; Mitteldorf, 2012; Trindade
et al, 2013). To perform the critical test for empirical
verification of evolutionary theories of programmed or non-
programmed aging, it would be necessary to investigate if
the dominant polygenic trait extending longevity of each
selected long-lived yeast mutant influences early-life fitness
when each mutant grows and ages alone—i.e., in the absence
of a parental WT strain. All evolutionary theories of non-
programmed aging posit that under such conditions any
longevity-extending genetic trait must reduce early-life fitness
of an organism (Medawar, 1952; Williams, 1957; Kirkwood,
1977; Kirkwood and Holliday, 1979; Charlesworth, 2000, 2001;
Kirkwood and Austad, 2000; Ljubuncic and Reznick, 2009;
Goldsmith, 2011, 2012, 2014; Mitteldorf, 2012; Trindade et al,,
2013). In contrast, all contemporary evolutionary theories of
programmed aging assume that only those longevity-extending
genetic traits that affect critical for early-life fitness modules
of the pro-aging signaling network could reduce such fitness,
whereas the longevity-extending genetic traits that affect other
modules of such signaling network are unlikely to have an
effect on organismal early-life fitness (Kenyon et al, 1993;
Parsons, 1995; Zwaan et al., 1995; Brown-Borg et al., 1996;
Partridge et al., 1999; Buck et al., 2000; Stearns et al., 2000;
Clancy et al, 2001; Tatar et al, 2001; Marden et al., 2003;
Liu et al, 2005; Longo et al, 2005; Partridge and Gems,
2006; Giannakou et al, 2007; Delaney et al, 2011). The
following key traits of early-life fitness need to be assessed
to conduct such test for empirical validation of two groups
of evolutionary theories of aging: (1) the exponential growth
rates of yeast cells in media containing a fermentable or non-
fermentable carbon source; (2) the efficacy of post-exponential
growth of yeast cells in media containing a fermentable or
non-fermentable carbon source; and (3) fecundity of yeast
cells, which can be quantitatively assessed by monitoring
the efficacies of their sexual reproduction by mating and
sporulation.

Moreover, all evolutionary theories of programmed aging
posit that the evolutionary force actively limits organismal
lifespan at an age unique to each species (Skulachev, 1999a,b,
2001, 2002a,b; Longo et al, 2005; Skulachev and Longo,
2005; Severin et al., 2008; Ljubuncic and Reznick, 2009;
Mitteldorf, 2010, 2012; Goldsmith, 2011, 2012, 2014; Trindade
et al, 2013). All these theories are based on the premise
that natural selection resulted in preferential reproduction of
those members of various species that have evolved certain
mechanisms for limiting their lifespans in a species-specific
fashion and upon reaching a species-specific age (Libertini, 1988;
Skulachev, 1997, 1999a,b, 2001; Longo et al., 2005; Goldsmith,
2008, 2011, 2012, 2014). This is because natural selection
limits organismal lifespan at an age unique to each species
by actively retaining only those alleles of pleiotropic genes

that increase early-life fitness and thus reduce fitness at old
age (Williams, 1957; Kirkwood, 1977; Kirkwood and Holliday,
1979; Kirkwood and Austad, 2000; Goldsmith, 2011, 2012,
2014). To perform the critical test for empirical validation of
these evolutionary theories of programmed aging, it would be
necessary to assess if the dominant polygenic trait extending
longevity of each of the three selected yeast mutants influences
the relative fitness of each mutant in a direct competition
assay with the parental WT strain. Such direct competition
assay mimics the process of natural selection within a mixed
population of individuals that belong to the same species
but exhibit different longevity-defining genetic backgrounds,
have lifespans at a species-specific age and beyond it, and
compete for nutrients and other environmental resources. If
the evolutionary theories of programmed aging are valid, each
of the three long-lived mutants is expected to be forced
out of the laboratory ecosystem by the parental WT strain
exhibiting shorter lifespan. If each long-lived mutant will
exhibit reduced relative fitness in the direct competition assay
with WT cells, the following conclusions can be made: (1)
yeast cells may have evolved some mechanisms for limiting
their lifespan upon reaching a certain chronological age;
and (2) these mechanisms may drive the evolution of yeast
longevity toward maintaining a finite yeast lifespan within
ecosystems.

AUTHOR CONTRIBUTIONS

VT designed and supervised the study. AG-P, PK, MB, NA, EN,
and TI performed experiments and analyzed the data. AG-P, PK,
and VT wrote the manuscript. All authors read the final version
of the manuscript.

FUNDING

This study was supported by grants from the Natural Sciences
and Engineering Research Council of Canada and Concordia
University Chair Fund. PK and MB were supported by the Fonds
Québécois de la Recherche sur la Nature et les Technologies
Doctoral Research Fellowship Awards. VT is a Concordia
University Research Chair in Genomics, Cell Biology and
Aging.

ACKNOWLEDGMENTS

We are grateful to current and former members of the Titorenko
Laboratory for discussions. We acknowledge the Centre for
Structural and Functional Genomics at Concordia University for
outstanding service.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fgene.2016.
00216/full#supplementary- material

Frontiers in Genetics | www.frontiersin.org

December 2016 | Volume 7 | Article 216


http://journal.frontiersin.org/article/10.3389/fgene.2016.00216/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fgene.2016.00216/full#supplementary-material
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Gomez-Perez et al.

Experimental Evolution of Long-Lived Yeast

REFERENCES

Amador-Noguez, D., Dean, A., Huang, W., Setchell, K., Moore, D., and
Darlington, G. (2007). Alterations in xenobiotic metabolism in the long-lived
little mice. Aging Cell 6, 453-470. doi: 10.1111/.1474-9726.2007.00300.x

Amador-Noguez, D., Yagi, K., Venable, S., and Darlington, G. (2004). Gene
expression profile of long-lived Ames dwarf mice and little mice. Aging Cell 3,
423-441. doi: 10.1111/j.1474-9728.2004.00125.x

Amaral, J. D,, Viana, R. J., Ramalho, R. M., Steer, C. J., and Rodrigues, C. M. (2009).
Bile acids: regulation of apoptosis by ursodeoxycholic acid. J. Lipid Res. 50,
1721-1734. doi: 10.1194/jlr.R900011-JLR200

Amberg, D. C., Burke, D. J., and Strathern, J. N. (2005). Methods in Yeast Genetics
2005. Laurel Hollow, NY: Cold Spring Harbor Laboratory.

Arlia-Ciommo, A., Leonov, A., Piano, A., Svistkova, V., and Titorenko, V. I
(2014a). Cell-autonomous mechanisms of chronological aging in the yeast
Saccharomyces cerevisiae. Microbial Cell 1, 164-178. doi: 10.15698/mic2014.
06.152

Arlia-Ciommo, A., Piano, A., Svistkova, V., Mohtashami, S., and Titorenko,
V. L (2014b). Mechanisms underlying the anti-aging and anti-tumor
effects of lithocholic bile acid. Int. J. Mol. Sci. 15, 16522-16543. doi:
10.3390/ijms150916522

Beach, A., Leonov, A., Arlia-Ciommo, A., Svistkova, V., Lutchman, V., and
Titorenko, V. I. (2015a). Mechanisms by which different functional states of
mitochondria define yeast longevity. Int. J. Mol. Sci. 16, 5528-5554. doi: 10.
3390/ijms16035528

Beach, A., Richard, V. R., Bourque, S., Boukh-Viner, T., Kyryakov, P., Gomez-
Perez, A., etal. (2015b). Lithocholic bile acid accumulated in yeast mitochondria
orchestrates a development of an anti-aging cellular pattern by causing age-
related changes in cellular proteome. Cell Cycle 14, 1643-1656. doi: 10.1080/
15384101.2015.1026493

Beach, A, Richard, V. R., Leonov, A., Burstein, M. T., Bourque, S. D., Koupaki, O.,
et al. (2013). Mitochondrial membrane lipidome defines yeast longevity. Aging
(Albany NY). 5, 551-574. doi: 10.18632/aging.100578

Benayoun, B. A., Pollina, E. A, and Brunet, A. (2015). Epigenetic regulation of
ageing: linking environmental inputs to genomic stability. Nat. Rev. Mol. Cell
Biol. 16, 593-610. doi: 10.1038/nrm4048

Boone, C., Andrews, B., Fields, S., and Davis, T. N. (2016). Budding Yeast: A
Laboratory Manual. Laurel Hollow, NY: Cold Spring Harbor Laboratory.

Brown-Borg, H. M., Borg, K. E., Meliska, C. J., and Bartke, A. (1996). Dwarf mice
and the ageing process. Nature 384:33. doi: 10.1038/384033a0

Buck, S., Vettraino, J., Force, A. G., and Arking, R. (2000). Extended longevity in
Drosophila is consistently associated with a decrease in developmental viability.
J. Gerontol. A Biol. Sci. Med. Sci. 55,292-301. doi: 10.1093/gerona/55.6.B292

Burstein, M. T., Beach, A., Richard, V. R., Koupaki, O., Gomez-Perez, A., Goldberg,
A. A, etal. (2012a). Interspecies chemical signals released into the environment
may create xenohormetic, hormetic and cytostatic selective forces that drive the
ecosystemic evolution of longevity regulation mechanisms. Dose Response 10,
75-82. doi: 10.2203/dose-response.11-011.Titorenko

Burstein, M. T., Kyryakov, P., Beach, A., Richard, V. R., Koupaki, O., Gomez-
Perez, A, et al. (2012b). Lithocholic acid extends longevity of chronologically
aging yeast only if added at certain critical periods of their lifespan. Cell Cycle
11, 3443-3462. doi: 10.4161/cc.21754

Burstein, M. T., and Titorenko, V. 1. (2014). A mitochondrially targeted compound
delays aging in yeast through a mechanism linking mitochondrial membrane
lipid metabolism to mitochondrial redox biology. Redox Biol. 2014, 305-307.
doi: 10.1016/j.redox.2014.01.011

Calabrese, E. J., and Mattson, M. P. (2011). Hormesis provides a generalized
quantitative estimate of biological plasticity. J. Cell Commun. Signal. 5, 25-38.
doi: 10.1007/s12079-011-0119-1

Calabrese, V., Cornelius, C., Dinkova-Kostova, A. T., Iavicoli, I., Di Paola, R,,
Koverech, A, et al. (2012). Cellular stress responses, hormetic phytochemicals
and vitagenes in aging and longevity. Biochim. Biophys. Acta 1822, 753-783.
doi: 10.1016/j.bbadis.2011.11.002

Charlesworth, B. (2000). Fisher, Medawar, Hamilton and the evolution of aging.
Genetics 156, 927-931.

Charlesworth, B. (2001). Patterns of age-specific means and genetic variances
of mortality rates predicted by the mutation-accumulation theory of ageing.
J. Theor. Biol. 210, 47-65. doi: 10.1006/jtbi.2001.2296

Chiang, J. Y. (2013). Bile acid metabolism and signaling. Compr. Physiol. 3,
1191-1212. doi: 10.1002/cphy.c120023

Clancy, D. J., Gems, D., Harshman, L. G., Oldham, S., Stocker, H., Hafen, E., et al.
(2001). Extension of life-span by loss of CHICO, a Drosophila insulin receptor
substrate protein. Science 292, 104-106. doi: 10.1126/science.1057991

Dang, W, Steffen, K. K., Perry, R., Dorsey, J. A., Johnson, F. B,, Shilatifard, A., et al.
(2009). Histone H4 lysine 16 acetylation regulates cellular lifespan. Nature 459,
802-807. doi: 10.1038/nature08085

de Aguiar Vallim, T. Q., Tarling, E. J., and Edwards, P. A. (2013). Pleiotropic roles
of bile acids in metabolism. Cell Metab. 17, 657-669. doi: 10.1016/j.cmet.2013.
03.013

Delaney, J. R., Murakami, C. J., Olsen, B., Kennedy, B. K., and Kaeberlein, M.
(2011). Quantitative evidence for early life fitness defects from 32 longevity-
associated alleles in yeast. Cell Cycle 10, 156-165. doi: 10.4161/cc.10.1.14457

Gems, D. (2007). Long-lived dwarf mice: are bile acids a longevity signal? Aging
Cell 6, 421-423. doi: 10.1111/j.1474-9726.2007.00309.x

Gems, D., and Partridge, L. (2008). Stress-response hormesis and aging: “that which
does not kill us makes us stronger”. Cell Metab. 7, 200-203. doi: 10.1016/j.cmet
.2008.01.001

Gerisch, B., Rottiers, V., Li, D., Motola, D. L., Cummins, C. L., Lehrach, H.,
et al. (2007). A bile acid-like steroid modulates Caenorhabditis elegans lifespan
through nuclear receptor signaling. Proc. Natl. Acad. Sci. U.S.A. 104, 5014-5019.
doi: 10.1073/pnas.0700847104

Giannakou, M. E., Goss, M., Jacobson, J., Vinti, G., Leevers, S. J., and Partridge, L.
(2007). Dynamics of the action of dFOXO on adult mortality in Drosophila.
Aging Cell 6, 429-438. doi: 10.1111/j.1474-9726.2007.00290.x

Goldberg, A. A., Beach, A., Davies, G. F., Harkness, T. A., Leblanc, A., and
Titorenko, V. I. (2011). Lithocholic bile acid selectively kills neuroblastoma
cells, while sparing normal neuronal cells. Oncotarget 2,761-782. doi: 10.18632/
oncotarget.338

Goldberg, A. A., Bourque, S. D., Kyryakov, P., Gregg, C., Boukh-Viner, T.,
Beach, A, et al. (2009). Effect of calorie restriction on the metabolic history
of chronologically aging yeast. Exp. Gerontol. 44, 555-571. doi: 10.1016/j.exger.
2009.06.001

Goldberg, A. A., Kyryakov, P., Bourque, S. D., and Titorenko, V. I. (2010a).
Xenohormetic, hormetic and cytostatic selective forces driving longevity at
the ecosystemic level. Aging (Albany NY) 2, 461-470. doi: 10.18632/aging.
100186

Goldberg, A. A., Richard, V. R,, Kyryakov, P., Bourque, S. D., Beach, A,
Burstein, M. T., et al. (2010b). Chemical genetic screen identifies lithocholic
acid as an anti-aging compound that extends yeast chronological life span
in a TOR-independent manner, by modulating housekeeping longevity
assurance processes. Aging (Albany NY) 2, 393-414. doi: 10.18632/aging.
100168

Goldberg, A. A,, Titorenko, V. I, Beach, A., and Sanderson, J. T. (2013). Bile acids
induce apoptosis selectively in androgen-dependent and -independent prostate
cancer cells. Peer . 1:¢122. doi: 10.7717/peer;j.122

Goldsmith, T. (2011). Aging by Design. Annapolis, MD: Azinet Press.

Goldsmith, T. (2014). The Evolution of Aging. Annapolis, MD: Azinet Press.

Goldsmith, T. C. (2008). Aging, evolvability, and the individual benefit
requirement; medical implications of aging theory controversies. J. Theor. Biol.
252, 764-768. doi: 10.1016/}.jtbi.2008.02.035

Goldsmith, T. C. (2012). On the programmed/non-programmed aging
controversy. Biochemistry 77, 729-732.

Greer, E. L., Maures, T. J., Hauswirth, A. G., Green, E. M., Leeman, D. S., Maro,
G. S, et al. (2010). Members of the H3K4 trimethylation complex regulate
lifespan in a germline-dependent manner in C. elegans. Nature 466, 383-387.
doi: 10.1038/nature09195

Greer, E. L., Maures, T. J., Ucar, D., Hauswirth, A. G., Mancini, E., Lim, J. P., et al.
(2011). Transgenerational epigenetic inheritance of longevity in Caenorhabditis
elegans. Nature 479, 365-371. doi: 10.1038/nature10572

Griffiths, A. J. F., Miller, J. H., Suzuki, D. T., Lewontin, R. C., and Gelbart, W. M.
(2000). An Introduction to Genetic Analysis, 7th Edn. New York, NY: W. H.
Freeman.

Groen, A. K., and Kuipers, F. (2013). Bile acid look-alike controls life span in
C. elegans. Cell Metab. 18, 151-152. doi: 10.1016/j.cmet.2013.07.009

Horecker, B. L., and Stadtman, E. R. (2016). Current Topics in Cellular Regulation,
Ist edition. New York, NY: Academic Press.

Frontiers in Genetics | www.frontiersin.org

December 2016 | Volume 7 | Article 216


https://doi.org/10.1111/j.1474-9726.2007.00300.x
https://doi.org/10.1111/j.1474-9728.2004.00125.x
https://doi.org/10.1194/jlr.R900011-JLR200
https://doi.org/10.15698/mic2014.06.152
https://doi.org/10.15698/mic2014.06.152
https://doi.org/10.3390/ijms150916522
https://doi.org/10.3390/ijms150916522
https://doi.org/10.3390/ijms16035528
https://doi.org/10.3390/ijms16035528
https://doi.org/10.1080/15384101.2015.1026493
https://doi.org/10.1080/15384101.2015.1026493
https://doi.org/10.18632/aging.100578
https://doi.org/10.1038/nrm4048
https://doi.org/10.1038/384033a0
https://doi.org/10.1093/gerona/55.6.B292
https://doi.org/10.2203/dose-response.11-011.Titorenko
https://doi.org/10.4161/cc.21754
https://doi.org/10.1016/j.redox.2014.01.011
https://doi.org/10.1007/s12079-011-0119-1
https://doi.org/10.1016/j.bbadis.2011.11.002
https://doi.org/10.1006/jtbi.2001.2296
https://doi.org/10.1002/cphy.c120023
https://doi.org/10.1126/science.1057991
https://doi.org/10.1038/nature08085
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.4161/cc.10.1.14457
https://doi.org/10.1111/j.1474-9726.2007.00309.x
https://doi.org/10.1016/j.cmet.2008.01.001
https://doi.org/10.1016/j.cmet.2008.01.001
https://doi.org/10.1073/pnas.0700847104
https://doi.org/10.1111/j.1474-9726.2007.00290.x
https://doi.org/10.18632/oncotarget.338
https://doi.org/10.18632/oncotarget.338
https://doi.org/10.1016/j.exger.2009.06.001
https://doi.org/10.1016/j.exger.2009.06.001
https://doi.org/10.18632/aging.100186
https://doi.org/10.18632/aging.100186
https://doi.org/10.18632/aging.100168
https://doi.org/10.18632/aging.100168
https://doi.org/10.7717/peerj.122
https://doi.org/10.1016/j.jtbi.2008.02.035
https://doi.org/10.1038/nature09195
https://doi.org/10.1038/nature10572
https://doi.org/10.1016/j.cmet.2013.07.009
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Gomez-Perez et al.

Experimental Evolution of Long-Lived Yeast

Hylemon, P. B., Zhou, H., Pandak, W. M., Ren, S., Gil, G., and Dent, P. (2009).
Bile acids as regulatory molecules. J. Lipid Res. 50, 1509-1520. doi: 10.1194/jlr.
R900007-JLR200

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. elegans
mutant that lives twice as long as wild type. Nature 366, 461-464. doi: 10.1038/
36646120

Kirkwood, T. B. (1977). Evolution of ageing. Nature 270, 301-304. doi: 10.1038/
27030120

Kirkwood, T. B., and Austad, S. N. (2000). Why do we age? Nature 408, 233-238.
doi: 10.1038/35041682

Kirkwood, T. B., and Holliday, R. (1979). The evolution of ageing and longevity.
Proc. R. Soc. Lond. B Biol. Sci. 1979, 531-546. doi: 10.1098/rspb.1979.0083

Lee, S. S., and Schroeder, F. C. (2012). Steroids as central regulators of organismal
development and lifespan. PLoS Biol. 10:e1001307. doi: 10.1371/journal.pbio
1001307

Lefebvre, P., Cariou, B., Lien, F., Kuipers, F., and Staels, B. (2009). Role of bile
acids and bile acid receptors in metabolic regulation. Physiol. Rev. 89, 147-191.
doi: 10.1152/physrev.00010.2008

Leonov, A., Arlia-Ciommo, A., Piano, A., Svistkova, V., Lutchman, V., Medkour, Y.,
et al. (2015). Longevity extension by phytochemicals. Molecules 20, 6544-6572.
doi: 10.3390/molecules20046544

Li, C,, and Casanueva, O. (2016). Epigenetic inheritance of proteostasis and ageing.
Essays Biochem. 60, 191-202. doi: 10.1042/EBC20160025

Li, T., and Chiang, J. Y. (2013). Nuclear receptors in bile acid metabolism. Drug
Metab. Rev. 45, 145-155. doi: 10.3109/03602532.2012.740048

Li, T., and Chiang, J. Y. (2014). Bile acid signaling in metabolic disease and drug
therapy. Pharmacol. Rev. 66, 948-983. doi: 10.1124/pr.113.008201

Li, Y., Daniel, M., and Tollefsbol, T. O. (2011). Epigenetic regulation of caloric
restriction in aging. BMC Med. 9:98. doi: 10.1186/1741-7015-9-98

Libertini, G. (1988). An adaptive theory of increasing mortality with increasing
chronological age in populations in the wild. J. Theor. Biol. 132, 145-162.
doi: 10.1016/50022-5193(88)80153-X

Liu, X,, Jiang, N., Hughes, B., Bigras, E., Shoubridge, E., and Hekimi, S. (2005).
Evolutionary conservation of the clk-1-dependent mechanism of longevity:
loss of mclkl increases cellular fitness and lifespan in mice. Genes Dev. 19,
2424-2434. doi: 10.1101/gad.1352905

Ljubuncic, P., and Reznick, A. Z. (2009). The evolutionary theories of aging
revisited - a mini-review. Gerontology 55, 205-216. doi: 10.1159/000200772

Longo, V. D., Mitteldorf, J., and Skulachev, V. P. (2005). Programmed and altruistic
ageing. Nat. Rev. Genet. 6, 866-872. doi: 10.1038/nrg1706

Lutchman, V., Medkour, Y., Samson, E., Arlia-Ciommo, A., Dakik, P., Cortes, B.,
et al. (2016). Discovery of plant extracts that greatly delay yeast chronological
aging and have different effects on longevity-defining cellular processes.
Oncotarget 7, 16542-16566. doi: 10.18632/oncotarget.7665

MacAlpine, D. M., Kolesar, J., Okamoto, K., Butow, R. A., and Perlman, P. S.
(2001). Replication and preferential inheritance of hypersuppressive petite
mitochondrial DNA. EMBO J. 20, 1807-1817. doi: 10.1093/embo;j/20.7.1807

Magner, D. B.,, Wollam, J., Shen, Y., Hoppe, C., Li, D., Latza, C,, et al. (2013).
The NHR-8 nuclear receptor regulates cholesterol and bile acid homeostasis in
C. elegans. Cell Metab. 18, 212-224. doi: 10.1016/j.cmet.2013.07.007

Mahanti, P., Bose, N., Bethke, A., Judkins, J. C., Wollam, J., Dumas, K. J., et al.
(2014). Comparative metabolomics reveals endogenous ligands of DAF-12, a
nuclear hormone receptor, regulating C. elegans development and lifespan. Cell
Metab. 19, 73-83. doi: 10.1016/j.cmet.2013.11.024

Marden, J. H., Rogina, B., Montooth, K. L., and Helfand, S. L. (2003). Conditional
tradeoffs between aging and organismal performance of Indy long-lived
mutant flies. Proc. Natl. Acad. Sci. U.S.A. 100, 3369-3373. doi: 10.1073/pnas
0634985100

Medawar, P. B. (1952). An Unsolved Problem of Biology. London: HK Lewis.

Medkour, Y., and Titorenko, V. I. (2016). Mitochondria operate as signaling
platforms in yeast aging. Aging (Albany NY) 8, 212-213.

Mitteldorf, J. (2010). Aging is not a process of wear and tear. Rejuvenation Res. 13,
322-326. doi: 10.1089/1€j.2009.0967

Mitteldorf, J. J. (2012). Adaptive aging in the context of evolutionary theory.
Biochemistry 77, 716-725. doi: 10.1134/S0006297912070036

Monte, M. J., Marin, J. J., Antelo, A., and Vazquez-Tato, J. (2009). Bile acids:
chemistry, physiology, and pathophysiology. World J. Gastroenterol. 15, 804-
816. doi: 10.3748/wjg.15.804

Moskalev, A. A., Aliper, A. M., Smit-McBride, Z., Buzdin, A., and Zhavoronkov, A.
(2014). Genetics and epigenetics of aging and longevity. Cell Cycle 13, 1063-
1077. doi: 10.4161/cc.28433

Motola, D. L., Cummins, C. L., Rottiers, V., Sharma, K. K., Li, T., Li, Y., et al.
(2006). Identification of ligands for DAF-12 that govern dauer formation and
reproduction in C. elegans. Cell 124, 1209-1223. doi: 10.1016/j.cell.2006.01.037

Pal, S., and Tyler, J. K. (2016). Epigenetics and aging. Sci. Adv. 2:e1600584. doi:
10.1126/sciadv.1600584

Parsons, P. A. (1995). Inherited stress resistance and longevity: a stress theory of
ageing. Heredity 75, 216-221. doi: 10.1038/hdy.1995.126

Partridge, L., and Gems, D. (2006). Beyond the evolutionary theory of ageing,
from functional genomics to evo-gero. Trends Ecol. Evol. 21, 334-340. doi:
10.1016/j.tree.2006.02.008

Partridge, L., Prowse, N., and Pignatelli, P. (1999). Another set of responses
and correlated responses to selection on age at reproduction in Drosophila
melanogaster. Proc. Biol. Sci. 266, 255-261. doi: 10.1098/rspb.1999.0630

Pols, T. W., Noriega, L. G., Nomura, M., Auwerx, J., and Schoonjans, K. (2011).
The bile acid membrane receptor TGR5 as an emerging target in metabolism
and inflammation. J. Hepatol. 54, 1263-1272. doi: 10.1016/j.jhep.2010.12.004

Ramalho, R. M., Viana, R. J., Low, W. C,, Steer, C. J., and Rodrigues, C. M.
(2008). Bile acids and apoptosis modulation: an emerging role in experimental
Alzheimer’s disease. Trends Mol. Med. 14, 54-62. doi: 10.1016/j.molmed.2007.
12.001

Ristow, M. (2014). Unraveling the truth about antioxidants: mitohormesis explains
ROS-induced health benefits. Nat. Med. 20, 709-711. doi: 10.1038/nm.3624

Ristow, M., and Zarse, K. (2010). How increased oxidative stress promotes
longevity and metabolic health: the concept of mitochondrial hormesis
(mitohormesis). Exp. Gerontol. 45, 410-418. doi: 10.1016/j.exger.2010.03.014

Russell, S. J., and Kahn, C. R. (2007). Endocrine regulation of ageing. Nat. Rev. Mol.
Cell Biol. 8, 681-691. doi: 10.1038/nrm2234

Schulz, T. J., Zarse, K., Voigt, A., Urban, N., Birringer, M., and Ristow, M.
(2007). Glucose restriction extends Caenorhabditis elegans life span by inducing
mitochondrial respiration and increasing oxidative stress. Cell Metab. 6,
280-293. doi: 10.1016/j.cmet.2007.08.011

Sen, P., Shah, P. P., Nativio, R., and Berger, S. L. (2016). Epigenetic mechanisms of
longevity and aging. Cell 166, 822-839. doi: 10.1016/j.cell.2016.07.050

Severin, F. F., Meer, M. V., Smirnova, E. A,, Knorre, D. A, and Skulachev, V. P.
(2008). Natural causes of programmed death of yeast Saccharomyces cerevisiae.
Biochim. Biophys. Acta 1783, 1350-1353. doi: 10.1016/j.bbamcr.2008.02.001

Sherman, F. (2002). Getting started with yeast. Methods Enzymol. 350, 3-41. doi:
10.1016/50076-6879(02)50954-X

Skulachev, V. P. (1997). Aging is a specific biological function rather than the result
of a disorder in complex living systems: biochemical evidence in support of
Weismann’s hypothesis. Biochemistry 62, 1191-1195.

Skulachev, V. P. (1999a). Mitochondrial physiology and pathology; concepts of
programmed death of organelles, cells and organisms. Mol. Aspects Med. 20,
139-184. doi: 10.1016/S0098-2997(99)00008- 4

Skulachev, V. P. (1999b). Phenoptosis: programmed death of an organism.
Biochemistry 64, 1418-1426.

Skulachev, V. P. (2001). The programmed death phenomena, aging, and the
Samurai law of biology. Exp. Gerontol. 36, 995-1024. doi: 10.1016/S0531-
5565(01)00109-7

Skulachev, V. P. (2002a). Programmed death phenomena: from organelle to
organism. Ann. NY Acad. Sci. 959, 214-237. doi: 10.1111/j.1749-6632.2002.tb
02095.x

Skulachev, V. P. (2002b). Programmed death in yeast as adaptation? FEBS Lett. 528,
23-26. doi: 10.1016/S0014-5793(02)03319-7

Skulachev, V. P., and Longo, V. D. (2005). Aging as a mitochondria-mediated
atavistic program: can aging be switched off? Ann. N. Y. Acad. Sci. 1057,
145-164. doi: 10.1196/annals.1356.009

Solieri, L. (2010). Mitochondrial inheritance in budding yeasts: towards an
integrated understanding. Trends Microbiol. 18, 521-530. doi: 10.1016/j.tim.
2010.08.001

Stearns, S. C., Ackermann, M., Doebeli, M., and Kaiser, M. (2000). Experimental
evolution of aging, growth and reproduction in fruit flies. Proc. Natl. Acad. Sci.
U.S.A. 97, 3309-3313. doi: 10.1073/pnas.97.7.3309

Tapia, P. C. (2006). Sublethal mitochondrial stress with an attendant stoichiometric
augmentation of reactive oxygen species may precipitate many of the beneficial

Frontiers in Genetics | www.frontiersin.org

December 2016 | Volume 7 | Article 216


https://doi.org/10.1194/jlr.R900007-JLR200
https://doi.org/10.1194/jlr.R900007-JLR200
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/366461a0
https://doi.org/10.1038/270301a0
https://doi.org/10.1038/270301a0
https://doi.org/10.1038/35041682
https://doi.org/10.1098/rspb.1979.0083
https://doi.org/10.1371/journal.pbio.1001307
https://doi.org/10.1371/journal.pbio.1001307
https://doi.org/10.1152/physrev.00010.2008
https://doi.org/10.3390/molecules20046544
https://doi.org/10.1042/EBC20160025
https://doi.org/10.3109/03602532.2012.740048
https://doi.org/10.1124/pr.113.008201
https://doi.org/10.1186/1741-7015-9-98
https://doi.org/10.1016/S0022-5193(88)80153-X
https://doi.org/10.1101/gad.1352905
https://doi.org/10.1159/000200772
https://doi.org/10.1038/nrg1706
https://doi.org/10.18632/oncotarget.7665
https://doi.org/10.1093/emboj/20.7.1807
https://doi.org/10.1016/j.cmet.2013.07.007
https://doi.org/10.1016/j.cmet.2013.11.024
https://doi.org/10.1073/pnas.0634985100
https://doi.org/10.1073/pnas.0634985100
https://doi.org/10.1089/rej.2009.0967
https://doi.org/10.1134/S0006297912070036
https://doi.org/10.3748/wjg.15.804
https://doi.org/10.4161/cc.28433
https://doi.org/10.1016/j.cell.2006.01.037
https://doi.org/10.1126/sciadv.1600584
https://doi.org/10.1126/sciadv.1600584
https://doi.org/10.1038/hdy.1995.126
https://doi.org/10.1016/j.tree.2006.02.008
https://doi.org/10.1016/j.tree.2006.02.008
https://doi.org/10.1098/rspb.1999.0630
https://doi.org/10.1016/j.jhep.2010.12.004
https://doi.org/10.1016/j.molmed.2007.12.001
https://doi.org/10.1016/j.molmed.2007.12.001
https://doi.org/10.1038/nm.3624
https://doi.org/10.1016/j.exger.2010.03.014
https://doi.org/10.1038/nrm2234
https://doi.org/10.1016/j.cmet.2007.08.011
https://doi.org/10.1016/j.cell.2016.07.050
https://doi.org/10.1016/j.bbamcr.2008.02.001
https://doi.org/10.1016/S0076-6879(02)50954-X
https://doi.org/10.1016/S0076-6879(02)50954-X
https://doi.org/10.1016/S0098-2997(99)00008-4
https://doi.org/10.1016/S0531-5565(01)00109-7
https://doi.org/10.1016/S0531-5565(01)00109-7
https://doi.org/10.1111/j.1749-6632.2002.tb02095.x
https://doi.org/10.1111/j.1749-6632.2002.tb02095.x
https://doi.org/10.1016/S0014-5793(02)03319-7
https://doi.org/10.1196/annals.1356.009
https://doi.org/10.1016/j.tim.2010.08.001
https://doi.org/10.1016/j.tim.2010.08.001
https://doi.org/10.1073/pnas.97.7.3309
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

Gomez-Perez et al.

Experimental Evolution of Long-Lived Yeast

alterations in cellular physiology produced by caloric restriction, intermittent
fasting, exercise and dietary phytonutrients: “Mitohormesis” for health and
vitality. Med. Hypotheses 66, 832-843.

Tatar, M., Kopelman, A., Epstein, D., Tu, M. P, Yin, C. M., and Garofalo, R. S.
(2001). A mutant Drosophila insulin receptor homolog that extends life-span
and impairs neuroendocrine function. Science 292, 107-110. doi: 10.1126/scie
nce.1057987

Thomas, C., Pellicciari, R., Pruzanski, M., Auwerx, J., and Schoonjans, K. (2008).
Targeting bile-acid signalling for metabolic diseases. Nat. Rev. Drug Discov. 7,
678-693. doi: 10.1038/nrd2619

Tiwari, A., and Maiti, P. (2009). TGR5: an emerging bile acid G-protein-coupled
receptor target for the potential treatment of metabolic disorders. Drug Discov.
Today 14, 523-530. doi: 10.1016/j.drudis.2009.02.005

Trindade, L. S., Aigaki, T., Peixoto, A. A., Balduino, A., Manica da Cruz, L. B,,
and Heddle, J. G. (2013). A novel classification system for evolutionary aging
theories. Front. Genet. 4:25. doi: 10.3389/fgene.2013.00025

Vallim, T. Q., and Edwards, P. A. (2009). Bile acids have the gall to function as
hormones. Cell Metab. 10, 162-164. doi: 10.1016/j.cmet.2009.08.005

Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of
senescence. Evolution 11, 398-411. doi: 10.2307/2406060

Wollam, J., Magner, D. B., Magomedova, L., Rass, E., Shen, Y., Rottiers, V., et al.
(2012). A novel 3-hydroxysteroid dehydrogenase that regulates reproductive

development and longevity. PLoS Biol. 10:e1001305. doi: 10.1371/journal.pbio
1001305

Wollam, J., Magomedova, L., Magner, D. B., Shen, Y., Rottiers, V., Motola,
D. L., et al. (2011). The Rieske oxygenase DAF-36 functions as a cholesterol
7-desaturase in steroidogenic pathways governing longevity. Aging Cell 10,
879-884. doi: 10.1111/j.1474-9726.2011.00733.x

Yun, J., and Finkel, T. (2014). Mitohormesis. Cell Metab. 19, 757-766. doi: 10.1016/
j.cmet.2014.01.011

Zwaan, B. ], Bijlsma, R., and Hoekstra, R. F. (1995). Direct selection on lifespan in
Drosophila melanogaster. Evolution 49, 649-659. doi: 10.2307/2410318

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Gomez-Perez, Kyryakov, Burstein, Asbah, Noohi, Iouk and
Titorenko. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org

15

December 2016 | Volume 7 | Article 216


https://doi.org/10.1126/science.1057987
https://doi.org/10.1126/science.1057987
https://doi.org/10.1038/nrd2619
https://doi.org/10.1016/j.drudis.2009.02.005
https://doi.org/10.3389/fgene.2013.00025
https://doi.org/10.1016/j.cmet.2009.08.005
https://doi.org/10.2307/2406060
https://doi.org/10.1371/journal.pbio.1001305
https://doi.org/10.1371/journal.pbio.1001305
https://doi.org/10.1111/j.1474-9726.2011.00733.x
https://doi.org/10.1016/j.cmet.2014.01.011
https://doi.org/10.1016/j.cmet.2014.01.011
https://doi.org/10.2307/2410318
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics/
http://www.frontiersin.org/
http://www.frontiersin.org/Genetics/archive

	Empirical Validation of a Hypothesis of the Hormetic Selective Forces Driving the Evolution of Longevity Regulation Mechanisms
	Introduction
	Materials And Methods
	Yeast Strains, Media, and Growth Conditions
	Chronological Lifespan Assay
	Mating Assay
	Sporulation Assay
	Dissection of Asci, Separation of Ascospores, and Tetrad Analysis
	Oxygen Consumption Assay
	Plating Assays for the Analysis of Resistance to Various Chronic Stresses
	Statistical Analysis

	Results
	The LCA-Driven Selection of Long-Lived Yeast Species under Laboratory Conditions
	Three Selected Long-Lived Yeast Species Can Maintain Their Greatly Extended Lifespans Following Numerous Passages in Medium without LCA
	The Extended Longevity of Each of the Three Selected Long-Lived Yeast Mutants Is a Dominant Polygenic Trait
	Each of the Three Selected Long-Lived Yeast Mutants Exhibits Altered Age-Related Chronology of Mitochondrial Respiration and Enhanced Resistance to Chronic Stresses

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


