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The evolutionary theories of aging and the disposable soma theory in particular, have
been the theoretical basis for a recent surge of animal aging research. Yet their central
assumption about the physiology of cellular maintenance and repair has not been em-
pirically tested. In this thesis, I analysed the physiology of E.coli aging under carbon
starvation, as a model system to empirically validate evolutionary theories of aging. Mi-
crofluidic tools are used to isolate large populations of isogenic single FE.coli cells, and to
achieve homogenous carbon starvation. Despite sharing the same genetical background
and environmental conditions, individual cells in the population exhibit significant vari-
ations in lifespans and causes of death. Distributions of lifespans exhibit typical features
of the aging process, often seen in animal and human demographic studies. The rate of
aging can be altered by mutations of the general stress response pathway. Resembling
caloric restriction induced longevity, the general stress response pathway extends star-
vation lifespans of E.coli by attenuating the effect of aging at the expense of immediate
needs of the cells. A quantitative model of this physiological trade-off is constructed and
correctly predicted experimental observations. As a conclusion, I substantiate the dis-

posable soma theory of aging with the physiological details of E.coli aging in starvation
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Chapter 1

Introduction

Aging research, although attracting far more than its fair share of public attention
for obvious reasons, has been considered for decades as scientifically intractable, even
suspicious as a field. Yet in recent years, this somewhat marginal status has changed
dramatically, in large parts due to a convergence of three forces: genetic discoveries of
lifespan regulations in model organisms, expansions of the biochemical and molecular
biology toolboxes, and validation of some longstanding predictions from the evolutionary
theories of aging. Despite making substantial empirical progress, the molecular biology
agenda of aging research has rarely clarified the conceptual pictures underlying this
inherently interdisciplinary field. Considering the complexity of biology, this is to be
expected, just as Shermer (2012) wrote in reviewing Stuart Firestein’s book on ignorance

“... as the sphere of scientific knowledge increases, so does the surface area

and science
of the unknown ...”. This ever expanding shroud of unknown is further compounded by
the rush to apply whatever knowledge gained in a millennium-old hunt for the fountain

of youth, causing much confusion not only for the public but also for researchers.

It might be illuminating to examine how an equally fundamental and mysterious bio-
logical phenomenon, inheritance, was tackled by the founders of the molecular biology
revolution. The works of Delbriick, Luria and Hershey on the nature of mutations,
and the work of the Jacob and Monod on gene regulation, share some striking features.
There were the uses of quantitative experiments and modelling to address conceptual

questions (Luria & Delbriick, 1943; Monod, 1958) and the convictions of the usefulness
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of simple model organisms such as phages and bacteria, as in Jacques Monod’s famous

quote “anything found to be true of F. coli must also be true of elephants”.

This thesis describes my attempt to apply this approach to the study of aging. By
using a quantitative physiological approach to study F.coli aging in carbon starvation,
my aim is not to advance the frontier of human longevity, but to empirically explore
the fundamental concepts in aging research. In this chapter, I will first describe as
background, the brief history of the theories and concepts in aging research; and then,
how these concepts fit into the particular lifestyle and physiology of E.coli. At the end
of the chapter, I will introduce my conceptual framework, raise the central question of

my thesis and outline the contents of the remain chapters.

1.1 Background

Biological aging, defined as the decline of physiological functions with age, is a multi-
facetted phenomenon. Genetics, environments, physiology, natural selection and even
the way age is defined (i.e. age structure) all play important roles. Here, I outline the
theories and concepts of aging relevant to this work, while presenting their limits and
their possible over-interpretations. In doing so, I hope to make a case for an integrated,

interdisciplinary approach to understand aging.

1.1.1 Evolutionary theory of aging

The evolutionary theory of aging has many versions. They all start from the same ba-
sic insights of Medawar and Hamilton, that selective pressure decrease with age. But
they differ in the assumptions that they make about mutations’ effect on aging. The
mutation accumulation theory presumes mutations have additive, age-specific effects,
while the antagonistic pleiotropy theory (Williams, 1957) presumes trade-offs between
traits at earlier and later ages. Baudisch (2005) has shown theoretically that the de-
clining selective force with age is not enough to explain aging patterns. Aging patterns
are also shaped by the effects of mutations. In favour of the antagonistic pleiotropy
theory, various empirical works have shown that trade-offs between older and younger
ages are indeed true (Bouwhuis et al., 2010; Bryant & Reznick, 2004; Gustafsson &

Part, 1990; Hayward et al., 2014). Many have argued for the validity of the antagonistic
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pleiotropy theory (Le Bourg, 2001). As an evolutionary theory, the subject matter is
not the direct causes of aging, but how aging phenotypes could be possible in the face

of fitness-optimising natural selection.

In order to develop a more useful theory, proponents of the antagonistic pleiotropy theory
need to understand the quantitative relationship between young and old age fitness
components. This requires knowledge about the physiological processes of mortality,
aging and reproduction. One famous such attempt was by Kirkwood (1977), where he
argued for translation “error catastrophe” being the physiological cause of cellular aging,
and proposed the disposable soma theory presuming that trade-offs between young and
old ages are the energetic cost of error repair in the soma. Reassessing the different parts
in that original paper, the physiological cause of cellular aging are not believed to be
translation “error catastrophe” (Gavrilov & Gavrilova, 2002); but whatever the cause of
aging was, the idea that energetic cost of damage repair mediates trade-offs could still
be valid. It has to be pointed out here that the disposable soma theory is in essence a
particular version of the antagonistic pleiotropy theory, where the physiological nature of
the young and old age trade-offs is assumed to be the competition for resources between

cellular maintenance and more immediate needs.

Any evolutionary life-history theories could be potentially empirically tested by exam-
ining the plasticity and reaction norms of the life-history traits in question, i.e. how
environmental factors modulate them (Stearns, 1989). The central assumption that
organisms should adopt the optimal life-history strategy to maximise lifetime reproduc-
tive success should predict quantitatively the way organisms change their life-history
strategies when environmental conditions fluctuate. For the disposable soma theory,
one obvious environmental variable is the caloric intake since it is assumed to be the
limiting resource. This is where the theory has found the most empirical support and po-
tential applications. The phenomenon of caloric-restriction (CR) induced longevity are
found in many model organisms, and the genetics of corresponding regulatory pathways
have been the subjects of intense research efforts. However, to discern the quantitative
effects of such pathways especially at older ages require longitudinal studies of large
populations. Such studies face practical difficulties associated with the long timescales,
and in controlling genetics backgrounds and environments of large populations (Nussey
et al., 2008). This makes laboratory studies of model organisms with short lifespans and

controllable environments the ideal setting for testing the evolutionary theories of aging.
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1.1.2 Laboratory studies of aging and their interpretations

Since the discovery of insulin/IGF-I pathway mutants that extend lifespans in nematodes
(Kenyon et al., 1993), similar mutants and pathways have been identified for multiple
model organisms (Gems & Partridge, 2013). These nutrient-sensing pathways modu-
late aging in the way predicted by the disposable soma theory, and attract widespread

attentions as potential targets of pharmaceutical intervention to slow aging.

However, there are some pitfalls in this genetics research agenda. Nutrients-sensing
pathway mutants with prolonged lifespans in lab environments do not guarantee to
slow the aging process through increased maintenance investments as the disposable
soma theory predicts. First, the lifespan extensions could be due to the prevention of
particular pathologies associated with lab conditions. This issue has been central to
a lot of the recent controversies, ranging from microbiology (Burtner et al., 2009) and
primates research (Mattison et al., 2012). In the former case, observed aging in budding
yeasts were actually explained by the PH changes in the cell culture media. In the latter
case of Rhesus macaque caloric restriction studies, different conclusions were reached

because of differences in food availabilities in the control group.

The second unrelated but perhaps more central issue is that lifespans can be extended
by a proportional reduction in mortality risks in all ages, without affecting the aging
process. While the former is still good news as far as longevity is concerned, this type of
pathways can not be argued to be modulating the aging process, even if it involves molec-
ular repair or damage resistance. Thus if a certain nutrient-sensing, lifespan extending
pathway only affect mortality in age-independent manners, it can not be considered to
be evidence for the disposable soma theory of aging. In fact, the life-history trade-off
assumed in disposable soma theory is between immediate needs for resources, and main-
tenance investments whose effects only manifest in older ages (Shanley & Kirkwood,
2000). This type of maintenance effects that have an age-dependent component is often
presumed in models, but rarely observed or established empirically. Unfortunately, this
central assumption is often misunderstood to mean trade-offs between reproduction and

immediate stress resistance.

The difference between age-independent and age-dependent modes of lifespan extension
not only have theoretical implications but gets at the heart of the physiological concept

of aging. Aging is often understood to be due to the ‘wear and tear’ damages of molecular
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and cellular machinery, a process at the end of which is death. In this view, aging is
simply the inescapable ‘second law of thermodynamics’ that eventual leads to death, and
the intervention of aging is simply protection against damages (Gems & Partridge, 2013).
However, if there are indeed pathways whose effects on mortality risks only manifest
at older ages, and can be differentiated with age-independent protective mechanisms,
then the aging process can be distinct from the different pathologies and physiological
failures that lead to death. If validated for human, this view would provide the scientific
basis for targeting aging itself for pharmaceutical interventions. In fact, a current effort
is underway to gain governmental regulatory approval for clinical trials based on this

point of view (Hayden, 2015).

1.1.3 Bacteria as models for aging

Our lab has shown previously that aging exists in even binary-fission bacteria such as
E.coli (Stewart et al., 2005). In this case, the age structure is that of the age of cell
poles, since the two poles of one cell are synthesised at different cell divisions. It has
been shown that accumulated molecular damages at old poles (Lindner et al., 2008)
contribute the aging process. Another possible age structure can be defined in growth
arrested populations, and age is simply the time spent in these conditions (Nystrom,
2003). It has been shown that individual E.coli cells can live as long as 150 hours (Wang
et al., 2010a). Although I do not expect the physiological aging processes associated with
these two age structures to be the same as the aging process in multicellular organisms,

the evolutionary theories of aging should still apply.

One of the main regulators of maintenance in F.coli is the general stress response path-
way mediated by rpoS. The rpoS pathway respond to multiple environmental signals
and especially starvations of various nutrients (Bougdour et al., 2008; Peterson et al.,
2012). When activated, rpoS increases maintenance investments and stress responses.
It is named the general stress response because once induced by one particular signal,
it offers protection and prolonged survival under multiple conditions, i.e. cross pro-
tection. Being an alternative sigma factor for the RNA polymerase, the RpoS protein
regulates maintenance investment through competition with the vegetative sigma factor
RpoD for RNA polymerase holoenzymes (Nystrom, 2004). Thus the general stress re-

sponse coincide with many features of caloric-restriction induced longevity. Yet without
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quantitative characterisations, it is unclear whether the pathway offers protections to
the cells in age-independent manners such as enhancing stress resistances or through

slowing down the aging process as predicted by the disposable soma theory.

The rpoS pathway is also highly variable both across various environmental isolates of
E.coli (Ferenci et al., 2011) and also in laboratory evolution (Spira et al., 2011). A
genetic screen in our lab (Fontaine et al., 2008) has identified a mutant of rpoS pathway,
ArssB, with prolonged lifespan. These observations show that rpoS pathway is highly
evolvable and is subject to natural selection based on its effects on life-history traits.
Yet in almost all cases, despite lower stress resistance, loss-of-function mutants of rpoS
pathway are selected in almost every conditions including stationary phase batch cultures
and chemostats in extremely low dilution rates. This is understood to be due to Growth-
At-Stationary-Phase (GASP) phenotypes (Finkel, 2006). It raises the technical issue of
controlling environments in batch culture and elimination of social interactions between
individual cells in a cohort. More curiously, it begs the question: what is the selective

pressure that maintains a functional rpoS gene in the wildtype strain in the first place?

The short lifespan of E.coli (Wang et al., 2010a), combined with a mature genetic toolkit
and well-understood physiology, offers us a great opportunity to test the evolutionary
theories of aging. In particular, assessing the way in which the general stress response
pathway impacts lifespans regarding age will be a direct empirical test of the basic

life-history assumptions and predictions of the disposable soma theory.

1.2 Questions, approaches and objectives

1.2.1 General questions

I decided to study with a quantitative approach FE.coli conditional aging in growth ar-
rests induced by carbon starvation. I focused on the role of general stress response in
modulating lifespan and aging, both as an attempt to provide physiological and systems
biology basis for life-history traits such as aging and longevity, and as a special case to

test the evolutionary theory of aging.

The general questions I ask in this study are:
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e In growth-arrested FE.coli populations, are there trade-offs between growth and

maintenance, between immediate energetic expenditure and future survival?

e How is the E.coli lifespan distributed under carbon starvation conditions? How
is the distribution affected by the general stress response? Is the effect of general

stress response age independent? Or it actually decreases the rate of aging?

e What is the life-history strategy associated with the observed lifespan patterns?

Is such a strategy adaptive? If yes, to what environment?

1.2.2 Conceptual approach

Growth rate is possibly the most dominant trait for bacterial fitness, not only in terms
of general physiology but also for the trade-off between maintenance and growth as well.
On one hand, both growth and survival are major components of long-term population
fitness. Divestment of resources into maintenance versus growth will directly impact
the balance between the two. On the other hand, growth and division will dilute and
segregate cellular damages thus change the probability of cellular death and survival.
Thus the long-term optimal strategy in maintenance investment is dependent on growth
rate. It is important to understand to understand general stress response’s effect on

growth to understand both its impact on overall fitness and cellular survival.

Maintenance investment impact growth through a mechanism known as ‘sigma competi-
tion’. This is well understood in the literature, both mechanistically and quantitatively
(Scott et al., 2010). Whereas the relationship between mortality rates and maintenance
investment is much less well known. Given both published data (Wang et al., 2010a) and
our own experimental results, mortality rate is assumed to be exponentially dependent

on damage accumulation and maintenance investment.

Comparison between maintenance investment strategy derived from optimal fitness as-
sumptions, and the actual behaviour of general stress response in F.coli MG1655 yields
some interesting insights. The observation that the rpoS regulon is not highly induced
under even modest growth conditions (doubling time < 20h) suggest that maintenance
investment is only beneficial when cellular damage could not be effectively diluted by

growth. The fact that specific stress response pathways such as oxyR or rpoH repress
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rpoS suggests that the general stress response of induced by rpoS is an insurance policy

when growth is not possible, rather than dealing with specific stresses.

1.2.3 Experimental approach

Aiming to go beyond the stage of qualitative insights towards quantitative testing of
the optimal fitness assumptions, I used microfluidic devices to measure lifespan distri-
butions on a single-cell basis. There are several issues that these systems are designed

to overcome.

First, we need a way to follow large populations of cells through their lifespans, to find
correlations between life-history traits across different ages. Secondly, crosstalk and
interactions through the media have to be prevented between the cells, since rpoS loss-
of-function mutants are selected in growth competition in low nutrition environments
due to the ability to utilise the nutrients released from the lysis of other cells (Vulic &
Kolter, 2001). Both of these factors make a cell-array approach necessary, where large
populations of individual cells are trapped in micro-fabricated arrays while exposed to

fast flow of media.

The second issue, as discussed in the previous section, is that for the energetic cost
of general stress response to be significant for the cells, they should be exposed to
such low level of carbon source that they barely grow. Unfortunately for us, the fast
flow of media designed to eliminate cell debris also provide carbon sources in the form
of trace contaminants leached from lab plasticware. We need to reduce carbon source
levels supplied by contaminants before carbon starvation can be studied in a controllable

manner.

Both of these issues are resolved during my thesis work by making improvements on a
pre-existing microfluidic device called the mother machine (Wang et al., 2010a), docu-
mented in Chapter 2. I also provide detailed experimental protocols in Appendix A and
Appendix B. With my experiment system, I measured the life-history traits of individual
cells including growth, lifespans and transcriptional reporters of general stress response
through time-lapse microscopy. With these data, we found that the Gompertz distri-
bution, which is commonly used to model human and animal lifespan data, can also be

used to model bacterial lifespans. We can also observe correlations among life-history
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traits across different ages. I measured the lifespan distributions of several mutants of
the general stress response pathway to assess the quantitative effects of this pathway
on lifespan distribution. Both these types of data provided consistent conclusions about
the mode of action of the general stress response and supported the disposable soma

theory of aging.

1.2.4 Outlining the remaining chapters

The following chapters described the experimental methods and implementation details,
analysed FE.coli carbon-starvation life-history traits on both the population and the
individual level. These experimental results showed that the general stress response
is indeed evolved to protect the cell through slowing the aging process. And finally I
articulated the life-history strategy implemented by the general stress response through

a toy model.

I documented the following achieved objectives in the remaining chapters:

e Developed microfluidic platforms that enable environmentally-stable, nutrition-
controlled culture of individually-isolated large E.coli populations monitored by

single-cell time-lapse microscopy, Chapter 2, Appendix A and Appendix B;

e Measured the lifespan distributions of aging E.coli cells under carbon-starvation

conditions, Chapter 3;

o Assessed the origins of such distributions and the mode of action that maintenance

investment have on the aging process, Chapter 4;

e Quantitatively re-constructed of the disposable soma theory with an experimen-
tally validated physiological model of growth and maintenance in the context of

E.coli starvation, Chapter 5.



Chapter 2

Carbon starvation in microfluidics

Before the discovery of F.coli aging associated with pole age in our laboratory (Stewart
et al., 2005), the only kind of bacterial aging assumed to exist are those found in growth
arrested populations. When bacterial populations run out of nutrients, they enter into
a physiological state usually called ‘stationary phase’. This name indicates a stationary
population density in culture, but it has been shown that cell physiology does deteriorate
with time due to accumulation of damages on the molecular level (Nystrém, 2003). While
it is unclear whether the aging process associated with pole age is subjected to natural
selection (Wang et al., 2010a), the aging process associated with starvation and growth
arrests is clearly a strong target for natural selection due to the ‘feast-or-famine’ lifestyle
of gut bacteria. In fact, even in the day-to-day microbiology operations such as storage
and transfer of bacterial strains, where efforts are taken to avoid evolution as much as
possible, traits and genes associated with starvation still evolve (Spira et al., 2011). For
these reasons, I decided that the conditional aging in bacterial starvation presents the

best opportunity for me to test the evolutionary theory of aging.

Previous investigations of single cell conditional aging under starvation are done in batch
cultures with extremely high cell densities. In these conditions, media conditions as well
as cell physiology can change with starvation time (Burtner et al., 2009). Furthermore,
deaths of a sub-population of cells in the batch culture could release debris and chemicals
that either alter the media or directly interact with the remaining cells (Vulic & Kolter,
2001). In fact, stationary phase batch cultures are dynamic systems of interacting cells

and their environment (Finkel, 2006). To overcome these drawbacks, we decided to use

10
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micro-fabrication and microfluidic techniques to isolate individual bacteria cells in sep-
arate micro-fabricated wells, while exposing them to a constant flow of fresh media. As
far as single cells are concerned, this is the equivalent of an extremely diluted station-
ary phase culture. In addition, this setting allows time-lapse microscopy to track large

numbers of individual cells. It is a longitudinal cohort study with large sample sizes.

In this chapter, I present the basic experimental setup with which most of the exper-
imental results in later chapters are obtained. This includes both the basic dynamics
of cell growth and starvation without carbon sources; and the microfluidic technology
used to achieve such conditions. I show that starvation in our microfluidic devices are
idealised conditions unachievable by traditional batch cultures. The main the technical
challenge that I overcome in order to achieve such conditions experimentally is docu-
mented in Appendix B, while the detailed experimental protocols are documented in

Appendix A.

2.1 Microfluidic devices

Our lab have developed several microfluidic platforms based on a common general prin-
ciple described in (Wang et al., 2010a). The shared general principle is to trap bacteria
cells in um scale dead-end channels that can only hold one cell each, with a main chan-
nel maintaining a constant flow removing dead cells and feeding fresh medium. The
dead-end channels are micro-fabricated to fit the exact dimensions of cells used and
shallow enough to contain as few cells as possible to limit cell-cell interactions. This is
demonstrated in Figure 2.1. This device, named the mother machine, has since spread

widely in the systems biology and microbiology community.

We have several variants of the mother machine, designed for different experimental
objectives and physiological conditions of FE.coli. I mainly used two versions of this
systems to achieve long-term, carbon-limited E.coli culture, monitored by time-lapse
microscopy. They share the same design principle in Figure 2.1, but the arrays of dead-
end channels are aligned either vertically or horizontally to the imaging plane. The
left panels of Figure 2.2 demonstrate the operation of the two devices, named a) “trap
array” and b) “mother machine”. The devices loaded with cells can be monitored by

time-lapse microscopy. The right panels of Figure 2.2 are fluorescent images of cells in
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our devices. While “trap array” allows us to measure the mortality rate of 10* — 10°
single cells over time during starvation, “mother machine” allows us to measure gene

expression and cell morphology more accurately, of a smaller population, around 103.

Medium
PDMS PDMS PDMS
8 ®
= >

FIGURE 2.1: General principle of our microfluidic devices. Bacteria cells are trapped
in um scale dead-end channels as wide as single cells, with a main channel maintaining
a constant flow removing dead cells and feeding fresh medium. The dead-end channels
are micro-fabricated to fit the exact dimensions of cells used and shallow enough to
contain as few cells as possible.

In Chapter 3, I mainly present the detailed single-cell life-history traits obtained in
“mother machines”. They are presented as both single-cell level description of the aging
process, and a validation for the larger sample size studies obtained with “trap arrays”.
In Chapter 4, “trap arrays” are used to obtain lifespan statistics of large populations
of different mutant strains. Both devices are operated with essentially the same exper-
imental protocol. This protocol allows me to restrict carbon/energy supplies of cells
while isolating them from each other to a degree unachievable by batch cultures. But
in order to understand the purpose and limits of this protocol, we first have to examine

carbon starvation in batch cultures, and compared them to microfluidic experiments.

2.2 Lower limits of carbon starvation in batch cultures

The obvious way to reduce cellular cross-feeding and social interactions through the
media is to obtain extremely diluted cultures. In an ideal thought experiment, the most
diluted batch culture would contain only one cell per container. Each cell would be

isolated in their own test tubes and we would have enough test tubes to have a large
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Constitutive CFP & YFP Red fluorescence from propidium
expression indicate living cells iodide indicate cell death

FiGURE 2.2: 3D demonstrations and fluorescent images of our microfluidic devices.
(A1,B1) are the 3D cartoons of two variants of the mother machine. Cells are trapped
inside dead end channels, and are growing as 1D colonies. Extra cells are pushed outside
the dead end channels and removed by the flow in the main channel. The arrays of dead
end channels are aligned either horizontally (A1,2) or vertically (B1,2) to the imaging
plain. (A2,B2) are actual fluorescent images of these devices containing cells of E.coli
constitutively expressing a variant of mVenus (shown in green). They are also exposed
to propidium iodide in the medium, whose fluorescence (shown in red) is an indicator
of cell death.

enough population to draw conclusions. The micro-wells in our microfluidic experiments
can be thought of as extremely small test tubes. Although in reality, without the
microfluidic devices, this extreme dilution is impractical, we could try to approach the
ideally diluted experiment by simply washing and diluting harvested cells. I decided to
test the limits of this approach in batch culture, as a way to test the potential benefits

of the microfluidic systems and to calibrate them.

In order to carry out batch culture starvation experiments with low cell densities, instead
of growing cells to stationary phase density of at least 10 cells per ml, I harvested,
washed and diluted exponential phase cells into buffered minimum media (M9) without
any carbon sources. These diluted cultures are then incubated and kept in physiological
temperatures (37 °C) for up to two weeks while monitored by plating. The estimated

cell densities are shown in Figure 2.3.

Despite the fact that the M9 buffer has no added carbon source, and the rigorous washing
the initial populations of the cells went through, the low density starvation culture could

still support a remarkable stable cell density of around 106 cells per ml. Different initial
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Fi1cURE 2.3: Carbon starvation of wildtype and ArpoS cells in diluted batch cultures.
Cells are cultured in M9-glucose minimal media overnight from glycerol stock and
then subcultured by at least 1000 fold dilution into fresh M9-glucose minimal media.
Exponential phase cells are harvested at OD60070.2. Harvested cells are washed with
M9 buffer without carbon source 3 times and then diluted into 100ml of the same buffer
media to initial densities of 5x 102, 5x10%, 5x 106 cells per ml. These starvation cultures
are kept in 250ml Erlenmeyer flashs at 37 °C in the dark for up to two weeks. The
cultures are monitored at regular interval by serial dilutions and platings, and estimated
cell densities are plotted for 3 different starvation experiments. Cells used are MG1655
wildtype and ArpoS mutants, which has reduced stress resistance in stationary phase.
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densities seem to have no effects on the steady state cell densities. The initially most
diluted cultures grew around 1000 fold, from below 103 cells per ml to the same 10°
cells per ml the other cultures have reached. This ‘carrying capacity’ suggests that
the starvation media must have some kind of carbon sources at low concentrations.
Further investigations indicate that the low concentration carbon sources are leached
plasticisers from common plasticware used to prepare the media. This issue and its

solution is detailed in Appendix B.

Compared to common stationary phase batch cultures that usually reach 100 cells per
ml, the dynamics of cell populations under starvation in these low density cultures are
very similar (Finkel, 2006). After reaching the ‘carrying capacity’ of the media, the cell
densities of the wildtype strain remain steady over the course of the experiments, while
the cell densities of the ArpoS strain experience a light drop. These decreases are as-
sumed due to increased cell deaths and inefficient use of resources (Vulic & Kolter, 2001).
More interestingly, mutants with heterogeneous colony morphology start to appear in
the culture after a week. This suggests that even in this relatively low density of 10°
cell per ml, the GASP (Growth-At-Stationary-Phase) phenotypes previously described
are still selected (Finkel, 2006; Vulic & Kolter, 2001).

Both the existence of low concentrations of carbon sources and the fact that GASP
mutants are selected under these conditions, present significant challenges to the study
of evolutionary trade-offs in both batch and microfluidic experiments. In order to isolate
the effects of general stress response on maintenance from its effects on growth, starvation
experiments must be done in conditions where growth is not possible even for ArpoS
strains. The impacts of this constraint on microfluidic experiments and the resolution

of this problem are discussed next.

2.3 Media infusion rate in microfluidic experiments con-

trols the physiological regimes of trapped cells

If one compares the cells trapped in micro-wells in our microfluidic devices to the cells in
batch culture starvation experiments in Figure 2.3, media refreshment rates controlled
by the flow rates in the main channel determined essentially the initial cell dilutions. If

the flow rate was infinitely fast, trapped cells would be essentially exposed to infinite
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volumes of fresh media. This situation corresponds to the condition at Tj if the initial
cell density approached zero in Figure 2.3. As we can see, if the media has a low
concentration of carbon sources, as is the case in Figure 2.3, cells have non-zero growth
rates. Since in microfluidic devices, extra cells are removed from the population, the
population never reaches steady states and the trapped cells keep growing at a constant
growth rate. This is easily experimentally observable using the same contaminated
media and mother machine, as in Figure B.1. In fact, it can be shown that this growth
rate is the maximal growth rate as defined in the exponential phase batch culture using

the contaminant as carbon sources.

If we gradually decrease the flow rate from the very fast regime described in the previous
paragraph, depending on the the concentration of the carbon source, at some point the
cells near the inlets of the microfluidic devices will consume enough carbon sources to
decrease the amount available for cells farther from the inlet. At this point, one can
observe heterogeneity of growth rates between cells inside the device. When flow rate
has decreased enough, the cells closes to the outlet will have stopped growing. The more
one reduces the flow rate, the more cells enter growth arrests. Eventually, even the cells
near the inlet stop growing. We call this range of flow rates under which heterogeneity
of growth rate is observed transition flow rates. The transition flow rates is proportional
to the concentrations of carbon source in the infusion media. However, there is a lower
limit for flow rate reduction as well, since a fast enough flow is still needed to remove
cell debris and counteract evaporation. The lower limit is usually 2ul per hour for our

devices.

The main technical challenge that I have overcome in my thesis work, is essentially that
I have reduced the level of carbon supplying contaminant in the media to such a low
level that the lower bound of transition flow rate is significantly larger than 2ul per hour.
To put it another way, a lot of technical work have went into cleaning up the media so
that growth arrests can be induced in the mother machine while maintaining a flow rate
larger than 2ul per hour. I have developed the experimental protocol that eliminated
the majority of leached carbon sources from lab plasticware. In fact, the same problem
has been repeatedly encountered by researchers who study bacteria in nutrient-poor
conditions over the decades. In this protocol, the media is usually prepared with grade-I
milliQ water, and only comes into contact with glass, stainless steel and PTFE surfaces.

M9 media prepared with this protocol called carbon-free M9 hereafter. In Appendix B,
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I have documented in much more detail the sources of carbon-supplying contaminants,
the method we identify them and the non-leaching equipments that replaced the leaching

ones.

2.4 Typical experimental procedures of carbon starvation

in microfluidic devices

Here I offer a minimalist description of our experimental protocols. For more details
on media preparation, see Appendix B. For mother machine experimental setups, see
Appendix A and Section A.3 in particular. For the image analysis methods after the

experiments, see Section A.4.

Carbon-free M9 media is usually prepared before the experiments, filter-sterilised with
PTFE filters and stored in glass bottles with PTFE caps. FE.coli strains used for starva-
tion experiments are usually are cultured in M9 minimal media overnight from glycerol
stock and then subcultured by at least 1000 fold dilution into fresh M9 minimal media.
Exponential phase cells are harvested at OD60070.2. Cells harvested from 50ml expo-
nential phase culture are washed with carbon-free M9 3 times and then concentrated into
50 pl. These concentrated cells are injected into the microfluidic devices and loaded into
the micro-wells by centrifugation. Microfluidic devices are then washed with carbon-
free M9 and micro-bubbles to eliminate all extra cells not inside the micro-wells. Then
the devices are connected to microfluidic infusion pumps and placed onto the stage of
our temperature-controlled automated fluorescent microscopes. The experimental flow
rate is determined beforehand to situate well below the transition flow rates that in-
duce growth arrests, and is usually 10 ul per hour. The infusion bump maintain this
constant infusion flow rate by injecting carbon-free M9 throughout the experiment, and
cells are tracked by the automated fluorescent microscopes. Phase contrast and fluo-
rescent images from the time-lapse microscopy are then analysed by a suite of in-house
semi-automatic software to extract the life-history traits and gene expression profiles of

the cells under starvation.
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Life-history traits of E.col: under

carbon starvation

In this chapter, I will describe some basic observations of F.coli life-history under car-
bon starvation, in particular their lifespan distributions. Experiments in this chapter are
done using the horizontal version of the mother machine, with the carbon starvation mi-
crofluidic platform and protocol established in Chapter 2, Appendix A and Appendix B.

This enables us to monitor in detail the physiological changes of starving F.coli cells.

I established a quantitative method to monitor changes in cell membrane potentials, and
use it as a proxy to infer cell viability. This method allows me to determine both the
timing of cell death and the timescale of the dying process. Despite the clonal genetic
backgrounds and homogenous environments, F.coli cells exhibit significant variations
in both timing and timescale of deaths. Knockout mutation to the general response
pathways significantly shortens the starvation lifespan. I then discuss the possible origins
of lifespan variations and show that elongating cells in starvation tends to have shorter

lifespans.
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3.1 Time-series of a DN A-staining fluorescent dye as indi-

cators of cell viability and membrane integrity

Propidium iodide (PI) staining has been established as a reliable way to assess the
viability of E.coli cells (Ericsson et al., 2000). For living cells, PI can not permeate
through intact cell membranes. Upon cell death, PI stains DNA with a strong far-red
fluorescence. To assess the impacts of chronic exposure to cell physiology, I incubated
my strains in batch media with both PI and polyethylene glycol (PEG, used for surface
treatment in microfluidic experiments), and used plating to measure population density.
As in Fig 3.1, the addition of these additives do not change population dynamics in

significant ways.

wildtype-bar
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FIGURE 3.1: The survival of E. coli in bulk M9 medium with (green bars) and without
PI and PEG (blue bars). E. coli were prepared in the same way as chip-based experi-
ments and cultivated in Falcon®) tubes at 37 °C without shaking. Samples were plated
on LB agar plates to score viability by counting colony-forming units (CFUs) at the
indicated time. Results shown are the average of three independent measurements.

We added PI into our infusion media in order to monitor the viability of cells in carbon
starvation in real time. Fluorescent timelapse microscopy and semi-automatic image
analysis allow us to track each cell individually and measure their viability via PI fluo-

rescence, as described in Appendix A. Figure 3.2 presents the PI fluorescence time-series



Chapter 3. Life-history traits of FE.coli under carbon starvation 20

of all cells in a single experiment, in which a mix of two genotypes are subjected to car-
bon starvation for 120 hours. Each row is the time-series of one cell. See Appendix B

for the equipments that allowed for such microfluidic carbon starvation possible.

These PI time-series have several features. First of all, for each time-series there are a
low and a high phase, with the transition between the two defining the transition from
life to death. We thus use the mid-point of the transition to define the moment of death.
Cells in Fig 3.2 are sorted according to this measure of lifespan. Secondly, cells have
different maximum PI intensities, presumably associated with the amount and state of
DNA in each cell. It is not the absolute level of PI staining, but the relative to this
maximum that defines the transition from life to death. Last but not the least, cells
transit from being alive to being dead not only at different moments, but take different

durations to do so.

PI fluorescence increases reflect losses of membrane integrity or at least membrane poten-
tials. Based on the PI fluorescence data, I estimated for each cell the loss of membrane
potential using a simple model of PI dynamics comprising of slow entry into cells and
fast binding to DNA. Because most of the fluorescent signal is emitted by PI molecular
bound to DNA, maximal fluorescent intensity gives an nice estimate of total DNA in the
cell, while the difference between current and maximal fluorescence estimate the amount

of DNA unbound to PI.

F _E®)
ZUT(;@) = kie *BT [Fluomqes — Fluo(t)] — ke Fluo(t)

where Fluo(t) is the observed PI fluorescence time-series, k1, k2 are reaction rate con-
stants associated with PI entry and exit, E(t) is the estimated membrane potential,

kp,T are the Boltzmann constant and temperature respectively. —ko can be estimated

1 dFluo(t)
Fluo(t) dt

by the lower bound of for all t for all living cells because the minimal
rate of PI entry is 0. Thus we can estimate the membrane potential by the rate of

fluorescence increase:
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FIGURE 3.2: Propidium iodide (PI) fluorescent signals of wildtype and ArpoS cells
in a single experiment. Each row correspond to the PI time-series of one cell. Cells
are sorted according to their estimated time of death. As discussed in Section 3.1 and
shown in Figure 3.3, PI only enter a cell, binds to DNA and fluorescence when cell
membrane integrity is comprised. The transition from dark regions to bright regions
indicate transition from living to death. Boundaries of such transitions describe the
survival f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>