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Chapter 1

Microbial growth and metabolic strategies

Ever since van Leeuwenhoek showed the existence of microorganisms under his microscope,

they are known to be ubiquitous. They impact our health, as agents of disease and as symbiotic

cohabitants of our body, and are the workhorses for the production of food, enzymes, precursors

for (bio)plastics and other industrial products. Understanding and influencing them will have a

profound effect on our daily life.

Many microorganisms exhibit a simple life cycle; they accumulate biomass and subse-

quently divide. We can describe their growth in terms of metabolic processes—the conversion

of extracellular substrates to new biomass. Metabolic strategies consist of the possible paths

from uptake to biomass (and byproduct) production; examples include the choice in the uptake

of different compounds, the choice between uptake and intracellular production of building

blocks, and differential free energy generation. The choice of metabolic strategy has a profound

effect on the success of the microorganism; understanding these strategies can lead to strate-

gies for improvement of microorganisms for production or impairment of micro-organisms that

are a threat to our health.

Evolution and selection of micro-organisms

Micro-organisms can grow in almost any environment; they are found in the deep sea, in vol-

canos, in acid pools and in our bodies. Environmental properties, such as nutrient levels, toxins,

and spatial and temporal variation, will shape microorganisms with different adapted properties.

Genetic variation, due to mutations, horizontal gene transfer and whole genome duplications,

may lead to the occurrence of new metabolic strategies that improve the fitness of the cells in

the current environment. Cells with high fitness in the current environment will increase their

numbers in future generations, therefore, the current metabolism of microorganisms has been

shaped by their environmental history.

The environmental history of the model organisms used in this thesis will aid the under-

standing of their metabolism. The yeast Saccharomyces cerevisiae, commonly known as

baker’s yeast, is used in e.g. beer, bread and wine production, but its natural habitat is on ripe

fruits. This yeast exhibits a metabolic strategy that includes fast but wasteful energy generation

at high substrate levels, which we might understand from the plentiful resources that are avail-

able in ripe fruits. This connection is supported by the fact that the whole genome duplication

that is the origin of this metabolic strategy coincides with the origin of the flowering plants, that

caused these nutrient rich habitats (Piskur et al , 2006).

Long cultivation in industry or laboratory settings shapes metabolic strategies. This some-

times causes unwanted effect such as byproduct formation in industry, but it can also be used

to our advantage. With experimental evolution—organisms are kept for many generations under

controlled conditions in the laboratory—we can study the effects of the environment on the

evolution of metabolism.

Our final aim is to understand the evolution of metabolism, which constitutes unraveling the

links between environment, selection pressure and metabolic strategies (Figure 1.1). Our ap-

proach is to find the metabolic strategies that result from single selection pressures such as
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high specific growth rate and efficient growth and the environments that exert such pressures.

From that we can built on to more complex environments with combined selection pressures

and dynamic regimes.
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Figure 1.1. Interaction between selection pressure, environment and metabolic strategy Our main questions
focus on the link between environment, selection pressure and metabolic strategy. The environment determines the
selection pressure, but this is not always straightforward. The selection pressure in turn determines the evolution of
the metabolic strategy in the organisms in the environment. The metabolic strategy influences the nutrient, biomass
and waste product fluxes and therefore the environment.

Specific growth rate

When the environment is constant, selective advantage is gained by fast replication; while bigger

cells can produce biomass faster, more biomass has to be generated to produce a new cell. The

unit of selection is therefore the specific growth rate—we normalize the biomass production rate

by the biomass a cell contains. This can be seen as a cost-benefit optimization: The biomass

production rate is the benefit (growth), but the enzymes and other cell machinery that are needed

to produce this rate are the cost, because these have to be produced to make a new cell. By

definition, a specific rate is a rate relative to the investment in the machinery that contributes to

the rate.

Since cells convert nutrients to biomass and other products, the only way to maintain a

constant environment is a constant nutrient supply and biomass and waste product removal. This

condition can be satisfied in a food chain, where other organisms supply and remove nutrients,

or in a well-mixed environment, such as some aquatic environments. A constant environment

can also be created with continuous cultures; the chemostat allows an experimenter to set the

dilution rate and therefore the steady state growth rate of the culture, a productostat keeps the

concentration of a product constant, an pH-auxostat maintains a constant pH, a turbidostat a

constant biomass concentration, and there are continuous cultures that maintain a constant

substrate concentration (e.g. glucose-stat) (Bull, 2010). While not completely constant, high
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nutrient environments can effectively be constant because the changes are small compared to

the background nutrient levels. Therefore some batch conditions, as found in many laboratory

and industrial settings, can be regarded as constant at low cell densities.

In this thesis we elucidate which metabolic changes result from selection on specific growth

rate. Metabolic strategies that sustain a high rate are described in chapter 4. In addition to

strategies, single enzymes can also be adapted to specific constant conditions, an example of

which can be found in chapter 3.

Efficient growth

We distinguish between growth efficiency and rate; efficiency constitutes growth per resource

and rate growth per time. Although some metabolic strategies both favor efficiency and rate, a

trade-off between the two has been suggested (Pfeiffer et al , 2001). In constant environments,

there is no direct selection on the efficient use of substrates, since the nutrient supply cannot be

affected; in well-mixed environments less efficient but high growth rate strategies will increase

(Jasmin et al , 2012). Selection for efficient growth can occur in spatial environments or environ-

ments with privatised recourses, where limited resources are available to a single lineage or

close relatives.

In an environment with spatial structure, such as biofilms (Kreft, 2004), cells grow near to their

genetically resembling descendants, and sparing resource increases the fitness of cells with the

same genes for efficient growth (Pfeiffer et al , 2001). In contrast to spatial structure, privatised

resources might not be found in natural habitats, but, recently, a laboratory environment has been

developed to exert a selection pressure on the efficient use of substrates (Bachmann et al , 2013).

Cells grow in an emulsion of medium in oil, with one cell per medium droplet, such that each cell

has its own supply of resource and plenty of time to metabolize it. When a new generation starts,

the cells are mixed, and therefore cells that have used the resource most efficiently, and reached

the highest cell numbers, will occupy the most droplets in the next generation.

Metabolic adaptations that increase the efficiency of growth usually decrease byproduct

formation, but often multiple metabolic strategies are equally efficient, and other selection pres-

sures come into play. In chapter 5 we analyse the effect of secondary objectives to, among

others, metabolic strategies with optimal efficiency.

Coping with dynamic environments

Life is inherently dynamic; in the case of the yeast on ripe fruits, the temperature changes in the

day-night cycle, the nutrients become available when the fruit ripens and are depleted over

time. Dynamics often lead to stresses, both mechanical or osmotic stresses, periods of draught

or starvation, and fluctuating environments, e.g. repeated batch conditions in laboratory or

biotechnological settings.

There are three main strategies for dealing with stressful and changing environments: (1)

Focus solely on survival, such as sporeforming. (2) Prepare for different conditions by retaining

flexibility, e.g. expressing transporters for substrates that are not available, expressing parallel

pathways, storing metabolites at times of high substrate availability (Chiesa et al , 1985;

Van Loosdrecht et al , 1997) and futile cycles—cycles that do not generate compounds for
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biomass, but can improve flexibility, because substrates can be diverted in case of sudden

changes (as we show in chapter 7). (3) Sense the environment or changes in the environment

and estimate the future environment. Sensors for essential compounds that are likely to change

are often found in microorganisms, such as nutrient sensors (glucose sensors in S. cerevisiae

(Boles and Hollenberg, 1997)) and iron sensors (Levy et al , 2011).

Our aim is to understand the evolution of metabolism, and the environmental history of most

species include dynamic and stressful environments. A comprehensive theory for metabolic

strategies in these environments has to be constructed in the future, in this thesis we present

mostly theory for constant environments, but also a case study of a metabolic strategy in a

dynamic environment (chapter 7).

Metabolic models

In the previous sections we emphasized that we aim to find metabolic strategies that match

selection pressures. To construct general theory about what types of strategies we could expect,

it is helpful to state our question in an abstract language. The metabolism of microorganisms

can be translated to metabolic models. We need this abstract representation to form a general

theory, which will give guiding in interpreting experimental observations. Models are always

simplifications and we have to be careful with translating our findings to experimental settings.

A trade-off exists between the detail and clarity in all models. The considerations in con-

structing metabolic models include the level of detail of the biochemical conversions and

whether to model all reactions or only a subset, or rather lump groups of reactions to larger

macro-reactions. Stoichiometric models only contain the set of metabolic species and the set of

possible conversions between the species. A steady state is calculated—a set of conversion

rates with which all metabolites are produced at the same rate as they are consumed; the rates

at steady state are called fluxes. Stoichiometric models have a very low level of the biochemical

conversion—an upper and lower bound to the possible flux—but can include many reactions.

These models may include all conversions that can be deduced from the genome sequence, so

called genome-scale stoichiometric models. When the upper and lower bounds are released,

these models can be used to find the most efficient growth strategies (see chapter 5). With

bounds derived from experimental measurements, e.g. on the uptake rate, an optimal growth

rate under these constraints can be predicted. These models lack information about the en-

zyme levels and therefore cannot predict how enzyme levels affect specific growth rate—the

flux per unit of protein.

Kinetic models link enzyme concentrations to the flux and allow for the prediction of the spe-

cific growth rate. They incorporate details of the biochemical conversions: the affinities for

substrates and products, the maximum turnover of substrate molecules per time, and the ef-

fects of other metabolites (allosteric activation/inhibition) (Figure 1.2). Different choices can be

made for the details of the conversions; incorporation of all known mechanisms results in mod-

els with many parameters that need to be defined and can be difficult to measure. Because of

the increased complexity of the reactions, kinetic models usually include only a subset of the

reactions (chapter 7) or lumped reactions (chapter 6). The added complexity allows for the pre-
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diction of investment in enzymes versus flux (chapter 4) and the analysis of dynamic regimes

(chapter 7).

A�nity Conversion
rate

Product
inhibition

Allosteric
interactions

Figure 1.2. Conversion of substrates by enzymes Processes effecting the rate of conversion include the affinity of
the enzyme for substrates and products, the turnover rate that affects the conversion of the substrate into the product,
and allosteric interactions of metabolites not directly involved in the conversion.

The effect of the environment on the metabolism can be studied with metabolic models,

but metabolism also affects the environment (Figure 1.1). A game-theoretical approach with

population models is used to model the interactions of a species with the environment. In these

models growth is usually modelled without intracellular metabolism, for example with only a

single overall growth reaction (Pfeiffer et al , 2001), or with a linear approximation instead of

the characteristic hyperbolic relation between metabolite levels and reaction rates (Pfeiffer and

Bonhoeffer, 2004; Doebeli, 2002). These methods do not represent the intracellular metabolism

realistically and therefore do not allow for optimization of intracellular metabolism. We integrate

population and kinetic models to understand the evolutionary pressures on the metabolism of

cells in the chemostat (chapter 6).

Outline of this thesis

The aim of this thesis is to understand metabolic strategies from an evolutionary perspective.

We describe different metabolic strategies and their possible evolutionary benefits, the selection

pressures of different environments and a general framework for calculating optimal metabolic

strategies. We start with how constant environments shape metabolic strategies and continue

with the potential impact of feedback from the metabolic strategy on the environment. We finish

with touching the complicated but interesting topic of dynamic environments.

An intriguing metabolic strategy is the shift to less efficient metabolism—a metabolic mode

that yields less ATP per substrate—at high nutrient levels; this seemingly counterintuitive be-

haviour is seen in many different microorganisms and mammalian cells. Different hypothesis

have been suggested for the underlying causes of this metabolic shift, which we review in

chapter 2.

In the following chapters we focus on constant environments. In chapter 3, we show that

even for single enzymes, the kinetic properties that optimize the specific rate are not straightfor-

ward. It has been long thought that a higher affinity increases the uptake rate of transporters,
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because stronger binding would increase the efficiency of the transporter. We show that at high

substrate concentrations, a lower affinity can actually increase the transport rate, adding a new

hypothesis for the existence of low affinity transporters.

Although kinetic models are necessary to relate the investment in enzymes to the specific

growth rate, in chapter 4 we prove that possible strategies (i.e. metabolic pathways) with optimal

specific rate can be deduced from stoichiometric models only.

Optimization of efficiency and growth rate under constraints often lead to a set of optimal

strategies, hindering the interpretation of these results. In chapter 5 we design a method to

analyse this solution space and the effect of secondary objectives, which will be important if

several strategies optimize the first objective. In genome scale models of Escherichia Coli we

found that secondary objectives of cost and pathway length are distributed very differently over

strategies with optimal constrained growth rates.

The feedback of the metabolic strategy on the environment, while complicating our models,

offers a wealth of novel outcomes. In a model of S. cerevisiae in the chemostat,

density-dependent selection results from the production of an inhibiting product, ethanol, by a

metabolic strategy (chapter 6). This may lead to divergent evolution and coexistence of two dif-

ferent strains with different extreme metabolic strategies, one that produces ethanol and one

that does not.

Some metabolic strategies do not have an evolutionary benefit at constant conditions, but

show their use when the environment becomes dynamic. The deleterious effect of a TPS1

(trehalose 6-phosphate synthase) knock-out—a metabolic gene in a side branch of glycolysis

towards trehalose—in S. cerevisiae has been a topic of longstanding controversy. In chapter 7

we show that the protein encoded by this gene contributes to a futile cycle, which in the light

of energetics and growth seems all the more puzzling, because futile cycles use energy without

contributing to the production of new biomass. However, this futile cycle actually protects against

sudden environmental changes.

In a general discussion (chapter 8) we reflect on the impact of our results for the under-

standing of the selection pressures on metabolic strategies and how they relate to experimental

observations. We discuss the challenges that remain towards the prediction of the evolution of

metabolic strategies.
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