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In Brief

The conventional method to measure
replicative lifespan of yeast cells requires
the use of micromanipulators. However,
this technique has several limitations in
addition to being labor intensive. Liu et al.
demonstrate an automated microfluidics
platform that facilitates simultaneous
lifespan and gene expression
measurements at the single-cell level for
aging yeast cells.
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SUMMARY

The yeast Saccharomyces cerevisiae is a model
organism for replicative aging studies; however, con-
ventional lifespan measurement platforms have
several limitations. Here, we present a microfluidics
platform that facilitates simultaneous lifespan and
gene expression measurements of aging yeast cells.
Our multiplexed high-throughput platform offers the
capability to perform independent lifespan experi-
ments using different yeast strains or growth media.
Using this platform in minimal media environments
containing glucose, we measured the full lifespan of
individual yeast cells in wild-type and canonical
gene deletion backgrounds. Compared to glucose,
in galactose we observed a 16.8% decrease in
replicative lifespan accompanied by an ~2-fold in-
crease in single-cell oxidative stress levels reported
by Psop;-mCherry. Using Pga,-YFP to measure
the activity of the bistable galactose network,
we saw that OFF and ON cells are similar in their
lifespan. Our work shows that aging cells are
committed to a single phenotypic state throughout
their lifespan.

INTRODUCTION

Due to its short generation time and the abundance of genetic
manipulation techniques, the yeast S. cerevisiae has been a
commonly used eukaryotic model organism for aging studies
(Mortimer and Johnston, 1959; Muller et al., 1980; Kaeberlein
et al., 2005; Steinkraus et al., 2008; Breitenbach et al., 2012;
Longo et al., 1996; Fabrizio and Longo, 2003). Being a single-
cell organism, yeast allows researchers to study in vivo organ-
ismal aspects of eukaryotic aging, as numerous genetic and
cell biological processes are conserved between yeast and
higher eukaryotes. Two different aging models can be studied
by using yeast. The first model, replicative aging (Steinkraus
et al., 2008; Breitenbach et al., 2012), is a measure of the number
of daughter cells a mother cell mitotically produces before it sen-
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esces. The total number of daughter cells produced determines
the replicative lifespan (RLS) of the mother cell. The second
model, chronological aging (Breitenbach et al., 2012; Longo
et al.,, 1996; Fabrizio and Longo, 2003), is a measure of how
long a mother cell can live in a metabolically inactive state
without losing the ability to revive itself when transferred to
nutrient rich media. Here, we describe an automated platform
to measure RLS in real time. Our platform can also be used for
chronological aging measurements, which are relatively easier
to perform due to their static nature.

For several decades, the conventional method to measure
yeast RLS has required the use of micromanipulators (Steink-
raus et al.,, 2008; Breitenbach et al., 2012). Mother cells are
grown and followed on solid media environments, and, to pre-
vent crowding, each newborn daughter cell is physically sepa-
rated from its mother using the micromanipulator. Typically,
dozens of mother cells are processed to obtain sufficient statis-
tics. This technique has several drawbacks. First, it is very
labor intensive and requires around-the-clock mother-daughter
dissection. Since a mother cell can live dozens of generations, if
performed uninterrupted, a single RLS experiment can take
several days. This forces researchers to refrigerate the cells
overnight and continue the micromanipulation process the
next day. These unavoidable temperature fluctuations would
complicate the interpretation of the results, as we do not
comprehensively know how growth temperature dynamics
affect the aging process. Second, the micromanipulation pro-
cess can physically damage the mother cells and can lower
the RLS depending on the level of damage. Third, cells growing
on solid media environments can have cell-to-cell differences in
their exposure to the two-dimensional plate surface. This is due
to the fact that the contact surface area of large and small cells
would be different, leading to differences in the transportation
dynamics of the nutrients into the cells.

These drawbacks have recently forced researchers to use
automated microfluidic devices (Ryley and Pereira-Smith,
2006; Lee et al., 2012; Zhang et al., 2012) for measuring RLS in
liquid media environments. The first such study (Ryley and Per-
eira-Smith, 2006) reported the use of three different designs
and compared their relative efficiencies in terms of measuring
yeast RLS. However, even the best-performing design identified
in this study could easily trap several cells, instead of just the
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original mother cell, making the mother-daughter identification
process too challenging, as well as introducing problems in
terms of having several cells getting stuck in the functional unit
of the chip.

A different design introduced in a later study (Lee et al., 2012)
used transparent pads on which cells were immobilized due to
physical pressure. This design, too, had several issues. First,
its functional unit was a flat surface that did not discriminate be-
tween mother and daughter cells. Second, the surface area of
each unit could easily capture several yeast cells, instead of a
single mother cell. These issues complicate the isolation of the
mothers and therefore the tracking the mother-daughter pairs
for RLS measurements. Also, when a daughter cell is separated
from its mother with help from media flow, on its way out, it can
attach to other pads, making it hard for the researcher to track
the original mother cells.

Another study (Zhang et al., 2012) used a design that operated
on the principle of randomly catching and holding a single yeast
cell between a polydimethylsiloxane (PDMS) column and a glass
slide. The column had a surface area that was similar to the
cross-sectional area of a typical yeast cell. Despite offering im-
provements over the previous studies, this design did not allow
the trapped mother cell to move freely between the PDMS col-
umn and the glass slide. Also, a daughter cell could not be
born from the top or bottom portion of the immobilized mother
cell without substantially squeezing the mother cell. The
imposed physical constraints could negatively impact the RLS
values of the mother cells studied. Yet other studies (Crane
et al., 2014; Jo et al., 2015) used designs that were open from
one side with a gap from the other side to allow the escape of
the daughter cells. The maximal RLS values reported in these
studies were only 40 (Crane et al., 2014) and ~45 (Jo et al,,
2015) generations, while it is known that wild-type mother cells
can live more than 45 generations. This reduction in maximal
RLS was most likely due to the loss of the old mother cells
through the open side of the design (facilitated by mother-
daughter attachment followed by the wash-out of both mother
and daughter). Finally, neither these microfluidics designs nor
the previously published ones could report the RLS values pre-
cisely, as the information on the exact age of the initially captured
mother cell was missing. As one study (Zhang et al., 2012) re-
ported by counting bud scars on WGA-stained (Wheat Germ
Agglutinin) cells, the level of uncertainty on the starting age of
the initially captured mother cells could be up to eight genera-
tions (a significant fraction of the average RLS), corresponding
to the level of maximal error on the ultimately measured RLS
for a single cell.

Here, we introduce a high-throughput microfluidics platform
design that is free from the above issues, delivers high preci-
sion by starting the RLS measurement from the zero genera-
tion, and is multiplexed for running independent experiments
simultaneously. Using this platform, we performed single-cell
aging experiments in different growth environments and
tracked cellular lifespan and gene expression levels in real
time. As a validation of its functional performance, our platform
was able to capture the effect of several canonical gene dele-
tion mutants (fob14, sgf734, tor14, sir24, gpa24, rpl31a4) on
single-cell RLS.

RESULTS

Design and Fabrication of the Multiplexed

Microfluidic Chip

In order to automate replicative aging measurements for individ-
ual mother cells, we designed and fabricated a microfluidic plat-
form (Figure 1) that can be used to run multiple experiments in
parallel and measure single-cell RLS values precisely by starting
with virgin yeast cells.

Our multiplexed platform is composed of ten independent
modules allowing the researcher to run ten independent experi-
ments with different media or strains. The multiplexed PDMS
structure fits onto a 43 x 50 mm coverslip. Each module has
its own inlet and outlet connections to facilitate independent
cellloading and media flow. Each module contains a two-dimen-
sional array of 10,624 replicator units. The replicator is the small-
est functional unit of our chip. It is composed of three PDMS bars
of 5.3 um height, which allow the trapping of only one mother
cell. Both the vertical height and the horizontal dimensions of
each unit (including the size of the square bars and the corner-
to-corner distance between them) have been the result of several
rounds of optimization. If the trapping space inside each unit was
too large, the unit did not function as intended due to the pres-
ence of multiple cells fitting into each unit, which clogs the unit
and makes it too challenging to automate the separation of
daughter cells. If the trapping space were too small, on the other
hand, the trapped cell would be immobilized inside the unit, and
the spatial constraint would adversely affect cell growth.

In making the above optimization, we had to take into account
how much volume increase was expected from each cell
throughout its lifespan, as cell volume is known to increase during
the aging process. Unless accounted for, the increase in cell vol-
ume would result in the squeezing of the cell with time. Our chip is
optimized to accommodate the age-associated volume changes
of a commonly used S. cerevisiae strain of “BY” genetic back-
ground. Due to the availability of its genome sequence, this strain
is one of the most commonly used yeast strain for a variety of
yeast-based studies, including the majority of the previously pub-
lished studies on aging. “W303” is another S. cerevisiae strain
background that is used by yeast researchers. While optimizing
the size of our replicator unit for the BY background cells, we
also tested it for cells of W303 genetic background. Compared
to the BY background cells, yeast cells of W303 background
are known to display a larger volume increase during their aging
(Zadrag-Tecza et al., 2009). Since the size of our replicator unit
does not dynamically change during the aging process, a large
difference in cell volume between when the cell is young versus
old means that the mother cell will be squeezed when it is old.
When we used cells of W303 background in our chip, we indeed
observed their relatively faster volume increase dynamics and
physical squeezing, which was followed by premature cell death.
The maximum replicative lifespan of the W303 cells measured
using our platform was only seven generations long.

Optimization of Experimental Parameters for Initiating
and Running the RLS Experiment

After optimizing the size of our replicator units as well as the
overall dimensions of the multiplexed chip, next we fine-tuned
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Figure 1. Design and Fabrication of the Multiplexed Microfluidic Platform

(A) Schematics of the experimental setup.

(B) Two identical PDMS platforms, each with ten independent modules, drawn on a circular area representing the size of the silicon wafer.

(C) A single PDMS platform.
(D) One of the ten independent modules of each PDMS platform.

(E) A zoomed-in area on a module. Each module has 32 rows and 332 columns of replicator units. Neighboring rows are separated by 45 um, while neighboring

columns are separated by 16 pm.
(F) Design details of a single replicator unit.

(G) Scanning electron microscope (SEM) picture of an area on an independent PDMS module. Scale bar, 100 um.

(H) SEM picture of a single replicator unit. Scale bar, 5 um.

(l) Time dynamic bright-field images showing a trapped mother cell producing a daughter cell. Image sequence starts at top left and ends at bottom right.

the experimental parameters for cell loading and maintenance.
For this, we characterized and optimized the (1) flow rate during
cell loading, (2) density of the loaded cells, and (3) rate of media
“flush” that is periodically applied in addition to the constant
low-speed media flow. The flushing was necessary for two
reasons: first, it facilitated the physical removal of the daughter
cells from their mothers; second, it helped avoid clogging of
the chip due to the accumulation of cells outside the traps.

We started our characterization by using cells grown to a den-
sity of 0.25 (ODggp). Cells mixed in minimal media were pumped
into the chip for 5 min. In three separate experiments, we applied
the flow rates of 10, 30, and 50 pl/min during cell loading (Fig-
ure 2A) and then connected the inlet tube to a syringe that only
contained fresh media without cells. After the loading process,
the syringe pump was programmed to operate at two alternating
flow rates during the entire aging experiment: a low-speed con-
stant flow rate of 2 pl/min applied for 18 min, followed by a flush-
ing rate of 30 pl/min applied for 2 min.
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The loading efficiencies plotted in Figure 2A correspond to the
fraction of the inspected replicator units that have at least one
cell right outside each unit. One of these cells eventually buds
into the replicator unit, and we measure the RLS starting from
that unbudded virgin cell. For this efficiency quantification, we
chose to inspect 1,120 replicator units positioned in a rectan-
gular area, which was at the left side of the outlet (with a distance
of ten replicator units between the inspection area and the
outlet). Figure 2A shows that the cell loading efficiency increases
as the cell loading flow rate increases. Despite the fact that the
loading flow rate of 50 pl/min gave rise to a slightly higher cell
trapping efficiency compared to the efficiency obtained from
30 pl/min, we also observed an increased chance of clogging
during the multi-day aging experiment when we used the rate
of 50 ul/min. This was due to that the high loading speed also
increased the number of cells that were not trapped but were still
present in the chip, and these loose cells caused clogging by
exponentially growing in number. The flow rate of 30 pl/min



Figure 2. Characterization of Experimental
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(A) The dependence of cell loading efficiency on
the flow rate during cell loading. Cells with ODgqo =
0.25 were loaded to separate modules of the
multiplexed microfluidic platform, with each mod-
ule experiencing a different culture flow rate for
5 min: 10, 30, or 50 pl/min. The loading efficiency
was calculated as the percentage of fillable units
out of 1,120 replicator units investigated. A repli-
cator unit was defined as fillable if it was not initially
occupied by a cell, but it had a nearby cell touching
one of its three gaps. For each flow rate, a rect-
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(B) The dependence of cell loading efficiency on
the cell density during cell loading. Using the cell
loading flow rate of 30 pl/min for 5 min, three
different cell densities (ODgg = 0.1, 0.25, 0.4) were
characterized. As described in (A), the cell loading
efficiency was calculated for each case.

(C) The dependence of cell loading efficiency on
loading duration. Using the cell loading flow rate of

3 5 10
Loading duration [min]

Media flush rate [uL/min]

30 pl/min and cell density of ODgop = 0.25, three
different loading durations (3, 5, and 10 min) were
characterized. As described in (A), the cell loading
efficiency was calculated for each case.

(D) The effect of the media flush rate on the percentage of mother cells removed from their traps. The reduction in the percentage of the initially trapped cells was
separately measured for three different media flush rates: 10, 30, and 50 pl/min. For each case, the media flush was applied for 5 min, and the number of initially
trapped cells served as the denominator in calculating the percentage of reduction. In all panels, error bars are SEM (n = 2).

was optimal in terms of giving a sufficiently high trapping effi-
ciency and minimal chance of clogging.

Next, to see the effect of cell density on cell loading efficiency,
we characterized two more ODgqg values (0.1 and 0.4) by keep-
ing the rest of the experimental parameters the same as before
(loading rate of 30 wl/min and loading duration of 5 min).
Compared to the efficiency observed when ODggq = 0.25, the ef-
ficiency observed at ODgqo = 0.4 was slightly higher (Figure 2B).
However, compared to the case of ODggp = 0.25, we witnessed
higher chances of chip clogging when the cell density was 0.4.
Therefore, to avoid potential clogging issues, we picked
ODggo = 0.25 as the ideal cell density among the densities
characterized.

The next step of our characterization process involved testing
the effect of loading duration on loading efficiency. At the
previously optimized loading parameters (loading flow rate of
30 pl/min and cell density of ODggo = 0.25), we measured the
loading efficiency for the loading durations of 3, 5, and 10 min.
We observed similar efficiency values among the three cases
(Figure 2C).

As the final step of the characterization process, we tested
the effect of the periodic media flushing speed on the mainte-
nance of the loaded cells throughout the entire lifespan mea-
surement experiment. If the media flushing speed was too high
(50 pl/min), we saw that 72% of the trapped cells were lost within
5 min after the flush (Figure 2D). On the other hand, using flushing
speeds of 10 pl/min and 30 ul/min caused the loss of 1% and
24% of the trapped cells, respectively (Figure 2D). Although
choosing a flushing speed of 10 pl/min or less minimized the

fraction of lost cells, such a low speed also increased the chance
of clogging the chip during the later stages of the RLS experi-
ment due to the inefficient removal of daughter cells. We found
that the media flushing speed of 30 pl/min balanced the two fac-
tors well.

In a single module of our chip, depending on the need, the total
number of trapped cells can easily be increased by several folds.
If a user uses several or all of the ten independent modules of the
chip, the time it takes for the objective to move around to take
images needs to be taken into account. This is because the
objective needs to come back to the same spot before the
next bright-field image is captured (in 10 min in our case).

Functional Performance of the Microfluidic Chip

After the above optimizations, we ran a complete RLS measure-
ment experiment with the goal of determining how our chip per-
forms in terms of the average and maximal lifespan of wild-type
yeast cells. For this, overnight grown cells (16 hrin minimal media
with 2% glucose) were loaded into the chip. The proper dilution
of the cells made sure that, at the end of the overnight growth,
the cell density was 0.25. Cell loading was performed at the
loading speed of 30 wl/min for 5 min. Throughout the 91-hr-
long RLS experiment, the media flow speed cycled between
2 pl/min for 18 min followed by 30 pl/min of flushing speed for
2 min. Every 10 min, bright-field images were acquired. Images
were analyzed by counting the total number of daughter produc-
tion events for 100 independent mother cells during their entire
lifespan. The completion of lifespan for each mother cell was
marked by cell bursting. We obtained an average lifespan of
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Figure 3. Single-Cell Lifespan and Daughter
Production Duration Analyses in the 2%
Glucose Environment

(A) Distribution of replicative lifespans (RLS) for 100
mother cells analyzed. The average RLS is 29.3
generations.

(B) Cellular viability as a function of the number of
generations. Cellular viability was defined as
the fraction of the initial cells that were still alive at
a specific generation. Differently from the con-
ventional “death curves,” the viability analysis
performed here is based on single-cell level mea-
surements.

(C) Separately for each mother cell, the relationship
between the number of generations and time. 100
mother cells (specified by 100 different colors) were
analyzed by marking the time points when a mother
cell produced its daughters. Each color-coded
trajectory corresponds to the entire lifespan of an
individual mother cell. Each dot denotes the time
point when a daughter cell was separated from its
mother. Time t = 0 corresponds to the completion
of the birth event for each mother cell, after which
its first daughter starts to be generated.

(D) The relationship between daughter produc-
tion durations experienced by each mother cell and
the specific number of the daughter cell it currently
generates. 100 mother cells (specified by 100
N different colors) were analyzed by measuring their
daughter production durations for each passing
generation. Each color-coded trajectory corre-
sponds to the entire lifespan of an individual
mother cell. Each dot denotes the time it takes for a
] mother cell (going through a specific generation) to
LA . complete generating a daughter cell.

A:f:‘“f: A‘; . 1 (E) The single-cell level relationship between
‘AiA - average daughter production duration and repli-
* B “ cative lifespan. For each mother cell analyzed in

4'0 5'0 5'0 70 (D), daughter production durations were averaged

100F 3 T T T T T T T

2% glucose 2% glucose

80

RLS, 6o

=293 T

mean RLS pean = 29.3

40F

Number of cells
Cellular viability [%]

20

o] X1 1 1 1 1

10 20 30 40 50 60 0 30 40
Replicative life span [generations] Generations

C 7 :

2% glucose

| 2% glucose

40f

30F

Generations
Generation duration [min]

- 2% glucose

N
o
o
T
»

200F . 1

=y
(S}
o
T
3
>
1

150

-
o
o
T
>

a
a

a
o
T

sa

A A

N
A A
Aa B

- PN

.

a “ 2

L L L
10 20 30

Average generation duration [min] MM

SD of generation durations [min]

50 L
0 10 30 40 50 60

o

70

o

Replicative life span [generations]

Replicative life span [generations]

throughout its lifespan.

29.3 generations (Figures 3A and 3B). We also saw a maximal
lifespan value of 67 generations, and, to the best of our knowl-
edge, this is the longest maximal lifespan value reported for
wild-type yeast cells grown in minimal media with 2% glucose.

Even though our device can trap, track, and report RLS from
several-fold more cells than 100 cells, it is desirable for the
user to analyze 100 cells to save analysis time. To see how the
RLS results obtained from the analysis of 100 cells would statis-
tically compare to the results obtained from the analysis of 1,000
cells, we separately tracked and analyzed the RLS from 1,000
mother cells. Then, we randomly picked 100 cells out of these
1,000 cells and quantified their RLS statistics. We found that
the mean RLS and its SD were very similar between the two
pools (Figure S1).

To further validate the functional performance of our chip, we
next measured the RLS of six different canonical gene deletion
mutants that are expected to increase or decrease yeast life-
span based on previous work (Kaeberlein et al., 2004, 2005;

(F) The single-cell level relationship between the
SD of daughter production durations and replica-
tive lifespan.

See also Figures S1, S2, S3, and S4.

McCormick et al., 2014). For this, we performed RLS experi-
ments in our device by using minimal media supplemented
with 2% glucose and quantified the single-cell RLS distributions
for six strains: fob14, sgf734, tor14, sir24, gpa2 4, and rpl31a4.
As expected, we observed an RLS increase for fob14, sgf734,
tor14, gpa24, and rpl31a4 strains, while a decrease for the
sir24 strain, compared to the wild-type strain’s RLS value (Fig-
ures S2 and S3). It is important to note that microfluidics-based
lifespan measurements are free from potential non-cell autono-
mous effects while results obtained from the micromanipu-
lator-based lifespan assay can be a combination of both cell
autonomous and non-cell autonomous effects (Mei and Brenner,
2015), as during the application of the micromanipulator, cells
can be exposed to small molecules that may be secreted to
the solid growth surface during aging.

Finally, since the traditional micromanipulator-based RLS ex-
periments are performed in rich media conditions (yeast extract
peptone dextrose [YPD] with 2% glucose), we also tested our
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platform by running an RLS experiment using rich media condi-
tions and compared the results to the one obtained from the
minimal media environment. We saw similar RLS values between
the two media conditions (Figure S4).

Fluctuations in Daughter Production Durations during
Aging

Next, we analyzed the acquired bright-field images by recording
the relationship between the number of generations and time
(Figure 3C), as well as the daughter production durations for
each mother cell to produce and separate daughter cells until
the compiletion of its lifespan (Figure 3D). Despite being grown
in the same environment, almost all mother cells showed signif-
icant fluctuations in their daughter production durations
throughout their lifespan. Interestingly, some mothers con-
sistently kept their daughter production durations around
~80 min until their death (Figure 3D). One possibility that could
explain the elongated daughter production durations is that cells
experience and repair DNA damage during aging. The produc-
tion duration could be dependent on the level of damage, and,
if the repair is successful, the duration in the next generation
could still be short.

To see whether or not there is a relationship between the life-
span of each mother cell and the range of daughter production
durations it experiences throughout its lifespan, we plotted the
mean (Figure 3E) and SD (Figure 3F) of daughter production
times as a function of RLS and calculated Pearson’s correlation
coefficient. We saw a moderate degree of anti-correlation
between the two phenotypes (r = —0.21 for Figure 3E and
r = —0.24 for Figure 3F).

Galactose Shortens the Replicative Lifespan of Yeast
Cells

In order to understand which genetic or cell biological process
contribute to the replicative lifespan of individual mother cells,
it is often necessary to probe the relevant gene expression pro-
files in aging cells by using fluorescent reporter proteins, allow-
ing one to combine the measurements of daughter production
durations, maximal lifespan, and single-cell gene expression
levels. Using a haploid wild-type yeast strain, we integrated a
single copy of the Pga,1-YFP construct into its ho locus. To
induce the GAL7 promoter activity (Suzuki-Fujimoto et al.,
1996; Acar et al., 2005; Egriboz et al., 2011) in a bimodal fashion
(Acar et al., 2005; Gardner et al., 2000; Becskei et al., 2001; Xiong
and Ferrell, 20083) so that OFF and ON cells’ aging profiles would
be analyzed in the same environment as described in the next
section, we supplemented the minimal media with 0.5% glucose
and 2% galactose. Since high glucose concentrations repress
the GAL network activity, using a glucose concentration lower
than 2% was necessary to have an appreciable fraction of cells
in the ON state. We loaded overnight grown cells into our chip
and ran an ~4-day-long RLS experiment as described in the pre-
vious sections. Bright-field and fluorescence images of aging
mother cells were acquired every 10 min and 1 hr, respectively.
Performing analyses similar to the ones we performed for the
cells grown in the 2% glucose environment, we observed a
mean and maximal lifespan of 24.6 and 49 generations, respec-
tively (Figures 4A and 4B), corresponding to a 16% decrease

(from 29.3 to 24.6 generations) in the average RLS compared
to the 2% glucose environment. If glucose was the only sugar
in the media, lowering the glucose concentration from 2% to
0.5% would increase the average RLS by ~10% due to the
caloric restriction (Schleit et al., 2012). Therefore, the 16% RLS
reduction we observed indicates that it is the presence of galac-
tose that lowers the lifespan.

As in the previous growth environment (Figures 3C and 3D), we
observed similar profiles for the mother cells in terms of their
number of generations as a function of time (Figure 4C)
and the fluctuations in their daughter production durations
throughout their lifespan (Figure 4D). The average daughter pro-
duction durations (Figure 4E) (averaged over each mother cell’s
lifespan) and their SD (Figure 4F) displayed anti-correlations with
respect to the RLS values (r = —0.25 for Figure 4E and r = —0.09
for Figure 4F).

Phenotype-Specific RLS Analysis in the Mixed Sugar
Environment

To find out whether or not the 16% reduction in RLS was due
to the galactose metabolism in individual mother cells, we
measured the single-cell Pga, 1-YFP level of each mother cell
throughout its lifespan and plotted it as a function of the number
of generations (Figure 5A). Due to the bimodal nature (Acar et al.,
2005, 2008, 2010; Peng et al., 2015) of the GAL network activity,
24% of the mother cells were in the ON state (or phenotype) with
an ability to metabolize galactose, while the remaining 76% in
the OFF state (Figure 5A). The average RLS of the ON cells
was 24.4 generations, while the OFF cells had an average RLS
of 24.7 generations. Observing similar RLS values between the
two phenotypes, we next analyzed the viability of the aging
mother cells in terms of their displaying OFF or ON network
activity profile (Figure 5B). We saw that cells displaying each ac-
tivity profile showed similar viability dynamics. Therefore, these
results indicate that the 16% reduction in RLS was not due to
the galactose metabolism in individual mother cells.

We also analyzed the OFF and ON cells in terms of their
phenotype-specific relationships between their daughter pro-
duction durations and lifespan (Figures 5C and 5D). Using
Pearson’s correlation coefficient, we quantified the degree
of correlation between the lifespan of each mother cell and
the average daughter production durations it experiences
throughout its lifespan. For both OFF and ON phenotype cells,
we saw anti-correlations (r = —0.24 for the OFF cells, and
r = —0.30 for the ON cells) between their lifespan and averaged
durations. Despite their moderate nature, the anti-correlations
(Figures 3E, 3F, 4E, 4F, 5C, and 5D) we quantify in this work
are significant. They suggest that cells that consistently spend
less time to produce daughter cells would be expected to live
longer. Whether or not there is indeed a causal relationship be-
tween a cell’s ability to divide quickly with similar durations
and its extended lifespan will be explored in future studies.

Superoxide-Dismutase Activity Is Elevated at the
Presence of Galactose

Our results in the previous section showed us that the 16% RLS
reduction we observed in the mixed sugar environment was not
due to the galactose metabolism or the expression of the GAL
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Figure 4. Single-Cell Lifespan and Daughter
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network proteins. Therefore, as an alternative explanation, we
considered the possibility of increased oxidative damage levels
when galactose is present in the growth environment. It is known
that systemic exposure of mice, rats, and Drosophila to galac-
tose causes accelerated senescence (Cui et al., 2006). Despite
that the molecular mechanism behind this phenotype is not fully
understood, galactose-caused oxidant generation is hypothe-
sized to make an important contribution (Cui et al., 2004).

To test whether or not yeast cells grown in the presence of
galactose show increased levels of oxidative stress, we con-
structed a yeast strain in which the mCherry reporter protein
was driven by the SOD7 promoter, which is activated in the
presence of oxidative stress. SOD1 encodes a superoxide-dis-
mutase that catalyzes the breakdown of the superoxide radical
O, to dioxygen and hydrogen peroxide. Using minimal media
supplemented with either 2% glucose or 2% galactose, we ran
independent RLS experiments in our device and quantified
single-cell mCherry expression levels during aging. Then, we
analyzed the RLS difference between the two environments.
We saw a 16.8% decrease in RLS in the 2% galactose environ-
ment compared to the 2% glucose environment (Figure 6A),
confirming our earlier prediction based on the mixed sugar envi-
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(F) The single-cell level relationship between the
SD of daughter production durations and replica-

tive lifespan.

ronment (0.5% glucose + 2% galactose) that it is the presence of
2% galactose that lowers the lifespan. Next, we analyzed the
single-cell Psops-mCherry levels separately in the 2% glucose
and 2% galactose environments and saw that there was indeed
an increase (up to ~2-fold) in the reporter protein concentration
in the galactose environment (Figure 6B). These results further
support the hypothesis that the RLS reduction observed in the
galactose environment is due to the elevated oxidant levels in
this environment.

In the galactose environment, we also observed an interesting
dynamic behavior of the Psops-mCherry expression. During their
aging, cells first lowered their SOD1 activity levels. This was fol-
lowed by an increase at the later generations. This trend was also
present in the glucose environment; however, it was relatively
weaker compared to the galactose environment. Our hypothesis
into this dynamic behavior is that young cells perform better in
detoxifying their intracellular environment compared to the old
cells. Further, we attribute the raised mCherry levels in the
newborn cells (zero generation in Figure 6B) to the inheritance
of their cytoplasmic content from their aged mothers. Future
studies will elucidate the mechanistic details of this interesting
observation.
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Phenotypic Commitment of Single Yeast Cells during
Aging

As shown in Figure 5A, throughout their lifespan, ON and OFF
cells display time-dynamic variations in their YFP content. These
variations are due in part to the stochastic nature of the biochem-
ical interactions in cells (Ozbudak et al., 2002; Elowitz et al., 2002;
Blake et al., 2003; Raser and O’Shea, 2004), while age-induced
genetic and cell-biological deformations and damage could
also make contributions. If the level of age-induced deterioration
of gene expression dynamics were high enough, one might
expect to see frequent instances of an ON cell’s stopping ex-
pressing YFP, or an OFF cell’s starting expressing YFP. During
the aging process, despite the time-dynamic variations observed
at the single-cell YFP levels, for only one cell these variations
were large enough to cause phenotypic switching between the
OFF and ON expression state (Figure 5A). Therefore, our work
uncovers that single yeast cells commit to their gene expression
states or phenotypes during their aging process.

Over shorter experimental durations, previous work (Zachar-
ioudakis et al., 2007; Zhou and Zhou, 2011) showed that the tran-
scriptional induction of GAL1 occurs with faster kinetics if it has
been previously expressed (e.g., by altering the carbon sources
between inducing galactose and repressing glucose), indicating
transcriptional memory of the previous induction. In our work, we
use the term phenotypic commitment to refer to the stability of
cellular phenotype (cells’ tendency to stay in the ON state or
OFF state), we elucidate this behavior over longer time periods
in the context of aging, and we observe phenotypic commitment
when cells are grown in the same environment (as opposed to
altering the carbon sources). Despite these differences between
our work and previous studies, the phenotypic commitment we
observe here might still be facilitated by the same GAL7-medi-
ated mechanism, as in the previous study (Zacharioudakis

Replicative life span [generations]

OFF (C) and ON (D) mother cells.

et al.,, 2007). In other words, the GALT-facilitated phenotypic
memory effect might help the ON state cells (which have high
GAL1 expression) “stick” to the ON state, despite there is no
change in the environment. If this were true, then we would
expect that cells would stick to the ON state better compared
to their sticking to the OFF state (in which only a basal amount
of GAL1 proteins are produced). As a result, the cellular switch-
ing frequency from ON-to-OFF state would be expected to
be smaller than the cellular switching frequency from the OFF-
to-ON state.

Our microscopic findings support these expectations despite
the rare nature of the switching process: no ON cells switch to
the opposite state while an OFF cell does switch to the ON state.
To see if we could provide another layer of support to these ex-
pectations, we quantified the relative strengths of the OFF <> ON
phenotypic switching frequencies by running independent fluo-
rescence-activated cell sorting (FACS) experiments. The results
further supported our expectations by showing that the OFF-to-
ON phenotypic switching rate was higher than the opposite
switching rate (Supplemental Experimental Procedures). It is
worth noting that the FACS-based method for quantifying
phenotypic switching rates is an average measure, but it can still
be reliable for a relative comparison of switching rates between
the two switching directions. In summary, here we directly
showed that single cells could display commitment to their
gene expression state throughout their entire lifespan. We hy-
pothesized that the mechanism behind this behavior was the
same as the mechanism that makes cells transcriptionally
induce GALT with faster kinetics if it has been previously ex-
pressed. Based on this hypothesis, we expected the ON state
cells to display relatively higher commitment compared to OFF
state cells, and our experimental findings supported this
expectation.
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What genetic and phenotypic changes accompany cellular
aging? Are there a small set of master regulatory genes and dedi-
cated gene networks that are primarily responsible for regulating
the aging process? Despite the fundamental nature of these
questions, our understanding into the mechanisms of cellular ag-
ing and how these mechanisms are coupled to the initiation of
various disease states is very limited. For example, we know
very little about how chromosome instabilities (McMurray and
Gottschling, 2003; Miné-Hattab and Rothstein, 2012) occur in
old cells and how cell size and gene expression dynamics
change during aging (Tanouchi et al., 2015). This lack of under-
standing has been partly due to that cellular aging is a complex
phenotype to measure and comprehensive studies on aging
require the application of efficient experimental approaches
and novel technological platforms.

Here, we introduce a multiplexed high-throughput microflui-
dics platform that can automate quantitative single-cell mea-
surements of cellular lifespan and gene expression in aging yeast
cells with high precision by starting from virgin cells. Using this
platform, we measured replicative lifespan of yeast cells in
several different media conditions. We found that growing cells
in galactose lowered their lifespan by 16.8% compared to
glucose, cellular lifespan and daughter production durations
were anti-correlated, and single cells displayed commitment to
their gene expression states during aging.

For several decades, the labor-intensive nature of the conven-
tional micromanipulator-based aging assays has limited the
progress in the field of aging. The inability of the colony-based
aging assays to quantify real-time gene expression profiles at
the single-cell level was also an important deficiency. High-
precision multiplexed microfluidic platforms automating single-
cell aging measurements will transform the aging field by
overcoming the deficiencies and limitations of the conventional
assays.

EXPERIMENTAL PROCEDURES

Design Details of the Multiplexed Microfluidic Platform

Using the software Layout Editor (http://www.layouteditor.net), two separate
ten-module multiplexed platforms were drawn in a circle of 100-mm diameter.
Each 10-module platform occupied a rectangular area of 38 x 34 mm. The hor-

642 Cell Reports 13, 634-644, October 20, 2015 ©2015 The Authors

3.6 mm, respectively. The size of each independent module is 10 X 1.9 mm,
with a boundary thickness of 0.24 mm. Each independent module contains
32 rows of the tri-square replicator units, symmetrically oriented with 16
rows facing up and the other 16 rows facing down. Row to row distance is
45 pm, and in each row neighboring replicator units are separated by 16 pm.
Each row consists of 332 replicator units, making a total number of 10,624
replicators inside each module. Each replicator unit consists of three squares,
each with a size of 4.2 um. The corner-to-corner distance between two neigh-
boring squares is 3.2 pm.

Etching the Design into Silicon Wafer in the Cleanroom

Using a single-side polished silicon wafer (University Wafer) of 100-mm
diameter, we started the process by cleaning the wafer. The cleaning step con-
sisted of two sub-steps: Piranha cleaning using a 3:1 mixture of H,SO4:H,0,,
followed by the BOE (Buffered Oxide Etch) cleaning. After cleaning the wafer,
the next step involved photoresist spinning and baking. Uniformly spreading a
positive photoresist (S1805, Dow Chemical) onto the wafer, we used a
designated spinner for positive photoresist and performed a 1-min spin at
3,500 rpm. After the spinning, the wafer was immediately transferred to a
hot plate to bake at 110°C for 1 min. Next, the pattern of the design was written
on the wafer by using a laser writer. This was followed by the steps of photo-
resist development (for 1 min in a glass container containing MF-319) and
wafer inspection. Finally, 12 cycles of DRIE etching (Bosch Process) was per-
formed by using Plasmalab System 100 manufactured by Oxford Instruments.
Unnecessary photoresist and other chemicals were removed from the surface
of the etched wafer by using oxygen plasma treatment.

Production and Preparation of the PDMS Platform

PDMS curing agent and PDMS elastomer were mixed (with a ratio of 1:10) thor-
oughly for 5 min. Once the PDMS mixture was prepared, it was poured onto
the silicon wafer, followed by desiccation in a vacuum for about 4 hr until all
air bubbles (caused by the mixing process) disappeared. Then, the container
carrying both the wafer and the PDMS mixture was heated to solidify the
PDMS mixture. After the cured PDMS cooled down, the area of the PDMS car-
rying the microfluidic design was cut using a razor blade. On each of the ten
independent modules, inlet and outlet holes were punched using Schmidt
punch press (Syneo). Next, the punched PDMS platform was bonded onto a
43 x 50 glass coverslip. Tygon tubing was inserted into the inlet and outlet
holes of the modules.

Setting Up and Priming the PDMS Platform

The multiplexed platform was put onto the programmable stage of an inverted
fluorescence microscope (Nikon Eclipse Ti). The platform was then connected
to a syringe (NORM-JECT plastic syringe, 20 ml) by using connectors made
from platinum-cured silicone tubing. A programmable syringe pump (Fusion
200, Chemyx) was used to control and program the flow rates of the media
and cell cultures. To facilitate movement of cells inside each module, BSA
(0.1 mg/ml) was pushed through the modules at 30 ul/min for 5 min using


http://www.layouteditor.net

the syringe pump. After the BSA application, the modules were washed
(at 30 pl/min for 5 min) with the prospective media that would be used in the
RLS experiment.

Initiating and Running the Lifespan Experiments

Cultures were grown in synthetic dropout media supplemented with the
appropriate amino acids and carbon sources as specified in the text. Over-
night grown yeast cells (10 ml culture volume in a shaker at 30°C) were
diluted so that the cell density (ODggg) Was around 0.25. Approximately
3 ml cell culture was loaded into a syringe, which was then mounted to the
syringe pump. The cells were pushed into the microfluidics platform at the
flow rate of 30 pl/min for 5 min. After loading the cells, using the software
NIKON Elements, we recorded the x-y coordinates of 34 non-overlapping
locations or fields of view for each independent module. A 60x oil objective
was used, and each field of view consisted of ten replicator units (two rows
and five columns of replicator units), allowing to trap and track up to ten
mother cells for each location. Out of the 34 locations selected, 30 locations
were selected for the RLS measurements, while the other four were selected
for monitoring purposes to ensure that there were no clogging issues. For
this, four locations surrounding the outlet (lower left, upper left, lower right,
upper right) were chosen, as the chance of clogging (if any) was higher
around the outlet. Next, the 30 positions for the RLS measurements were
selected. The selection process started from the left hand side of the outlet
(ten replicator units away from it). Each module was scanned from top to bot-
tom and from right to left, one field of view at a time until 30 locations were
chosen. At least 100 fillable replicator units were identified in these 30 loca-
tions, allowing us to perform replicative lifespan analysis for at least 100
mother cells. However, depending on a user’s need, by analyzing more
than 30 locations, the total number of cells analyzed can easily be increased.
To obtain the lifespan data from 1,000 cells, we ran three independent exper-
iments in three modules of our chip, and combined the single-cell RLS values
into a single histogram (Figure S1A).

The criterion for a fillable replicator unit was that the unit was not initially
occupied by a cell, but it had at least one cell touching one of its three gaps.
This way, the nearby cell would bud into the replicator unit and a newborn
yeast cell would be trapped in the replicator unit, ensuring to start its RLS clock
from zero. After the 30 locations were selected, the syringe pump was pro-
grammed to push fresh minimal media into the independent modules at two
different media flow rates: the continuous rate at 2 pl/min for 18 min, followed
by the flushing flow rate of 30 pl/min for 2 min. These flow rates cycled repeat-
edly until the end of the RLS experiment. The growth temperature during the
lifespan experiments was ~30°C.

For each of the 30 locations selected, bright-field and fluorescence images
were captured every 10 min and 1 hr, respectively. The bright-field images
were used to quantify the number of budding events and daughter production
durations throughout the lifespan of each trapped mother cell. The time series
fluorescence images were analyzed using the NIKON Elements software. They
were analyzed frame by frame, with each frame corresponding to the snapshot
of one of the 30 recorded locations at each time point. In each frame, each
trapped mother cell was circled in order to get the average YFP intensity inside
the circled area at that time point. Then, for each frame, the background fluo-
rescence intensity was measured and subtracted from the average YFP inten-
sity reading of each trapped cell, giving rise to the final single-cell YFP intensity
values plotted (Figure 5A). To obtain the background fluorescence level of a
frame, three square spots (with side length of 4 um) were identified at three
locations (top left, center, bottom right) on each frame, and the average YFP
reading inside these locations was measured and averaged to obtain a single
representative number for background subtraction. In the rare instances when
a cell’s fluorescence level could potentially be affected by a nearby cell’s high
fluorescence content, we interpolated the trapped cell’s YFP content at the
nearest time points (1 hr before and after) and used the resulting value for
the middle time point.

The fluorescence measurements (Figure 6B) for the strain carrying the
Psopi-mCherry reporter construct were similar to the measurements made
for the strain carrying the Pg4, 1-YFP construct. Bright-field and fluorescence
images were captured every 10 min and 1 hr, respectively, in minimal media
environments containing either 2% glucose or 2% galactose. For each envi-

ronment, 30 mother cells were randomly picked from two independent runs
and single-cell Psop;-mCherry fluorescence values were extracted at each
additional five generations until the 30™" generation.

Construction of the Yeast Strains

All S. cerevisiae strains used in this study have the BY genetic background.
The strains and their full genetic descriptions are listed in Table S1. The
haploid gene-deletion strains (fob14, sgf734, tor14, sir24, gpa24, rpl31a4)
were obtained from Dharmacon with the following catalog numbers, respec-
tively: YSC6273-201935800, YSC6273-201936107, YSC6273-201937801,
YSC6273-201935296, YSC6273-201921174, YSC6273-213589150. The
strain with the YFP reporter was constructed in the following fashion. We con-
structed a haploid wild-type S. cerevisiae strain with the Pga, 1-YFP reporter
integrated in its ho locus. For this, Kpnl-Pga, ;-BamHI and BamHI-YFP-EcoRI
fragments were cloned into a plasmid upstream of the CYC1 transcriptional
terminator. The plasmid also carried the Przr;-HIS5 marker positioned to
the left of the Pga.s-YFP reporter. Using this plasmid as a template
together with 5'-3’ primers having 60-bp-long homology to the ho locus, the
[Prer1-HIS5 + Pga.1-YFP] region of the plasmid was PCR amplified and then
transformed into a wild-type yeast strain. The Pga, 7 promoter sequence cor-
responds to the 668-bp region directly upstream of the start codon of the
S. cerevisiae GAL1 gene. Regarding the strain carrying the mCherry reporter,
we constructed a haploid wild-type S. cerevisiae strain that carried the
Psop1-mCherry reporter construct in its ho locus. For this, Kpnl-Psops-BamHI
and BamHI-mCherry-EcoRI fragments were cloned into a plasmid upstream of
the CYC1 transcriptional terminator. The plasmid also carried the Prgr;-HIS5
marker positioned to the left of the Psops-mCherry reporter. Using this plasmid
as a template together with 5’-3' primers having 60 bp-long homology to the
yeast ho locus, the [Prgr;-HIS5 + Psops;-mCherry] region of the plasmid was
PCR amplified and then transformed into a wild-type yeast strain. The Psop;
promoter sequence corresponds to the 566-bp region directly upstream of
the start codon of the S. cerevisiae SOD1 gene.

Transformation Protocol for the Yeast Strains

We used the standard Lithium Acetate (LiOAc) -based yeast transformation
technique. Yeast were grown overnight for ~15 hr in 5 ml YPD media in a
30°C shaker incubator. The overnight grown culture was diluted in 10 ml
YPD and grown for another ~2 hr so that the cells would be in mid-log phase
at the time of transformation. The mid-log phase culture was washed with
10 mM TrisCl and incubated in 100 mM LiOAc solution for 40 min in a 30°C
shaker incubator. After the incubation, cells were spun down and resuspended
in a small volume of 100 mM LiOAc solution. The resuspended cells were
added to a mixture containing 8 pl of 10 mg/ml salmon sperm DNA (Sigma-
Aldrich, D-9156), transforming PCR product, and 50 ul of 100 mM LiOAc solu-
tion. The cell-transformation mixture was vortexed with 300 ul PEG solution
(2 g PEG3350 + 2 ml 100 mM LiOAc) and incubated for ~20 min. 50 ul
DMSO was then vortexed in, followed by a 15-min incubation at 42°C. Cells
were spun down, resuspended in 900 pl YPD, and grown for 2 hr in a rotator
at 30°C. After this recovery, cells were spun down and re-suspended in
100 ul of 10 mM TrisCl. The resuspended cells were spread on CSM-ADE-
HIS plates. Plates were grown 2 days at 30°C before colonies were picked
for streaking and verification by colony PCR and sequencing.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2015.09.012.
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