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Gene expression noise influences organism evolution and fitness but is

poorly understood. There is increasing evidence that the functional roles of

components of the translation machinery influence noise intensity. In addi-

tion, modulation of the activities of at least some of these same compo-

nents affects the replicative lifespan of a broad spectrum of organisms. In

a novel comparative approach, we modulate the activities of the translation

initiation factors eIFG1 and eIF4G2, both of which are involved in the

process of recruiting ribosomal 43S preinitiation complexes to the 5’ end of

eukaryotic mRNAs. We show that tagging of the cell wall using a fluores-

cent dye allows us to follow gene expression noise as different yeast strains

progress through successive cycles of replicative ageing. This procedure

reveals a relationship between global protein synthesis rate and gene

expression noise (cell-to-cell heterogeneity), which is accompanied by a par-

allel correlation between gene expression noise and the replicative age of

mother cells. An alternative approach, based on microfluidics, confirms the

interdependence between protein synthesis rate, gene expression noise and

ageing. We additionally show that it is important to characterize the influ-

ence of the design of the microfluidic device on the nutritional state of the

cells during such experiments. Analysis of the noise data derived from flow

cytometry and fluorescence microscopy measurements indicates that both

the intrinsic and the extrinsic noise components increase as a function of

ageing.

Introduction

Ageing reflects the operation of mechanisms that have

evolved to enable dividing cells to prevent the transfer

of accumulated forms of damage to offspring [1–4].
Ageing in an asymmetrically dividing organism such as

Saccharomyces cerevisiae therefore allows cell division

to generate one rejuvenated cell (bud) whose lifespan

is reset to its start point, plus one (mother) cell that

retains damaged and functionally compromised molec-

ular components that drive that cell towards senes-

cence. S.cerevisiae is a valuable ageing model because

many of the features of ageing observed in this organ-

ism are conserved in invertebrate species, rodents and

even man [4]. Of the factors that have been implicated

in influencing longevity in yeast, a number are shared

by higher organisms; these include dietary restriction

[5], sirtuins [6], defective mitochondria [7], protein

aggregates [8], oxidatively damaged (carbonylated)

proteins [9] and extrachromosomal ribosomal DNA

circles (ERCs) [10].

Moreover, in recent years evidence has been accu-

mulating that cellular components influencing the

translation of mRNA, such as the target of rapamycin

(TOR; [11,12]) and the 60S subunit of the ribosome

[13], can play a key role in determining organism
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longevity. Indeed, it is thought that, in yeast, the

extension of longevity caused by dietary restriction is

mediated via TOR signalling, which in turn suppresses

ribosome protein production [4]. ERC formation may

also be dependent on TOR activity [14]. Smith and

colleagues [15] identified 25 homologue genes that

affect lifespan in both C. elegans and S. cerevisiae –
these included genes encoding ribosome proteins and

translation initiation factors (eIFs), as well as TOR

kinase (TOR1; LET-363 in C.elegans) and ribosomal

S6 kinase (SCH9; RSKS-1 in C.elegans). Rapamycin,

an inhibitor of the TOR kinase, extends lifespan in

mice [16] and in Schizosaccharomyces pombe [12].

A striking aspect of the relationship reported

between ribosome function and longevity is that muta-

tions affecting 60S ribosomal subunits, but not muta-

tions affecting 40S subunits, increase lifespan [13].

Moreover, the effect of 60S depletion on yeast longev-

ity was reported to be largely dependent upon activa-

tion of GCN4, a gene whose encoded mRNA contains

four upstream open reading frames (uORFs) that are

involved in Gcn2-mediated translational up-regulation

[13]. Yet, in other reported work, it was concluded

that the lifespan of C.elegans is extended in response

to inhibition of several translation initiation factors,

including eIF4A, eIF4E, eIF4G, eIF5A and subunits

of eIF2 and eIF3, (see above, as well as refs

[15,17–20]). This is unexpected given that mutations in

40S subunits, which are involved in AUG scanning,

were not observed to affect longevity [15], and that the

inhibition of most eIFs is not known to cause deple-

tion of 60S ribosomal subunits.

The fact that ageing is accompanied by different

forms of molecular damage provides one potential rea-

son why changes in gene expression stochasticity might

occur during the course of an organism’s lifespan [21].

There is little published work, and thus very limited

knowledge, in this area. One report revealed a correla-

tion between variance in the total expression per worm

of a heat-shock hfp-16.2::GFP gene fusion and the

longevity of C. elegans [22]). In another study, PCR

amplification was used to detect increases in cell-to-cell

variation in cardiomyocyte transcript abundance for a

selection of genes as these cells age [23]. This latter

study also found that oxidative damage increased gene

expression variability. Other work based on RNA-se-

quencing indicated that ageing increases expression

heterogeneity resulting from immunological activation

of mouse cells [24]. Further studies have reported that

haploid yeast cells expressing the yellow fluorescent

protein (YFP) gene from the inducible PGAL1 promoter

manifested time-dependent (‘intracellular’) noise that

decreased with age [25], whereas cell-to-cell

heterogeneity in expression of the green fluorescent

protein (GFP) gene from the constitutive PTEF1 pro-

moter in diploid cells was found to increase with

age [26].

Recent research has examined the relationship

between protein synthesis activity and the nongenetic

cell-to-cell variation associated with gene expression

noise [27,28]. Modulation of the activity of the highly

conserved translation initiation factor eIF4G1 was

found both to suppress global translation and to

increase the expression noise for the eIF4G-encoding

gene in yeast [27]. In other words, cell-to-cell varia-

tion in the cellular content of this factor is highly

sensitive to the rate at which it is synthesized. This is

relevant to observations that eIF4G activity influences

replicative lifespan in worms [29,30] and yeast [15].

Moreover, gene expression noise was also found to

increase upon insertion of inhibitory secondary struc-

tures into the 5’-untranslated regions of mRNAs in

yeast [28]. Here, we have extended these observations

by, first, exploring the relationship between ageing

and gene expression noise (manifested as cell-to-cell

heterogeneity) in yeast and, second, by determining

the influence of restricting translation on noise in

ageing cells. The results provide evidence of an inter-

dependence between global translation, gene expres-

sion noise and ageing.

Results

Imaging fluorescence-tagged mother cells over

multiple generations

Our objective was to characterize the progression of

gene expression noise generation (in a timescale that is

detectable as the cell-to-cell heterogeneity of produc-

tion of a reporter protein) as a function of the replica-

tive age status of Saccharomyces cerevisiae. This

required that we track ageing mother cells over multi-

ple generations as they generate a series of daughter

cells over time. We performed a one-off labelling of a

number of exponentially growing yeast strains (carry-

ing a genomic yEGFP reporter gene expression con-

struct; see next section) using the fluorescent dye Alexa

555. After washing, the labelled mother cells retained

the fluorescent dye while they continued to divide, gen-

erating daughter cells bearing newly synthesized, and

thus unlabeled, cell walls (Figs. 1 and 2A–F). This

meant that we could use flow cytometry to analyse dif-

ferentially the cell-to-cell heterogeneity in the expres-

sion of yEGFP in the originally labelled mother cells

as these aged over time. In order to seek unequivocal

evidence that the Alexa 555-labelled cells were a
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defined and stable population undergoing normal

replicative ageing, we analysed the cells using flow

cytometry and isolated the red-fluorescing cells using a

cell sorter (Fig. 2G,H). Staining of the cells isolated in

this way using Wheat Germ Agglutinin (WGA) CF-

405S conjugate allowed us to quantitate the number of

scars in the cell wall, thus revealing the number of

buds generated by each cell during its lifetime (Fig. 2

I). The scar counts were subjected to statistical analy-

sis (Fig. 2J), thus providing accurate information on

the average age of the cells under study. Individual cell

cycle times vary considerably (as also observed previ-

ously by others [31]), and consequently, we observed a

broad distribution of cell ages in these experiments.

Alternative cell-wall dyes (e.g. Alexa 700, also

employed in this study; see Supporting information

section) can be used in this procedure, thus allowing

the application of this strategy in combination with a

range of different cytoplasmic reporters. This means

that a number of combinations of alternative reporter

proteins and cell-wall-labelling dyes can be utilized in

this approach.

The relationship between replicative ageing and

gene expression noise

Each of the strains studied in this work contained a

genomic yEGFP expression construct (Fig. 3A; Fig-

ure S1) that included a constitutive promoter (PTEF1),

thus allowing us to assess how ageing affects gene

expression noise under a range of conditions. The

PTEF1 promoter was chosen because it lacks a TATA

box, an element that has been shown to contribute to

increased noise levels by influencing transcriptional

burst size [32,33]. yEGFP expression was studied in

cells labelled using Alexa 555 according to the proto-

col described above (Fig. 1C). The expression con-

structs used in this work are listed in Table S1.

Exponentially growing culture 

Alexa Fluor 555 staining  

Flow cytometry analysis of old cells 

Cell sorting of old cells and scar 
staining with WGA-CF405S 

Flow cytometry analysis 

After multiple generations: 
Red mother cells (old) + 

Non-stained daughter cells (young) 

Image analysis to confirm cell age 

1 

2 

3 

4 

5 

6 

7 

3 

4 

4 

6,7 

A B 
1 
2 
3 

4 

5 

6,7 

C 

Fig. 1. Monitoring of ageing mother cells in exponentially growing yeast cells. The scheme shows the workflow for cell-wall tagging and

analysis (A), accompanied by representative images of cell staining corresponding to the respective stages in the workflow (B). In the

example shown here, a culture of strain PTC41 was allowed to reach exponential growth (stage 1) and the cells were monitored using

fluorescence microscopy and flow cytometry (stage 2) before and after cell-wall staining was performed using Alexa 555 (stage 3). The

tif4631Δ strain (PTC444) grew more slowly (see Fig. S2), and therefore, longer growth periods were required to enable it to reach the same

cell density as the wild-type reference strain PTC41. After further growth (stage 4), culture samples were again monitored using flow

cytometry (stage 5) and, at the chosen growth stage, the population was subjected to cell sorting (stage 6). The aged mother cells selected

in this way were stained with WGA-CF405S, and the bud scar counts were determined using fluorescence confocal microscopy (stage 7).

Further images of typical single cells at generation 11 (C) illustrate simultaneous detection of yEGFP expression and Alexa 555 staining.

Background fluorescence was subtracted using a rolling ball radius of 120 pixels. The scale bar represents 5 µm.
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We performed flow cytometry on three different

yeast strains: a reference (‘wild-type’) strain (PTC41)

with no mutation in either of the eIF4G-encoding

genes; a PTC41-derivative strain with a deletion of the

gene encoding eIF4G1 (tif4631Δ; PTC444); and a

PTC41-derivative strain with a deletion of the gene

encoding eIF4G2 (tif4632Δ; PTC507). eIF4G1 was

chosen because this is a high-flux-control factor that

plays a major role in translation initiation, while

eIF4G2 serves as a useful low-flux-control comparator

[34]. As expected, deletion of eIF4G1 (tif4631Δ) was

found to result in a reduced growth rate (compare ref

[34] and see Fig. S2). The flow cytometry data gener-

ated in the experiments that we describe below were

subjected to a previously published type of analysis

[35] that assesses how the noise varies as a function of

the gating radius centred at the point of highest cell

density (see examples of the resulting plots in Fig. 3B,

C).

The type of analysis used here provides an overview

of the heterogeneity of gene expression and of cell size

and composition in each cell population. Plotting for-

ward scattering vs side scattering data (Fig. 3B,C)

reflects cell size and composition heterogeneity, includ-

ing the inevitable detection of both single cells and

‘doublets’ (caused by pairs of normally single cells, or

any aggregated cells remaining after sonication, pass-

ing through the cytometer detection system; see Fig. 3

G,H for a more detailed analysis of how we are able

to exclude the influence of cell doublets). Gene expres-

sion stochasticity is generally regarded as comprising

two components: intrinsic noise that is attributed to

inherent stochasticity of expression from a specified

gene system, and extrinsic noise that results from fluc-

tuations in the intracellular environment, for example

linked to the cell cycle and/or changes in the capacity

of the expression machinery. The total noise squared

(ηtot2) is thought to equate to the sum of the squared

values of the intrinsic and extrinsic noise components

η2int + η2ext [38]. The gating analysis procedure enabled

us to identify the trend in noise as a function of

decreasing overall cell-to-cell heterogeneity (see, e.g.,

Fig. 3B,C). This facilitated the process of determining

CV% values that had reduced contributions from

extrinsic noise factors (see the vertical dotted lines in

the plot in Fig. 3B,C).

To begin with, we measured yEGFP fluorescence in

exponentially growing cells of the ‘wild-type’ strain

bearing no translation factor mutations. It is estimated

that approximately 80% of cells in a log-phase culture

are newborn and 12% have budded just once [36,37],

so the vast majority (~92%) of the cells studied in this

way were at generation 1 or 2. After the cell-wall

staining protocol, cells were allowed to continue

growth up to a mean age of 11 generations. Flow

cytometric analysis was then used to extract the

yEGFP data generated by the older subset of cells on

the basis of their Alexa 555 fluorescence which, at this

stage, comprised a greatly reduced proportion of the

total population (Fig. 2H). This enabled us to identify

an increase in the gene expression noise in wild-type

cells as the stained cells progressed through the ageing

Fig. 2. Cell-wall staining. These images illustrate how cell-wall staining remains associated with the initially stained (mother) cells through

multiple divisions. Immediately after staining using Alexa 555, fluorescence microscopy reveals that all cells are stained (the example here

shows PTC41 cells observed with and without bright field; A,B). Flow cytometry confirms complete labelling; the dark grey peak

corresponds to cells manifesting high-intensity red fluorescence (C; typical microscopy images are shown), as observed in stages 2 and 3 in

the scheme shown in Fig. 1. Continued growth yields a population in which the majority of cells are not labelled and a minority still manifest

intense red fluorescence from their cell walls. This is illustrated here using cells that have progressed through a further 5 divisions, by

which time the stained mother cells already represent a small percentage of the total cell population (D,E; hundreds of images of stained

cells were collected, of which illustrative examples are presented in panels A, B, D and E). The small subpopulation of strongly fluorescing

aged mother cells is also evident in the flow cytometry analysis (small dark grey peak on the right in panel F; indicated by the arrow; see

also panels G and H below). A substantial number of the younger cells have retained a small amount of staining (dark grey peak on the left

in panel F), but remain readily distinguishable from the fully stained mother cells. The light grey peaks in panels C and F represent low-

intensity yeast cell autofluorescence. Panels G and H illustrate the selection of aged mother cells via cell sorting. A culture of cells was

subjected to fluorescence-activated cell sorting (FACS) after the equivalent of 5 average doubling times (G). Sorting was triggered in

response to Alexa 555 signal intensity. The cell sorter readily distinguishes between those cells manifesting high-intensity fluorescence (ii)

and younger cells that have only low levels of fluorescent dye (i). After FACS, the sorted cells (ii) were reanalysed via flow cytometry to

verify correct and complete sorting of aged mother cells (H). Note the different scales on the respective y-axes. We confirmed cell ages by

staining bud scars (I). Here, we show images of individual yeast cells from an Alexa 555-stained subpopulation (average age of 11

generations). Samples of the sorted cells were treated with Wheat Germ Agglutinin (WGA) CF-405S conjugate, and observed under a

confocal microscope (excitation 405nm, detection using a 447/60 filter). Analysis of multiple cells (J) revealed bud scar counts as follows:

WT: n = 55, average = 11.4; tif4631Δ: n = 69, average = 11.7; tif4632Δ: n = 52, average = 12.1.
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Fig. 3. Flow cytometry analysis of genomic reporter gene expression. (A) Gene expression noise was determined using a genomically

integrated yEGFP reporter construct. This construct was transcribed from the PTEF1 promoter, and transcription was terminated at a

downstream PGK1 terminator (T). (B) Typical gate radius vs CV% plot for cell populations of mean age 1 of the three strains indicated in the

panel. As described previously (35), progressively constraining the heterogeneity of the cells (reducing the gate radius) included in the

reporter fluorescence intensity analysis (i.e. moving right to left along the gate radius axis) progressively reduces the contribution of

extrinsic noise factors and reduces the overall CV% value (it also largely excludes doublets; see panels G,H). In each case, the point at

which the CV% value had reached a minimum is indicated by a vertical broken line, and this value was taken as the gated noise estimate

for that particular experiment (and included in the data summarized in Figure 4). (C) Typical gate radius vs CV% plot for cell populations of

mean age 11 of the three strains indicated in the panel. The individual plots for the aged cells were considerably noisier than for complete

populations of exponentially growing cells because of the greatly reduced proportion of cells in the aged subpopulations (see Fig. 2F).

Reliable mean CV values were obtained by analysing the results of multiple experiments (see Supporting Information section). The intrinsic

and extrinsic noise components could be more precisely distinguished using a genomically integrated dual-reporter construct (D), which

allows direct comparison of expression of the two reporter proteins in each cell. This approach was successfully applied to populations of

exponentially growing (average generation 1) cells of the wild-type (E) and tif4631Δ (F) strains; for these cells, a gate radius of 2k was used

as the reference point for determining the estimates for intrinsic, extrinsic and total noise, respectively.
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process (compare Fig. 3B,C, Fig. 4A,B, also Tables S2

and S3).

Accordingly, the CV% values summarized in Fig. 4

correspond to the points at which the CV% vs gate

radius plots (see, e.g., Fig. 3B,C) had decreased to a

plateau – that is at which a minimum point of hetero-

geneity had been reached. There is an increase in the

estimated intrinsic gene expression noise in the cells of

all strains analysed as they age, and a t-test analysis

shows that for the wild-type and tif4632Δ strains, this

age-dependent increase is statistically significant (WT

P = 0.013; tif4632Δ P = 0.017). For the tif4631Δ
strain, which has the smallest increase in the estimated

level of noise during the ageing process, the age-depen-

dent increase is not statistically significant (P = 0.053).

Indeed, the tif4631Δ strain at the 11th-generation stage

(Fig. 4B) manifests the lowest CV% value compared

with 11th-generation WT and tif4632Δ strains. At this

age, one-way ANOVA reveals a statistically significant

difference between the CV% values for the respective

strains (P = 0.039).

We also analysed cells that had grown to a mean age

of 16 generations (Fig. 4C,D). At this point, the pro-

portion of cells in the overall population that were in

the selected age range was so small that we were

approaching the feasible limit of analysis. We observed

a continuing trend of increasing noise with age,

whereby a t-test analysis shows that for each strain the

increase in the noise level over the ageing process is sta-

tistically significant (WT P = 0.0005; tif4631Δ
P = 0.0008; tif4632Δ P = 0.0004). For the 16th-genera-

tion analysis, populations showed a significant statistical

difference in the value of CV% (P = 0.009). The post

hoc Tukey’s analysis test showed that the tif4631Δ
strain differs significantly from both wild-type and

tif4632Δ strains (P < 0.05); the wild-type and tif4632Δ
strains, on the other hand, do not differ significantly

from each other. The experimental data are tabulated

in full in the Supporting Information section.

At the same time, we observed that more variations

in features including cell size and heterogeneity in struc-

tural composition became evident within the greatly

reduced population sizes for aged cells (see, e.g., the

right-hand side of the plots in Fig. 3C). Therefore, in

the light of these results, we sought to add more preci-

sion to the distinction between intrinsic and extrinsic

components of gene expression noise by using the previ-

ously described dual-reporter strategy ([38]; and com-

pare our application of this procedure to yeast in [28]),

which relies on measurement of the ratio between two

reporter constructs (Fig. 3D). The dual-reporter con-

struct used for this work (pJM1233; Fig. S3) included

bacteriophage MS2 coat protein binding sites in the

3’UTR downstream of the yEGFP reporter gene. At

least under certain experimental conditions (e.g.

mRNAs overproduced from plasmids, coexpression of

the bacteriophage MS2 coat protein and glucose starva-

tion), the introduction of MS2 binding sites has previ-

ously been found to affect mRNA stability, and we

have provided a more detailed consideration of these

potential effects in the Supporting Information section.

However, we note that our dual-reporter mRNAs were

expressed from a single-copy genomic integration con-

struct in a strain that was neither coproducing the MS2

coat protein nor subject to glucose starvation. In addi-

tion, any modulation of the stability of the yEGFP

mRNA caused by the presence of the MS2 binding ele-

ments would be expected to result in a constant ratio of

steady-state reporter expression under any given set of

growth conditions, and thus not to affect the analysis

of noise carried out here.

For this part of the work, cell-wall staining was per-

formed using Alexa 700 since this does not overlap sig-

nificantly with the excitation/emission spectra of
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Fig. 4. Gene expression noise as a function of replicative age,

estimated on the basis of gate-radius-dependent analysis of flow

cytometry data. The CV% bar graphs show average values of the

respective sets of biological repeats and are arranged in two pairs:

values for cell populations at mean generation 1 (A) and then for

the same populations at mean generation 11 (B); values for cell

populations at mean generation 1 (C) and then for the same

populations at mean generation 16 (D). The relevant statistical

values for these graphs are presented in the text. t-Test analysis

was performed for each strain to investigate the significance of the

increase in noise level over the ageing process. One-way ANOVA

was performed to analyse the significance of the difference

observed between young populations of the three strains analysed,

as well as the significance of the difference observed between old

populations of the three strains analysed. Whiskers indicate the

standard deviation values. The data shown in panels A and B were

derived from three biological repeats, while the data shown in

panels C and D were derived from four biological repeats.
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mRuby3. We found that this procedure provided a

clearer picture of the respective noise components, at

least for the overall population of exponentially grow-

ing cells (Fig. 3E). The results allowed us to estimate

the intrinsic and extrinsic noise values for 1st-genera-

tion cells of the wild-type strain (mean intrinsic =
9.6% � 1.0%; mean extrinsic = 6.4% � 1.4%). These

data confirm that the dual-reporter method separates

the intrinsic and extrinsic noise components more

effectively than the gating radius cell selection tech-

nique. However, we were unable to obtain repro-

ducible estimates of the intrinsic and extrinsic noise

components by applying the dual-reporter approach to

the subpopulations of average age 11th and 16th gen-

erations, primarily because of the very small numbers

of cells. This prompted us to turn to the use of a

microfluidics technique to provide further information

about the properties of older cells (see later section).

Translation rate is a modulating influence on

age-dependent gene expression noise

As considered above, we have found that the cell-wall-

staining method allows us to monitor cell-to-cell

heterogeneity as a function of replicative age. Consid-

ering further the influence of changes in the activity of

the two isomers of the eukaryotic initiation factor 4G

(eIF4G1 and 2), we can see that the gate radius

method (as illustrated in Fig. 3F) indicates that

tif4631Δ cells of average age generation 1 manifest a

slightly reduced gated noise level relative to cells whose

translation rate is not restricted by reduced eIF4G

activity (Fig. 4A,C). In contrast, the tif4632Δ strain

manifests no such effect. The latter result constitutes a

valuable control, since it has been shown previously

that removal of eIF4G2 alone has at most a minor

effect on translation rate and thus on growth rate ([34]

and Fig. S1).

It is evident that the tif4631Δ mutation markedly

limits the impact of ageing on gene expression noise.

Remarkably, the loss of eIF4G1 activity has only a

minimal effect on intrinsic and extrinsic noise compo-

nents in ‘young’ cells (Fig. 3E,F) but does suppress

noise in cell subpopulations averaging 11 generations

in age (Fig. 4B), and this becomes even more marked

in cells that have an average age of 16 generations

(Fig. 4D). The lack of impact of the deletion of

tif4632 is maintained throughout. Moreover, the dual-

reporter strategy revealed that the tif4631Δ strain

(Fig. 3F) shows a very similar split between intrinsic

and extrinsic noise (mean intrinsic = 9.4% � 0.6%;

mean extrinsic = 6.5% � 0.6%) to that seen in the

wild-type strain (Fig. 3E). We therefore conclude that

the inhibition of translation caused by deletion of

eIF4G1 counteracts the progressive increase in noise

that is otherwise observed as cells progress towards a

higher replicative age.

Monitoring ageing and gene expression noise in

a microfluidic cell

It is evident from the above experimental work that

selecting cells analysed by flow cytometry according to

gate radius allows us to reduce the complexity of the

cell populations under study, largely by excluding dou-

blets and limiting variations in cell volume and cellular

structural features that affect light scattering. This

approach generates highly reproducible expression

noise estimates from which much of the extrinsic noise

has been removed. In addition, utilizing the dual-re-

porter technique, we have been able to determine, on a

cell-by-cell basis, the relationship between intrinsic and

extrinsic noise components, albeit only for younger

cells.

While recognizing the above as an informative plat-

form for assessing the relationships between ageing,

gene expression noise and translation activity, we

wanted to investigate an alternative (and complemen-

tary) experimental strategy in order to assess whether

this might contribute to a more holistic understanding

of the contributions of extrinsic and intrinsic noise

components. Microfluidic devices have recently been

introduced as a platform for studying (single) cells

whose growth can be supported by the constant

exchange of growth medium, and we wanted to com-

pare the suitability of this approach with the cell-

staining strategy described above. We chose to use a

previously described design for a microfluidic device

[39] (Fig. 5A) that features finger-shaped traps that

facilitate the tracking of individual cells as the popu-

lation expands as the result of budding (Fig. 5B–E).
Utilizing this alternative method, we obtained results

that were consistent with the data generated using the

cell-labelling procedure. However, we noted that the

difference in estimated noise levels determined for the

wild-type and tif4631Δ strains, respectively, was

greater when studying cells in the microfluidic system

(Fig. 6). This was at least partly due to the fact that

the noise estimates obtained in this way reflected

both the intrinsic and extrinsic components of cell-to-

cell heterogeneity in the studied strains. At the same

time, we were also aware of the possibility that the

microfluidic device environment might itself influence

the outcomes of our measurements. We therefore

investigated the role played by the microfluidic device

in more detail.
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Since the tracked cells moved progressively deeper

into the finger-shaped traps, we performed control

experiments in order to determine whether the rate of

movement of growth medium through the microfluidic

device was sufficient to sustain a consistent rate of

exponential reproduction and whether the cells were

subject to nutritional stress. In our view, this supple-

mentary assessment is essential to enable a reliable

interpretation of the data obtained using such a device.

First, we measured the average cell-cycle time (i.e. time

from one budding event to the next) before and after

they entered the finger-shaped traps. We found that

the average cell-cycle duration was 17% longer for

cells within the finger traps than for cells outside of

the traps (Fig. 5F,G) if growth medium was pumped

through the device at the maximum pressure of 0.9psi.

Second, we checked whether the cells in the finger-

shaped traps manifested stress-induced P-bodies, since

these are known to be generated in response to glucose

starvation [40]. We observed no formation of P-bodies

within cells in the microfluidic device during the period

of the noise vs ageing experiments, even in those

located deep within the finger-shaped traps (Fig. 5H).

Overall, these experiments revealed that yeast cells are

subjected to a mild degree of nutritional limitation

within the traps, but no evidence of nutritional stress

B C 

E D 

A 

G

F

H 

Fig. 5. Studying yeast cells in the microfluidic finger trap device. (A) Scheme showing the arrangement of the microfluidic system

components. (B–E) Ingress of exponentially growing cells into the microfluidic device, each panel showing different time points of

observation of the same device. As the cell numbers increase through budding, the cells move progressively deeper into the respective

finger-shaped channels. Cell cycle duration (doubling) times for individual cells were determined for cells within (F) and outside (G) the finger

traps. The resulting histograms show that for cells within the finger traps (F): mean = 117 min; median = 110 min; n = 50; for cells outside

the finger traps (G): mean = 100 min; median = 98 min; n = 50. We also show fluorescence microscopy images taken of one batch of

yeast cells in the finger trap microfluidics cell at different time points (H). Here, we used a derivative of PTC 41 containing a genomic

integration encoding an Edc3::ymNeonGreen protein fusion, that acts as a marker for P-bodies. No P-bodies were detectable under the

conditions of the stochasticity experiments described in this study, which were completed within 90 h of initiating the time-lapse. Where

time-lapse imaging was allowed to continue significantly beyond this period (up to 115 h), a small number of P-bodies became evident in

some cells (see arrows in t = 115h frame).
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(although P-bodies did begin to form after longer peri-

ods of incubation in the microfluidics cell; see t = 115h

panel in Fig. 5H).

Having characterized the impact on the growth and

nutritional growth response of yeast cells when they

enter the finger-like traps of the microfluidic device,

we proceeded to study the fluorescence intensity gener-

ated by the expression of the respective genomic GFP

reporter strains over the time-course of replicative age-

ing. Significant differences in cell-to-cell heterogeneity

became apparent over the course of eleven generations

(Fig. 6), confirming the two general trends identified

using the flow cytometry measurements described

above. First, gene expression noise increased with

replicative age. Second, the deletion of eIF4G1 at least

partially suppressed this age-dependent increase in

gene expression noise. At the same time, we note that

the changes observed using the microfluidics-based

measurements were quantitatively more marked than

those observed in the flow cytometry experiments. Our

additional investigations suggest that these quantitative

differences are likely to be at least partially attributa-

ble to a combination of two things: (i) the fact that

the CV values determined using the microfluidic device

are the sum of intrinsic and extrinsic noise compo-

nents; (ii) the condition of nutritional limitation that

applies when the cells are cultured in the microfluidic

environment.

Discussion

In this study, we have used two parallel experimental

strategies to explore the three-component relationship

between global translation rate, replicative lifespan

and gene expression noise in Saccharomyces cerevisiae.

Reporter gene transcription has been driven by a con-

stitutive promoter in cells performing multiple cell

cycles within a narrowly defined phase of exponential

growth. We have used a comparative approach of

benchmarking the age-related noise characteristics of a

strain lacking the eIF4G1 isomer with those of a wild-

type strain and of a strain that has a tif4632Δ deletion.

This provides unequivocal evidence of a relationship

between global translation rate and gene expression

noise. The cell-wall-staining approach we have

described is found to be an effective and relatively effi-

cient strategy for performing age-related gene expres-

sion studies, obviating the need to perform the labour-

and time-intensive manual separation of mother and

daughter cells using a micromanipulator. For compar-

ative purposes, we also explored the same relationship

within the environment of a microfluidic device. This

was of particular interest because of the growing num-

ber of studies that have used microfluidic systems for

the study of microbial populations.

By looking for signs of nutritional limitation and

determining the rate of progression of individual cells

through the cell cycle, we have been able to conclude

that the cells within the microfluidic system we have

used are subject to some degree of limitation of access

to glucose. This limitation reduces the growth of cells

but does not elicit a starvation response. Under these

conditions, we have observed that the influence of age-

ing on gene expression noise follows the same trend as

we have identified when studying cell populations

using flow cytometry, whereby the quantitative impact

measured in the microfluidic system is greater. This

accentuated sensitivity to ageing is consistent with a

previously reported observation that gene expression

noise increases in nutrient-deficient cells [41], although

we do not know whether the effect we see in this study

is fully equivalent to that described previously. How-

ever, at the same time, it is important to note that the

procedure used to measure cell-to-cell heterogeneity in

the microfluidic system generates CV values that

include intrinsic and extrinsic noise values.

In summary, we conclude that the study of cells

within this microfluidic system provides confirmation

of the general positive relationship between age and

gene expression noise, but our investigations also indi-

cate that it would be wise, for the sake of trans-

parency, for users of microfluidic devices to

characterize the influence of this type of environment

on the nutritional state of the cells. Overall, the factors

discussed above can explain a large part of the

observed difference in magnitude of the impact of the
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Fig. 6. Gene expression noise values for cells studied in the

microfluidic system. The plots compare the CV% values of cell

populations at mean generation points 1 (A) and 11 (B) for the

wild-type, tif4631Δ and tif4632Δ strains, respectively. The data

presented here are based on measurements performed on 100

cells of each strain.
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tif4631Δ deletion between the two experimental meth-

ods. At the same time, it is important to emphasize

that the microfluidics experiments were exploratory in

the sense that, at this stage, no attempt was made to

perform a statistically underpinned quantitative analy-

sis of gene expression noise with this system. This was

because, while the microfluidic data revealed a consis-

tent overall trend in gene expression noise as a func-

tion of age, the results also indicated that more time

and effort will need to be invested in identifying opti-

mal, fully defined, experimental conditions for such

systems.

The observation that age-dependent gene expression

noise is reduced in a strain whose translation machin-

ery activity is constrained by deletion of the TIF4631

gene (encoding eIF4G1) raises the question as to the

mechanistic basis of the apparent relationship between

protein synthesis and stochasticity. One potentially rel-

evant effect of attenuated translation activity is that

this may reduce the rate of production of misfolded

proteins which, in turn, can be expected to partially

suppress the accumulation of intracellular damage,

especially in the form of oxidatively damaged proteins

(23). Moreover, the limitation of translation might also

result in additional energy resources being made avail-

able for cellular maintenance and repair processes.

This possibility has been considered previously in rela-

tion to data indicating that model organisms with

reduced protein synthesis had increased stress resis-

tance and longer lifespan [42,43]. It is possible that

cells with enhanced energy resources available for cell

maintenance might better control the gene expression

process, which could in principle result in reduced

noise, but further studies will be required to test this

hypothesis.

On the other hand, one previous report concluded

[25] that gene expression noise decreases during the

ageing process. It is important to note that this earlier

study used microfluidics to study heterogeneity in yeast

cells expressing YFP controlled by the regulatable

PGAL promoter. Remarkably, the same group reported

an age-dependent increase in gene expression noise for

a constitutively expressed construct (PTEF1-ssGFP; a

GFP isoform with a shorter half-life) in diploid cells

[26]. The most likely explanation of the markedly dif-

ferent results obtained with the respective promoters is

that a distinct mechanism (or a distinct balance of

mechanisms) of noise generation is associated with the

regulatable PGAL promoter and the specific growth

conditions under which it can be used. This might be

linked to regulation-dependent variations in alternative

nucleosome configurations associated with this

promoter [44], whereby these variations could undergo

modulation or suppression as a function of age.

Comparison with the effects of changes imposed on

signalling pathways that impact upon protein synthesis

is informative. For example, it has been found that

inhibition of the target of rapamycin (TOR) pathway

[45,46] results in extended lifespan. Rapamycin is

thought to induce modulation of the phosphorylation

state of several different factors that influence transla-

tion initiation and may also influence elongation via

an analogous mechanism [47], whereby it has been

argued that inhibition of elongation increases transla-

tional accuracy [48]. Other work has shown that age-

ing can be affected by increased translational

inaccuracy because this interferes with protein folding

[49]. However, inhibition of TOR by rapamycin, such

as caloric restriction, also induces autophagy, and it

has been proposed that enhanced autophagy plays a

role in extending longevity [50]. One way in which

autophagy could prolong lifespan is by virtue of the

fact that it helps clear aggregates containing damaged

proteins (which have the potential to adversely affect

gene expression machinery functionality, and thus

noise). In this context, it is valuable to note that eleva-

tion of ubiquitin/proteasome system (UPS) activity in

yeast by increasing the abundance of the UPS-related

transcription factor Rpn4 results in extended lifespan

[51]. This is consistent with the earlier observed corre-

lation between oxidative damage and gene expression

noise in cardiomyocytes [23].

In this work, we have inhibited protein synthesis

directly by limiting the availability of one of the

TRANSLATION 
RATE 

ABERRANT 
PROTEINS 

CELL-TO-CELL 
HETEROGENEITY

AGEING 

Fig. 7. Ageing is modulated by interrelationships between multiple

processes. Taking together, the results from this and other studies

suggest a scheme of relationships involving gene expression

stochasticity (cell-to-cell heterogeneity), protein synthesis rate and

aberrant proteins (erroneous in terms of structure, modifications,

folding and/or abundance). The current study characterizes, in

S. cerevisiae, the relationship along the axis: translation

rate–replicative ageing–cell-to-cell heterogeneity.
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components of the translation machinery. It seems to

us that the results presented here, together with previ-

ously published work (e.g. [23,49–53]), suggest an

interpretation in terms of a set of relationships (Fig. 7)

between gene expression stochasticity (cell-to-cell

heterogeneity), aberrant proteins (erroneous in terms

of structure, modifications, folding and/or abundance)

and translation, whereby the present study has focused

on the axis: translation rate – replicative ageing – cell-

to-cell heterogeneity. It is noteworthy that attenuation

of multiple translation initiation factors extends the

lifespan of C.elegans [15,17–20]. Moreover, experimen-

tally imposed suppression of the abundance of the

equivalent set of factors in S.cerevisiae has been

demonstrated to markedly inhibit global protein syn-

thesis [34]. Collectively, these observations support the

argument that the global protein synthesis rate is a

major determinant of ageing rate in multiple organ-

isms.

Also of relevance to our study is that a previous

characterization of the wider transcriptome and pro-

teome in yeast as a function of ageing led to the con-

clusion that the latter becomes progressively decoupled

from the former [52], in the sense that encoded pro-

teins become increasingly overrepresented relative to

their corresponding mRNAs in the cell. This again

suggests how translation might contribute to the accu-

mulation of damaged proteins over time, and thus to

the intensification of noise generation. It naturally fol-

lows from this line of reasoning that the inhibition of

protein synthesis (e.g. by limiting eIF4G activity)

could be expected to both suppress noise generation

and extend lifespan. In general terms, proteostasis is

thought to be maintained by a fine balance between

protein synthesis, chaperone-mediated protein folding,

autophagy and proteasomal degradation, and any dis-

tortion of the relationship between these processes can

potentially affect ageing [53].

Finally, a number of recent studies have highlighted

how the relationship between translational control and

gene expression noise has wider significance in terms

of human health. A striking feature of these studies

has been the accumulating evidence that aberrant

intracellular levels of translation factors correlate with

cell transformation and tumour development [54].

eIF4G1, for example, is overproduced in nasopharyn-

geal carcinoma, squamous cell lung carcinoma and

breast cancer, and an abnormal abundance of this fac-

tor is regarded as a predictor of inflammatory breast

cancer [55]. Moreover, excess synthesis of eIF4G1 has

been reported to induce tumour transformation in

mouse fibroblasts [46]. Other research has pointed to a

correlation between cancer and gene expression noise.

Analysis of transcriptomic data from cancers in human

liver, colon, lung and breast tissues revealed that gene

expression noise for many genes was increased when

compared to normal tissues [56]. In addition, more

than 53% of genes in that study were found to display

increased stochasticity in patients with late stage, as

opposed to early-stage cancer, suggesting that accuracy

in gene expression may influence the cancer outcome.

Overall, these and other results are consistent with the

existence of a chain of intercausality between aberrant

translation factor abundance, anomalous gene expres-

sion noise, cellular ageing and cancer. Moreover, it is

also noteworthy that gene expression stochasticity

within the multinucleated syncytium of the mouse

myofibre is also impacted by the maturation process,

thus linking gene expression noise to development [60].

This wider perspective emphasizes the importance of

pursuing further research on the molecular basis of the

relationships between translational control, ageing and

noise using a range of exemplar organisms.

Materials and Methods

Strain construction

The haploid strains used in this study were developed in

the S. cerevisiae W303 background (MATalpha ade2-1

ura3-1 leu2-3,112 his3-11,15 can1-100; referred to here as

PTC 41). Each of the eIF4G-isomer-encoding genes was

previously knocked out in this strain to produce the deriva-

tive strains tif4631Δ (PTC 444) and tif4632Δ (PTC 507)

[27,34]. A genomic yEGFP expression construct was inte-

grated into all three of these strains at the HIS3 locus,

using a plasmid (pNM1-HIS; Fig. S2) containing the HIS3

gene (allowing auxotrophic selection) or the KanMX gene

(encoding resistance to G418) and the fluorescent reporter

flanked by regions homologous to the 5’ and 3’ regions of

the yeast HIS3 open reading frame. A different plasmid

(pJM1233; Fig. S3) was used for the dual-reporter experi-

ments. The plasmids, which also included bacteriophage

MS2 coat protein stem-loop structures (see Supporting

Information), were digested using ApaI or BglI restriction

enzymes (depending on the reporter), cutting outside of the

inserted sequence. The linearized plasmids were used for

yeast transformation (integration by homologous recombi-

nation) following an adapted version of a previously pub-

lished protocol [57].

Microfluidics

The microfluidic chip master was made using standard soft

lithography techniques (with the support of M. Polin,

University of Warwick Physics Department). Polydimethyl-

siloxane (PDMS) (Sylgard 184) was poured over the master
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and cured to produce the microchannels. The PDMS piece

was then covalently bound to a coverslip using a plasma

cleaner (Harrick Plasma). Since this equipment uses low

pressure to generate plasma, a RC.8D vacuum pump

(D.V.P. vacuum technology) was used for 1–3 min to evac-

uate the air inside the chamber and the resulting partial

vacuum was maintained until the end of procedure. Oxygen

was used as the processing gas. High radio frequency (RF)

irradiation was used for 1–2 min to create radicals on both

the PDMS chip and glass coverslip surfaces. The PDMS

chip was placed on top of a glass coverslip, and the assem-

bled microfluidic device was placed on a heating block

(60 °C–80 °C) for at least one hour. Construction of the

microfluidic cell followed a previous design [39].

Time-lapse image acquisition

High-resolution time-lapse microscopy of yeast cells grow-

ing in constantly flowing medium (0.9–1.0 psi) in the

microfluidics chip installed inside a cage incubator (Oko-

lab) at 30 °C was performed using a Nikon TI-E Eclipse

motorized wide-field epifluorescence microscope equipped

with an EMCCD or sCMOS camera (Andor) and a 60x oil

immersion objective. Yeast was grown in yeast nitrogen

base synthetic medium (YNB), either lacking histidine (sin-

gle fluorescent reporter experiments) or complete (dual-re-

porter experiments). Bright field or phase-contrast images

were acquired at intervals between 10 to 12 min, with GFP

excitation (λex = 488 nm) being induced at regular intervals

set at between 12 and 60 min. Total time-lapse duration

varied between 90 and 115 h. A CellASIC® ONIX

Microfluidic Platform was used to regulate and maintain

the medium flow pressure.

Image analysis

Microscopy images of the microfluidic device were analysed

using the ImageJ (v2.0 National Institutes of Health) soft-

ware package to count the number of daughter cells pro-

duced by a single mother cell and to measure fluorescence

intensity. Each newborn cell was identified, and an outline

was drawn around the cell as a measure to enable us to

capture its fluorescence intensity. Manual tracking of this

cell was then performed until the 10th bud (11th genera-

tion) was produced, and an outline was again drawn

around the aged cell. This process was repeated for at least

100 cells of each strain analysed. Integrated density, mean

fluorescence, plus the minor and major ellipsoidal axes, and

background readings were determined.

Cell-wall labelling, flow cytometry analysis and

cell sorting

We performed cell-wall staining using a modified version of

a previously described protocol [58]. Yeast cells were

cultured at 30°C overnight and were then diluted in the

morning to OD600 = 0.01–0.02 and incubated for 8–10 h,

until OD600 = 0.4–0.7 was attained. The cells were diluted

once more in fresh medium to OD600 = 0.0001–0.0002 and

cultivated overnight, thus maintaining the cells in exponen-

tial growth. The following day, cells were diluted to

OD600 = 0.1–0.2 and incubated for 3–5 h to reach OD600 =
0.4–0.6. About 1 mL of cells was harvested by centrifuga-

tion and washed with PBS, and the cell walls were stained

for 10 min at 30 °C by adding 250 µL of 26.7 mM Alexa

555-NHS ester/PBS solution (or an alternative dye solu-

tion). After staining, cells were washed twice with PBS,

resuspended in culture media, diluted to a predicted density

equivalent to OD600 = 0.0001–0.0002 and incubated at

30 °C for 16–19 h to allow the cells to replicate for an aver-

age of 10 times. For the analysis of bud scars, a sample

was collected and subjected to fluorescence-activated cell

sorting (FACS) to separate old mother cells. In order to

study mother cells that had completed an average of 15

budding events, cell suspensions were serially diluted to a

predicted density equivalent to OD600 = 0.0001–0.0002 with

the objective of ensuring that the cultures remained in

exponential phase throughout all stages of preparation for

the experiments. A BD Biosciences Fortessa flow cytometer

was used to measure GFP (B488-530/30-A) and Alexa 555

(YG561-586/15-A) signals and a BD Biosciences FACSAria

Fusion was used to measure the same signals and to sort

cells according to their Alexa 555 fluorescence level. In

most cases, short bursts of sonication of cell samples (for a

total period of up to one minute) were applied prior to

flow cytometry in order to disperse aggregates. If larger

sample volumes (containing more cells) were used, the soni-

cation time was extended as required, and the exclusion

threshold for yEGFP fluorescence values was adjusted if

necessary. Flow cytometry of dual-reporter strains and the

analysis of the data generated from them were performed

as described previously [28]. The cell walls of dual-reporter

strains were stained using Alexa 700 to avoid overlap of

the cell-wall stain fluorescence spectrum with the mRuby3

fluorescence spectrum. Cells manifesting an intensity

value ≥ 103 for Alexa 555 or Alexa 700 were included in

the data analysis.

WGA-conjugate scar staining and microscopy

Following a protocol based on a previously described

method [59], cells selected by the cell sorter were subjected

to scar staining using Wheat Germ Agglutinin (WGA) CF-

405S conjugate. The cells were collected by centrifugation,

washed twice with PBS and stained in 250 µL of 100 µg/mL

WGA CF-405S – PBS solution (incubation tube covered

with foil and rocked gently at 30 °C for 30 min). The

stained cells were then washed twice with PBS and studied

by fluorescence microscopy. Slides were prepared for micro-

scopy analysis using anti-fade mounting medium, following
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the manufacturer’s protocol (Vectashield HardSet, Vector

Labs). Images were acquired using a Nikon TI-E Eclipse

motorized spinning disc confocal microscope equipped with

an EMCCD camera (Andor) and a 100× oil immersion

objective. For each cell, multiple images were taken at dif-

ferent focal distances to build a composite image that

would allow counting of bud scars.
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