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Abstract
Ribosomes are the machines that produce proteins in the cell. They are, with histones, the
most expressed proteins, accounting together for almost half of the total gene expression.
Ribosome number varies with growth rate, the energy state of the cell, and with the cell
cycle.
Bacterial cells express more ribosomes the higher their growth rate; the number will also
increase when there is an inhibitor of translation present. In contrast to ribosomal genes,
constitutive genes show a decrease in expression with growth rate, as cells prioritize
ribosome and histone genes.
Although these results are well established in bacteria, they are much less so in eukaryotic
cells. The aim of this thesis was to determine if the eukaryote budding yeast behaved
similarly to Escherichia coli and obeyed the same phenomenological relationships.
First, a reliable way to modulate growth rate without the use of drugs is by changing the
concentration of carbon source, but yeast grows slowly only in prohibitively low
concentrations of glucose, the typical carbon source. Raffinose is a poorly fermented
trisaccharide. Here I show that it follows a gentle Monod curve, increasing growth rate
steadily with the increase in concentration and plateauing only at high concentrations. I
argue that it is the sugar of choice for tuning the growth rate in yeast.
Second, I explore orthogonal induction systems in yeast with the goal of causing
competition for translational resources. I conclude that the inducer doxycycline is
deleterious in respiring yeast likely because of adverse effects on the mitochondria.
Third, I wanted to determine the behaviour of constitutively expressed genes as a function
of growth rate as a benchmark for the measurement of ribosomal expression. Using a set of
reported constitutive promoters controlling the expression of fluorescent proteins, cells
were grown at different rates to measure expression at the point of maximal growth rate. I
conclude that constitutive expression typically shows a moderate decrease in expression at
higher growth rates.
Fourth, I developed a new, straightforward protocol to estimate the concentration of
ribosomes. I used a series of strains with GFP ribosomal tags in plate readers to estimate
8

ribosomal expression and demonstrated that the fluorescence was directly correlated with
growth rate, following quantitatively the relationship obtained by others using mass
spectrometry. My results show that ribosomes can be quantified simply, avoiding
biochemical extractions and allowing real-time measurements.
Fifth, to determine the interrelationships between translation-poisoning drugs, ribosomal
concentrations, and growth rate in yeast, I selected a strain with the RPL3 tag and exposed
cells to different concentrations of cycloheximide and raffinose. I proved that the
concentrations of ribosomes had the same behaviours as a function of growth rate as E. coli
does to chloramphenicol: the correlation between ribosomes and maximal growth rate
increases steepness at higher drug dosages. A further observation was that plotting timeseries data, there is an almost linear decrease in fluorescence with growth rate after the
point of maximal fluorescence that follows closely the ribosome to growth relationship at
maximal growth rate. It may suggest that cells maintain the maximal possible number of
ribosomes during the deceleration phase of the growth curve.
Finally, some translation-poisoning antibiotics are more effective on slow growing bacteria
and others are more effective on fast growing bacteria. This behaviour is a result of the
dependence of growth rate on ribosomes and, given my results, it should hold too in yeast. I
developed and quantitively compared different ways to characterise cellular growth with
the aim of finding the best method to compare the effects of drugs at different growth
rates. I then demonstrated that for yeast too the efficacy of some drugs increases with
growth rate and that of others decreases.
In summary, I show that bacterial growth laws extend to eukaryotic cells and that, like E.
coli, budding yeast is constrained in how it allocates intracellular resources to synthesise
proteins.
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Lay summary
The life of all cells is determined by the continuous counterplays between a set of finite
resources and cellular machinery. In cells, ribosomes are the machines that produce
proteins through the process of translation, and, as such, are the main translational
resource. They are a keystone for cell survival; cells take great care in their regulation and at
times dedicate almost half of their total gene expression into producing translational
resources. I focused on laws discovered for bacteria that deal with this ribosome economy.
Bacterial cells will produce more ribosomes the higher their growth rate; the production will
also increase when there is a ribosomal inhibitor present. These inhibitors are naturally
occurring or artificially produced compounds with the ability to block the production of
proteins. If the ribosomes are compromised, cells will try to compensate for the loss by
generating more.
As a consequence of this investment into ribosomal genes, other genes which are constantly
expressed in the cell will show a decrease in expression, as cells prioritize the use of
resources on ribosome genes.
Although these results are well established in bacteria, they are much less so in eukaryotic
cells, such as the yeast Saccharomyces cerevisiae. The aim of the thesis was to determine if
this eukaryotic organism behaved similarly to Escherichia coli and followed similar strategies
of ribosomal economy.
I needed a way to modulate the growth rate of cells, so I resorted to using sugar
concentrations. I chose raffinose, a sugar composed of three distinct sugar moieties,
knowing that the growth rate could be easily controlled in this way. Using raffinose I could
see the relationship between the ribosomal economy and the growth rate of cells, and also
the consequences of this economy on the rest of the genes.
I further needed a way to stress the ribosomal economy in the cells. There are two possible
ways of achieving this: forcing cells to express more genes or blocking the ribosomes using a
drug. The first was complicated, since the forced overexpression of genes requires the
action of molecules and systems which per se stress the cell, and those effects are hard to
decouple from the actual stress from expressing more genes. The second was
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straightforward, and simply required tuning the dosage of drug, which has a direct impact
on ribosomal economy.
I now needed a reliable way of visualizing those changes: light-emitting proteins.
Fluorescent proteins are a type of protein which are able to absorb and emit light, and are
widely used for tracking biological processes within live cells. I used these for following the
levels of expression of ribosomes, as well as monitoring the expression of other genes, as to
see the counterplay between both.
Using those methods I was able to prove that the ribosomal economy and its consequences
previously seen in bacteria holds in yeast. I also opened the gate for future research in the
topic, as my method is reliable, unexpensive and easy to use, as well as allowing changes to
be observed in real time in living cells. Since my method was real-time I managed to add
some more information to pre-existing models, to further understand how the ribosomal
economy behaves in cells with evolving environmental conditions.
In a final phase, and knowing how this economy worked, plus having a reliable method for
modulating growth rate, I transitioned into measuring how drugs affected a yeast culture
when it is growing at different speeds. This had been observed initially in bacteria with
ribosomal targeting drugs, with the authors concluding that their mode of action will change
if a culture is grown at different speeds. I first explore methods for measuring the effects of
a drug in the culture, and second how this effect evolves with time and growth rate. I
conclude that not all drugs affect cells growing at different speeds equally, supporting the
observations in bacteria.
In summary, I show that bacterial and eukaryotic cells can have similar resource economies,
with similar rules and constraints.

11

Resumen en español
La vida de una célula está controlada por la continua regulación de unos recursos y
maquinarias celulares limitados. En las células, los ribosomas son la maquinaria encargada
de producir proteínas, y por ende el principal recurso de traducción proteica de la célula.
Son una pieza clave para la supervivencia celular; las células tienen unos sistemas de
regulación muy estrictos y a veces llegan a dedicar hasta casi la mitad de su expresión génica
en la producción de recursos de traducción proteica. Me he centrado en un grupo de leyes
establecidas en bacterias que exploran esta economía celular. Las bacterias generaran más
ribosomas cuanto más rápido estén creciendo; a su vez, si hay un inhibidor de la traducción
en el medio, esta producción también incrementará. Estos inhibidores son moléculas
naturales o artificiales con la capacidad de bloquear la producción de proteínas. Si se
produce una inactivación artificial de los ribosomas, la célula incrementará la producción de
estos para compensarla.
Como consecuencia de una inversión en producción de ribosomas otros genes que se
expresan constantemente en las células verán reducida su expresión, dado que la célula
priorizará el uso de recursos en genes ribosomales.
Estos resultados están bien establecidos en bacterias, pero no lo están tanto en organismos
eucarióticos, como la levadura Saccharomyces cerevisiae. El objetivo de esta tesis es
comprobar si este organismo se comporta igual que Eschericha coli y si sigue tendencias
similares en su economía ribosomal.
Necesitaba una forma de modular el crecimiento celular y para ello recurrí a usar
concentraciones de azucares. Elegí la rafinosa, un azúcar compuesto de tres subunidades de
azúcares distintos, que permite el control del crecimiento usando este sistema de
concentraciones. Usando rafinosa pude ver una correlación entre el crecimiento celular y la
economía ribosomal de la célula, además de los efectos de esta correlación en la economía
del resto de genes celulares.
También necesitaba una forma de provocar un estrés a la economía celular. Hay dos formas
posibles: obligar a las células a producir más genes o bloquear la función ribosomal con una
substancia química. Lo primero fue difícil puesto que para inducir genes en la célula se ha de
recurrir al uso de sustancias químicas o mecanismos que de por si tienen un efecto en las
12

células. Por tanto el estrés que éstos suponen es difícil de separar del que supone la
expresión génica en sí. El segundo método es más sencillo puesto que sólo supone la
modulación de las concentraciones de la sustancia química, que directamente actúa sobre
esta economía.
Lo último que necesitaba era una forma fácil y viable de visualizar los cambios: proteínas
capaces de emitir luz. Las proteínas fluorescentes son un grupo de proteínas capaces de
absorber y emitir luz y son usadas ampliamente para el seguimiento de la maquinaria celular
en células vivas. Las usé para el seguimiento de los niveles de expresión de ribosomas, así
como el de otros genes, para ver cómo se correlacionan ambos.
Usando estos métodos he sido capaz de demostrar que la economía ribosomal y sus
consecuencias, previamente vistas en bacterias, son también observadas en levaduras. Con
mi método he abierto la puerta a nuevas investigaciones puesto que es fiable, fácil, barato y
a la vez permite la observación en vivo de estos fenómenos. Puesto que mi método es a
tiempo real me ha permitido aportar nueva información sobre la evolución de esta
economía en células en entornos cambiantes, expandiendo modelos preexistentes.
En la fase final de la tesis, basándome en las observaciones sobre esta economía y teniendo
un método fiable para la modulación del crecimiento celular, hice una transición a medir
como afectan diferentes químicos a cultivos creciendo a diferentes velocidades. Esto había
sido previamente estudiado en bacterias con substancias que afectaban a los ribosomas,
concluyendo que estos tienen diferentes efectos en células que crecen a diferentes
velocidades. Primero exploré métodos para la medición de efectos de una substancia en el
crecimiento de un cultivo y luego los usé para medir cómo evoluciona este efecto en el
tiempo y con el crecimiento celular. He concluido que, en levaduras, no todas las
substancias tienen los mismos efectos en células creciendo a diferentes velocidades,
corroborando las observaciones en bacterias.
En resumen, en mi tesis demuestro que las bacterias y las células eucarióticas tienen
economías de recursos muy similares, con reglas y restricciones comunes.
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1 CHAPTER 1: INTRODUCTION
1.1 Introduction overview
I have divided the introduction into three broad topics which encompass the fundamental
material of my thesis, plus a small general topic at the end. These topics correspond to the
three main chapters of the thesis, but the information contained in them is used in other
chapters too.
The first topic I will engage with will be ribosomes. I focus on their structure and biogenesis,
as well as the economy of the cellular resources. I explore the bacterial growth laws and
their implications.
The second topic is genetic expression systems, including inducible promoters, design for
optimal expression and minimal impact, and fluorescent protein choice.
The final topic is the effect of antifungals on cells, and the types of drugs used on yeast
classified by their mode of action.
I make a final commentary on carbon source utilization by yeast cells, as I broadly use
carbon source quality as a modulator of cell growth.
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1.2 On ribosomes and resource economy
1.3 Overview of the bacterial growth laws
Cells are constantly regulating the allocation and quantity of their intracellular resources in
response to extracellular stimuli, allowing them to rapidly adapt to their environment1–4.
Bacterial growth laws were proposed by Scott and Hwa and explain the counterplays
between translational machinery and gene expression in bacteria1. The existence of those
laws is why I decided to start the introduction with ribosomes, so I can contextualize those
and other resource trade-offs.

1.4 Ribosomes
1.4.1 Discovery, structure and function
George Emil Palade first observed ribosomes in 1955 with the use of electron microscopy5,6,
which along with his co-discovery of their function awarded him, Albert Claude and
Christian de Duve the Nobel Prize in 19747. Ribosomal function wasn’t described until a
decade after their discovery, and their structure and mechanism of action wasn’t fully
elucidated until the late nineties, with the improvements in electron microscopy 8,9. In total
two Nobel prizes were awarded for the discovery and description of the function of
ribosomes10.
Ribosomes are the translational machinery of the cell. They have two subunits, 40S and 60S
in eukaryotes, 50S and 30S in prokaryotes, which work together for the translation of
mRNAs11. Eukaryotic ribosomes are significantly larger than prokaryotic ones due to the
addition of rRNA segments and associated proteins, hence the larger Svedberg coefficient, a
measure of their density in a sucrose solution11. Eukaryotic ribosomes conserve the function
of their bacterial counterparts, but differ in initiation, regulation and termination of
translation12–15. Eukaryotic ribosomes also have recognition sequences for the association
with the endoplasmic reticulum membrane, to which they bind for the production of
membrane and vesicle-associated proteins11,13. It was in this form when they were first
visualized through electron microscopy, and gave the reticulum its name5,16.
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1.4.1.1 Biogenesis
The biogenesis of a ribosome is long and costly, implicating a large fraction of the machinery
and resources of the cell17. Ribosomes have a half-life of 5 to 10 days, but are synthesized
and degraded in accordance to the media and nutrient conditions. A yeast cell exponentially
growing in glucose media will produce up to 2,000 ribosomes per minute and contain up to
200,000 of them17, but this number changes depending on the cell’s energy state, and is
tightly related with growth rate2,3.
Synthesis of the ribosome starts in the nucleolus, and continues in the nucleoplasm, prior to
its export to the cytoplasm, where the ribosome biogenesis process is completed and the
two subunits are differentiated17. A ribosome will not be active until all the pieces are in
place17. Many quality and correct assembly control proteins are the same as ribosomal
proteins, having a dual function during the assembly process18.
1.4.1.1.1 Transcription of rRNA and ribosomal proteins
Ribosomes are assembled, in eukaryotes, from multiple proteins (79) and rRNAs (28S, 5S,
5.8S and 18S). rRNA account for two thirds of the ribosome mass and are the most
abundant RNAs in the cell: up to 85% of the total RNA in the cell1,11,17,19,20.
All genes for ribosomal proteins are in the genome in single or double copy21, whereas
rRNAs are in over 150 tandem copies22. RNA polymerase I is a fully dedicated polymerase for
the translation of ribosomal RNA, except for rRNA 5S17,23. RNA pol III is the polymerase
which transcribes rRNA 5S, tRNAs and some other small RNAs24. Adding to the activity of
those two dedicated polymerases, 60% of RNA pol II mRNA transcripts account for ribosome
proteins or ribosomal assembly factors17, since ribosome-associated proteins can make up
to a third of the cell’s proteome during exponential growth25.
Having more than a hundred copies of rRNA genes is an adaptation to the high
requirements of ribosomes at higher growth rates, since even with the average translation
rate of the RNA Pol I, which is already higher than the rest of the polymerases 26, a single or
lower number of copies of rRNAs would not suffice for satisfying those demands 24. This fully
dedicated polymerase is most active during exponential phase and is downregulated during
deceleration, and stationary phases27,28. During the phases when RNA pol I is most active,
the rDNA is also in a conformation which promotes more transcription 27. This has been
22

measured with the help of the crosslinker psoralen, which is susceptible to intercalating in
the rDNA when it’s being transcribed29.
1.4.1.2 Ribosome biogenesis in response to nutrient availability
As already explained, ribosomes are regulated following external stimuli. Particularly, when
nutrient availability decreases, so too does their synthesis1,2,30.
rRNA synthesis is silenced by the decrease in synthesis of the Rrn3 RNA Polymerase I
initiation factor when levels of glucose are low, a factor which is further destabilized by the
inhibition of the kinase complex TORC1, responsible for its activity, in low nitrogen
conditions30,31.
Under low nutrient availability, and when cells prepare to enter stationary phase, rDNA is
selectively silenced by histone deacetylation in a process mediated by the Rpd3 histone
deacetylase, downregulating ribosome synthesis by reducing the amount of rDNA copies
which are in open chromatin conformations27. On the contrary, in high nutrient conditions,
active copies of rDNA are coated with High Mobility group proteins Hmo1, responsible for
maintaining the open DNA conformation32.
The control of ribosomal protein transcription by RNA Polymerase II is mediated for two sets
of genes, ribosomal proteins and ribosomal biogenesis genes30. The regulation of their
transcription is not completely understood but many hints point towards control via
nutrient availability30. Ribosomal biogenesis genes see their translation inhibited both by
Dot6 and Tod6, which are repressed by the activity of PKA and TOR kinases respectively in
response to glucose and nitrogen availability, therefore requiring overall high nutrients for
their activation33. Ribosomal protein genes respond to rapid changes in nutrient availability
and, in high nutrient conditions, local nucleosome-free DNA domains are promoted on them
with the recruitment of transcriptional factors for the initiation of transcription30. Both sets
of genes are moreover controlled by the transcription factor Sfp1, which has a cellular
localization dependent on nutrient availability34, adding an extra layer of control.
The global transcription factor Gcn4, responsible for the control of up to one tenth of the
genes in the yeast genome, is a key factor controlling the repression of gene expression in
response to amino acid starvation35. Gcn4 stability is dependent on nutrient availability.
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RNA polymerase III is controlled by the repressor Maf1. This inhibitor acts in response to
nutrient scarcity, deceleration of growth rate and environmental stress30,36,37.
Other systems to arrest ribosome synthesis are targeted degradation of RNA polymerase I
and II subunits and degradation of immature rRNAs in the nucleolus, both of which are also
hypothesised to be dependent on nutrients signals28.
1.4.1.3 Degradation
Ribosome degradation is a mechanism which in higher eukaryotes plays a role in the
regulation of translation in underused tissues, such as atrophied skeletal muscle 38.
Actively dividing cells will continuously dilute their ribosomes when sharing a fraction with
the daughter cell28, and degradation was initially thought to be minimal or non-existent28,39.
Ribosome degradation has been studied in lower eukaryotes, and is a process involved in
the exit from log phase28,39. Recent studies propose an increased importance of degradation
of ribosomes at slower growth rates, as a system for the recycling of resources and waste
management in the cell40. Ribosome destruction had been observed before in bacteria in
cells subject to genetic burden but was proposed as one of its effects41; a revision of these
results later hypothesized that this was due to resource limitation in such conditions 1.
1.4.1.4 Transcription and translation processes
Transcription is the process by which the DNA is read into RNA, and takes place in the
nucleus, where the RNA polymerase complex is recruited to the DNA and assembled on the
promoters with the help of transcription factors42.
Translation is a process which takes place mainly in the cytoplasm of the cell, and entails the
reading of an mRNA by a ribosome for the generation of a protein42. The mRNA is read from
5’ to 3’, from the start codon, a methionine (AUG), until the stop codon, a consensus nontranslated codon (UAG, UAA, UGA)42.
The process of mRNA translation is dependent on ribosomes and their associated
machinery, which encompasses factors such as those involved in the recruitment and
assembly of new peptidyl-tRNAs or proteins which associate to the nascent polypeptide
chain42. This process requires a coordination between a set of cytoplasmic and ribosomal
proteins and RNAs for the correct docking of the translational machinery in the ribosomal
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binding site, recognition of the mRNA and each codon, translocation of the whole ribosome
along the mRNA and tRNAs in and out of the Acceptor (peptidyl-tRNA) and Exit (free tRNA)
sites, and catalysis of the peptide bonds from the peptidyl tRNA to the nascent protein in
the Peptidyl site42. Nascent proteins will grow by the addition of new peptides to their
carboxyl group until a stop codon is read and peptides are released.
Initiation of translation in eukaryotes depends on the recognition of the cap 5’ protein by
the translation initiation factors, which guide the small ribosomal subunit to the 5’ end of
the mRNA12. The subunit will then scan the strand until it finds the starting AUG codon and
the large subunit is then recruited. This is a process which is limited by the secondary
structures of the 5’ end of the mRNA and the pool of available ribosomes12.
1.4.1.4.1 Comparison of transcription and translation rates in eukaryotes
In yeast, the density of RNA polymerases relative to the total number of genes averages
0.096 molecules per gene, which means that a high percentage of the genes have very little
transcription, not exceeding 30 mRNA molecules per hour43–45. Amongst those genes with
the highest transcription rates are the ribosomal genes and the histones 46. The fact that
very few genes are active at a certain point means that many resources are free to be
reallocated to produce high levels of mRNAs on demand1. The process of transcription is
fast, around 10-20 nt/sec in yeast47, which is suggested to vary from gene to gene within
that range46. RNA pol I, being the busiest of all RNA polymerases, transcribes at a rate of 40–
60 nt/sec46.
The process of translation requires machinery in place for assembling free tRNAs to their
specific amino acid, and transferring this to the A site of the ribosome when the correct
codon is read, plus then extending the growing peptide chain and ejecting the empty tRNA,
each time a codon enters the A site and exits through the E site42,46. Ribosomes read 3bps at
a time (each codon), which when compared to the speed of the RNA polymerase is close to
the same. A ribosome will read tRNA at a speed of 60ntps, which equals to 20 amino acids
per second, and also is roughly equivalent to their footprint in the strand of RNA 48,49. This
rate varies with the available translational resources, specifically charged tRNAs, and in a
lesser manner protein folding and mRNA secondary structure50.
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Each molecule of mRNA can be read many times, producing a high amount of proteins from
a single strand, which are often read simultaneously by a group of ribosomes 51. The number
of times an mRNA is read varies with its stability, ribosomal binding site and target
sequences for translation associated proteins52. Many of those factors are controlled
globally in the cell, and less essential proteins will be downregulated in stages where they
are not needed, or resources are scarce3. In such conditions, a phenomenon known as
closed-loop mRNA is linked to optimal translation rates53. This is a process by which the two
ends of an mRNA interact and allow for ribosome recycling, when the ribosome doesn’t
detach from the mRNA strand and restarts elongation after the first protein detaches 54.
1.4.1.4.2 Ribosome activity in response to nutrient availability
Translation of mRNAs is dependent on nutrient availability and environmental
conditions1,2,30,55.
In terms of nutrient availability, the main factors controlling translation are nitrogen and
amino acid availability, which in term affect tRNA acylation30. Signals regarding the first two
are mediated by TORC1 and Snf1: TORC1 controls the repression of translation mediated by
nitrogen scarcity and Snf1 promotes the activation of amino acid metabolism genes in high
nutrient conditions, promoting amino acid synthesis30.
The highly conserved Tor kinase is a central piece of the nutrient control of the cell cycle56.
Tor kinases control the cell cycle progression between G1 and S phases, a function first
described in 199657. Tor integrates the signal from cellular pathways responsive to amino
acid availability and energy levels, and when those decrease, systems related to cell
proliferation and growth lose regulation and deactivate31,58.
Translation initiation is controlled by nutrient availability. Initiation of cap-dependent
translation starts with the formation of the eukaryotic initiation factor 4 complex (eIF4) 55,
which is composed of a group of translation factors which are involved in the preparation of
a single strand region on the 5’ side of the mRNA, and the recruitment of the translation
pre-initiation complex to the site55,59. eIF4 is nutrient dependent and will be inhibited in
conditions of low nutrient availability55. Cap-independent mRNA translation initiation is
believed to suffer such regulation as well55.
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Elongation, as explained, is a process which does not happen at a constant speed, and is
dependent on the availability of the correct acylated tRNAs in the media 55,60. It is therefore
strongly linked to the availability of nutrients in the media55.
1.4.1.4.3 Translation compartmentalization in eukaryotic cells
Eukaryotes structurally diverge from prokaryotes due to the compartmentalization of their
cytoplasm: while prokaryotes have a single membrane encompassing the cytoplasm with
the cell being a single compartment, eukaryotes have multiple membrane-encapsulated
organelles with distinct functions and proteins, plus a nucleus containing its genetic material
and DNA replication machinery15,16,42,61–63.
The compartmentalization of the cytoplasm affects the translation in the cell: each organelle
has a specific set of proteins related to their function, which will have to be delivered to the
compartment upon synthesis16,61,64. mRNA is also compartmentalized; findings suggest the
cell has the capacity to sequester mRNAs in specific compartments under given
environmental stimulus or development phases, in order to arrest or adjust translation
levels61.
A large fraction of the protein synthesis and delivery to specific cellular compartments goes
through the rough endoplasmic reticulum16,61,65. Eukaryotic ribosomes have the ability to be
recruited to and associate with the rough endoplasmic reticulum (ER) membrane65. mRNAs
with specific tags will promote the migration of the ribosome to the ER membrane, where it
will associate with the translocon complex65. The newly synthesized polypeptide chain is
channelled through this structure into the ER, where it is folded. Proteins from the ER are
then transferred to the specific organelle, or to the Golgi apparatus for exocytosis 66.
The mitochondria, as an organelle derived from the coevolution of endocytosed prokaryotic
cells inside the eukaryotic cytoplasm62,63,67, has its own ribosomes which regulate the
mitochondrial protein production68. Those ribosomes are close in structure to the ones from
bacteria.
Protein localization errors are related to diseases in higher eukaryotes, many of which cause
human pathologies69.
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1.4.2 Ribosome extraction and measurement
When it comes to measuring the content of ribosomes in a cell, there is a wide range of
techniques for directly or indirectly doing so. Before any measurement can be done, the
ribosomes, or their protein or RNA moieties have to be extracted from the cell. The
techniques used for those purposes are explained in this section.
1.4.2.1 Whole ribosome extraction
1.4.2.1.1 Centrifugation
This is divided into two systems, the Kurland method and the Svedberg method.
1.4.2.1.1.1 Kurland method
The Kurland method was developed by G. C. Kurland in 1966 and is based on a series of
centrifugation steps at high speed with increasing concentrations of ammonium sulphate,
retrieving the ribosomes in the final elution70. This method lost usage after the development
of the Svedberg method.
1.4.2.1.1.2 Svedberg method
The two subunits of the ribosome and the rRNAs were first isolated by Theodor Svedberg
from E. coli in 1977 thanks to his previous invention of the ultracentrifuge in 1940, which
enabled the precipitation and fractionation of many cellular structures which were hard or
impossible to isolate at the time71,72. Ribosome subunits, 40S and 60S in yeast, and their
rRNAs (5S, 5.8S, 18S and 28S) receive their name from their Svedberg coefficient, which
measures how fast they sediment by centrifugation in a sucrose solution72. It is, more or
less, a measure of their density relative to a sucrose gradient: a larger coefficient means
denser and also larger molecules which will precipitate faster. This coefficient is not
additive, the two ribosomal subunits, 40S and 60S, when combined, are 80S, not 100S. This
is again because the Svedberg coefficient reflects how the molecules precipitate, and not
their mass or volume.
Sucrose gradient separation of ribosomes and other cellular components is still widely used,
as it is an efficient way to isolate these72,73. The process of separation of the ribosomes by
this method entails a rupture of the cell walls and membranes, for releasing all the
cytoplasmic components followed by the precipitation of all the larger structures, before
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suspending the supernatant in a sucrose gradient solution, where particles of different sizes
will migrate by density when centrifuged at high speed72.
1.4.2.1.2 Immunoprecipitation
Inmunoprecipitation of ribosomes is also a possible way of visualizing ribosomes in a cell.
Ribosomes can be targeted directly in either their protein or ribonucleic moieties, or a tag
can be added for posterior recognition51,74. The tagging can be performed either in vivo or in
vitro, but the cells have to be lysed in order to precipitate the ribosomes and isolate them
for quantification.
1.4.2.2 Moiety extraction
1.4.2.2.1 Liquid Chromatography
Liquid chromatography is a technique based on the separation of a sample by its affinity to a
series of mobile or stationary phases within the chromatography column 75. The sample will
migrate through the column and the different components dissolved within it will find more
or less impediment to passing, separating along the column in bands75. This technique has
been used for the separation of protein moieties of the ribosome 20.
1.4.2.2.2 rRNA isolation
Nucleic acids can be extracted from the cell and separated with the help of organic solvents,
due to the higher affinity of the DNA to the solvents, while RNA remains in aqueous
solution76–78. This method is known as the guanidinium thiocyanate-phenol-chloroform
extraction was developed by P Chomczynski and N Sacchi in 1987 and is still widely used for
RNA isolation78,79.
1.4.2.3 Quantification and visualization of ribosomes and ribosomal moieties
1.4.2.3.1 2D gel
Ribosomes can be separated from the rest of cytoplasmatic components by gel
electrophoresis, which can further separate the two ribosomal subunits by performing a bidimensional electrophoresis gel run on a polyacrylamide gel80. This technique is coupled
with radiolabelling or other tagging techniques for the visualization of the ribosomal
fraction80,81. Full ribosomes, subunits or only rRNA can be separated with this method, but it
requires a prior extraction of the ribosomal moiety with the cytoplasmatic components and
a prior separation of the organelles if using this technique on eukaryotes82.
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1.4.2.3.2 Mass spectrometry
Ribosomes can be quantified with mass spectrometry, which is a complex and expensive
technique, although it is arguably the most precise of the techniques available for this
purpose2,20.
Mass spectrometry measures the mass-to-charge ratio of ions83. Ions flow from the ion
source (there can be more than one), into the sample, through a chamber with a magnetic
or electric field for separation, and into a receptor which measures the incoming ions 83.
Molecules are fragmented and analysed obtaining some level of structural information,
which can be used for the identification of the residues in proteins, or the IDing of organic
molecules by their radicals84.
When applied to ribosomes from a cell extract, those are usually in an aqueous solution,
and are run through the machine which will give an estimate of the amount present in it.
This measurement can be enhanced with the addition of a tag on the ribosome, with
techniques such as iTRAQ (Amine-reactive Isobaric Tagging Reagents) or SILAC (Stable
Isotope Labeling by Amino Acids in Cell Culture), which rely on a non-radioactive isotope for
labelling certain residues in proteins81,85. Non-tagging ribosome measurement techniques
rely on an initial extraction of the protein moiety from the cell and the posterior analysis of
it as a whole84,86.
Two complementary TOF (Time Of Flight) techniques are generally used for the
quantification of biological molecules with mass spectrometry: MALDI-TOF and ESI-TOF87,88.
TOF mass analysers separate molecules by charge to mass ratio using a constant magnetic
field throughout a long chamber through which molecules pass; in a similar way as a
chromatography or a polyacrylamide gel work, lighter molecules travel faster and reach the
sensor first.
Matrix-Assisted Laser Desorption Ionization (MALDI) TOF uses a laser to ionize the sample,
which has been deposited on the laser target plate, by vaporizing it and releasing charge
molecules, which then travel through the magnetic field chamber towards the sensor 83,87,88.
Electrospray Ionization (ESI) TOF can have input in the form of liquid, either from a capillary
and a pump or from a chromatography column83,87,88. The sample is sprayed through a
needle into a charged capillary, where an electric field aerosolizes it and accelerates the
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charged particles into the detectors passing through the chamber87,88. It can take samples
real time directly from the chromatography87.
In ESI-TOF, the preparation of the sample for measurement, and the results, are faster by a
threefold87. In contrast, MALDI-TOF samples can be stored and reanalysed in future
experiments87.
1.4.2.4 rRNA quantification
An indirect way of measuring the ribosomal content is to measure the rRNA in the cell,
which closely corresponds to the number of ribosomes at a given time 1.
rRNA is the most abundant RNA in the cell, and accounts for up to 80% of the total RNA, a
fraction which doesn’t fluctuate with growth rate1. tRNAs constitute another 15% and
therefore the amount of mRNA is a small portion of the cell’s total RNA. Given the
abundance of rRNA, and the fact that the protein mass fraction in the cell is constant in
most conditions, makes the ratio between the RNA and proteins in the cell a good
measurement of the amount of ribosomes present in the cell1,20. The concentration of rRNA
linearly correlates with the growth rate of the cell, as reflected in the first law of bacterial
growth1.
This method, however, includes both active ribosomes, free rRNAs and inactive/immature
ribosomes78. It also requires performing a cell lysis and a RNA extraction, which is a sensitive
method due to RNA instability79.
1.4.2.5 The ideal marker: fluorescent tagging
As seen from the previously explained methods, the main problem with current methods for
precisely quantifying ribosomes is that they can’t be performed in vivo72,82–84. Most methods
are time consuming and depend on sampling cells at a specific point and condition, before
processing the sample without disrupting the physiological state of the cells. Cells need to
be inoculated, grown and treated and then the ribosomes are extracted and prepared for
measurement; only at that stage the content can be known.
Tags can be added for isolating the tagged structure, either in a chromatography column, by
binding a fixed receptor in a bead, or by binding another molecule which will carry either a
readable marker or a domain which will help precipitate the bound complex74,75. Tags can
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be used in order to visualize cell structures with the help of externally readable markers,
without disrupting the cell. A readable marker could include a fluorescent marker, or an
enzyme which can catalyse a reaction which is externally detected64,89. Fluorescent markers
alone are very widely used for tagging cells in vivo and following structures inside the
different compartments of a cell64.
When adding a tag to a protein, a series of factors need to be taken into consideration. First,
the sequence of the protein which is going to be tagged needs to be elucidated, since the
tag is added in frame with the protein of interest 90,91. The optimization of the codon usage is
also an important factor since the redundancy of the genetic code could mean that adding
an incorrect tag can change the efficiency in the translation of the protein of interest
between organisms91. If tagging an enzyme, it is especially important not to affect its active
site with the tag. In order to not affect the function of the tagged structure, small tail of
glycines can be added for separating the tag from the protein, and for minimizing any
interference with the physiological protein interactions92. This also creates a site for cleaving
of the tag if the protein is to be purified later on with the help of an endopeptidase92. Finally
tags can be added either to the C or N terminus of the protein, being easier to add on the C
terminus due to the nature of protein expression; tagging on the N terminus would mean
shifting the whole frame for adding a tag at the beginning, so it is easier to interfere with
the function and expression of the target protein 42,92.
A broad library of ribosome tagged strains can be found in the yeast GFP collection
generated by O’Shea et al for the identification of protein allocation in vivo64. This library
was created in 2003 and contains 4156 tagged proteins, of which 176 are ribosomal tags.
Within those, 115 are double copy proteins, where only one of the copies is tagged, and 19
are single copy. The rest are mitochondrial ribosome tags.
Since a ribosome is only functional once all the proteins are in place, when tagging one of
the ribosomal proteins it would be expected to be in the ribosome itself when the signal is
emitted. This would be due to the fact that the ribosomal biogenesis time is shorter than
the half-maturation time of the wild type GFP chromophore, around 30-40 minutes93; the
fluorophore would mature already in place in the ribosome.
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1.4.3 When to measure ribosome content
Ribosome biogenesis and ribosomal content behaviour has been widely studied in many
model organisms in bacteria, yeast, plants, and mammals1,20,94–96. The fluctuations of
ribosomal content in the cells during growth have been broadly measured since its
discovery in 1955 and have been reflected in mathematical and in silico models 1,2,4. When
measuring ribosomal content and trying to assess the validity of a method, a specific
measuring point in the cell cycle or growth curve has to be established1,2.
In the bacterial growth laws established by Scott and Hwa, ribosomal content is measured
very early during the log phase, where the cells are investing the most resources possible
into ribosome biogenesis in the given nutritional conditions1.
Therefore when measuring ribosomal content, there is special interest in finding the point
of balanced growth rate of the culture, which corresponds to the interval in time when cells
are growing in exponential phase1,2. The measurement at stationary log phase makes the
mathematics simple because the cells are in exponential growth, and therefore all the
cellular production is predicted to be exponential as well at that point97. Studies done in
cells for ribosome quantification have used continuous cultures with dilutions or batch
cultures with an initial inoculation and sampling done at a predicted exponential growth
rate2,20. If the intention is to use a microplate reader and a fluorescent marker, this
approach has to be adapted to measurements using those machines (see Chapter 4).
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1.4.4 Previous studies on ribosome quantification in yeast
Yeast ribosome content has been studied by proteome profiling by Metzl-Raz, Kafri et al.
confirming that it is tightly correlated with growth rate2. Proteome profiling is done with
data obtained from mass spectrometry, partitioning the proteome between different
processes. The authors of the study collated data obtained from other studies and
complemented it with their own for obtaining an image of the yeast proteome at diverse
conditions, controlled by nutritional changes. When plotting the ribosomal fraction of the
proteome versus the growth rate, expressed as generations per hour, there is a clear linear

Figure 1. Ribosome content and growth rate are directly proportional to each other and increase with the carbon
source quality in the media. Proteome data was obtained with the use of mass spectrometry and compiled from
multiple experiments. A linear relation can be seen, which follows a line equation, seen in the lower right. Figure
taken from Metzl-Raz, Kafri et al. ‘’ Principles of cellular resource allocation revealed by condition-dependent
proteome profiling’’ with permission.

correlation between the two parameters, reflected in a linear equation seen in Figure 1, and
a high regression coefficient. This was previously stated in the bacterial growth laws, and
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coincides with the idea that cells will invest more resources into translational machinery the
higher the growth rate of the cells1. The ribosomal fraction not only increases, but the
availability of ribosomes is also seen to decrease with the increase of growth rate because
ribosomes are essentially translating ribosomes, confirming other observations of
translational resource limitations at higher growth rates1,20,98. This effect is evident when
measuring the expression of non-essential constitutive proteins per cell mass at log phase,
which is decreased when cells are growing at a faster rate and the ribosomal fraction is
higher1.
Those findings in ribosomal proteome fraction contrast with the mitochondrial proteome
fraction, which decreases at higher growth rates2. This may be due to the fact that cells
growing faster utilize fermentation as a main source of energy, and repress respiration until
the main carbon source is depleted, thus inhibiting mitochondrial ribosomal protein
synthesis99–101.
Metzl-Raz, Kafri et al. suggest that ribosomal biosynthesis in yeast is regulated primarily
from signalling of the environment and not from growth-dependent feedbacks2. This is
reflected in their findings on proteome allocation into ribosomes in cells entering and
exiting stationary phase (Figure 2). The black dashed line is the same as the one plotted in
Figure 1. The sigmoidal decrease in ribosome content when entering stationary phase
(Figure 2, panel A, lower graph) is explained by a change in ribosome allocation due to an
increase in extracellular glycolysis by-products and the need of the cell to adapt to these
new growth conditions, diverting translational resources into machinery for this adaptation.
The change could also be explained by a decrease in extracellular carbon source and the
decrease of investment into growth, which would prompt a more efficient use of the
translational resources. In Figure 2, panel B cells exit stationary phase thanks to the
refreshment of nutrients in the media. Note that in the equation proposed by the authors,
the intercept of the linear regression is larger than zero, which shows that cells have a
reservoir of machinery to help the cells react to media changes. In Figure 2, panel B, cells
start to grow before the investment into ribosomes takes place, further supporting this. In
their study they show that cells instantly increase growth rate after the refreshment of the
nutrients in the media2.
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Figure 2. The evolution of the ribosomal protein fraction (bottom graphs) entering (left graphs) and leaving (right
graphs) stationary phase in gluocose as measured by Murphy et al., extracted and compiled by Kafri et al.. The
ribosomal content does not increase instantly with the increase in growth rate (right), suggesting that cells contain a
pool of inactive ribosomes for rapid response to media changes. Cells exiting stationary phase (left) show a decrease
in vestment into ribosome production, suggesting that cells prioritize other genes for a short period, potentially in
preparation for a change in media conditions. Figure taken from ‘Principles of cellular resource allocation revealed by
condition-dependent proteome profiling’ by Metzl-Raz, Kafri et al.

1.5 Bacterial growth laws
All cellular processes are linked, and are dependent on one another. It has been seen that,
by the usage or depletion of a single finite resource in the cell, a series of systems can be
affected; for example, an overexpressed orthologous gene might trigger genome-wide
effects in gene expression, since there will be competition for resources related to
transcription and translation; the product of the gene might further impact the cell’s
physiology1,20,102–104. It is known that cellular trade-offs in gene expression and growth rate
are closely related and tuned continuously by the cell in response to external and internal
stimuli1,4.
As mentioned, a set of growth laws has been defined for the behaviour of the ribosomal
content and expression of constitutive proteins in bacteria by Scott and Hwa et al1.
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1.5.1 The growth laws
A first law establishes that the number of ribosomes increases with the increase in the
growth rate in the cell due to a higher nutrient quality or availability in the media (Figure 3,
A). A cell will try to allocate as many resources as possible into growth rate when the media
conditions allow it.
The second law (Figure 3, A) establishes that, if adding a ribosomal-inhibiting drug to the
media, the number of ribosomes will linearly increase in the cells, although the growth rate
will decrease. This is due to the fact that even though the number of ribosomes is higher,
the cell tries to compensate for the inactive ones, and overall the growth rate will be lower
than in the same condition without the drug. For each condition, in increasing
concentrations of drug, there is a tendency towards a point of maximal ribosomal content,
which cannot be surpassed. This is the point where the model of the bacterial growth laws
predicts a maximum investment into ribosomal production, which happens at the limit of
maximum ribosomal inhibition1.
The growth laws have an impact on cellular proteome allocation which is felt on constitutive
expression. When growth rate is constrained by nutrient quality and availability, the
expression of a constitutively expressed non-essential protein will be negatively correlated
with growth rate (Figure 3, B). In the same way that media conditions affect the ribosomal
content in the cell, it also affects a great number of genes. At any point in the growth curve,
there are changes in the pool of available ribosomes, which is selectively allocated amongst
the proteome. A higher investment into cell growth rate will mean that more resources will
be allocated into increasing the growth related proteome, mostly ribosomal and histone
genes105 (Figure 3, A, C), but at the same time, there will be less resources remaining for the
expression of non-essential constitutive proteins. If growth rate is modulated by introducing
a ribosomal inhibitor, the expression of the constitutive protein will also decrease with
growth rate, even though independently of the ribosomal content is higher in that
condition. This proves that the increase in the ribosome number through an inhibitor does
tilt resource allocation for that condition further towards the production of translational
and replication machinery, and will be optimized for growth rate to the detriment of nonessential genes.
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Figure 3. Bacterial growth laws depicting resource allocation during growth in E. coli. Panel A shows the first law, by
which cells have an increasing number of ribosomes (as a fraction of RNA/protein) when growth rate increases (λ) in
conditions where growth rate is limited by nutrients. The second growth law, also on panel A, states that if growth
rate is limited by a ribosomal impairing drug, the correlation seen in the first is inverted, and for the same condition,
the addition of drug will decrease GR and increase ribosome content. There will be a convergence of the increasing
ribosome content at the point of maximum ribosome content, marked as a square. The panel B shows the
consequences of both laws for a constitutively expressed protein: its expression will decrease with growth rate. The
addition of a ribosome-inhibiting drug will further decrease growth rate and constitutive expression. Panel C shows
the rough partition of the proteome in the cell. There is a fixed fraction which is not affected by growth rate (blue).
The remaining fraction is divided between ribosome affiliated genes (green) and other mutable genes (pink). These
last two fractions compete with each other when resources are limiting or ribosomes are impaired, the ribosomal
fraction taking over space of other less essential genes and therefore proving the first and second laws. Figure taken
from Scott and Hwa, ‘Bacterial growth laws and their applications’.

1.5.2 Estimation of ribosomal content and cellular growth rate
In the growth laws, ribosomal content is measured as a fraction of the RNA in the cell
divided by the proteome mass fraction1, taking advantage of the fact that at high to
moderate growth rates, the fraction of rRNA versus the total RNA in the cell is conserved;
the mass fraction of RNA will increase with growth rate, while the proteome mass fraction
remains constant1.
When talking about growth rate, it has to be noted that the growth laws are based in
bacteria. E. coli in optimal conditions will reach a maximum division rate of 20min per
division, compared to yeast, which divides at a maximum of 100min per division 106,107. The
interval at which Scott and Hwa state that the correlation between RNA and proteins is
linear considers cells with a growth rate of more than 2 hours per division 1. This is six times
less than the optimal division rate of E. coli106,107, so if the laws are transferrable to yeast the
minimal growth rate for the latter could theoretically be up to 10h per division. The linearity
of the correlation between ribosome content and growth rate has been proven to hold in
yeast cells growing in carbon sources with up to 5h per division in studies using ribosome
profiling2.
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1.5.3 Further modelling of the bacterial growth laws
With computational biology the interactions described in the bacterial growth laws have
been extensively modelled to accommodate a set of constrained resources closely related
to them, specifically ribosomes, cellular energy and proteins, with the goal of predicting
physiological, genome and proteome changes in response to external stimuli 1,4,25,108.
Some authors have built up on the laws, either deriving predictions from them 4,104,108 or
adding overlooked parameters which might influence trade-offs in the cells at conditions
different from exponential growth40,109,110. Many of such models may be transferable to
eukaryotic cells110.
1.5.3.1 Derived models
Greulich et al. derived their model from the bacterial growth laws, predicting that cells will
have different susceptibility to ribosome targeting drugs depending on the carbon source
quality of the media, and therefore the cellular growth rate104. The availability of energy will
allow certain coping strategies to be more viable, and some effects from drugs will be
reduced. This model builds on a model by B. Deris et al., which studied the interactions of
drugs and drug resistance with growth rate in E. coli111.
In the same line of research on the carbon source quality, and focusing on how E. coli adapts
to changes in this parameter, Erickson, Schink et al. propose a model which accurately
predicts the fluctuations in biomass production and growth during shifts in carbon inputs 112.
1.5.3.2 Proposed adjustments
Some authors have raised concerns over the simplistic nature of the bacterial growth laws,
alleging that a simplistic general model of proteome allocation can intrinsically hold much
information about the regulation of the cellular resources, but it will overlook key
interactions which are obscured by the simplification 110.
Examples of such are the observation of a small pool of inactive ribosomes even at higher
growth rates, which allows cells to react to unexpected media changes, suggesting that cells
hold back from a full investment into growth rate at all times2,109,110.
Other authors suggest that ribosomal degradation plays a bigger role than previously
predicted in the bacterial growth laws, especially at low growth rates40. This process would
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be linked to recycling and waste management of unnecessary resources, as the ribosomes
are costly to produce but energetically rich. Cells have to find a balance between ribosomal
content and growth when decelerating from high growth rates, and degradation of
unnecessary costly machinery plays an important role.
Transcription is demonstrated to also play a big role in protein expression, and can be a
limiting step depending on the situation20,113.

1.5.4 Constitutive expression
It is widely accepted that the main limiting factor to gene expression in exponential growth
is the pool of available ribosomes1,20,102,114. This pool, as seen in the bacterial growth laws,
and many subsequent models, depends on the energy state of the cell, which in turn is
reflected in constitutively expressed genes1,102,114.
Constitutive genes have been of great importance over time in genomic studies as they are
widely used as controls for expression115–117. The genes used are sometimes referred to as
housekeeping genes, and many have been identified in multiple organisms 115,116. There has
been a challenge to this method, since the expression of those genes, as other constitutive
genes, is still dependent on the cell energy state, and therefore the expression will greatly
fluctuate depending on the conditions of the cell and the media115. For this, a group of
genes, and not a single one, is generally used as a control, in order to avoid the potential
fluctuations of individual ones118.

1.6 Work on burden sensors
As seen previously, ribosomes and cell growth are closely related. External factors can affect
these parameters, such as the nutrient quality and availability, drugs, or exogenous gene
expression1,20. The correlation between overexpression of exogenous genes, growth rate
and gene expression has been observed in experiments with bacteria, yeast and mammalian
cells20,98,102,119,120. This phenomenon is closely related to ribosome allocation.
Newly added genes create an imbalance in the cell’s energy state, since it requires the
allocation of the available resources to this new process. The concept of genetic burden
reports this: genetic burden can be defined as the impact of the expression of exogenous
genes on the cell’s physiology20,102,119.
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Constitutive expression, due to its constraints imposed by the energy availability in the cell,
can be used as a reporter of the latter102,119. Ceroni et al. and Gyorgi et al. propose two
related ways in which constitutively expressed fluorescent reporters can be used for
quantifying cell burden102,119.

1.6.1 Functional burden sensor in E. coli by Ceroni et al.
Ceroni et al. define cellular capacity as the capacity of the cell to express genes, which
fluctuates depending on the gene expression and the ribosomal availability 102. In their
model, they design a functioning burden sensor. It consists of a constitutively expressed GFP
driven by a strong synthetic promoter integrated in the genome of E. coli. This gene will act
as a sensor of the burden, so a synthetic promoter is specifically selected for ensuring its
orthogonality to the rest of the cell. Burden is driven by the induction of the Vibrio fischeri
Lux operon from a high-copy plasmid. This self-regulated operon contains six genes
(luxCDABEG) encoding enzymes and regulators for the expression of luciferase (A,B);
enzymes for the synthesis of its substrate, long chain aldehydes reduced from fatty acids
(C,D,E); and a flavin reductase (G), which reduces flavin for the monooxygenation by the
luciferase121–123. The system is induced with acyl-homoserine lactone and imposes a big
investment of resources for the cell. When the system is induced, there is an impact on cell
growth, and a big drop in expression of the reporter gene, thus proving that genetic burden
decreases cellular capacity, and that constitutive expression successfully reports this effect.

1.6.2 Competition for resources in a plasmid
Gyorgi et al. studied competition between genes in E. coli when a constitutive gene is in a
shared plasmid with an inducible system119. In their study, the fluorescent proteins GFP and
RFP were cloned into the same plasmid, one driven by a constitutive promoter and the
other by pLux. When induced, the inducible gene would compete for resources with the
constitutive one and will lower its expression. They argue that this interaction follows an
economic concept known as an isocost line, by which when one of the resources of a pair of
correlated resources is reduced by an amount, the other grows by the same amount. This
competition stands when both fluorescent proteins are on different plasmids, preventing
the competition for resources within the same plasmid; and when the inducible RFP is
replaced with gapA, the most abundant protein in E. coli cytoplasm, preventing any toxicity
of the overexpression of the fluorophore. When measuring the expression of an integrated
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RFP in the genome, the induction of RFP and gapA from the plasmid was not sensed,
suggesting that their observation may only represent plasmid-to-plasmid competition.

1.6.3 Genetic burden in eukaryotes
The overexpression of a gene is proven to exert pressure on the cellular resource economy
in the model organism S. cerevisiae by Eyal Raz, Kafri et al20. In their study, they did not use
a fluorescent reporter, but rather measured the impact of the overexpression of a gene on
cell growth. Constitutively expressed tandem copies of pTDH3:GFP were cloned into the
genome in up to 20 copies. The exogenous gene expression showed an impact in the
capacity of the cell, lowering the cell growth by up to 20% from the controls20. This can be
associated mostly to translation of genes, which can be explained as a competition between
genes for ribosome allocation.
Cellular capacity has been studied in mammalian cells by Kallehauge et al. Their goal was to
increase this capacity with the silencing of competitive unnecessary expression 120. In their
work, they use ribosome profiling for measuring gene expression, showing that exogenous
expression from their cassette is translated at the same rates as endogenous genes, and
identifying a fraction of non-essential highly expressed genes. By silencing this last set of
genes they prove that capacity for exogenous expression is improved.
Mammalian cells have been proven to suffer burden stress from exogenous genetic
constructs98. With the aim of improving genetic expression from exogenous genes in
mammalian cells, Frei et al. designed a miRNA-based incoherent feedforward loop which
has the capacity to alleviate gene burden by reducing specific exogenous mRNA
transcripts98. Their system successfully increases the gene expression capacity of the
exogenous gene, while recovering the endogenous one.

1.7 Transcription as a limiting step in protein expression
Although it is widely accepted that the cost of translation is a limiting step in gene
expression, transcription is thought of as a second limiting step in the process 20,113.
Eyal Raz, Kafri et al have studied the effect of transcription limitation in the cell physiology,
challenging the idea that translation is the major limiting step and suggesting that either of
them can be depending on the situation20. For this, they generated a set of cells with
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tandem copies of pTDH3-mCherry from a destabilized mRNA (missing terminator), which
generates the same copies of mRNA but decreases the translation burden, as the
destabilized mRNA is promptly degraded and generally not translated, thus decoupling
translation and transcription. Those strains were grown in conditions of reduced
phosphorus and nitrogen, and showed increased transcriptional burden in the first, and
translational in the second. Phosphorus is essential for the synthesis of phosphorus bonds
between nucleotides, whereas nitrogen is essential for the amino groups of amino acids. In
cells growing in synthetic complete media, the effect is shared by both processes. It was
observed that cells growing in nitrogen limitation would suffer growth rate losses following
the increase in copy number of the gene integration, and unrelated to fluorescence levels.
In phosphorus limitation conditions, the opposite effect is seen. This change in the limiting
process is corroborated by the increased sensitivity of those cells to drugs targeting the
limiting factor in those conditions. Cells burdened by translation would be more susceptible
to effects by hygromycin, targeting the ribosome124, and those by transcription to
phenanthroline, targeting the RNA polymerase II125.
In a second study, the authors further explore the importance of transcription as a limiting
step for gene expression, suggesting that transcriptional resources are more susceptible to
depletion and therefore competition for those will have a great impact on the cell, which
can be larger than the one from translation resource competition in certain situations 113.
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1.8 On design for exogenous expression in yeast
A great part of the thesis is dependent on optimal design of exogenous expression, here I
explain design considerations for optimizing the expression of exogenous genes.

1.9 Designing plasmids for optimal expression
1.9.1 Commonly used vectors
The two most common plasmid backbones in yeast are the 2-micron replication origin
plasmids and the centromeric plasmids126,127.
2-micron plasmids are high copy plasmids, with an average 40-60 copies in the nucleus of
the cell126. It is a plasmid capable of self-partition and self-regulates the number of its
copies. Partitioning in the 2-micron circle is dependent on the STB partitioning sequence
and two Rep proteins, which physically associate to chromosomes during chromosome
segregation. Another encoded protein, FLP, induces site recombination and controls the
plasmid copy number when it becomes too low by promoting rolling cycle replication.
Centromeric plasmids are a second type of plasmid used in yeast cells which are derived
from the autonomously replication region (ARS) ARS1128,129. They have a low copy number,
ranging from 4 to 8 copies per cell130.

1.9.2 Design-derived plasmid burden and expression
When looking to design a plasmid for yeast gene expression, a number of design factors
have to be taken into consideration, such as desired gene expression intensity, plasmid copy
number, selection markers, gene positioning, etc.
1.9.2.1 Copy number and selection marker
Copy number and selection markers are the most important factors when trying to minimize
the impact on the cell metabolism130. 2-micron plasmids, as high copy plasmids, will have a
larger impact on cellular growth than lower copy plasmids, simply due to costs of
maintenance and replication during division and cell cycle130,131. Studies suggest that copy
number in 2-micron plasmids is closely related the auxotrophy selection markers they carry
and their expression rate132. In fact, destabilization of the selection marker protein and
changes to its promoter have been correlated with the increased expression from plasmid
genes130. The downside of those changes is that in certain conditions, the impact of the loss
44

of resistance can translate into decreased biomass production compared to an unmodified
control132.
1.9.2.2 Gene orientation
Choosing the orientation of the genes is important for optimal expression and minimizing
coupling. Parallel expression and series expression, understood as two genes which are in
two distinct strands or adjacent on the same strand respectively, show different patterns in
expression, with the first allowing for independent control of genes, and the second having
decoupling of mean and variance of the expression133. When designing genes in a single
plasmid, genes must be arranged in series. For the minimization of coupling, genes can be
separated by a non-coding region, and can be set to be expressed in opposite directions119.
If expressing more than one gene in tandem, terminators can be used for separating both
genes.
1.9.2.3 Expression levels and plasmid maintenance
Tuning the levels of expression of the genes in the plasmid has an impact on the cell’s
physiology, especially when the promoters are higher in activity20,130. The choice of
promoters should reflect the intended use of the plasmid. Other factors which affect gene
expression and its impact would be the mRNA stability and the strength of the RBS
(Ribosome Binding Site)20,102,119,134. Stronger RBS will impact the translation capability of the
cell, whereas mRNA stability has an effect on the translation, although those effects change
with the media conditions of the cell20. The RBS is a sequence exclusive to prokaryotes, as
eukaryotes initiate translation through a scanning mechanism, where the small ribosome
subunit binds to the RNA strand on the 5’ cap region and stops at the consensus AUG codon
for translation initiation13. This process, however, is dependent on the complexity of the
RNA secondary structures in the 5’ region13,135. Those factors are to be taken into
consideration if the intention is to have transient expression of the genes when using an
inducible system. Another option for this is to use destabilized markers, such as destabilized
GFP, missing the terminator of the gene, permitting the translation of non-coding regions
and the destabilization of the incorrect product protein, which allows for faster degradation
of the protein and sharper expression in protein tags136. Destabilization of the structure or
function of the protein or mRNA will have different impacts in different systems which
should be considered when designing the plasmid20.
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Tuning levels of expression can also enhance the stability of a plasmid in a cell over
generations. It has been observed in E. coli that the lower the expression the more stable is
a synthetic construct in the genome137. It further supports that there is a positive selection
for the loss of exogenous constructs, which is stronger the higher the level of expression
these have.
Maintenance of the plasmid through cellular generations is also correlated with lack of
repeated sequences which may be sites for recombination, inactivating gene expression137.
As such, it is recommended to use different promoter, coding sequences and terminators
for multiple gene constructs, and to have minimal repetitions within them 137.

1.10 Inducible systems in yeast
One of the most widely used expression systems in yeast is the GAL1 promoter138,139. It is
derived from the GAL1 gene and is inducible by galactose: when galactose binds to GAL3,
the galactose sensor, this in turn binds to GAL4, the activator of the GAL1 promoter. This
system is fast and reliable, and has high expression90. However, due to the diauxie
presented by growth on galactose in the presence of glucose, it can only be used in media
containing galactose, which is contrary to the norm of growing yeast in media containing
glucose140,141. Additionally, due to the cell’s preference for carbon sources, this promoter
will only be active if the cells are consuming galactose142. This is inconvenient in studies
which aim to measure or assess resource allocation, since the cells will be using the inducer
for growth, as well as activating all the galactose pathway in the process, which might have
a higher impact in the cell resource economy than the exogenous gene driven by pGAL11.
A derivative inducible system from pGAL1 is the pGAL1-GEV, which is pGAL1 activated by
the chimeric transcriptional activator GEV (Gal4, Estradiol receptor, VP16)143. The
transactivator is a protein derived from the GAL4 transcriptional activator, bound to an
estradiol-binding element, and to the viral VP16 transactivator protein. The viral activator
will activate GAL4 when the estradiol receptor binds a β-estradiol molecule. Being a
mammalian hormone, estradiol is orthogonal to yeast, although recent studies show
movement of transcriptional factors and other genes within cells in the presence of the
molecule. This molecule is also highly hydrophobic, which limits its use in experiments in
microscopy with microfluidics, since the silicone polymer used (PDMS) absorbs the
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molecules with a partition coefficient higher than 2.62 (>90% absorption rate) 144,145. This
would limit the expression of genes driven by estradiol. PDMS can be saturated with
estradiol allowing for the usage after saturation, but it will also be able to gradually release
the compound over time, which would cause uncontrolled and unspecific induction145.
An alternative expression system with high levels of expression and low complexity is the
tetracycline-inducible promoter146. It relies on an activator which binds to the promoter
upon binding a molecule of tetracycline. Tetracycline is a highly toxic molecule and is an
inhibitor of the prokaryotic ribosome. It has a homologous and less toxic molecule,
doxycycline, which can be used in substitution, although higher levels of drug will have to be
used for achieving the same levels of induction146,147.

1.11 Fluorescent proteins: chromophores, maturation and half-life.
Fluorescent markers are widely used in biotechnology for visualizing, monitoring and
quantifying biological processes and molecules148. Since discovery of the GFP in 1962149 and
the elucidation of the mechanism of light emission fluorophores added to the ease of its
use, great efforts have been put into the development of new proteins with a wide variety
of light sensitivity and emission capabilities148,150,151.
Being such a keystone of biology, biochemistry and biotechnology, many reviews on
fluorescent marker function and compatibilities have appeared over the years, summarizing
qualities and characteristics of each protein and their combinations 148,152–157. Online
databases and tools for selecting optimal fluorescent markers, and for visualizing spectra,
have become available, greatly easing the process of choice of fluorescent proteins and
experimental design (https://www.fpbase.org/).

1.11.1 Protein maturation and structure
Fluorescent proteins consist of one to four protein subunits, with a beta-barrel
conformation, containing a chromophore in the centre155,157,158. The chromophore is the
domain which confers fluorophores the ability to absorb and emit light, and modifications
on its structure changes the wavelengths at which the protein does so93,154,157. The beta
barrel of a fluorescent protein encapsulates its chromophore and protects it from the
environment. As it requires controlled conditions and oxygen for its oxidation and function,
it is sensitive to external conditions93,158,159.
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The chromophore of a fluorescent protein is composed of a group of modified amino acids
with aromatic rings or cyclic residues disposed on a plane, which absorb energy in the form
of light at a specific wavelength, and emit light at a set lower wavelength, by making an
electron jump between higher and lower energy orbitals in the cyclic chains of its
residues93,153,157,158. The energy absorbed from the incoming photon will be higher than the
emitted one, as it takes more energy to excite an electron in the cyclic chains to a higher
orbital than it releases when returning to its original orbital; the difference will be lost in the
process160.
A fluorescent protein goes through four processes during its maturation: beta barrel folding
and protein arrangement; cyclisation; and oxidation and dehydration of the
chromophore155,158. The last phases of the process involve the steps of the maturation of
the chromophore, which grant the protein its fluorophore function 93,158. The chromophore
requires controlled conditions for its function, and requires the formation of the beta barrel
for it to be insulated and dehydrated, which will then allow for its oxidation and
maturation158,159,161.

1.11.2 Chromophore maturation
The fluorescent properties of fluorophores make them attractive in biological sciences, and
the main limiting factor of this capability is the maturation time of the chromophore 155,157.
This maturation time varies within a range of half an hour (mVENUS) to a couple of hours
(mKO2), time which varies with in vivo and in vivo measurements and cell culture
conditions, and it is crucial for the selection and application of specific
fluorophores154,155,162,163.
If the target of the measurement is a transient event in cell metabolism, faster maturing
proteins will be desirable, whereas when tagging different cellular structures, absorption
and emission spectra compatibilities will be more important152,156.

1.11.3 Half-life
In transient measurements, fast maturation is equally important as a short protein halflife152. The average half-life of GFP is 26h, which accounts for close to seventeen haploid
yeast divisions in YPD glucose164. Studies have been performed for reducing this half-life by
destabilizing proteins, and at the same time enhancing chromophore maturation rates to
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obtain the sharpest signal possible155,161,165,166. Other fluorophores have been derived from
other organisms, or from the original GFP, with different half-lives and maturation rates,
such as mVENUS, with 30min half maturation rate, and a 2h half-life, much more suitable
for fast signalling163,167.

1.12 The effects of antibiotics on cells
This section seeks to explain the effects of drugs, and the ways we have of measuring them.
I follow up with a summary of drugs which affect a series of yeast structures and pathways.
I review those with the interest of following up on the work by Greulich et al. who explored
the effects of drugs on cells at different growth rates in E. coli, and transitioning this to
Saccharomyces cerevisiae. The drugs reviewed here target the latter.

1.13 Testing the efficacy of a drug
There are a set of commonly accepted measurements of the efficacy of a drug for the
inhibition of a microorganism population. Efficacy itself is a measurement, defined as ‘the
ability of a drug to provide a beneficial effect’, where Emaximum is the maximum achievable
efficacy of a drug, measured as the maximum benefits achieved by the drug in a
treatment168. Efficacy as a measurement is only descriptive, and other more specific
measurements are needed for describing the effects of drug concentrations in a population.
The most commonly used measurements of the activity of a drug relative to its
concentration are the LD50 (Lethal Dose 50%), IC50 value (Inhibitory Concentration 50%)
the MIC (Minimum Inhibitory Concentration)169,170.

1.13.1 LD50
LD50 corresponds to the concentration of a drug, in air or in solution, which can eliminate
half of the population of a target organism171. It gives an estimate of the effect on a
stationary population by a certain concentration of drug, but it does not give measures of
the effect over a timescale. Depending on the percentage of effect that drug concentration
might have over a group or organisms there are other related values such as LD01 (1%) or
LD100 (100%)169.
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1.13.2 IC50 and MIC
Both the IC50 and the MIC values are calculated from the dose-response curve, which
accounts for the dosage of a drug versus the inhibition of a population, enzyme activity or
other biological process (in a scale of 0 to 1 or 0 to 100%, being 0 no inhibition and the other
full inhibition)170. Emax, mentioned before, would be at the top limit of the dose-response
curve, after which full inhibition or the maximum effect is seen168.
IC50 is the point at which a drug achieves an inhibition of 50% of a certain process
respective to its maximal efficacy170. MIC is the minimum concentration of drug required for
the total inhibition of the growth in a population, which may or may not be the maximal
efficacy value170. IC50 can be used when applied to the growth of a population over a period
of time and the loss of 50% of a certain parameter during that timescale. When the
inhibition happens during a process, such as biomass production in a microplate
experiment, it would not be correct to use LD50, since cells do not die after achieving a
maximum, but rather fail to achieve it through continuous inhibition, so IC50 is used in
those situations104.
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1.13.3 NOAEL and LOAEL
Other values extracted from the dose response curve which are taken into account when
using a drug are the NOAEL and the LOAEL169. NOAEL stands for No Observed Adverse Effect
Level, which is the region of the dose response curve where a drug can be used and will
have no negative effects, the top limit of this area being the LOAEL or Lowest Observed
Adverse Effect Level. Those values are used to assess the safety interval of a drug usage.
LOAEL is not a synonym for safe usage limit; most of the drugs in medicine are used over
this level as the benefits surpass the negative effects high above the LOAEL172. These values
can change depending on the conditions of the population treated, both physical such as
the environment, and physiological, such as the growth rate.

Figure 4. Measurements of drug toxicity in a growing population (blue line) applied to the maximum
growth achieved over a period of time. Untreated population (blue) grows to the same maximum under
drug concentratios up to the NOAEL (No Observed Adverse Effect Level), and start suffering effects after
the LOAEL (Lowest Observed Adverse Effect Level). A drug concentration which only allows a population
of half the unimpeded control is the IC50 (Inhibitory Concentration 50%), whereas the minimum drug
required for a full inhibition is the MIC (Minimum Inhibitory Concentration), which also in this case
corresponds to the E max, or maximum effect.

Figure 4 contains a summary of the measurements mentioned before, applied to an
example population growth curve.
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1.13.4 Optimal parameters for the quantification of growth inhibition
As explained before, LD50 is not an optimal measurement for the quantification of a drug
over time in a growing population, as required by many biological applications, so other
methods including IC50 are used instead170. There are examples in the literature where the
IC50 value has been used including the work of Greulich et al. on the effect of ribosome
targeting drugs on cells growing at different growth rates104, mentioned in previous
sections. This was applied to the decrease of growth rate in the culture, and therefore the
IC50 would refer to a loss of 50% in growth rate by the addition of the drugs. A generally
used measurement of fitness of a liquid cell culture is the loss of division rate, which is
equivalent to growth rate loss2,113. Other measurements used for quantifying the effects on
drugs as a loss of fraction of a growth parameter is the loss of area under the optical
density, used by M. Chocol, H. Chua, M. Tasan et al. for their study of synergistic drug
pairs173.

1.14 The relationship between antibiotics and cell growth
Different drugs will have different impacts on the cell; some are bacteriostatic, some
bactericidal, depending on whether the inhibition is merely a prevention of growth or if it
directly kills the microbe104. Some studies suggest, however, that depending on the type of
drug, a drug might have a larger effect on fast growing populations, or in slower growing
ones104.
E. coli has been studied under the effect of different ribosome targeting drugs and shown
that depending on the mode of action, either reversibly or irreversibly binding, the effect on
cultures growing at a certain rate will be different104. Irreversibly binding antibiotics will
affect more fast growing cells than slow growing cells, and reversibly binding drugs will have
the opposite effect.

1.15 Types of drugs and their effects
When using drugs against yeast, the target of the drug can be a broad range of processes
and structures, of which the main ones are gene expression, membrane and cell wall
biogenesis, and nutrient assimilation. The more specific to a yeast-exclusive pathway or
structure a drug is, the more effective it will be clinically, an example of which are drugs
targeting ergosterol synthesis174.
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Drugs introduced in this section cover a few of the main drugs targeting ribosomes and
ergosterol, and some others which target other systems, such as metabolite assimilation,
ATP production, pH regulation and transcription.
This group of drugs is not only clinically used drugs, but also drugs which allow research on
the function and interaction of processes in the cell, or exert a positive selection for
maintenance of a genetic construct124,175–179. The line between the latter two can be
sometimes faint, but both are clearly separated from drugs with clinical usage, given the
unsuitability of widespread use of these because of the microorganisms’ capacity to evolve
resistance175.

1.15.1 Drugs targeting gene expression
Drugs targeting gene expression are divided mainly into two groups: drugs targeting
transcription and drugs targeting translation.
1.15.1.1 Ribosome-inhibiting drugs
This section includes drugs which bind to the ribosome subunits and inhibit translation by
competition, drugs which interact with tRNA metabolism and drugs which inhibit ribosome
biogenesis.
Most of the drugs reviewed are widely used as selection markers in molecular biology178,180.
Some others, however, are used as blockers of ribosomal functions with research purposes,
as drugs inhibiting ribosomes can be used for the direct study or ribosomes or translation,
or for the study of protein maturation times20,136,181.
1.15.1.1.1 Aminoglycosides
Aminoglycosides are a series of antibiotics derived from Streptomyces fungi which have a
wide spectrum of antibacterial activity182–184. Their structure consists of amino sugars with
glycosidic linkages to a dibasic aminocyclitol core185. Their activity is linked to the
suppression of translation or causing translation errors by binding with high affinity to the Asite of the bacterial 30S ribosome subunit (40S in eukaryotes), particularly targeting the 16S
rRNA184. The binding specificity changes with the different aminoglycosides, as well as with
the conformation of the molecule, which is very variable. In bacteria, and in modelling, the
binding of aminoglycosides to the ribosome is considered irreversible, because of the high
affinity and the ability to adapt to the binding site thanks to conformation changes104.
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Resistance to aminoglycosides is mediated by three different methods: membrane
permeability changes, ribosome mutations and enzymatic inactivation184–186.
In bacteria, cells show membrane modifications which allow decreased permeability and
affinity for aminoglycosides, which gives a moderate resistance185.
Some strains have also shown mutations to the A-site of the ribosome which then shows
lower affinity to certain molecules of the aminoglycoside family187. This method of
resistance is effective for aminoglycosides with a single binding site, such as streptomycin,
but mostly ineffective against many other, which due to the flexibility of their conformations
can adjust to many positions in the ribosomal A-site.
The most effective method for aminoglycoside resistance is enzyme deactivation 186. Three
main types of enzymes have this function: N-Acetyltransferases (NAcT), OAdenyltransferases (OAdT) and O-Phosphotransferases (OPpT). These enzymes transfer a
molecule onto the sugar moieties or the aminocyclitol core. NAcT use acetyl CoA to
acetylate an amino group, OAdT adenylates hydroxyl groups at the cost of ATP and OPpT
uses ATP for the phosphorylation of hydroxyl groups.
Aminoglycoside drugs are widely used as selection markers in biotechnology, as their
toxicity is usually moderate and the resistance genes are known as are the single step
inactivation enzymes. Three examples of commonly used aminoglycosides follow.
1.15.1.1.1.1 Geneticin
This aminoglycoside, known as well as G418, is derived from the microorganism
Micromonospora rhodorangea. It has a similar structure to gentamicin and has an effect
both in eukaryotes and prokaryotes188. G418 resistance is mediated by an OPpT, particularly
APH 3‘ II, derived from the gene Tn903 from E. coli189, and used for conferring G418
resistance when using the drug as a selection marker178.
1.15.1.1.1.2 Nourseothricin
Nourseothricin is an aminoglycoside antibiotic produced by Streptomyces bacteria. It blocks
the recognition of the first two bases of each codon by competing for the binding spot190.
More specifically, it acts by flipping two crucial amino acid tails in the helix 44 of the small
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subunit of the ribosome, which has the function of decoding the RNA for the translation into
proteins.
Resistance to NAT is dependent on an NAcT derived from the nat1 gene from Streptomyces
noursei191.
1.15.1.1.1.3Hygromycin
Hygromycin is an aminoglycoside antibiotic which specifically targets the 60s ribosomal
subunit and inhibits the tRNA binding and exchange124. Resistance to hygromycin is derived
from the same enzyme which confers resistance to G418178,180.
1.15.1.1.2 Cycloheximide
Cycloheximide is an antibiotic produced naturally by the microorganism Streptomyces
griseus. It is a potent antibiotic of the family of the piperidones which acts by inhibiting
protein synthesis (PubChem, cycloheximide). The mechanism of action of cycloheximide in
yeast and other eukaryotic cells more specifically involves the blockage of the translation
elongation, by binding to the E-site of the 60S ribosomal subunit, interfering with deacylated
tRNA176. Cycloheximide will bind with low affinity to the ribosome, and the effect will revert
when the drug is removed from the media. Cycloheximide is used for the estimation of
maturation rate of fluorophores136,161. The drug will block translation and the increase of
signal of the protein overtime after the point of inhibition will only correspond to maturing
fluorophore, and not newly synthesized protein. A similar approach can be taken for the
analysis of protein degradation rates181,192.
1.15.1.1.3 Ribosome synthesis inhibitors
Drugs with the capability of inhibiting rRNA synthesis or stages of the biogenesis of a
ribosome are valuable for research, as they can help understand this complex process of
assembly; most of these, however, have been discovered in mammalian cells17,23.
Drugs targeting rRNA synthesis are known in human cells and are generally used in cancer
therapy193. Those target the degradation of specific factors associated with the rRNA
maturation process.
Although rRNA synthesis inhibitors have been discovered and used in the past, a limited
number of direct ribosomal biogenesis inhibitors are known23. One of such drugs is
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diazaborine, which inhibits the export of the large ribosomal subunit into the cytoplasm by
interfering with membrane ATPases194,195. Recent efforts have been put into the discovery
and isolation of new ribosome biogenesis inhibitors, given their potential as research drugs,
and other uses in combination with chemotherapy23.
1.15.1.1.4 Drugs targeting transcription
The initial step in gene expression is transcription, and drugs in this section are used in
research for the targeted inhibition of this process.
1.15.1.2 Transcription inhibition
When targeting transcription in yeast, the main example drug is thiolutin. In the same way
as cycloheximide is used for the study of protein half-life and maturation, thiolutin is
broadly used for the study of mRNA degradation times165,181,196.
This drug is an inhibitor of the RNA polymerase II, inhibiting this enzyme at the stage of
initiation of transcription, although studies suggest that it might also inhibit elongation 196.

1.15.2 Antimetabolites and metabolite analogues
Those drugs function by their homology to cell metabolites, and either block pathways or
generate toxic compounds when being processed through them197.
1.15.2.1 Methotrexate
Methotrexate is a drug used in medicine for the treatment of severe psoriasis, inflammation
and certain types of cancer198. It is similar in structure to folic acid, differing by a pteridine
ring and an aminobenzoic acid nitrogen position 199. In yeast, dihydrofolate reductase
converts dihydrofolate into tetrahydrofolate, a methyl group shuttle required for the de
novo synthesis of purines, thymidylic acid, and certain amino acids. Methotrexate binds to
this enzyme, impairing its function. It acts therefore as a nitrogen base synthesis inhibitor,
acting as a competing metabolite197. In mammalian cells it promotes the translocation of
certain transcription factors to the nucleus, interacts with kinase signalling cascades and the
production of long non-coding RNAs.
1.15.2.2 Pyrimidine analogues
The toxicity of these compounds depends on the action of the pyrimidine deaminase, which
converts the initial compound into 5-fluouracil, which is toxic 200. Mammalian cells have
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little to no activity of this enzyme and therefore it is relatively safe to use in those hosts. 5Fluorocytosine is another example of these compounds.

1.15.3 Drugs targeting ergosterol and cell membrane function
Ergosterol is a membrane steroid lipid exclusive to yeast membranes, which make it a prime
target for antibiotics against yeast infections201. It is the homologous molecule in yeast
membranes to the cholesterol of mammalian cells and has similar functions, maintaining
membrane fluidity and structure, amongst others174. It differs from cholesterol in two
double bonds in its carbon rings and an extra methyl group in the alkyl chain 202. The
exclusivity of its synthesis pathway, as well as the enzymes involved and associated to it
make it the centre of much antifungal drug development efforts174.
Here are some of the first and newer generation of drugs which target ergosterol synthesis,
as well as other drugs which target fungal membranes.
1.15.3.1 Polyene drugs
Polyene drugs bind to ergosterol itself and interact with it in the fungal membrane. These
drugs disrupt membranes, causing the formation of pores through which cytoplasmic
contents leak, and inducing cellular damage due to oxidative stress from the internalization
of external compounds and membrane potential disruption177. Amphotericin B is an
example of such drugs.
1.15.3.2 Azoles
Azoles are a group of synthetic or semi-synthetic drugs which affect the conversion of
lanosterol to ergosterol, a reaction catalysed by the cytochrome p450-dependent enzyme
lanosterol 14α-demethylase203,204. Azoles are mostly fungistatic, although they can have
fungicidal activity at higher doses.
First generation azoles displayed severe secondary effects on the host, which motivated the
development of a second generation, where drugs such as fluconazole are included205.
1.15.3.3 Echinocandins
Echinocandins are a new generation of drugs which target the cell wall synthesis in yeast.
They are used in medicine and have less negative effects and induce less nephrotoxicity
than azole or polyene drugs175. Those molecules are lipopeptides which target the cell wall
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by non-competitively binding an enzyme which synthetizes membrane glucans (β-(1, 3)-Dglucan synthase), affecting the membrane integrity and stability and causing osmotic shock
to the cells206.
1.15.3.4 Drugs targeting ATP production and intracellular pH
ATP production, pH regulation and respiration are interlinked processes related to the
cellular membrane141,207–210. Here is a list of drugs used for the inhibition or alteration of the
membrane and its associated functions.
1.15.3.4.1 ZPT
Zinc pyrithione is a synthetic compound formed by a zinc cation and a derivative of a
pyridine which is designed to mimic the action of the aspergilic acid211. It has the ability to
block the membrane proton pumps inhibiting mitochondrial function, and inhibit transport
through biological membranes as well as the activity of some intracellular enzymes212. Its
activity is not limited to yeast, and has a broad antimicrobial action, including gram positive
and negative bacteria211,212.
1.15.3.4.2 Weak acids
Weak acids are used as bactericidal drugs in food preservation, in order to protect it from
microbes210,213. Generally used and most effective in low pH foods, they act by affecting the
intracellular pH. Weak acids enter the cell by diffusion when the intracellular pH is low, in an
unprotonated form, which allows them to traverse the membrane. When the intracellular
pH rises, as it does when cells reach exponential phase of growth214, the weak acids
dissociate and become charged, which does not allow them to diffuse back out 215. This
negatively impacts cell metabolic processes and causes weak acid stress, oxidative damage
and membrane disruption210,216,217.
Mechanisms by which cells cope with weak acid negative effects include the activation of
anion efflux pumps, such as Pdr12p, and plasma membrane ATPases for the export of
protons218. Those pumps require the use of ATP, and therefore have a negative effect on the
energy state of the cell, which will have to use energy for the recovery of homeostasis 209,210.
The expenditure of ATP in pumps is coupled with a potential negative effect on
phosphofructokinase, which would affect glycolysis and further deplete energy in the
cell210,219.
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Weak acids can be separated into groups by their lipophilicity, or their affinity to lipids,
particularly in the plasma membrane of cells. Lipophilicity depends on the length of their
carbon chain. High lipophilicity weak acid examples are benzoic acid and propionic acid,
while hydrophilic acids would be sorbic acid and acetic acid210,213.
Ullah et al have studied weak acid effects and concluded that the effect varies depending on
many factors, including the expenditure of ATP on the proton and anion pumps,
acidification of the cytoplasm and anion toxicity210. Some weak acids, such as acetic acid or
citric acid, are metabolizable by S. cerevisiae, and some others, such as benzoic or propionic
acid, aren’t. Acetic acid will dissociate into acetate anion and a proton at physiological pH.
Acetate is a by-product of glycolysis, and yeast will be able to metabolize it in media
conditions without glucose, which is an inhibitor of cellular respiration. Acetic acid has been
proven to have a toxicity dependent on the acidification of the cell210. Benzoate is nonfermentable, and its toxicity is not directly linked to the intracellular acidification, but rather
to the excess use of the Pma1p proton pump coupled to glycolysis inhibition and the efflux
pumps which are required to expel the anion210,215.
1.15.3.4.3 Antimycin
Antimycin A is a fungicide drug naturally produced by Streptomyces fungi, with an aromatic
structure derived from a phenol ring and formamidosalicylic acid 220,221. It is not a single
molecule, but a mixture of four compounds which differ in certain methyl radicals 221. The
action of antimycin relies on the inhibition of the reduction capability of cytochrome C
reductase179. Cytochrome C is a membrane-associated mitochondrial protein which plays a
role in the respiratory electron-transfer chain and in apoptosis signaling222. It is a haemcontaining protein which uses this domain for the oxidoreduction of complex III and IV of
the respiration chain in the inner mitochondrial membrane. In apoptosis, it is one of the
molecules which is released into the cytoplasm at the initial phases of apoptosis, binding
factors for the formation of the apoptosome.

1.16 Yeast growth and carbon sources
In this thesis I use raffinose as a sugar for modulating growth rate. I also use transitions from
media containing pyruvate as a carbon source to raffinose, and I avoid the usage of glucose.
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Here I will explain the basics of sugar metabolism in yeast, involving glucose, raffinose and
pyruvate.

1.16.1 Glucose and glucose inhibitions
Glucose is the preferred carbon source for microorganisms. It has a predominance to the
point of cells repressing the metabolism of other sugars when glucose is present; a
repression which will be extended over time to the point where all the glucose is
consumed141,223. This phenomenon is known as diauxie, and it directly refers to the apparent
two growth phases observed in growth rate in glucose224. Diauxie refers to the inhibition
exerted by glucose metabolism over the metabolism of less desirable carbon sources:
glucose will be degraded first, hence the first growth phase, and then will have a second
growth phase when they metabolize the less desirable carbon source223,225.
Glucose inhibits respiratory metabolism141,142,223. This inhibition is controlled by HXK2 gene,
driving the expression of Hxk2p (hexokinase PII), which is mostly phosphorylated and in
dimeric inactive form in the presence of poorly fermentable carbon sources, such as
ethanol, raffinose or galactose226. Further repression of respiratory metabolism by glucose,
as well as fatty acid and amino acid synthesis is mediated through the AMP activated kinase
Snf1, which is inhibited by glucose141.
As a preferred carbon source, cells will be able to maintain high growth rates even at low
concentrations on glucose, making it a poor choice for modulating growth rate by changing
its availability224,227.
Glucose inhibition of other carbon-inducible promoters makes it also inviable as a carbon
source when using those228.

1.16.2 Carbon source changes
As seen before, cells suffer a lag and have to adapt when changing from one carbon source
to another, which is widely seen in glucose as it suppresses the expression of genes used for
the metabolization of other less desirable carbon sources142,228. Other recently discovered
interactions show the inhibition of anaerobic metabolism by aerobic catabolites, such as
acetate, which represses the expression of ethanol metabolism genes101. The general rule
for catabolite repression is that one catabolite will repress another when it can sustain a
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higher growth rate, and also given the conditions of the media101,141,142. As an example,
raffinose is a poorly fermentable carbon source, but cells grow faster on it than they do on
pyruvate, which would suggest that cells will rapidly adapt to utilize it when transferred
from pyruvate media229. Similarly small lags are seen when growing cells in galactose and
changing into media with glucose, where cells increase their growth rate immediately upon
the change2.

1.16.3 Raffinose as a sugar of choice for growth rate experiments
In order to control the growth rate in the cells, without the addition of drugs, and just by
changing the media quality, raffinose was used as a carbon source.
Raffinose is a trisaccharide formed by galactose, glucose and fructose. Galactose can be cut
from the other two by α-Galactosidase, and fructose with an invertase229–231. Both enzymes
are located in the periplasmic space, were raffinose is catabolized and imported. Not all
yeast strains contain the gene mel1, which encodes α-Galactosidase, with BY4741, 2 and 3
being mel-negative139. These strains will therefore only be able to use the fructose moiety.
Given the poor efficiency of its usage, raffinose is a poorly fermentable carbon source, and
cells will not repress respiration in its presence142,226.
Jaques Monod proposed an equation for the growth of a microorganism in aqueous solution
with a limiting nutrient224.
𝜇 = 𝜇𝑚𝑎𝑥

[𝑆]
𝐾𝑠 + [𝑆]

It states that the growth rate (µ) in a certain condition, is equal to the maximum GR (µmax)
times the concentration of a specific nutrient ([S]) divided by the half velocity constant (Ks)
plus the concentration of nutrient. The half velocity constant is the growth rate at halve the
maximum gr.
By this law, cells will grow incrementally faster the more limiting nutrient is present until a
plateau, where they will achieve maximum growth rate in that condition.
Sugars such as glucose or fructose follow a steep Monod equation, with maximum GR being
reached at low concentrations of sugar232, which makes then hard to use for tuning the
growth rate of a culture. Raffinose concentrations affect the curve in a more controllable
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way (Figure 5). Experimental data was obtained by growing cells in a range of
concentrations of raffinose, in a microplate reader. This data was then plotted as maximum
GR versus the concentration of raffinose. By fitting a Monod equation to the plot, it can be
seen that it closely follows it (Figure 5).

max

Gluc 2%

Figure 5. Raffinose shows a positive correlation with growth rate in S. cerevisiae. Figure A (left) shows the growth rate estimated from a culture in a range
of concentrations of raffinose. Raffinose concentration positively correlates with growth rate (figure B), experimental data in red (maximum growth rate
for each condition), and follows a Monod equation (blue line). Glucose induces higher growth rate than raffinose (figure A dark blue, figure B, marked dot).

1.16.4 Growth on pyruvate
Pyruvate is the end product of glycolysis233. Depending on the growth rate of the cell, and
the metabolism pathway which is prioritized, pyruvate can be further reduced into alcohol
through fermentation of glucose, or it can be decarboxylated into acetyl CoA and go into the
mitochondria for respiration233. Cells grown solely on pyruvate will be therefore be forced
into respiring this molecule, as its fermentation yields solely NADH and no energy 223,233.
Pyruvate internalisation in the cell is mediated by a membrane permease, Jen1, which
symports small carboxylic acids through the membrane using a proton234. The transport of
pyruvate through this transporter protein is inhibited in the presence of lactate, D-glucose
and deoxyglucose, but is still active in the presence of ethanol and acetate235. This selective
deactivation further supports the fact that yeast will consume the best quality carbon
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source in the media at any given moment, and will actively repress the metabolism of the
other142,223,228.
For the work in this thesis, I take advantage of this repression phenomenon to avoid
undesired effects derived from switches in the carbon source. As pyruvate is a very
unattractive carbon source for yeast cells, pre-growth in this carbon source will ensure fast
changes and avoid lag phases.
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2 CHAPTER 2: MATERIALS AND METHODS
2.1 Strains, cultures and media
2.1.1 E. coli
2.1.1.1 Culture
Strains (DH5α and derivates) were grown at 37°C on LB agar plates or liquid LB culture
(shaking, 255rpm) with the corresponding selection.
2.1.1.2 Transformation
The cells used for transformation were DH5α (Invitrogen, Thermo Fisher, USA) competent
cells, aliquoted and stored at -80°C. Cells in 100 µL aliquots were thawed on ice for 10
minutes, after which the DNA was added (~1 ng) and the tubes were left on ice for 30min. A
heat shock was performed for 30 seconds at 42°C on a preheated water bath. Cells were
then incubated for an hour at 37°C at 180 rpm on 500 µL of SOC media and after they were
plated on the corresponding selection plate.
2.1.1.3 Freezing
When freezing plates, cells from an agar culture in a 96-well plate were incubated overnight
at 37°C, picked with the help of a multichannel pipette and inoculated into a new 96-well
plate containing 200 µL liquid LB with the appropriate selection per well. The plate was
grown overnight at 30°C shaking at 188rpm on a table shaker. 50 µL of 80% glycerol was
added to each well to a final concentration ranging between 15 and 25%, and the plate was
sealed using plate sealing foil (Grainer Bio-One GmbH, Aluminium Silverseal Sealer). The
freezing process was performed using an ethanol/dry ice bath; plates were then stored at 80°C.
Individual colonies were frozen through the same protocol, picking a single colony from an
agar plate, and culturing it in 5 ml of LB before freezing in a 1.5 mL screwcap tube in 15-25%
glycerol.
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2.1.2 S. cerevisiae
2.1.2.1 Strains
A list of strains is available in Table 1.
The strain considered as wildtype (WT) is commercial BY4742.
Strains used in the burden and constitutive expression assays are BY4742 transformed with
the MoClo-assembled plasmids (G418 resistance) (Table 6) and the burden-driving
pTetG72P-mKO2 plasmid (URA3 selectable marker) (Table 5). Those strains are given a code
individually for each set of experiments, depending on the promoter driving the mVENUS.
Strains for the measurement of ribosomal content are named after the ribosomal protein
which has been tagged. Those are L3 (RPL3::GFP), L13A (RPL13A::GFP), L13B (RPL13B::GFP),
ML13 (mitochondrial RPL13::GFP). Other less used strains which were tested and discarded
during the selection stages are, following the same denomination: L16A, S9A, S30A and
L22A. Those strains were provided by the Edinburgh Genome Foundry, and are part of the
Yeast GFP fusion collection, developed by O’Shea et al64.
2.1.2.2 Culture
Cells were cultured at 30°C in SC or XY agar when in solid media, and at 30°C 225rpm
shaking in SC or XY liquid media. Media contained the appropriate selection markers.
Carbon sources varied from raffinose 2%, glucose 2% and pyruvate 2% depending on the
experiment. Volumes varied depending on the experiment.
For microplate reader experiments, 5mL liquid SC cultures were incubated in glass tubes for
30 h with 2% pyruvate, or for 48 h in 2% pyruvate diluting at 24 h to an OD of approximately
0.1. 30 h were used for achieving high OD without culture saturation when the protocols
were optimized, while 48 h were used in initial experiments.
Liquid cultures were done in glass tubes or Erlenmeyer , incubated at 255 rpm.
Turbidostats (Chi.Bio, UK), were used for the liquid culture of S. cerevisiae for microplate
reader experiments. Chi.Bios containing 10 mL of media (SC) were inoculated with a single
colony and were set to maintain an OD of 1.5 (equivalent to OD≈0.5 in a TECAN infinite 200
machine). Cells were diluted at the start of the experiment to an initial OD≈0.2 and were
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therefore cultured at a higher OD to ensure sufficient cells were available. Cells were grown
until this OD was achieved, and then prepared for the PR experiment as above.
For running microplate reader experiments, the media used was low fluorescence SC to not
interfere with the fluorescent protein signal. This media is prepared following Sheff et al 91.
Table 1. Summary of used and generated strains.

Strain name

Parental strain

WT

Description (integrated construct unless specified)
BY4742

L3

BY4741

RPL3::GFP

L13A/L13B

BY4741

RPL13A::GFP / RPL18B::GFP

S245

W303

RPL11B::GFP

sE096

BY4742

pRPL18B::GFP

sE097

BY4742

pTDH3::GFP

rTA1_1/2

sE096/97

pTEF2-rTA-NAT + pTETd-mKO2-Hyg (plasmid)

rTA2_1/2

sE096/97

pCCW12-rTA-NAT + pTETd-mKO2-Hyg (plasmid)

rTA5_1/2

sE096/97

pTEF2-rTA-LEU + pTETd-mKO2-HIS (plasmid)

rTA6_1/2

sE096/97

pCCW12-rTA-LEU + pTETd-mKO2-HIS (plasmid)

SYNTH

BY4742

pTEF2-rtTAG72P + pTet-GFP-URA
(GeneArt synthetic plasmid, all)

Constitutive

BY4742

fluorescent protein

(pREV1, pSAC6, pRPL18B, pHHF1, pTEF2, pTDH3)-VENUS,
(pTEF2,pCGK1)-GFP, pTEF2-mKO2,

expression strains*
(pHHF1, pTEF2)-mRuby2
Ottawa147

BY4741

pGEV-rtTAG72P, pTet-GFP-NAT

*Those strains are named as the promoter and the fluorophore they contain.
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2.1.2.3 Transformation
Yeast transformations were performed using overnight yeast liquid cultures in 5 mL XYGlc.
Cultures were diluted 1/50 in 50 mL of XYD and left for four hours at 30°C 255 rpm. The
cultures were centrifuged at 3000 rpm for 5 min, discarding the supernatant and washing
the pellet with sterile water and repeating the step. Cells were resuspended in 1mL sterile
water and aliquots of 100 µL were taken for transforming through the standard lithium
acetate method236. The transformation mix can be found on Table 2.
Table 2. Transformation mix reagents for yeast.

Reagent

Volume (µL)

50% PEG4000

240

1M LiAc

36

Boiled and cooled YeastMaker (Takara Bio, 50
Japan) 1:5 sterile H2O (2 mg/ml)
Purified plasmid DNA

≈1µg DNA

Sterile H2O

Up to 360

2.2 Plate reader experiments
Plate reader experiments were performed using three main types of machines, TECAN
(Switzerland) Infinite F200 (Fluorescence microplate reader), TECAN Infinite M200 PRO
(Fluorescence microplate reader) and TECAN SUNRISE (Absorbance microplate reader).
Cells were prepared from overnight cultures by washing the culture using fresh SC media,
centrifuging for 5min 3000rpm (Eppendorf [Germany] 5810R, A-4-81 rotor), before resuspending the pellet in low fluorescence SC (pre-heated in the incubator at 30°C) to an OD
of approximately 0.2. 96 well microplates (see Table 3) were loaded first with 20μl of sugar
solution, concentrated at 10x the final concentration. 180μL of cells were added posteriorly
(178 for AB experiments) to a final volume of 200μL in each well.
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Table 3. Microplates glossary.

Experiment

Plate reader Plate

OD only

SUNRISE
F200

OD and
fluorescence

F200
M200

CORNING B.V LIFE SCIENCES (USA), 96 Well Clear Flat
Bottom Polystyrene Not Treated Microplate 20 per Bag
with Lid, Sterile.
THERMO FISHER SCIENTIFIC (USA), Thermo Electron LED
GmbH, Nunc 96 Well OBP Plate Black non-treated.
Lid (fluorescence): Greiner Bio-One (Austria) GmbH
microplate lid, low profile, non-sterile.

Table 4. Measurement parameters used in the microplate readers.

Protein

Excitation/Emission (nm)

Optical
density

Machine GFP

mVENUS

mRuby2

mKO2

Auto FL

Sunrise

-

-

-

-

-

595

F200

485/535

485/535

535/595

-

-

595, 600

Gain: 60
Flashes: 25
496/534

Gain: 100
Flashes: 25
559/600

-

-

Flashes: 15

M200

Gain: 60
Flashes: 25
485/525

540/580

485/585

595

Gain: 60
Flashes: 25
Z: 20000μm

Gain: 60
Flashes: 25
Z: 20000μm

Gain: 100
Flashes: 25
Z: 20000μm

Gain: 60
Flashes: 25
Z: 20000μm

Gain: 100
Flashes: 25
Z: 20000μm

Flashes: 15

2.2.1 Types of experiments
Experiments performed can be divided in three main types.
2.2.1.1 Growth rate and optical density (OD)
Performed on either F200 machines or SUNRISEs. The experiments are 150 cycles of 550
seconds of shaking, inside high, for SUNRISE machines, followed by a measurement of the
OD (Table 4); and 105 cycles of 10min shaking, 550rpm 6mm orbital, in the F200, followed
by OD measurement.
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2.2.1.2 Antibiotic treatment experiments
Settings and machines were as for the previous experiments, but only run for 120 cycles.
The plate containing the cells was extracted from the machine at cycle 13 (≈2.5h) for adding
2 µL of 100x drug. The experiment was resumed afterwards.
2.2.1.3 Fluorescence
Performed on F200 or M200 machines, 120 cycles of 10 min shaking, 550rpm 6mm orbital,
in either the F200 or M200, followed by OD measurement. The plate containing the cells
was extracted from the machine at cycle 13 (≈2.5h) for antibiotic treatment if pertinent, by
pausing the cycle and resuming the experiment after adding 2 µL of 100x drug.
Cycles were changed to 105 in M200 to account for AutoFl measurements (see fluorescence
corrections).

2.2.2 Detailed microplate reader experiment protocols.
2.2.2.1 Detailed protocol for antibiotic resistance tests
A single BY4742 colony was inoculated in 5 ml SC 2% pyruvate culture. This culture was
grown for 24 h, 225 rpm 30°C, and diluted to an approximated OD of 0.1. New media plus
pyruvate was added and the culture left for another 24 h in the incubator. Cells were
precipitated by centrifugation at 3000 rpm/1811 g (Eppendorf 5810R) for 5 min and
resuspended in fresh SC media. Another centrifugation and resuspension in fresh media
step was performed to wash the culture. Cells are then adjusted to an approximate OD of
0.2 and are inoculated into a clear 96-well plate (see Table 3), 178 μl per well. The sugar
used for the experiment is raffinose at different concentrations, adjusted to a final volume
of 20 μl, and was added prior to the cells.
Cells were grown for 2.5 hours at 30°C in a TECAN Sunrise plate reader (see 2.2.1 and Table
4 if using a different machine), on 15 cycles of 550 secs of shaking followed by a
measurement of the OD at 595 nm, for allowing the cells to adapt and grow in the new
media containing raffinose. After this pre-growth, the plate was ejected from the plate
reader and the antibiotics were added. Speed in this step ensures that the cell growth is not
highly affected. For this, antibiotics were diluted into aliquots of 100x the concentration of
each well and arranged into a 96 well master plate which mirrored the positions of the
experiment’s 96-well plate containing the cells. Upon ejecting the plate, 2 μl of the drug
69

solution was transferred from the master plate to each corresponding well using an 8channel multichannel pipette.
An OD measurement over 150 cycles (variable number depending on cell plateau time), with
the same settings and conditions as pre-growth, was then performed to obtain the data.
2.2.2.2 Detailed protocol for ribosome measurements
A single BY4742 and L3 colonies were picked and pre-grown in Chi.Bio turbidostats (see
section on S. cerevisiae culture) on SC 0.5% raffinose. After the set OD was achieved, cells
were precipitated by centrifugation at 3000 rpm/1811 g (Eppendorf 5810R) for 5min and
resuspended in fresh SC media. Another centrifugation and resuspension in fresh media
step can be done for performing a wash of the culture. Cells were resuspended into low
fluorescence SC. Cells were then adjusted to an approximate OD of 0.2, with the exception
of WT, which aims to be ≈0.01 lower OD. This is for improving fluorescence and OD
corrections through the Plate Reader software (see analysis section). Cells were inoculated
into a black 96-well plate (see Table 3), 178 μl per well, with preloaded sugar. The sugar
used for the experiment was raffinose at different concentrations, adjusted to a final
volume of 20 μl.
Cells were grown at 30°C in a TECAN F200 or M200 plate reader, for two cycles of 550secs of
shaking followed by a measurement of the OD and fluorescence (See Table 4 for settings) to
minimize any potential impact in growth or stress caused by the precipitation and wash
steps. After this short pre-growth, the plate was ejected from the plate reader and the
cycloheximide was added. Speed in this step ensures that the cell growth is not highly
affected. For this, antibiotics were diluted into aliquots of 100x the concentration of each
well and arranged into a 96 well master plate which mirrored the positions of the
experiment’s 96-well plate containing the cells. Upon ejecting the plate, 2 μl of the drug
solution was transferred from the master plate to each corresponding well using an 8channel multichannel pipette.
OD and fluorescence measurements were performed over 30 h (variable number of cycles
depending on machine), with the same settings and conditions as pre-growth.
See section ‘
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In order to perform more experiments with strain L3, the protocol had to be standardized,
and a series of hurdles were needed to be surpassed.
Rationale behind the microplate reader experiment optimization’ within Chapter 4 for more
insight into the experimental design and plate positioning.
Note: for experiments in 3% raffinose, lo-Flo SC media with reduced water was used (10 mL
for each 180 mL of media) using 170 µL of concentrated media per well, and 30 µL of 20%
raffinose stock. Stocks over 20% are insoluble and precipitate.

2.3 Plasmid design and MoClo Golden Gate assembly
Plasmids were visualized and designed with SnapGene (GSL Biotech LLC, San Diego, USA)
and Benchling (Benchling Inc. San Francisco, USA).
The same software was used for all DNA sequence visualization, from plasmids to primer
design.
The plasmid that contains the pathway which generates the burden was designed and
assembled using the MoClo variant of the golden gate technique. The toolkit used was
designed by Lee et al. and is available online90, the plasmids containing the assembled parts
are depicted in Table 5 and Table 6.
Table 5. MoClo plasmids used for the assembly of the burden-driving plasmid.

Plasmid

Description

pYTK003

ConLS connector

pTet

Tetracycline promoter, assembled from PYTK001

PLSM_148

mKO2 coding sequence, assembled from PYTK001

pYTK053

ADH1 terminator

pYTK072

ConRE connector

pYTK076

Histidine selection

pYTK082

2-micron circle yeast replication origin

pYTK083

E. coli Ampicillin resistance gene and ColE1 replication origin
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Table 6. MoClo plasmids used for the assembly of the sensor plasmid.

Plasmid

Description

pYTK003

ConLS connector

pYTK009 to 029

Promoters

pYTK033

mVENUS coding sequence

pYTK053

ADH1 terminator

pYTK072

ConRE connector

pYTK077

Kanamycin Resistance gene

pYTK081

CEN6/ARS4 yeast replication origin

pYTK083

E. coli Ampicillin resistance gene and ColE1 replication origin

All parts are stored in frozen E. coli strains which are thawed and grown on plates with the
corresponding resistance. Posteriorly, cells are grown overnight in liquid culture for DNA
purification and posterior assembly. Reactions took place in 10 µl final volume, with
concentrations and volumes of each reagent shown on Table 8. The assembly reaction
conditions are depicted in Table 9.
PLSM_148 found in Table 5 is a newly created part with the coding sequence of mKO2
orange fluorescent protein, cloned into the level 0 vector backbone PYTK_001. It was
assembled using the same reaction as in Table 8 and Table 9 but with the enzyme BsmbI
instead of BsaI. mKO2 was amplified from a plasmid template using primers designed for
the amplification of level 0 vector insertion fragments (Table 7). Those primers were
designed following the kit designer’s instructions90. The PCR product and PYTK_001 were
added into the reaction.
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Table 7. Primer table.

Name

Function

Sequence (5’-3’)

mKO2_FWD

Amplification of mKO2 coding

GCATCGTCTCATCGGTCTCATATGGTGTCCGTAATTAAGCCAGAAATG

mKO2_RV
G72P_FWD
G72P_RV
pTet_FWD

sequence. MoClo.

Amplification of G72P transactivator GCATCGTCTCATCGGTCTCATATGATGTCTAGATTAGATAAAAGTAAAG
coding sequence. MoClo.
Amplification of pTet sequence.
MoClo.

pTet_RV
mCherry2_FWD
mCherry2_RV
G72P_Inv_FWD
G72P_Inv_RV

ATGCCGTCTCAGGTCTCAGGATCCACTGTGCGCTACTGCATCTT

Amplification of mCherry2 coding
sequence. MoClo.

ATGCCGTCTCAGGTCTCAGGATTCTAGTCCCACCGTAC
GCATCGTCTCATCGGTCTCAAACGTGATACACGGTCCAATG
ATGCCGTCTCAGGTCTCACATAGTTTTTTCTCCTTGACGTT
GCATCGTCTCATCGGTCTCATATGATGGTGAGCAAGGGCGA
ATGCCGTCTCAGGTCTCAGGATTGTACAGCTCGTCCATGC

Inversion of the pTEF2::G72P level 1 CCGTCGTCTCATTGGACTGGCCGATAATTGCAGACGAACGTT
MoClo construct.

ATACCGTCTCACTGACAGCCGTTCAGGGTAATATATTTTAACCGCCG

pTet_dom_FWD Domestication of the pTet BsaI CTGGTCCCTATCAGTGATAGAGACGTTCAAATTAACGAATC
pTet_dom_RV

restriction site.

GATTCGTTAATTTGAACGTCTCTATCACTGATAGGGACCAG

MoClo, for the creation of a MoClo level 0 part. In green background: BsmBI recognition site. In blue background: BsaI recognition site. In bold
red, yellow background, base pair modified in domestication. A series of small primers (GC ≈ 50%, bp ≈ 17) were selected in the plasmid
sequences for testing for correct plasmid assemblies.

Table 8. MoClo reaction mix.

Reagent

Volume (µL)

DNA inserts (plasmids)

0.5 (≈20fmol DNA)

T4 DNA ligase buffer (NEB, USA)

1

T7 DNA ligase (NEB, USA)

0.5

BsaI

0.5

H2O

Up to 10
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Table 9. MoClo assembly reaction steps.

Digestion/ligation, 25 cycles of

Digestion

Denaturalization Hold

Temperature
(°C)

42

16

42

80

4

Time (min)

2

10

2

10

∞

In reactions for the assembly of backbones the final digestion doesn’t take place and cycles ended on a ligation.

Eight strains were developed for the cell burden system containing an integrated
transactivator: two different promoters, two different selections, and two different
promoter-GFP genome integrations (Table 1, rTA strains). Integrations were done by CAS9
mediated integration237, followed by counter-selection with 5-FOA (5-Fluoroorotic acid).

2.4 Microscopy cell imaging
Microscope images were obtained using a Nikon (Japan) Eclipse Ti inverted microscope.
Custom scripts for Micromanager, controlling the machine, are written in Matlab
(Mathworks, USA).
Images were taken using two objectives: a 60X 1.2NA water immersion objective and a 100X
1.4NA oil objective (Nikon, Japan). The camera in the microscope is a Evolve EMCCD camera
(Photometrics, USA) with a 512 x 512 sensor. The Nikon Perfect Focus System was used for
maintaining the same focal distance between samples.
GFP images were taken with a 470nm LED (Cairn research). Filters are:
•

Dual band GFP/mCherry excitation filter (59022 set, Chroma, USA)

•

Dual band GFP/mCherry dichroic (59022 set, Chroma, USA)

•

520/40 emission filter (Chroma, USA)

All images were taken with the following settings: exposure time 30ms (brightfield and GFP),
LED voltage setting -8 (using Cairn Optoled library for Micromanager).

74

2.5 Data analysis
2.5.1 Python Plate Reader data analysis software
Statistical analysis of the data was performed using Python software developed by Lichten,
C. A. et al238. It incorporates their work on unmixing fluorescent spectra and the method for
estimating time derivatives using Gaussian processes by Swain P. S. et al97. This is the Swain
Laboratory's Omniplate software (version 0.52), written in Python 3. Instructions are at
(https://swainlab.bio.ed.ac.uk/software/platereader/omniplate.html)
and the code is available from
(https://git.ecdf.ed.ac.uk/pswain/omniplate)
The software takes two input files: a raw data file from the microplate reader with
measurements for different variables (OD, fluorescence, AutoFL) over time; and a contents
file, where each microplate well has been assigned its strain and media conditions.
The software corrects the optical density readings for non-linearities between the OD and
the number of cells239 , storing it by well, then generates an average for each condition,
estimates growth rate, and calculates the fluorescence per optical density, as well as
subtracting the fluorescence of pure media and autofluorescence of a control strain when
pertinent.
This primary data is used for calculating summary statistics (see software link).
2.5.1.1 OD correction for non-linearities
A first OD correction is applied by subtracting the optical density values of the media from
the experimental OD values.
A second optical density correction is performed using a dilution data set, for accounting for
the non-linearity of the relationship between OD and cell numbers at higher values. The
default dilution curve is a text file ('ODcorrection.txt' as a default, two more available) which
is loaded into the software when the specific command is run (see plate reader
instructions). This correction file was measured by L Bandeira and is data from haploid
BY4741 yeast in glucose. Cells were grown to high density, diluted in series by a known
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factor, and the change in measured OD compared to the expected change in OD given the
dilution performed.

Figure 6. Example of OD correction performed by the plate reader analysis software. The
software uses a dilution dataset (red dots) for fitting the experimental data (blue line).
0.5 corrected OD will be corrected to fit the 0.5 dataset OD.

2.5.1.2 Growth rate estimation
The GR is estimated using Gaussian processes97. A Gaussian process is a series of points that
are samples from a Gaussian distribution, which is defined by its covariance function. The
choice of covariance function determines the types of function generated by the sampling,
but this choice need not be restrictive. The software uses a Matern covariance function,
which assumes only that the function underlying the samples is twice differentiable. Using
the logarithm of the OD data, the software finds the most likely parameters that determine
the covariance function given this data. Then because the derivative of a Gaussian process is
also a Gaussian process, the software is able to estimate the time-derivative of the
logarithm of the OD – the specific growth rate.
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2.5.1.3 Fluorescence correction
Lichten, C. A. et al. proposed a method based on spectral unmixing to estimate
autofluorescence by using a measurement of fluorescence for GFP-tagged cells at 585 nm,
where there is little contribution from GFP and so most of the measured signal is
autofluorescence, to estimate the autofluorescence at 525 nm – the optimal wavelength for
measuring GFP emissions. I refer to this measurement at 585 nm as AutoFL.
Locally Weighted Scatterplot Smoothing (lowess) from the non-parametric statistical Python
package (statsmodels.org) was used for smoothening the GFP signal measurements when
too noisy (in lower expression strains). Scipy (scipy.org) was subsequentially used for
obtaining the local maximum of the data using the find_peaks function. The global
maximum of the data was finally calculated by comparing the different peaks obtained in
the previous step.
2.5.1.4 Error calculation and corrections
The Python Plater Reader data analysis software calculates the variance and errors for all of
its estimations and calculations. Those errors were used and carried over for the calculation
of further values from the data.
Errors for the variables are estimated as half of the interquartile range.
When pertinent, time was corrected for, either by dividing the values by the total duration
of the experiment, or by using the number of population divisions (generations) instead,
calculated with the formula:
𝑂𝐷𝑚𝑎𝑥
⁄𝑂𝐷 )
𝑚𝑖𝑛

𝑛 = 𝑙𝑜𝑔2 (

When analysing or plotting data from multiple experiments, data was normalized by the
common condition: 2% raffinose. Errors were also normalized and carried over.
2.5.1.5 Fitness calculation
A small piece of software was written in Python to supplement the plate reader analysis
software to estimate any fitness loss. Its inputs are the processed mean OD and GR from the
processed data frame (see next section). A first function estimates maximum OD, area
under the OD curve, number of divisions, area under the divisions over time curve,
maximum GR, area under the GR curve, mean GR and area under the GR vs the OD. A
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second function plots those versus each other in a heatmap format for easier visualization
of the data.
All measurements are divided by the range of X axis points: end time minus start time for
time-lapse measurements (GR, OD, OD divisions, area under OD, area under GR), and OD
range or OD divisions range for area under the GR vs OD/OD divisions.
2.5.1.6 Data storage
For plate reader experiment data, three data frames are generated from the data and
exported. One containing raw data for each well; a second one with time series of processed
data: growth rate, mean OD and fluorescence, and fluorescence per OD, plus variance for
each of the variables; and a third one, which contains summary statistics, such as the
maximum growth rate.
Files are exported and saved as TSV files and can be imported back into the software for
future analysis or visualization.

2.5.2 Figures
Figures were plotted with the use of the Python packages matplotlib (
https://matplotlib.org/ ) and seaborn (https://seaborn.pydata.org/).
Figures were edited and combined with the use of GIMP (GNU Image Manipulation
Program, version 2.10).

2.6 Short comment on having a shared condition
For this work, more than 300 plate reader experiments have been performed. An easy way
to unify those was to always maintain a shared condition between all of them, which could
be used for the normalization of any shared observation within the experiments performed.
With this, the unification of the constitutive expression experiments was possible,
comparing the expression of multiple fluorescent proteins in single graphs, normalizing for
the value expressed by the universally shared condition: 2% raffinose (Figure 18). Similarly,
ribosomal content experiments with diverse concentrations of raffinose all shared 2%
raffinose, which therefore was used for unifying them into more complex plots (Figure 28,
Figure 32, Figure 33).

78

3 CHAPTER 3: LESSONS FROM DESIGNING A BURDEN
SENSOR IN YEAST
The initial goal of the PhD project was to try to measure burden with the help of a
constitutive promoter driving the expression of GFP, and a burden-inducing, inducible
construct. The experiment was designed following the work of Gyorgy et al (1) and Ceroni et
al. (2) in E. coli, where a reporter protein, in both cases GFP, was to be expressed from a
constitutive promoter in a plasmid (1) or chromosome (2), and the effect on its expression
of the overexpression of another operon in a plasmid (1) or fluorescent protein on the same
plasmid was determined (2) 102,119.
For tackling this in yeast, a dual system was designed, containing a constitutively expressed
fluorescent protein as a reporter, and a highly expressed construct expressing a second
fluorescent protein from a high copy plasmid as a burden.
The chapter is divided into two parts:
1. Design and construction of the system.
a. Choice and assembly of constitutive promoters from the MoClo kit90 driving
fluorescent proteins (mVENUS, GFP and mRuby2). Those are both
transformed into the genome and cloned into plasmids.
b. mKO2 as a fluorophore for the inducible system in order to minimize
crosstalk and bleedthrough between proteins156,238.
c. A tetracycline-inducible promoter147 was selected for driving mKO2
expression.
d. Burden plasmid assembly and ordering of a synthetic plasmid due to
difficulties with the assembly.
e. Second iteration of the system assembled by removing the constitutivelyexpressed tetracycline reverse transactivator and integrating it in the
genome.
2. Lessons from the design of the system.
a. Doxycycline impairs cell growth in respiring eukaryotes.
b. Expression of the transactivator from the genome does not induce mKO2.
c. The synthetic plasmid loses the capacity to express mKO2 over time.
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3.1 Burden-driving system: design of choice
Fluorescent reporters were both integrated and placed on a plasmid for sensing burden; a
high copy plasmid with inducible expression generated it.
Following the work of Ceroni et al and Gyorgy et al, the reporter of the genetic burden
would be a constitutive fluorescent reporter102,119.
A schematic of the design can be seen in Figure 7. Two iterations were to be transformed
into yeast: an integrated burden sensor in the genome plus a burden driving plasmid, and a
dual plasmid system with both the sensor and the burden-inducing construct.
The original system came as a chromosomally integrated cassette, and was cloned into a
plasmid. It originally contained pGEV (promoter GAL1-Estradiol-VP16) β-estradiol inducible
promoter driving the expression of an retro-transactivator which then would respond to

Figure 7. The two iterations of the tetracycline-inducible system created were an integrated rTA (reverse tetracycline
transactivator) + plasmid pTet-mKO2 (bottom left) and a full plasmid system (bottom right). The original system (top) contained
pGEV (promoter GAL1-Estradiol-VP16) driving the expression of the rTA G72P (retro transactivator G72P) with β-estradiol
dependent induction, which was replaced by a constitutive promoter of similar strenght (pTEF2). GFP was also replaced with
mKO2 for easing the co-expression of fluorophores. The fluorescent protein mKO2 was selected for minimizing crosstalks and
bleedthrough with other proteins (see next section).

80

tetracycline and induce expression. For reducing complexity, and for experimental
incompatibilities, the estradiol-response element was replaced with a constitutive
promoter.
For the sensor in the dual plasmid system, six different promoters of increasing strength
were selected for driving the expression of mVENUS in a low copy ARS6-CEN4 plasmid.
Those promoters were selected from the MoClo kit (Chapter 2) and assembled into a
plasmid . Some iterations of the constructs contained mRuby2 and mKO2 with the intention
of testing inducible systems with other fluorescent proteins.
As for the sensor integrated in the genome, since it is a single copy, a series of medium to
high expression promoters were selected (see Constitutive promoter choice), so the signal
could be visualized and quantified better.
The expression of this fluorescent protein was expected to reflect the fluctuations of the
energy state in the cell, by losing or recovering fluorescence in a proportional way1,20,102,119.
The initial experiments done with those promoters were with the intention of proving the
bacterial growth laws by Scott and Hwa, where constitutive expression was outcompeted
for resources in high growth rates1. If the expression followed this behaviour it would
demonstrate that the promoters utilized were constitutive, and were good candidates as a
burden sensor. This relation was proven experimentally (see chapter 4).
A high copy plasmid would generate the cell burden with the induction of a fluorescent
protein contained within it. The promoter driving the burden plasmid was a tetracyclinedependent promoter, activated through a constitutively activated rTA (reverse tetracycline
TransActivator)147.

3.2 Fluorescent protein choice
The intention of the system was to measure constitutive expression from a system and
inducible expression from another. There had to be two fluorescent proteins being
monitored simultaneously in the cell. In future iterations of the system, a third protein could
be added into the genome under a constitutive promoter for measuring levels of
expression, or a second constitutive protein could be introduced in the inducible plasmid for
comparing competition for resources. Thee fluorescent proteins with non-overlapping
excitation and emission wavelengths had to be selected. The fluorescent protein mKO2 was
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selected for the inducible plasmid system and mVENUS was selected as a sensor. A third
protein, mCherry2, was obtained from Y. Shen, Y. Chen, J. Wu et al240. This variant of
mCherry is red-shifted, and has a longer Stokes shift, which makes it desirable for
microscopy and plate reader experiments240.

wavelength (nm)
Figure 8. mVENUS, mKO2 and mCherry2 spectra overlapped. EX, excitation; EM, emission. Those three proteins were
selected specifically for simultaneous readings in yeast, as it is possible to excite and read each individually without
affecting the other. Figure created in fpbase.org.

3.3 Constitutive promoter choice
In this section I describe the process followed in the burden sensor project, which derived in
work on ribosome content in yeast. For more complete information on the constitutive
promoter results see: Chapter 4, 4.1 Constitutive expression.
Five strains were generated with constitutive expression of mVENUS from a plasmid in low
copy number. Each strain contained a different promoter driving the expression of mVENUS,
a bright, fast-maturing and low half-life fluorescent protein163. Those characteristics make
mVENUS a good candidate as a sensor: the sensor should be expressed in moderate to low
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expression, and have a strong signal and a fast response. Promoters were selected from a
MoClo golden gate kit90, and reflected a range of expressions and cellular functions. They
are pTDH3, pTEF2, pHHF1, pRPL18B, pSAC6 and pREV1, and are listed in Figure 10. The
promoters encompass a range of cellular functions: a short summary of the processes
involving each of them follows.
pTDH3 is the strongest constitutive promoter in yeast. It regulates the expression of the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase, the most abundant
cytoplasmic protein in yeast241,242. It uses one molecule of phosphate (PO4) and the
reduction of a molecule of NAD+ to NADH for the catalysis of glyceraldehyde-3-phosphate
into 1,3-bis-phosphoglycerate242. It is one of the three GAP dehydrogenases in yeast,
converting GAP into pyruvate within the process of glycolysis. Given its high expression, it is
a promoter which is widely used in genetic engineering20,90,113,133,138,243.
pTEF2 is a promoter controlling the Translation Elongation Factor 2. It is a protein involved
in translation. More specifically, it binds and transfers new aminoacetylated tRNAs to the
acceptor site of the ribosome during the synthesis of proteins244. It is also involved in actin
and F-actin binding and bundling245,246. pTEF1, a promoter controlling a second copy of the
same protein, is known to be a constitutive promoter with little fluctuations in glucose138.
However, pTEF2 seems to have some fluctuations in ageing mother cells 247. Both promoters
show no homology in sequence when tested with NCBI BlastN
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).
pHHF1 regulates the synthesis of histones and, together with pHHF2, they are the
promoters of the two identical histone proteins H3 and H4248,249. They play a role in
telomeric silencing and their N-terminal domain helps in maintaining genomic
integrity249,250.
pRPL18B is a ribosomal protein promoter controlling the expression on the B copy of the
ribosomal large subunit protein 18. The protein is known to have a function in the
regulation translation transactivation in plants251. The protein is also related to the
regulation of splicing by triggering the degradation of non-spliced mRNAs and has a control
in the mRNA expression levels of intron-containing genes252.
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pSAC6 is the promoter with the lowest range of expression tested in this study 90. The SAC6
gene is essential for cell survival and controls an actin filament binding protein, fimbrin,
which mediates actin fibre organization in yeast253.
pREV1 was initially used for this first phase, but was finally excluded due to poor signal
because of its low expression levels. It is a promoter coding for a deoxycytidyl transferase
which is involved in the repair of abasic damage to the DNA254,255. Abasic damage is a
common type of DNA damage which happens due to oxidation of apurinic or apyrimidinic
sites, and is usually repaired by excision256.
The tests followed the bacterial growth laws proposed by Scot and Hwa1. Initially, the
fluorescent protein expression was measured at different growth rates to see if, at each
maximum growth rate, the protein concentration, approximated as fluorescence per unit of
biomass, was lower at higher growth rates (see chapter 4). According to the laws of
bacterial growth proposed by Scott and Hwa, when an organism is growing faster its
resources are all allocated into producing new cellular structures and new ribosomes,
whereas when it’s growing slower it has more flexibility in allocating resources (Figure 9).
This is due to the fact that cells have limited amounts of ribosomes, which in turn limit the
amount of protein a cell can synthesize in exponential growth. There has to be a balance
between the expression of housekeeping genes and the rest, so that the former are not
under a viable threshold for cell.

Figure 9. Constitutive expression is negatively correlated with growth rate in
bacteria, due to the prioritization of resource investment into cell growth at
higher growth rates. Figure taken from Scott and Hwa, 2010, ‘Bacterial growth
laws and their applications’.
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Cells expressing mVENUS from each of those promoters were analysed in the plate reader,
under different carbon source concentrations, with a carbon source, raffinose, whose
concentration directly correlates with growth rate. This way, promoters were tested to
determine if they obeyed the expected relationship with growth rate expected of
constitutive promoters.

Figure 10. Promoters available in the yeast MoClo kit used in this project and the relative expression of mRuby2 (x) and
mVENUS (y) expressed as the folds of fluorescence over background. Coloured are the promoters selected as potential
candidates for the development of burden sensors. Top left is the same graph but for the expression of mTurquoise (x) and
mRuby (y). The kit covers a wide range of expressions from pREV1, the least powerful promoter, to pTDH3, the most powerful
natural ocurring promoter known in yeast. Figure taken from original kit and modified for increasing relevance to this project.
Lee et al. 2015. ‘A Highly Characterized Yeast Toolkit for Modular, Multipart Assembly’
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3.4 MoClo
MoClo or Modular Cloning90 is a hierarchical Golden-Gate-assembly-derived method, which
uses type 2 restriction enzymes which cut outside of the recognition sites for the
hierarchical assembly of multiple parts in a single reaction90,257,258.
Restriction enzymes can fall within three groups: type I restriction enzymes cut at a
seemingly random location up to 1000 bases from the recognition site; type II restriction
enzymes are the ones generally used in genetic engineering which recognise a sequence of 3
to 8 bases and cut at a specific position either within the recognition site or at a set distance
from it; and type III restriction enzymes, which cut at a distance ranging up to 25 bases from
the recognition site257,258.
MoClo, as a Golden Gate method, is a fast way of assembling genetic constructs, as it uses
pre-assembled parts containing different bits of the assembly90,259. Parts are designed so
when the enzyme digests the segment, it leaves a specific overhang which is only
compatible with the next part. For example, a promoter part will have a specific barcode
overhang which will only be capable of binding a coding sequence part on the 3’ region. This
way the method allows for multi-part assembly in a single reaction.
Each individual part contains the part sequence, flanked by the barcode overhangs defining
its position in the final sequence, flanked as well by the recognition site of the type II
restriction enzyme. When generating new parts, or in multi-level assembly, a second
enzyme is used.
This Golden Gate method also allows for the introduction of new parts as long as they
follow the same rules as the rest. Sequences for the new part have to be domesticated 260,
eliminating any recognition site for the enzymes used in the kit, and replicated using
specifically designed primers. Primers have to be designed with long tailing sequences,
containing the barcode overhangs and the recognition site for the assembly enzymes.
It is a hierarchical method because it is based in three levels: 0, 1 and 2, and the assembly of
the next level comprises parts from the previous level. Once one level is achieved it is
generally not possible to revert to the previous level.
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Level 0 is ‘part’ level: each construction block in this level is a single piece of the final
plasmid. There are nine different level 0 parts depending on their function: connectors, for
flanking assembly blocks; promoters; coding sequences; terminators; resistance markers,
auxotrophy or antibiotics; yeast replication origin, or integration overhangs; and bacterial
replication origin plus resistance; plus iterations of those parts.
Level 1 is the plasmid assembly resulting from the enzymatic digestion and assembly of the
desired expressed gene, and it has the capability of self-sustenance in E. coli and yeast, or
capacity for integration in the later.
Connector level 0 parts allow for level 2 assemblies; they contain sequences for Bsmb1
restriction enzyme with specific barcodes for assembling multiple level 1 constructs.
Connectors can be synthesized de-novo with different barcodes allowing the orientation of
the expressed gene to be inverted.
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3.5 A plasmid was designed for golden gate assembly
The original dual plasmid system design contained a sensor plasmid, with a constitutively
expressed mVENUS YFP; and an inducible high copy plasmid.
The inducible promoter of choice was pTet, responsive to tetracycline, and its less toxic
homologous molecule, doxycycline147. This would drive the expression of mKO2, an orange
fluorescent protein, so it could be read simultaneously to mVENUS (Figure 8).
A depiction of the inducible plasmid can be seen in Figure 11. The original system came
integrated into the genome, and the expression of the reverse tetracycline transactivator
(rTA) was driven by an estradiol dependent promoter (Figure 7).

Figure 11. Tetracycline-inducible system plasmid design. The inducible system is in vermillion, which also corresponds to the
synthesized area (GeneArt sysnthesis). Top half, order of expression: TEF2 constitutive promoter, rTA G72P VP16
tetracycline transactivator, TDH1 terminator. Bottom half, by order of expression: TET4 promoter, mKO2 fluorescent
protein, ADH1 terminator. Rest of the genes, counter clockwise: uracil auxotrophy marker (URA3, orange), 2 micron
replication origin (2µ ori, yellow), bacterial kanamycin resistance (KanR, green) and bacterial ColE1 origin of replication (ori,
yellow). Image generated with SnapGene.
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Since estradiol was not viable for expression in microfluidics due to its high partition
coefficient, which would make it be absorbed by PDMS polymer of microfluidic cells 144,145,
and having two inducible systems on the same plasmid would overcomplicate the assembly,
the GEV promoter was replaced with a constitutive expression of similar activity, pTEF2 90,143.
This promoter was present in the MoClo kit and readily useable for the assembly 90.
The plasmid would co-express the rTA and mKO2 from the pTet, so the design would have
to account for this. MoClo assembly would allow the multi-level assembly needed for the
plasmid, but the two genes would be in tandem, since the MoClo system is prepared only
for tandem expression constructs90. Following the work of Gyorgy et al, for minimizing
expression interference and coupling between the two genes in the same plasmid, the
genes were arranged to be expressed in opposite directions119,133. Custom primers were
designed for flipping around the promoter-rTA-terminator construct in the level 2 assembly
(Methods, Table 7).
An issue in the assembly was the presence of a BsaI site in the pTet promoter (Figure 12).
The promoter has four tetR recognition sites for the interaction of the rTA, and the BsaI site
included three base-pairs contained in one of them. A single base was modified with PCR by
designing primers for the domestication of the restriction site (Methods, Table 7).

Figure 12. pTet sequence displays four tetracycline recognition sites for the binding of the tetracycline activator, and
a BsaI cut site within one of them (boxed in red). The recognition site of the enzyme is within the start of the
sequence, and partly outside of it, which should ease domestication. Figure obtained with Benchling (benchling.org).
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In order to minimize any interference with the function of the site, and to maintain the
function of the promoter, the base replaced, a cytosine, was replaced by the
complementary guanosine, in order to maintain the hydrogen bond number in the section.
The terminators of both the rTA and the fluorescent protein were intentionally different in
order to avoid potential homologous recombination within the plasmid 127.
Due to complications with the assembly, the sequence G72p_pTet_mKO2_2m (Figure 11)
was finally synthesized as a whole using GeneArt synthesis (Thermo Fisher, US) and cloned
using two restriction sites in a pre-assembled MoClo plasmid containing one of the
promoter mVENUS constructs used for testing the constitutive expression of fluorophores
(see Methods), eliminating in the process the existing gene and adding the new sequence in
its place.
As for the plasmid, a few considerations were made on the design: it had to be a high copy
plasmid to maximise mKO2 expression; it should have a minor impact on the cell’s growth
rate and metabolism, apart from that inherent to the presence of a high copy plasmid; and
recombination with any part of its sequence and the genome integration rTA should be
minimised.
The 2-micron replication origin was used for having high copy plasmids (40-60 copies126),
which locate in the cell’s nucleus.
For maintaining the plasmid in the cell, a selection marker is needed, since the high impact it
has on the cell’s resources favours those cells who are able to lose it, and it would disappear
in a few generations if not essential for survival. Every selection marker affects the cell in
one way or another, and choosing the one which has the least effect was a priority.
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3.6 An inducible system with doxycycline affects cells growing in raffinose
The expression of the inducible plasmid is driven by tetracycline, because it had been
reported to be innocuous in yeast, under the conditions tested by some authors, and was
orthogonal146,147.
The initial system obtained from J. Couture et al.147 (described in Figure 7) was tested for
activity, and showed peak activity at a doxycycline concentration of 10µg/mL (Figure 13), as
reported before147. Initial conditions used for the integrated plasmid were a range of
concentrations which had been used for the description of the system by the authors, 0100µg/mL of doxycycline with saturation of β-estradiol (1000nM), for the constant
expression of the transactivator. Those conditions, and the dual control of the induction,
were selected by the creators of the system for proving that the control from the Tetinducible promoter was not leaky147.
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A

B

Figure 13. GFP expression driven is driven by a GEV-tet system in the original integrated system. The transactivator
expression is locked at maximum induction with 1000nM estradiol, and the tet promoter is then induced with a
range of doxycycline concentrations. The induction curve shows a steep switch like behaviour from 0 to 10μg/mL
doxycycline (B) and then plateaus. Figure A shows the GFP expression curves. Doxycycline concentrations are the
same in both graphs, both graphs represent the same data. In figure A, a control condition was added with no
estradiol (0nM estradiol) and full induction with doxycycline, to demonstrate that the promoter presents no leaks.
The line appears at the bottom of the graph, first legend entry, but it is barely visible. The decrease in the GFP signal
at late timepoints (top graph) could be due to degradation of the inducer, β-estradiol, which is light-sensitive, or
due to bleaching of GFP or the dilution of the signal at higher ODs.
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Further analysis of the data showed that either the induction or the inductor itself were
affecting the growth rate of the cells (Figure 14). This motivated a second test, where cells
were grown in maximum concentration of doxycycline and no β-estradiol. In those
conditions, cells should have no transactivator expression, and in consequence, no GFP
induction under doxycycline. The drop in growth rate was still present in both the estradiol
and no estradiol groups (β-est 0nM) (Figure 14). A drop of around 14% in growth rate is seen
at 100µg/mL doxycycline. A lower impact on growth rate is seen in 50µg/mL doxycycline.
The peak in induction, however, shows that maximum induction, or close, is achieved by
10µg/mL doxycycline. This suggests that concentrations between this one and the maximum
used can also achieve a high induction, and therefore could be used without the detrimental
effects of the drug in the system. The experiments proceeded and a synthetic plasmid was
synthesized and assembled containing the transactivator driven by a constitutive promoter,
pTEF2, and the Tet-inducible promoter driving the expression of mKO2. This plasmid was
then transformed into BY4742 cells.
For testing the new system, the exact range of concentrations of doxycycline as J. Couture et
al. was used (powers of 10 from 10-3 to 102 µg/mL and intermediate points).
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Figure 14. Impact of doxycycline concentrations on growth rate of wild type BY4742 yeast strain cultured in 2%
raffinose. As the concentration of drug increases in the media gets higher, the growth rate is affected by the
presence of the drug. In the absence of estradiol, the inhibition of growth rate continues (βest 0nM)( β-estradiol).
The inhibition of growth rate is of around 14% drop at 100μg/mL doxycycline compared to 0μg/mL. Error bars are
within the markers.

The plasmid version of the system shows less sensitivity to doxycycline than the original
integrated system (Figure 15). It takes 10x the concentration of doxycycline to achieve full
induction. The plasmid-based system is not leaky, as there is no induction in the absence of
the drug.
Comparing the expression of the fluorescent protein in both systems, it can be seen that
maximal expression is also achieved earlier in the original system, which should be caused
by the maturation half time of GFP (1h in vitro154) compared to mKO2 (2h162). This delay
would have been taken into account for future experiments had the system performed as
intended.
The loss of doxycycline sensitivity meant that the new synthesized plasmid system fell
within the dosage which had impact on the cell growth rate. This impact can be seen in
Figure 16, panel A.
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Growth rate drops significantly in the strain due to the plasmid itself. Being a high copy
plasmid, maintaining the plasmid inside the cells and replicating it between divisions has a
visible impact, with a 28% growth rate loss. Another potential impact from the plasmid is
the constant expression of the transactivator from the constitutive TEF2 promoter.
When comparing the growth of both strains, the impact of the presence of the plasmid is
larger than the impact from the inductor, and therefore the growth rates were normalized
for 2% raffinose with no induction for better visualization of the effect of the doxycycline
alone.
A loss of 12% of the maximum growth rate is seen in both WT and synthG72P strains
(BY4742 strain transformed with the synthetic inducible plasmid pTEF2::rTA, pTet::mKO2) at
100µg/mL doxycycline Figure 16, panel B. This further proves that doxycycline is having an
impact of the cell growth, potentially affecting the mitochondria.
Since cells are grown in raffinose during the experiments shown in Figure 14 and Figure 16,
they are fermenting and respiring at the same time, which may be the reason doxycycline is
affecting the cells. Doxycycline affects the procaryotic ribosome, which might suggest that it
can target the mitochondrial ribosomes. This effect should therefore be seen only in
raffinose or conditions where the cells are respiring the carbon source. An experiment was
run with the same cells in media with glucose and no effect from doxycycline was seen in
the growth rate (Figure 16, C).
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Figure 15. mKO2 production by the synthesized plasmid (top) and induction curve (bottom), using the same
concentrations of doxycycline in both graphs. mKO2 is expressed in higher levels at higher doxycycline
concentrations than GFP in the original integrated system (Figure 13), and in concentrations below 10μg/mL
of doxycycline the mKO2 signal is almost undetectable and can’t be seen in the graph. mKO2 production is
also delayed, which could be a maturation difference with GFP.
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28% decrease in gr
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Figure 16. When comparing the growth rates of cells growing in 2% raffinose under
doxycycline induction, the major drop happens due to the plasmid addition (A), and
the loss in growth rate due to doxycycline concentrations is consistent between strains
grown in raffinose (B), independently of induction. This effect is not visible in glucose
(C). Panel A compares the growth rates of BY4742 without the presence of the
synthetic inducible plasmid (left), and with the plasmid (synG72P) (right). There is a
significant drop in growth rate only with the addition of the plasmid, an average of
28%. Panel B shows the growth rates of BY4742 (left) and synG72P (right) normalized
by the growth rate of each strain in 0μg/mL doxycycline. The drop in growth rate with
the addition of the inducer is around 12% in both cases, hence the induction is not
causing a significant drop in growth rate, and this could be attributed to the inducer
itself.

C
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3.7 Cells with the synthetic plasmid lost mKO2 induction capabilities over time
A second problem arose directly from the synthetic plasmid, added to doxycycline toxicity. It
was observed that cells would not express mKO2 after being stored at 4°C in an SC URA
selection plate. New cells taken from the -80°C stock and grown in a fresh SC URA plate
would express mKO2 as normal.
Cells would continue to be autotrophs for Uracil after losing the induction ability.

3.8 An integration + plasmid system fails to reliably produce mKO2
The system was designed with several iterations. A fluorescent protein was to be expressed
from either a plasmid or the genome, and an inducible system was to be expressed from a
high copy plasmid. The inducible system is activated with a tetracycline-binding
transactivator, which is constitutively expressed. When designing a plasmid-based inducible
burden system there is interest in only having the burden driving gene expressed from the
plasmid, and containing a constitutive transactivator would add unnecessary and
uncontrolled burden to the system. In order to reduce unwanted burden in the plasmid, a
second system was designed from the Tet-inducible promoter combining an integrated rTA
driven by a constitutive promoter plus a high copy plasmid containing the Tet-inducible
promoter driving the expression of mKO2.
When designing this system, it had to be taken into consideration that the promoter driving
the rTA from the genome might need to be stronger than the one driving the transactivator
in the original system, since there are many copies of the plasmid in the cell compared to
the initial integrated single copy, and the original expression might not be able to support
those extra copies. Two iterations of the system were then assembled: one with pTEF2
driving the rTA and another with the much stronger pCGK1 promoter 90. Each of them was
integrated at two different sites, LEU and HIS loci. The final result for the rTA were rTA1
(pTEF2-rTA-tTDH1-NAT leu integration), rTA2 (pCGK1-rTA-tTDH1-NAT leu integration), rTA5
(pTEF2-rTA-pTDH1-HIS leu integration) and rTA6 (pCGK1-rTA-pTDH1-HIS leu integration).
Two different selection markers were used for the plasmid: HyGR and His, antibiotic and
auxotrophy respectively.
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The integration of the rTA constructs and the transformation of the pTet plasmid was
performed initially on cells with integrated GFP driven by either pRPL18B (sE097) or pTDH3
(sE096), for testing at the same time the plasmid induction and if it had any effect on the
GFP expression.
The strains were tested for expression of mKO2 in the different iterations of the system
(Figure 17). None of the strains managed to express the fluorescent protein in response to
doxycycline. Moreover, pTEF2 seemed to not express enough transactivator for the
expression from the plasmids (Figure 17: A, C). The expression is low and noisy, and close to
the control, falling to 0 over the course of the experiment. On the other hand, pCGK1
managed to express enough transactivator for expression (Figure 17: B, D), but the
expression was close to that of the control, and no induction could be seen when compared
to the control (Figure 17, E). The synthesized plasmid showed a sharp increase in mKO2
production at the 5h timepoint. pCGK1-rTA strains presented a dip and an slight increase in
mKO2 around the same timepoint, but both the uninduced control and the induced strain
showed the same behaviour, which might mean that the system is now leaky, and the
induction has no effect over it.
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Figure 17. The expression from an integrated rTA and a plasmid inducible system is low or non-existent for rTA1 and 5 (rows A and C), and leaky
in rTA2 and 6 (rows B and D). The synthetic plasmid shows a sharp induction under the same conditions (E). rTA1 (A) and 5 (C) have pTEF2
driving the expression of the rTA integrated in the genome. The system doesn’t express any mKO2 under this promoter, which could be because
it is too weak for providing enough rTA for the activation of pTet in the plasmid. rTA2 (B) and 6 (D) are driven by pCGK1, which is 5 to 10 fold
stronger than pTEF2, and show expression of mKO2 but no difference between induced and uninduced strains. This could be a leaky system at
the plasmid stage. sE096 is BY4742 with integrated pRPL18B::GFP, sE097 contains integrated pTDH3::GFP; each of them was transformed with
the synthetic plasmid for this experiment.
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3.9 Conclusions and discussion
The line of research in this chapter was abandoned for three reasons:
1. Doxycycline is inviable as an inductor in cells growing in raffinose as it interferes with
mitochondrial function in eukaryotic cells.
2. An integrated single-copy rTA is incapable of inducing expression in a plasmid in our
design.
3. The synthetic plasmid is unstable.

3.9.1 Inviable doxycycline induction in raffinose
As seen in this chapter, cells growing in raffinose show a loss of growth rate when exposed
to high concentrations of doxycycline. I propose an explanation of this observation as an
effect of respiratory metabolism and mitochondrial ribosomes.
Doxycycline, and the homologous molecule tetracycline are inhibitors of the bacterial
ribosome261. Eukaryotic ribosomes are not affected by the drugs, and thus in yeast the
toxicity relies on the interaction with the mitochondrial ribosomes. Doxycycline has been
correlated with decrease in mitochondrial protein production and reduced cell growth in
eukaryotic cells262. This contradicts previous studies where it was claimed that doxycycline
does not affect gene expression in yeast146. Those studies used glucose as a carbon source.
Studies in plants have shown similar results with tetracycline, which impairs mitochondria
biogenesis and function263. The authors suggest that tetracyclines should be cautiously used
in eukaryotes, since the effect extends to all eukaryotic kingdoms. Other studies in
mammalian cells support that doxycycline is a mitochondrial biogenesis inhibitor 264.
The sugar of choice for growing yeast is glucose, where respiration is inhibited 99. Therefore
mitochondria are not being actively used for respiring glycolysis products, potentially
minimizing the adverse effect doxycycline is having on the cells. When growing cells in
raffinose, a poorly fermentable carbon source, cells rely both on fermentation and
respiration to obtain energy226. If subjected to a mitochondrial ribosome targeting drug, the
impact should therefore be higher than when not respiring. This has been reflected in my
results obtained with the system in raffinose.
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Raffinose, due to its gentle Monod curve (Figure 1), is a good candidate sugar for studies
involving changes in growth rate (Chapter 1: Introduction, Raffinose as a sugar of choice for
growth rate experiments). Since most studies nowadays are performed in glucose, many
interactions such as the one observed with doxycycline during respiration can be
overlooked. If using raffinose, or another poorly fermentable carbon source, considerations
will have to be made when administrating drugs which might affect the mitochondria.

3.9.2 mKO2 expression in an integrated + plasmid system
mKO2 expression levels are high when using the synthesized genes, pTEF2:rTA+pTet:mKO2,
on a plasmid, but fail to increase in the other systems. This could be due to insufficient
expression of the rTA from the genome, design issues or unexpected gene interactions.
When testing an integrated rTA + plasmid mKO2 system, the promoters of choice for driving
the rTA expression were ones with high expression: pTEF2 and pCGK1 90. pTDH3 was not
used as previous issues with the promoter had been reported in the laboratory, which could
be due to issues with the part in the kit or less likely with the promoter itself.
Expression of mKO2 upon induction with doxycycline showed little to no effect on cells, and
the effect was similar regardless of the induction. No expression is seen in cells with
pTEF2:rTA, but some is seen in pCGK1:rTA, which suggests that rTA expression levels could
be one of the issues . On the other hand, the fact that expression levels are independent of
the addition of doxycycline suggest that the system is leaky, since the plasmid based
expression does not show this behaviour, with no expression without the presence of
Doxycycline. A remark has to be made to the fact that, when comparing the
integrated+plasmid system mKO2 expression levels to that of the synthetic plasmid both
systems have pTEF2:rTA, and the effect described above is not seen in the synthetic
plasmid, so it is likelier due to the modifications done for the domestication of pTet:mKO2.
Since the pTet promoter had been domesticated by the elimination of a BsaI restriction site
(Figure 12), a possibility is that the promoter could have been modified in a way that rTA
could bind to it regardless of the presence of doxycycline. The rTA would be present at all
times in the cytoplasm since its expression is constitutive. Another option is that the base
mutation could allow the promoter to be activated without the interaction with the rTA.
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3.9.3 Plasmid design
Plasmid design was done with care and the sequence, parts and architecture choices were
correct for the intended system of assembly. The initial goal was not to obtain the plasmid
through gene synthesis, so it was designed from the parts available in the MoClo kit. With
synthesis in mind from the start, the promoter driving the rTA could have been changed to
one of similar expression levels, such as pHHF290, due to the high number of repetitive
sequences within pTEF2265. This complicated the synthesis and increased the possibility of
incorrect assembly266, as raised by the company which provided the final product, with
accordingly increased costs per base pair synthetised267. Simpler synthesis options could
have included only the problematic new parts as level 0 MoClo parts, or both the cassettes
on their own as level 1 MoClo constructs.
The choice of selection in the plasmid could have been changed to an antibiotic resistance
gene, since it has been shown that auxotrophy genes can have a high effect in the cell
growth and gene activity in the plasmid130. The initial design was done with a MoClo kit, and
the only available selection makers on it were either ribosome targeting drugs (Nat, G418
and Hyg) or nutritional markers90. I intended to use ribosome targeting drugs for simulating
a drop in growth rate due to the depletion of resources, so I tried to avoid other drugs which
might further affect ribosomes. In the end, the plasmid was synthesized and a different
gene from a different kit could have been used instead, but the intention was still to
generate integrated and plasmid versions of the system, so the easier approach was to use
the available parts. A new part could have been synthesized or assembled for adding a new
resistance gene to the kit.
Special care was taken when designing the plasmid for avoiding possible selfrecombination137. No individual part was repeated and the sequence in the plasmid was also
non-repetitive. It was seen that the ability of the plasmid to express mKO2 was lost with
time, but not the auxotrophy. Cells were able to survive in the absence of uracil, but not to
express mKO2. This suggests that the reason why the protein was not being expressed
might fall on the synthetic construct rather than the plasmid itself. A likely possibility is that
the expression was lost due to recombination in the repetitive sequences of the promoters,
which has been correlated with loss of expression of synthetic constructs in E. coli137: pTEF2
has highly repetitive sequences265 and pTet has four rTA recognition sites147 (Figure 12).
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Both promoters have repeated sequences but pTEF2, being constitutive, maintains active
expression of the rTA, which would impose a burden to the cell, making it advantageous for
the cell to lose activity from the plasmid137. For this reason, pTEF2 is considered the most
likely culprit for the loss of expression. This could be tested in many ways, the easiest being
cloning a plasmid using a different constitutive promoter. The inactive plasmid could be
sequenced in the future for clarification.

Synthetic biology is a discipline which is based in rational and controlled design of genes,
metabolic pathways and organisms using biotechnology methods117. The process is eased
with the apparition of commercial cloning kits and assembly programs and webpages, which
make genetic design easy and reliable, within the capacity of the kit 90,237,259,268. From the
experience of designing this system, it can be concluded that much research still needs to be
done in genetic sequence interactions and sequence modification effects. Changes in a
single base can modify the pattern of expression of a promoter269, cells constantly
negatively select for exogenous constructs137, and small repeated sequences can inactivate
a whole system127,137. We can understand the purpose of a sequence, but we still do not
know the full meaning of each of its patterns.
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4 CHAPTER 4: MEASURING RIBOSOME CONTENT IN YEAST
The system for burden induction through gene expression did not work. The inducer itself
had more effect on the growth rate of cells than the actual induction, and the plasmid
presence alone imposed a substantial effect on cell growth. This system was therefore left
on hold. The main initial hypothesis of the thesis was that, when induced, exogenous
genetic constructs will deplete the available gene-expression resources of the cell,
particularly the translational machinery, and therefore it will impact the expression of
housekeeping genes due to the competition for ribosomes. This negatively impacts cell
growth rate and cell metabolism.
During this initial research phase, a strain containing a ribosomal fluorescent tag was tested
for fluorescence expression at different growth rates, with the objective of comparing its
behaviour with the expression of constitutive proteins in a plasmid. This strain proved to
have a linear direct correlation between its expression and the growth rate (see: Ribosomal
content correlates with growth rate and previous studies, Figure 22). This prompted a shift
in the thesis topic and the efforts were focused on ribosome allocation and economy.
The goal of this chapter is to prove that the bacterial growth laws proposed by Scott and
Hwa hold for yeast1, with the help of a fluorescent tag on a ribosomal protein.
The consequences of the growth laws were addressed with the goal of proving that a
promoter is actually constitutive withing the burden sensor project. Strains containing
mVENUS under a constitutive promoter were tested against the first law of bacterial
growth: constitutive expression is negatively correlated with growth rate due to competition
for translational resources, as those will be invested into ribosomes. If this stood then the
first law, which states that ribosomal mass fraction linearly correlates with growth rate,
should also hold in similar conditions. This prompted the creation of a line of research to
search for a ribosomal protein tagged with a fluorescent marker and compare this to the
expression of the constitutively expressed mVENUS signal.
The next step was to test fluctuations of ribosome content due to external influences.
Translational resource competition has been studied in E. coli, yeast and mammalian
cells20,98,102,119, but in this thesis, exerting stress on the cells with the induction of exogenous
genes proved to not work. However, the effects of ribosome pool depletion can be
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mimicked with the use of drugs which directly target ribosomes1,2,20. According to the
second bacterial growth law, the increase in ribosome count due to the presence of a
translational inhibitor would be due to the partial poisoning of the available ribosomes, in
the same way an exogenous genetic construct would sequester part of the pool when it is
induced1. This, in turn, impacts growth rate.
The drug selected as a ribosomal inhibitor was cycloheximide, a transient inhibitor of
translation elongation176. It was tested initially on cells to calculate the best range of
concentrations , which ensure the drug effect was felt by the cells, with a reduction in
growth rate, but do not completely inhibit growth. This selected range was then used to
assess the impact of the selected concentrations of this drug on the cell at different growth
rates, modulated by raffinose concentrations.
Ideally, upon drug administration, the cells will have a lower growth rate, but the ribosome
count will increase. Controls will involve the same tagged cells, at same concentrations of
raffinose, with no presence of drugs, and under drug concentrations which force the growth
rate to that of a certain raffinose concentration.
Following the second bacterial growth law, the ribosome-impairing drug should mimic the
effect of the expression of an exogenous construct in terms of the pool of available
ribosomes and will add to the data obtained from constitutive expression and ribosome
content under carbon source quality and growth rates.
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4.1 Constitutive expression
The initial experiments focused on the set of strains expressing constitutive fluorescent
proteins already generated for the burden sensor project. Scott and Hwa determine that, in
bacteria, the mass fraction of a constitutively expressed protein will have a negative
correlation with growth rate, since the cell prioritizes growth rate related protein synthesis,
mainly ribosomes, and therefore those outcompete other proteins for ribosome allocation1.
This initial set of experiments were performed within the framework of the burden project,
and tried to prove if a constitutive promoter was actually constitutive, with the goal of using
constitutive expression as a measurement of genetic burden. By definition, a constitutive
promoter is one which has constant protein production270, only influenced by the available
resources in the cell1, and has no regulatory elements in its sequence. Housekeeping genes,
widely used as controls in genetic studies, are a kind of constitutive promoter essential for
the survival of the cell115,116.
A set of cells constitutively expressing a fluorescent protein generated for the burden sensor
project (see Chapter 3, sections 3.1 and 3.3) were used for testing the effect of the bacterial
growth laws. The ones selected include a range of cellular functions such as glycolysis
(pTDH3), translation (pTEF2), histones (pHHF1), ribosome (pRPL18B), and microtubules
(pSAC6). Those selected also have a range of strengths, in descending order in the previous
list, and were selected amongst those readily available in a MoClo kit 90 (see Chapter 3,
Figure 10).
To test that these promoters are constitutive, they were cloned into a plasmid controlling
the expression of mVENUS YFP. This plasmid was transformed into BY4742 yeast cells and
these were grown in different concentrations and qualities of carbon sources, in order to
modulate the growth rate of the culture. Other strains, containing integrated GFP and
mVENUS, and plasmid mRuby2, were also used. The fluorescence and culture’s optical
density over the time course of the experiment were assessed using a plate reader. The
point of maximum growth rate under each condition is estimated and plotted versus the
fluorescence expressed at that point, correcting for the fluorophore’s maturation time
(maturation half time of mVENUS is ≈ 30min, GFP ≈ 1h and mRuby2 ≈ 1.45h 93,158,163) and by
the culture’s optical density97.
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In Figure 18, a negative linear correlation between growth rate and constitutive expression
can be seen in many of the conditions. The insets in each of the individual graphs contain
the linear regression of the datapoints in the graph, which for most of the conditions shows
a negative correlation with growth rate. The results seen in each panel combine a series of
experiments performed as described above with different fluorophores and pre-growths. All
expressions are normalized by the shared condition, 2% raffinose, and plotted alongside
each other. For correcting for maturation time between proteins, the signal is not read at
the maximum growth rate, but rather at the time at which proteins produced at maximum
growth rate would have a mature fluorophore in vivo. Cells are separated by pre-growth
(columns) for better visualization of individual tendencies, and for minimizing any potential
unwanted effects of media in constitutive expression, which is dependent on the energy
state of the cell and the carbon source quality1,2.
There is a high level of variation between experiments, and the correlation coefficient of the
datapoints is very low for many graphs. The distributions point towards a potential negative
trend of expression with growth rate, supported by some strong correlation promoters,
such as integrated pTEF2 and pSAC6, both pre-grown in pyruvate. Given the uncertainty of
the results, those were compared to the expression of a strain with a ribosome tag, which
should behave in an opposite way as the constitutive strains, with fluorescence positively
correlating to growth rate.
Strain 245 (S245), and the lowest right panel, has a tag on ribosomal protein L11B, and is
used to contrast its tendency with those of constitutive proteins. As it can be seen,
fluorescence from S245 directly correlates with growth rate. Contrary to the other strains,
which are derived from BY4742 S. cerevisiae, S245 comes from W303.
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Figure 18. The correlation between the point of maximum growth rate (norm GR) versus the fluorescent protein expressed at maximum grow rate (norm
expressed fp) is negative for almost all the conditions for strains containing a constitutive promoter driving a fluorescent protein in a plasmid. The insets
in each individual graph correspond to the linear regression of the datapoints, with the blue halo being the standard deviation. Values are normalized
for 2% raffinose for enabling the unification of multiple experiments in the same graph. For glucose and raffinose pre-growth, all the strain except for
pSAC6-VENUS with glucose pre-growth show a negative correlation. Pyruvate shows more discrepancies between strains. When compared to s245
(bottom right), which contains a tagged ribosomal protein (RPL11B), there is a clear difference in trend with growth rate, this strain showing a strong
positive correlation between fluorescence and growth rate. Most of the distributions show a very low correlation coefficient, suggesting that there is
little correlation between growth rate and expression under the conditions displayed in the graph, which may be due to the disparity of the experimental
conditions in the experiments containing that specific promoter. Some promoters do show a strong negative linear correlation with growth, such as
integrated pTEF2 and pSAC6 pre-grown in pyruvate, which also suggests that a correlation between expression and growth rate can be present.

The fluctuations in proteome allocation due to growth rate have been hinted in this set of
strains with constitutive expression. The next step is to search for a viable tag in a ribosome,
in order to test if the bacterial growth laws, reflected in the effect on constitutive
expression, hold as well in yeast. An initial strain tested was S245, seen in Figure 18, lowest
right panel, with a promising positive linear correlation with growth rate. Subsequent
experiments will focus on it and the search for a substitute strain, given that S245 is W303
based, and not BY4742.
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4.2 Growth rate and ribosomes
4.2.1 Selection of a ribosome-tagged strain
After testing a strain containing a ribosome tag in protein RPL11B (s245), the GFP expression
pointed towards the behaviour that Scott and Hwa predicted for a ribosomal protein (Figure
21). The strain with the tag used in this initial test was S. cerevisiae W303-1A, a strain used
in ageing studies. It is used in those models due to it having a mutation which it impairs its
normal budding process, arresting the daughter cells growth on glucose and blocking
division, only reverting them to normal growth after exposure to galactose271. Another trait
of those cells is that they are haploid, and have Adenine auxotrophy as a haploidy marker.
The mutation in the ade2-1 gene is widely used for this purpose272, but it can lead to the
accumulation of a red pigment in the cells as a by-product of the incomplete pathway273.
Those characteristics meant the strain would be suitable for initial testing of a fluorescent
tag, but another should replace it if the experimental line was to continue.
Ribosomal protein L11B had been chosen as a target for N-terminal GFP tagging in s245
ribosomes since it has a long N-terminal tail17, and this would mean that GFP would have a
bigger separation from the ribosome, and in turn should interfere less with its function 92.
The experiments on constitutive expression were done in haploid S. cerevisiae BY4742, and
therefore the experiments with the ribosome tag should be done with the same background
strain.
O’Shea et al generated a library of yeast strains with BY4741 haploid cells background
containing fluorescent tags for studying the localization of proteins in yeast 64. This collection
contains 4161 strains, of which 230 account for ribosomal proteins. Out of this total of
strains, 54 are mitochondrial ribosomal proteins, and 134 correspond to double copy
ribosomal genes; the remaining 42 correspond to single copy ribosomal proteins . Samples
of a group of those strains were provided by the Edinburgh Genome Foundry
(https://www.ed.ac.uk/biology/research/facilities/edinburgh-genome-foundry).
For the strain selection, a few conditions had to be met: 1) the strain should preferentially
have a single copy ribosomal protein tagged, 2) the tag should be visible primarily in the
ribosome and not in unassembled ribosomal components, 3) the expression should be high
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enough for measuring it consistently, and 4) the tag should not affect ribosomal function
and growth rate.
The first and third points were done by searching the GFP library database primarily for
tagged single copy ribosomal proteins, and avoiding those which were double. For
consistency and in case all the single copy strains didn’t perform as intended, some of those
were also selected. The strength of the ribosomal promoters could be estimated from
literature, with RPL3 being the single copy ribosomal protein with the strongest promoter 21.
Single copy ribosomal proteins have generally stronger promoters than double copy
promoters, since they have to compensate for being a single copy21. Strains with tags in the
large and small subunit were chosen.
For performing the selection of the strains, they were tested for growth rates alongside a
wild type strain (WT, BY4742), as a control for proving that the ribosomal tag is innocuous.
The hypothesis was that, if a strain grows slower than its wild type counterpart under the
same media and conditions, the ribosomal tag would be interfering with the ribosomal

GR difference (%)
Figure 19. Maximum growth rate achieved by a group of ribosome tagged strains (from left to right: L13A, L13B, L3 (highlighted in
green) and ML13) does not show a significant difference compared to wildtype maximum growth rate (red borders). Cells were
grown in 1.25% and 2% raffinose, which is the sugar of choice for this study, as it will ensure concentration dependent growth
rates. Strains L16A, L22A, S30A and S9A were discarded. L3, highlighted in green, was chosen as the ideal candidate.
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function and therefore it would not be suitable for this experiment. A subsequent test will
be used to select cells which produce tagged ribosomal proteins in a manner that is related
to growth rate. If the ribosomal protein expression increases with the growth rate, the tag
should correlate with the number of ribosomes and reflect this behaviour, according to the
first microbial growth law. Theoretically, the tags should behave in this way.
Strains L3, ML13, L13A and L13B showed the least effect on growth rate compared to WT
(Figure 19). Being a single copy protein, L3 was selected as the ideal candidate. A second
measurement was performed using a combination of fitness measurements, which yielded
similar results (see Chapter 5, 5.5, Figure 83).
Cells were also observed under the microscope to check GFP expression levels and
distribution (Figure 20). Strain L3 showed the highest expression, as expected, being a single
copy ribosomal protein. L13B has overall the second highest fluorescence, and the highest
of its pair, since it has higher expression than the other copy, L13A21. ML13 should be
brighter, as it is a single copy, but it is constrained to the mitochondria, which can be seen
as bright clumps of fluorescence in the images. The dark areas appreciated in the cells
correspond to the vacuole and nucleus as they should have no ribosomes, or no mature
ribosomes in the case of the latter17.
RPL3 is present in the large subunit of the ribosome, near the P-stalk, a structure related to
growth, translation fidelity and interaction with other ribosome associated proteins,
including translation factors for the adjacent A-site274. RPL3 is involved in the endoplasmic
reticulum membrane targeting signal, and is part of one of the contact sites for the signal
recognition particle11. The region involved in this function is an alpha helix exclusive to
eukaryotic RPL3 protein.
Having selected a strain with a fluorescently-tagged ribosome, the next step is to test if the
behaviour of the fluorescence in it follows the first bacterial growth law, with increased
ribosome content at higher growth rates1.
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Figure 20. Microscopy images of the ribosome-tagged strains. All show GFP signal, L3 showing the strongest being a single copy ribosomal
protein. Darker structures such as vacuole or nucleous can be inferred in them, which are areas with no mature ribosomes. ML13 shows
clumps of fluorescence, which would be expected since the GFP should only be allocated in the mitochondria. For each strain, left picture:
brightfield image, white led. Right picture, GFP, 470 nm LED excitation, 520/40 emission filter. Both channels: exposure time 30 ms , LED
voltage setting -8. For more imaging details see Chapter 2: methods.

4.2.2 Ribosomal content correlates with growth rate and previous studies
Strain s245 has shown a fluorescence signal increase with an increase in growth rate (Figure
18, part 2, bottom right). When plotting the growth rate and the fluorescence expression on
the same graph, this is very clear (Figure 22). Having a ribosomal tag, the fluorescence
should correlate with the number of ribosomes in the cell. Kafri, Metzl-Raz et al showed
ribosomal content in yeast cells, by compiling mass spectrometry data, in different carbon
quality media, showing the correlation of their abundance with growth rate2. They proposed
a linear correlation between ribosome content and growth rate following a simple line
equation. When rescaling the fluorescence emitted by s245 at different growth rates for
matching the ribosomal values obtained experimentally by mass spectrometry, both match
perfectly (Figure 22). Those preliminary results show that ribosomes could be measured
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with a strain with a ribosomal tag, so the selected GFP collection strain L3 was tested under
the same conditions. L3 shows a strong correlation between expression of GFP and growth

(h-1)

rate, which suggests it is indeed marking the ribosomes (Figure 23). The signal starts from a

Figure 21. s245, W303 RPL11B::GFP, shows correlation between growth rate and fluorescence. Having a
ribosomal tag, fluorescence reports the number of ribosomes in the cell, which should increase and decrease
with changes in growth rate. GR is plotted in red, GFP in blue. Both signals are shifted, which may be an
effect of the maturation rate of the fluorescent protein, which is longer than the ribosome maturation time,
and the noise in the GFP signal. Note that GFP signal is low, and this makes it noisy. In cyan, smoothening of
the GFP signal.

base level, about 50% of the maximum signal, and increases steadily with the growth rate,
achieving maximum signal around the 4.5h mark, one hour later than the maximum GR. This
lag is taken into account for other plots, since it is the maturation time of the chromophore
in GFP is about 1h, and therefore the expression at maximum GFP is taken with this in mind.
A shared condition between the mass spectrometry data and the experiments performed
was 2% raffinose. This condition was used for normalizing data between experiments,
allowing the comparison of the positioning of the rest of the datapoints relative to this one.
The mass spec data was therefore adapted in this way, and data obtained with different
sugars and strain L3 was plotted alongside it (Figure 24). When applying linear regression to
both datasets, a very close correlation can be seen. This would encourage further
experiments with this strain.
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Figure 22. Fluorescence expressed at the point of maximum GR plotted against the maximum GR in cells growing at
different concentrations of raffinose show a full correlation with values of ribosomal count at different growth rates in
strain 245. The linear equation obtained for ribosome content by Kafri, Metzl-Raz et al. is plotted in red; barely visible,
and under the linear regression of the plate reader data with strain L3 (blue).

Figure 23. Growth rate of strain L3, BY4741 RPL3::GFP, displays direct correlation with the expression of GFP, which
is tagging a ribosomal protein. The shift between both curves (gr-Red, GFP-Blue) is likely due to the maturation rate
of GFP, which is longer than the ribosome assembly time.
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Figure 24. Data obtained from ribosomal measurements made with mass spectrometry by Kafri, Metzl-Raz et al. (yellow stars)
matches closely the one obtained with microplate readers and a fluorescent ribosomal tag (blue dots). Both datasets were
normalized for a shared condition, 2% raffinose (black square on figure), and then a regression was estimated from each one
(blue – PR, red – mass spec). Ribosome-tagged strain is strain L3, RPL3::GFP.

In order to perform more experiments with strain L3, the protocol had to be standardized,
and a series of hurdles were needed to be surpassed.

4.3 Rationale behind the microplate reader experiment optimization
For the measurement of ribosome content, and especially under translation inhibition,
maintaining the conditions as constant as possible is key for obtaining accurate results.
Ribosome content is greatly influenced by the energy state of the cell, and the nutrients in
the media, so all changes should be minimized. Here I explain the rationale behind the
choice in growth conditions and plate reader setup.
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4.3.1 Cell growth in a microplate reader
When analysing an OD curve in a plate reader it usually has four phases275: an initial phase
of slow growth, where cells adapt to new media and conditions and initiate growth; a log
phase, where cells grow exponentially, dividing every certain unit of time, where cells have
achieved maximal growth rate in that condition and are consuming resources at the
maximum speed the media allows; a deceleration phase, when resources start to decrease
in the media an cannot sustain maximum GR anymore; and a plateau, or saturation phase,
where the nutrients in the media are depleted and cells stop growing 275. A fifth phase could
be included when cells start to die out, once the media is completely deprived from
nutrients and cells have depleted their reserves276. S. cerevisiae, if diploid, will enter meiosis
in starvation conditions and sporulate, as a mechanism of resistance to adverse
conditions276.
Growth rate is generally understood as the time derivative of the logarithm OD over time 97.
In a microplate reader cells will achieve maximum growth rate between the end of the
exponential phase and the start of the deceleration phase.
In media containing glucose as the main carbon source, and in aerobic conditions, growth
rate will show two distinct exponential phases: an initial increase in growth sustained by
fermentation, followed by a delayed second increase after the plateau point sustained by
respiration. Following the point where all the glucose is consumed, respiration is uninhibited
and growth is resumed at a slow rate by respiring glycolysis by-products, mostly ethanol, in
a phenomenon known as diauxie100,277. Other carbon sources allow for a co-utilization of
fermentative and oxidative processes and do not display diauxie226.
All those changes in carbon source utilization and changes in growth rate will affect the pool
of ribosomes, and will have to be taken into consideration when measuring them1,2.

4.3.2 Choice of sugar for pre-growth
Initially, and for previous experiments such as inductions from chapter 3, cells were pregrown until saturation overnight, and then diluted before inoculating into the 96-well plate.
Culture saturation has shown to produce nutrient deprivation and high density population
stress due to the accumulation of metabolism by-products, as well as changes in gene
expression and resource utilization2,105.
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For tackling this, cells were initially changed from a pre-growth in 2% glucose to a pregrowth in 2% raffinose, when the cells were going to be grown in the latter during an
experiment, for minimizing potential carbon source change effects on gene
expression100,141,278. This aimed to reduce growth lag when changing from a sugar to a new
one. A pre-growth in raffinose would also mean a later saturation and less time in stressful
conditions, as cells would take longer to achieve maximum OD (Table 10).
Table 10. Range of maximum OD achieved with growth in different carbon sources.

Carbon

Observed

Time (h) to reach

Observed number of

Time per division

source

maximum

maximum OD (avg.) population divisions

OD (avg.)

(initial OD ≈ 0.2)

2% glucose

2.75

10

3.78

150

2% raffinose

1.7

14

3.08

270

0.5%

0.8

25

2

750

2% pyruvate

0.6

35

1.58

1330

2% fructose

2.75

10

3.78

150

(min)

(initial OD ≈ 0.2)

raffinose

Further on, and with the intention of maintaining the growth rate of the cells, and not
allowing saturation prior to the experiment, cells were grown in 2% pyruvate over two
nights, with a dilution on the first day, and another one three hours prior to the experiment.
After some optimization, a pre-growth for 30h was enough to allow the cells to consume the
great majority of the pyruvate in the media but avoiding the potential effects of nutrient
change (saturation time ≈35h, Table 10). Competition and high culture density stress would
be minimal due to the fact that the final optical density of the culture was low, around 0.6,
much lower than the final obtained in raffinose or glucose, which was closer to 1.5 (Table
10). This method was used for most of the experiments of antibiotic effects at different
growth rates (see CHAPTER 5: TESTING THE EFFICACY OF DRUGS AT DIFFERENT GROWTH
RATES), and part of the constitutive protein expression experiments (Figure 18).
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Pre-growing in a different carbon source should require the cells to adapt to the new media
and start growing in it. Glucose was eliminated very early for this reason. Cells naturally
prefer to ferment glucose over other carbon sources, and a lag phase in growth rate was
expected when changing to raffinose experiments. The choice of pyruvate as a source of
carbon is therefore justified, as raffinose is a preferred carbon source, so the initial lag
phase should be negligible. Indeed, cells show no apparent lag phase, with an increase in
growth rate close to 2.5 hours and a peak in growth rate around 5h in 2% raffinose
(Introduction, 1.16.3, Figure 5).

4.3.3 Turbidostat pre-growth
I had special interest in not changing the conditions for cells which were destined to
ribosome quantification through fluorescence. An observation made from the different pregrowth experiments was that cells resumed growth at a time independently of the pregrowth, but resumed growth faster if the cells had been resuspended and grown in fresh
media 3+ hours prior to the experiment279. Those observations, and the intention of not
altering the gene expression during adaptation to a new media and carbon source,
motivated the change to turbidostats for pre-growth. For maintaining growth at a low pace,
and not having carbon source changes, cells were incubated in low raffinose (0.5%) and kept
at exponential phase at in that condition until aliquoted into a 96-well plate for the
experiment (≈24h)002E

4.3.4 Taking plate evaporation into consideration
When performing a plate reader experiment, evaporation is a factor which has to be taken
into account if those surpass a certain time280. This is more obvious in wells closer to the
edges of the plate, where this process is felt the most280. Initial experiments of 20 to 24h
showed little to no evaporation, but when experiments are longer evaporation is more
patent, and the plate design was optimized for reducing this effect. Blanks were located in
the top and bottom rows of the plate, and faster growing conditions were also located in
the first two columns and the last two. Centre wells are reserved for slow-growing cells. The
point of interest for the initial experiments described in this chapter is usually the point of
maximum growth rate, and therefore faster growing cells will achieve this before the
evaporation starts to be noticeable, and data from late timepoints, when evaporation may
happen, can be ignored. The layout can be seen in Figure 25.
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Figure 25. Schematic design of the 96-well microplates for long experiments (30h+). Bold border areas are those which
suffer the maximum evaporation. In grey, negative control media wells; in green, area reserved for faster growing cells; in
red, area reserved for slowest growing cells.

Translation inhibition experiments are best using cells grown overnight in a turbidostat and
any manipulation of the culture would be minimized, in order to not alter them. As
experiments are longer, plate distribution is optimized to account for this.

4.3.5 Setup summary
Experiments with constitutive promoters and those with s245 and L3 with sugar
concentrations were performed with a pre-growth in pyruvate. This protocol was
insufficient for the experiments performed with translation inhibitors, as the conditions had
to be tightly controlled. The full setup with turbidostat pre-growth, treatment at 2.5h and
specific plate arrangement was designed and used in experiments using cycloheximide and
strain L3, and allowed me to obtain the results showcased in this chapter.
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4.4 Main differences between my approach to measure ribosomal content
and the bacterial growth laws
I have optimized my platform of choice, plate readers, to perform in conditions as close as
possible to the ones used by Scot, Hwa et al. The experiments in this chapter have a set of
key differences with those performed when the bacterial growth laws were established. In
this section I will try to address these differences and explain the similarities between both
approaches.
The main difference is the organism. The bacterial growth laws are established in E. coli25, a
prokaryotic organism, whereas my goal is to test those laws in the eukaryotic organism
Saccharomyces cerevisiae. As explained in the introduction, both organisms differ in
structure, organization and machinery, and, particularly importantly for this chapter, in the
processes of transcription and translation. Although the process and machinery involved in
these processes are conserved, given the higher complexity of yeast and other eukaryotes,
the processes have extra control steps and factors compared to bacteria, which could
influence how the growth laws hold in this organism. It’s also unclear if yeast have been
selected to grow quickly like bacteria, an underlying assumption of the growth laws.
Scott, Hwa et al performed their experiments on cells growing in a steady exponential
phase, using flasks and periodical dilutions to maintain the exponential growth1,25. On the
contrary, and as explained before, cells growing in a plate reader have a limited amount of
resources available, and will deplete these throughout the course of the experiment, making
the steady growth phase is less marked and short (see Figure 26 and Figure 31). However,
although growth rate does not plateau in raffinose, my sugar of choice for growth rate
experiments, cells do achieve a short period of time where the resource utilisation is likely
maximal (at the maximal growth rate), and theoretically so is the investment into ribosomes
and cell machinery. Ribosome investment is proven to be maximum when measuring it at
this point with the help of a fluorescent ribosomal marker (see 4.2.2).
Ribosome content has been measured by Metzl-Raz, Kafri et al with proteome profiling
performed with the help of mass spectrometry25. Yeast cells have been proven to contain a
higher mass fraction of ribosomes the higher their growth rate through the same method by
growing cells in carbon sources of a range of qualities2. Quality refers to the growth rate
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that cells can achieve in media containing solely that carbon source. These experiments and
results are reproducible with a fluorescent ribosomal marker in a plate reader, as shown in
Figure 24.
A key difference between my experimental setup and the bacterial growth laws lies in the
experiments resulting in the second bacterial growth law, which used a ribosomal inhibitor.
For assessing drug ribosomal inhibition, Scot, Hwa et al added chloramphenicol to the
culture media and allowed the cells to achieve an exponential steady state before
quantifying their ribosomal mass fraction25. For achieving this they again used flasks and
periodic dilutions. With the nutritional constraints of plate reader experiments, cells that
have a higher burden on their translational machinery should not be able to achieve the
same growth rate as untreated ones, but will theoretically still display a much higher
resource investment into ribosome production. This investment into ribosomes and
decreased growth rate is described in the second bacterial growth law. The main
advantages of my approach are that it eases the measurement of ribosomal content and it
enables real time measurements of ribosomes and growth rate. The correlation between
both can be studied throughout the whole experiment, partially bypassing the need for
achieving a steady exponential growth.
As explained in the previous section, cells should be undisturbed and with the minimal
changes possible in the steps of pre-growth, transitioning into the plate reader and drug
treatment, so as not to trigger any stress response or unintended pathway that might alter
the resource investment in that condition. I therefore used turbidostats for the pre-growth,
which allowed an early drug treatment in the plate reader experiment, as cells will be
maintained in exponential phase before being introduced into the machine, and cells will
need minimal time and resources for achieving exponential growth during the experiment,
saving some of the limited amounts of resources present in the well. This pre-growth was
not possible with media containing cycloheximide due to the equipment available and toxic
chemical manipulation regulations, so future experiments will have to address this
difference, repeating my experiments in a continuous growth setup and comparing both
results.
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4.5 Cycloheximide blockage of ribosomal function
The optimization of the protocol for the use of translation inhibitors was a long process of
trial and error; once optimized, the following experiments and observations were
performed, further confirming the fulfilment of the bacterial growth laws in yeast.
According to the second bacterial growth law, translation inhibiting drugs should have two
visible effects: an increase in ribosome content and a decrease in growth rate relative to the
ribosome content1. The former will be seen as an increase in the expression of GFP in strain
L3, and the later will be seen in a plot of fluorescence versus growth rate.
Cells were grown in turbidostats for minimizing any potential changes in media conditions
and interferences with ribosomal content. After a pre-growth in 0.5% raffinose, setting a
threshold OD and maintaining the culture at it, cells were diluted and aliquoted into a 96well plate. Due to the fast change into experimental conditions, and the maintenance of
growth rate and carbon source, cells achieved maximum growth rate very early in the
experiment. Cells were treated with cycloheximide after two to three cycles (30-45min) as
cells will have transitioned from raffinose to raffinose and should require minimal
adaptation to the new media, but also giving some time to the cells in case there had been
any sort of stress from the precipitation and resuspension steps prior to the plate
inoculation (see Rationale behind the microplate reader experiment optimization). Under
high concentrations of drug, many culture growth rates would monotonically fall over time
without presenting a maximum in growth rate. However, some of those conditions would
still exhibit an increase in growth rate initially, which would allow the measurement of GFP
expression at maximum gr. This initial maximum growth rate would not correspond
however to the point at which cells were expressing the maximum amount of ribosomes, as
seen in Figure 26.
In Figure 26, (GFP expression, second plot in the left) the ribosome expression starts low
and in all conditions increases in similar ways, but at about the 5 hour (0.01µg/mL) and 10
hour (0.1µg/mL) marks, higher concentrations of cycloheximide make the ribosome content
increase over the other conditions. The lowest concentration of drug seem to hardly
interfere with ribosome production, with no apparent effect on growth rate, and behave
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Figure 26. Growth rate (1) and expression of GFP (2) in strain L3 (BY4742 RPL3::GFP) are tightly correlated in the absence of
cycloheximide, but differ when drug is added in inhibitory concentrations. Graphs on the right show that (1, 2), for 2% raffinose,
growth rates get lower the more drug is added (1). However, GFP expression (2) is higher in the conditions with higher drug, but this
happens after time, and far away from the point of maximum growth rate. The initial lowering of growth rate might be attributed to
measurement error at lower OD. On the right, breakdown of the graphs on the left. GR (red) vs GFP (blue), corrected for OD, in
different concentrations of cycloheximide. Red vertical line indicates maximum gr, cyan indicates maximum GFP. Cells express
125
ribosomes as part of the process of speeding of the growth rate, but in high drug dosages (C,D) the inhibition of ribosome function
forces the cells to express higher number of ribosomes in low growth conditions, as it can be seen in the increasing levels of
fluorescence per OD.

very similar to the untreated control (Figure 26, in orange on the graphs in the left, second
graph on the right).
I hypothesize, based on the bacterial growth laws, that cells are forced to produce higher
amounts of ribosomes by higher concentrations of drugs in order to maintain normal
function, compensating for those inactivated by the drug, but this would imply that
resources would be redirected into ribosome production in detriment of growth rate, hence
the delay in maximum fluorescence seen in Figure 26, and the divergence with the time of
maximum growth rate. The mechanistic model by Weiße et al suggests that this increase is
due to an increased amount of ATP and charged mRNAs as a result of the ribosomal
inhibition which would trick the cell into believing it is in rich media conditions, thus
investing further resources into ribosome production4. This late increase in production of
ribosomes over time is further supported when trying to plot the fluorescence at maximum
growth rate versus the growth rate (Figure 27).
The shift between maximum growth rate and maximum expression of ribosomes in higher
drug dosages has to be taken into account when plotting the maximum GR plotted versus
the fluorescence expression at maximum GR as in previous sections (Figure 22). Due to the

Figure 27. Comparison of ribosome expression between the point of maximum growth rate (left) and the point of maximum fluorescence
(right) shows a difference at high drug dosages. As seen in Figure 26, cells will reach a point of maximum growth rate early but continue
compensating for the inhibition of ribosomes hours after this point.
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lag in ribosome production in high drug dosage conditions seen in Figure 26, those two
parameters do not represent the proteome investments for all conditions in translationinhibited cells (Figure 26). Maximum ribosome content will have to be plotted against the
growth rate at maximum ribosome content for the observation of the ribosome increment,
or else at maximum growth rate cells will still be in the process of producing ribosomes
when the maximum growth rate is reached (Figure 27).
In Figure 27, ribosome content in 0.01 (in green) and 0.1µg/mL cycloheximide (in red) show
lower values of ribosomal expression at the point of maximum growth rate (left) compared
to the point of actual maximum expression of ribosomes (right), achieved hours later.
Untreated control and 0.001µg/mL cycloheximide show similar expressions in both
conditions. From the point of maximum growth rate to the point of maximum ribosome
expression, cells treated with maximum concentration of cycloheximide (red) suffer a 50%
loss in growth rate, but gain almost 90% more ribosome content; the second highest
concentration (green) loses 20% growth rate and gain a similar amount of ribosome
content. Both conditions increase their ribosome concentration compared to untreated
control from the point of maximum growth rate, suggesting that resource investment into
ribosomes continues to increase, but growth rate falls.
In previous studies, the measurement of ribosomes was done specifically on cells at
exponential growth rate, close equivalent to the point of maximum growth rate in a plate
reader experiment, since it is the point at which the cell is investing the most resources into
growth: the point at which the ribosome content, and ribosome to growth rate ratio will be
maximum1,2,20. My observations suggest that, when treated with ribosome-impairing drugs
in a plate reader, the point of maximum growth rate is not the point at which ribosomes are
maximum and instead where those peak is where fluorescence is maximum; when working
with translation poisoning drugs the measurement should be done at the point of maximum
fluorescence rather than at maximum growth rate. This point was subsequently used for the
experiments with cycloheximide.
In Figure 28, two sets of experiments, one containing 1%, 1.5% and 2%, and another 2%,
2.5% and 3% raffinose concentrations, were unified by normalizing all the data for the
untreated 2% raffinose values. All the measurements for lower cycloheximide
concentrations are close, but the data shows divergence at higher concentrations with a
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separation by set of experiments, becoming evident by looking at the values for 2%
raffinose at higher drug concentrations into two groups. This might be due to differences in
dosage of cycloheximide due to evaporation as the same stocks were used for several
treatments, and evaporation was observed in subsequent experiments.
The plate reader data at no drug and lowest concentration of drug closely follows the mass
spectrometry data obtained by Metzl-Raz, Kafri et al2 . This is reflected in the close linear
regression of both distributions.

Figure 28. Ribosome content correlates with the carbon source quality, growth rate and concentration of cycloheximide,
and follows a close line (red dashes) to the one obtained by Eyal-Raz, Kafri et al. (black dashes) from mass spectrometry
data (yellow stars). All growth rates and fluorescence intensities are normalized by the one obtained in raffinose 2%,
0ug/mL cycloheximide. Similarly, mass spectrometry data was also normalized for the growth rate in raffinose. Higher
cycloheximide increases ribosome content, but decreases growth rate. The linear regressions for each distribution by
raffinose (colour lines) and cycloheximide concentration (black lines) can be seen alongside the data, showing a slower
growth and higher ribosome content the higher the dosage of ribosome inhibitor.

Here, I demonstrated that a ribosomal inhibitor increases the ribosomal count while
decreasing the growth rate in accordance with the second law of bacterial growth 1, thus
further supporting that those laws hold for yeast. Further observations were done when
analysing the data obtained with cycloheximide treatments, as explained in the following
section.
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4.5.1 Ribosome content after the point of maximum expression
Thinking about the ribosome economy, it makes sense and is widely accepted that the point
of maximum ribosome investment in untreated conditions will be the point of maximum
growth rate1,2. Until then, cells are using all the available resources in the media for the
production of more cell growth machinery, mainly ribosomes and histones, and will
continue this investment until they reach the maximum capacity of the media. From an
economic point of view, cells which have invested all the resources into growth should try to
maintain the maximum possible investment in the deceleration phase of the growth curve2.
This will allow for a rapid response to media condition changes. The phenomenon should be
visible by plotting the growth rate versus the ribosome content of cells after the point of
maximum growth rate, after which cells slow down their growth rate progressively, and
fitting a regression curve into it. When doing so, and by comparing it to the ribosome
content equation proposed by Kafri, Metzl-Raz et al. it can be seen that both regressions are
almost exactly the same (Figure 29).

(h-1)
Figure 29. The correlation between ribosome content and cell growth over time (from right to left) after the
point of maximum growth rate follows a steady state equation. Blue, experimental data, red, steady state
equation. Fluorescence has been rescaled for matching ribosome content data. The correlation between
growth rate and ribosome content follows this equation but is not completely linear, displaying a slight
curve.
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My findings on ribosome content after the point of maximum growth rate/point of
maximum ribosome expression in raffinose contrast with those obtained by Eyal-Raz, Kafri
et al when measuring the ribosomal fraction in cells undergoing diauxie after growth in
glucose (Chapter 1: Introduction, 1.4.4, Figure 2), where they found a decrease followed by
an increase when cells prepare for the second exponential phase of growth on
ethanol2,100,225. Since cells in raffinose are constantly performing respiration and
fermentation, less adaptation to nutrient depletion should be needed and it would be
expected that this change in ribosomal fraction was not observed.
When measuring the expression of ribosomes in strain L3 in glucose after the point of
maximum GFP signal and plotting it against the gr, a similar correlation with growth rate
appears (Figure 30). Here, the same sigmoidal loss of ribosomal content can be seen as
previously described by Eyal-Raz, Kafri et al, as well as the delayed increase in ribosomal
content at the start of the experiment. Those graphs have been produced from a culture
grown in pyruvate, and transferred into glucose, which may alter how the initial stages
appear. The experiment was 20h long, with saturation of OD happening at 10h, and
maximum GR at ≈4.5h. In this timescale, diauxie should not yet be substantial; the
experiment should be run for longer if the effect is to be observed.
Kafri et al propose two possible scenarios for this behaviour: an increase in translation
demands due to the depletion in glucose and the preparation for respiration of glycolytic byproducts, which shifts the usage of ribosomes into production of enzymes and machinery
necessary for this change, while decreasing the number of ribosomes produced over time
with respect to growth rate; or the decrease in growth rate is inducing a more efficient
usage of the available ribosomes, with cells inhibiting their synthesis prior to the shift2. The
change would be expected in any condition where the cell undergoes an increase in
translation demands, or after points of high growth rate with depletion of an essential
substrate. This change shouldn’t be observed in raffinose as the carbon source is
continuously fermented and respired during its utilization, keeping metabolism stable and
making the decrease in ribosomal fraction linear. Ribosome content is also lower in raffinose
than in glucose, as the growth rate is not as high, and the change in growth rate is not as big
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Figure 30. Ribosome content in cells growing in glucose shows a sigmoidal decrease after the point of maximum GR (B) and a delay in
increase with growth rate at initial stages of the growth curve (A). Left graph: growth curve of cells growing in 2% glucose, from
maximum GR onwards (B) and initial stages of the experiment (A). OD (black line / colour dots) and growth rate (red line) plotted within
it. Left graphs: ribosomal content in the cell expressed as rescaled fluorescence (colour dots), fitted to a scale where the ribosomal
steady state equation can be plotted alongside (black dashed lines). Those findings coincide with these by Kafri et al. (Chapter 1,
Introduction, 1.4.4, Figure 2).

during the deceleration phase, since cells are growing slower. All of those factors would help
ribosome content in raffinose to decrease almost linearly with growth rate (Figure 29).
Cells leaving stationary phase increase in growth rate before they start increasing the
number of ribosomes, further supporting that growth rate and ribosome content are closely
related but the first does not control the second, with external stimuli from the media
controlling both2. This also supports the idea that cells have a reservoir of resources which is
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used in order to adapt to environmental changes and do not invest all existing resources
into growth2,20.
When looking at the evolution of the logarithm of the OD (log OD) for raffinose and glucose
(Figure 31), in order to have a better visualization of the increments in OD over time, it can
be seen that exponential phase is longer and more marked in glucose (red) compared to
raffinose (blue), with sharper changes in behaviour before and after the exponential phase.
Those differences could explain why the ribosomal count changes are more linear in
raffinose, and why glucose displays the behaviour seen in Figure 30. The maximum growth
rate for both conditions happens at similar times, indicated with a dot in each curve,
suggesting that the linear distribution of the ribosomal content over the growth rate after
this point is unrelated to where this point occurs.

Figure 31. The logarithm of the OD over time shows a much longer exponential phase in glucose compared
to raffinose, and sharper changes in OD also in the first. The point of maximum growth rate is indicated with
a dot in each line, and happens around the same timepoint for both conditions.
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4.5.1.1 Global changes in ribosome content versus growth rate
Using the same rescaling routine on Python for fitting the fluorescence data to the equation
for ribosomal fraction, the data for the control strain, untreated L3 in 2% raffinose, was
compared to other concentrations of raffinose and cycloheximide in the same graph with
eight other individual experiments: 2 sets of concentrations of raffinose, higher and lower,
with four replicates each, and shared cycloheximide concentrations (Figure 32). When
looking at the decrease in ribosomal content after the point of maximum ribosome content
in cells treated with cycloheximide, the ribosomes are directly related with the
concentration of cycloheximide, and so is the steepness of the linear regression of the
distribution. The distribution of concentrations of raffinose is also visible, with higher
concentrations displaying higher ribosome content. All untreated and lower cycloheximide
lines fall close to the equation plotted alongside, and show similar slope.
When plotting each slope individually on the same graph, the slope does increase with the
height of the line compared to 2% untreated raffinose, and all the lower cycloheximide
concentrations are close to the Eyal-Raz, Kafri et al. Equation, valid for no cycloheximide
(Figure 33).
Some authors have related the steepness of the distribution with increased translation
rates, although not directly exploring the behaviour of the ribosome content during the
deceleration phase of the growth curve2,4. This could hold at conditions with higher carbon
source quality, as those are expected to have higher ribosomal content and higher protein
translation overall, which would mean that after the point of maximum growth rate, when
translations rates would fall to a common point, those would have started from a higher
point initially. Translation rate does not explain why conditions with a ribosomal inhibitor
present a steeper slope, since translation is being constrained, unless the inhibitor itself is
acting as an artificial increase in translation requirements.
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Figure 32. Concentration of cycloheximide (top, reds) and concentration of raffinose (bottom, blues) are both correlated
with ribosomal content, showing higher ribosome content the higher their concentrations increase. The graphs have
been adjusted for untreated 2% raffinose, and the correlation with this condition is displayed in them. Lowest
concentration of cycloheximide shows little to no effect, and behaves as untreated control. Fluorescence has been
rescaled to Eyal-Raz Kafri et al data. Increases in raffinose (top graph) and cycloheximide concentrations (bottom
graph) are indicated with a grey incremental bar (grey wedges).
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Time

Figure 33. Slope of the plot of ribosome content versus GR after the point of maximum ribosomes increases as the curve heightens compared to the
ribosome content equation proposed by Eyal-Raz, Kafri et al. (black dashed line). Each individual concentration of raffinose share a hue (greys: 1%; purples:
1.5%; greens: 2%; blues: 2.5%; reds: 3%), with darker colours representing higher concentrations of cycloheximide. Highest concentrations of cycloheximide
display low regression coefficients.

The observation of the correlation of ribosomes and growth rate after the point of
maximum ribosome expression motivated a reanalysis of the constitutive promoter data.
The evolution of the fluorescence over the growth rate after the point of maximum growth
rate was explored.

4.6 Constitutive expression after the point of maximum growth rate
It has been shown previously that constitutively expressed proteins present a tendency
towards lower expression at higher growth rates, due to the constraints of proteome
distribution. I had interest in observing the evolution of this relation after the point of
maximum growth rate. When plotting the fluorescence versus growth rate in one of the
graphs used for the generation of Figure 18 after the point of maximum growth rate, it can
be seen that fluorescence also decreases faster in those conditions where it started higher
(Figure 34). The middle of each line is marked with a red dot, so as to observe better how
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this trend evolves over time. All conditions fall to a similar point at growth rate 0, suggesting
that when cells deplete the main carbon source in the media their constitutive expression
tend to similar levels; however, lower carbon sources maintain higher expression per OD.
No culture has reached a full stop in growth rate, as it can be seen in the OD curves (Figure
34, top left), with lower raffinose concentration maintaining higher growth rates at later
points than higher ones (pale blue, top graphs). This difference in growth rate patterns
might be the cause of the difference in fluorescence per growth rate seen in the lower panel
of Figure 34. This ratio changes mostly in the first half of the curve, whereas the second half
is almost stationary (middle point is marked with a red dot). A longer experiment should be

Figure 34. Fluorescent protein expression from a constitutive promoter is higher in cells growing at lower concentrations of raffinose (bottom),
potentially due to the fact that those cells have not yet fully stopped growing, as seen in the OD (top left) and GR (top right). Fluorescent protein
content shows a tendency towards the same point, but points after the second half of each curve (middle marked by red dot, plotted here only for
better visualization of the data) seem to all stop at similar values.
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run in order to confirm those results, and to see if the tendencies seen will, in the longer
term, make all the final ratios coincide.
Two alternative possible explanations for this maintained difference in constitutive protein
expression could be resource utilization efficiency or different modes of adaptation to
stationary phase. Those would be due to the carbon source in the media, since cells will
display preference for respiration or fermentation depending on the concentration of
raffinose99,226,229. Cells respiring would be energetically more efficient than cells fermenting,
and would also require almost no adaptation to a continuation of the respiratory
metabolism after the carbon source is depleted.
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4.7 Conclusions and discussion
The research in this chapter has concluded the following:
1. Constitutive expression is affected by the bacterial growth laws in yeast. I show that
constitutive expression follows an approximately a negative linear correlation with
growth rate in yeast.
2. Ribosome content can be measured with a fluorescent tag in a ribosomal protein.
With this I have corroborated that:
a. The first bacterial growth law holds in yeast. Ribosome content, growth rate
and carbon source quality in the media are directly correlated.
b. As postulated in the second bacterial growth law, ribosome content can be
altered with ribosomal inhibitors, increasing the ribosomal count but
decreasing growth rate.
And found that:
c. After the point of maximum expression of ribosomes in raffinose, ribosome
content follows an almost linear relation with growth rate. This line steepens
the higher the starting ribosome content is.
3. Constitutive expression after the point of maximum growth rate continues to be
higher in slower growing cells in raffinose.
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4.7.1 The bacterial growth laws hold in S. cerevisiae
The experiments with a ribosome-tagged strain and constitutively expressed fluorescent
proteins indicate that the bacterial growth laws1 hold in S. cerevisiae.
4.7.1.1 The first growth law holds in yeast. Ribosomal content increases with growth rate
and so carbon source quality in S. cerevisiae
The first law states that ribosomal content is directly correlated with carbon source quality
and growth rate.
I showed that with a strain tagged on ribosomal protein L3 ribosome expression will linearly
increase with the carbon source quality, as well as the growth rate of the cells. This supports
the first bacterial growth law proposed by Scott and Hwa1. Moreover, the ribosome content
is measured in cells preparing for diauxic shift and exiting semi-stationary phase in yeast
with similar results as the ones obtained by Metzl-Raz, Kafri et al. in the same organism
using mass spectrometry, further supporting the translational resource economy in yeast 2.
4.7.1.2 The effect by translation inhibition on ribosomal content described in the second
bacterial growth law holds in S. cerevisiae
It is established in the second law of bacterial growth that a translational inhibitor will
increase the ribosomal content in detriment of growth rates, as cells will have to
compensate for the inactivation of ribosomes by producing more, but will lose growth rate
when investing into this production1. My results with cycloheximide strongly support this,
showing a higher expression of ribosomes and a significant drop in growth rate in treated
cells.
Scot, Hwa et al cultured cells in flasks with periodical dilutions, and measured ribosome
contents in cells at a steady exponential phase, whereas the experiments in this chapter are
done in a plate reader. The disparity between my method of cell culture and the one from
the original authors will have to be addressed in future experiments, ideally working with
batch cultures in turbidostats or in microfluidics.
4.7.1.3 Constitutive expression reflect the effects from the bacterial growth law in S.
cerevisiae
As established by Scot and Hwa in E. coli, cells which are growing slower will have more
resources and machinery for dedicating to the expression of non-growth related
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constitutive genes1. Cells will prioritize the use of the pool of available ribosomes and
resources selectively for growth rate, when media conditions allow it, and in detriment of
constitutive genes1,2,4,20,25.
My findings show that the expression of constitutive fluorescent proteins, from the genome
or a plasmid, and using a diverse set of constitutive promoters, follows a negative
correlation with growth rate. The correlation seems to be independent of the carbon source
in the media and pre-growth conditions. This is, however, a weak correlation in some cases.
Those experiments would also benefit from continuous culture experiments.

4.7.2 Ribosome content can be measured with a fluorescent tag
The choice of a GFP-tagged ribosomal protein L3 as a marker has followed a thorough
process and it has a series of qualities which make it an ideal ribosomal tag: it is a single
copy gene11,21, it has the strongest promoter of all ribosomal proteins21, it is a ribosome
surface protein11,17, a strain with a stable tag has been produced in the context of a protein
localization study and is readily available64, and my experiments suggest that the tag does
not impair the ribosomal function nor cell culture fitness.
4.7.2.1 Future work with this strain
The results obtained with strain L3 open the gate for future real-time experiments with
ribosomes, without the need for lysing the cells, and without using costly and time
consuming techniques such as mass spectrometry2,83. The accuracy of this new method,
however, remains to be tested until more experiments are performed and a standard
procedure is found for the obtention of data with strain L3.
With the help of microscopy and microfluidics, single cells can be monitored for fluctuations
of ribosomal content under stress and carbon sources, as well as other observed
physiological changes correlated with ribosomal competition and poisoning, such as an
increase in cell volume for the compensation of an elevated number of ribosomes2,20.
Another phenomenon which can be studied in microfluidics is cell division, and the
ribosome partitioning during this process could be studied more closely. What happens in
the ribosomal content after the point of maximum growth rate could also be measured with
the help of microfluidics by having switches of high carbon source concentration followed
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by no carbon source, forcing cells to stop growing. Cells have backup growth resources so
the switch observed might be delayed2,113.

4.7.3 Other considerations and future directions
4.7.3.1 Comparing ribosomal content with other methods
The data obtained on ribosomal content, growth rate and carbon source quality, as well as
translational inhibitors is strongly supported by the bacterial growth laws. However, the
dynamics of the tag inside the cell are only assumed but not completely confirmed. More
experiments could be done on the same strain, comparing the results obtained with
fluorescence with others obtained from mass spectrometry or qPCR data after a ribosomal
extraction for verification. Upon ribosomal extraction, immunostaining of the GFP could be
done for confirming its presence only on the ribosome.
4.7.3.2 A different fluorescent protein could be used for tagging protein L3
GFP expression has been demonstrated to be strong and easily read, which is expected as
promoter L3 is the strongest ribosomal promoter in yeast21, and it is a single copy protein,
so it cannot be outcompeted by a homologous protein, which is the case of double-copy
ribosomal genes, where the expression is divided amongst both21.
For some applications it could be useful to change GFP for RFP in L3 strain, when it is used
alongside other fluorescent markers. When using multiple fluorescent markers in a single
cell, those have to be chosen correctly for minimizing crosstalk and bleed-through156,238. If
tagging a low-expressed protein, the brightest fluorophore should be prioritized for it in
order to ensure that even at low contents of protein the signal can still be detected. The
methods for the generation of the yeast GFP tag collection created for the protein
localization study by Huh and Falvo64 could be followed, modifying the existing primers for
the generation of new tagged strains.
There are many proteins which have a lower chromophore maturation time than GFP93,163, it
could be beneficial to exchange this fluorophore for one of those, with added interest in
choosing one with maximized half-life and photostability, so that monitoring can be
performed from early biogenesis stages, and far into the ribosome’s active life. This could
also potentially cause maximum growth rate and maximum fluorescence to better align.
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4.7.3.3 Measuring ribosome content under gene expression stress
The initial goal of the thesis was to quantify genetic burden. Inducing genetic burden from a
plasmid was proven to be difficult given the unviability of many of the commonly used
inducible promoters. A next phase in the ribosome economy study was intending to use
constitutive expression in a plasmid as burden, and measure ribosome content in cells
suffering it. L3 strain would be transformed with three iterations of three constructs, plus
two controls. Those constructs would contain three different strength promoters driving the
expression of mCherry, compatible with RPL3::GFP156,238, in two plasmid vectors, one at a
high copy number and one at a low, plus an integration vector. The controls are two plasmid
vectors with the same size plasmid and same copy number, but without the RFP expression.
Those will compare the effect in ribosome counts due to the plasmid itself versus the impact
derived from the gene expression from the plasmid, as well as the impact of the selection
marker alone. Plasmid presence is proven to have a negative impact in cell growth under
non-selective conditions, and plasmids are naturally lost if there is no selection pressure on
the cells130,132.
Using strain L3 as a control for comparison, the transformed cells would be tested for
growth rate and ribosome concentrations. mCherry expression would also be measured, in
order to estimate any potential differences between constructs. This would allow the
correlation of growth rate, exogenous gene expression and ribosome count.
Another set of experiments could involve the use of translation inhibitors on those cells,
again for testing growth rate, ribosomes and gene expression under stress conditions. The
inducible plasmid synthesized for previous chapters of the thesis could also be tested in this
system, although avoiding the use of raffinose264. No differences in growth rate were
appreciated from the induction of the plasmid but the induction might be mitigated by an
increased but sustainable number of ribosomes in the cell. The inductor alone would have
to also be tested in tagged control strains to discard a direct effect on ribosomal counts.
If ribosome count under cell burden is studied, translation and transcriptional poisoning
drugs could be used in addition, in order to quantify the effects those have on the
overloaded cells. Kafri et al. have suggested that cells will be particularly susceptible to
drugs which target a limited cellular resource113, so it would be a good way of replicating
those results with real-time monitoring. Cellular stress response requires many resources,
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so it would be expected that overloaded cells will be more susceptible to other types of
stress.

4.7.4 Bacterial growth laws hold in S. cerevisiae, will other resource economy
processes derived from those also hold?
If the bacterial growth laws hold in yeast, it can be expected that other derived predictions
and observations could hold as well. In a study by Greulich, Scott et al the authors use a
mathematical model to predict the susceptibility of E. coli to ribosome targeting drugs,
finding that it is dependent on growth rate and the reversibility of the ribosomal-drug
complex, and at the same time countering the assumption that cells will be less susceptible
to drugs at lower growth rates104. With the intention of following up on the effect of drugs
to cells different growth rates, the research in Chapter 5 was carried out.
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5 CHAPTER 5: TESTING THE EFFICACY OF DRUGS AT
DIFFERENT GROWTH RATES
This chapter seeks to answer a question: if a cell is growing at a specific speed, will a set
drug concentration affect it differently than it does to a cell growing at another rate?
When measuring how a drug, changes in media conditions, or another external stress
affects a cell, a robust method for assessing the fitness of the culture is necessary.
In a microplate experiment, the machine makes periodic measurements of optical density
(OD) and fluorescence, and registers the time at which those are taken. This information is
then processed for visualizing the OD curve and estimating the growth rate (gr). Those two
parameters are used, raw, processed or combined, as a basis for the estimation of the
fitness of the cell.
Fitness is therefore understood, for plate reader experiments, as a measure of the growth
rate and OD achieved by a culture over the course of an experiment, compared to that of a
control strain.
The aim of this chapter is to measure the effects that growth rate has on the negative
effects of a drug. It has been reported in E. coli that drugs targeting ribosomes will affect
differently cells growing faster or slower depending of the drug’s mode of action 104. This
challenges previous studies suggesting that drugs affect slower growing cells more as a
general rule104.
Several methods for assessing fitness are evaluated for achieving this goal. Some
observations regarding those methods are made on the way and are reported in the
chapter.
Raffinose is used in all the experiments to modulate cell growth rates.
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The chapter is divided into sections:
1. Initially a series of plater reader experiments with cells treated with cycloheximide
were used for exploring existing methods of fitness measurement using OD and GR
curves. With a limited set of measures, it was concluded that all of them agree on
fitness tendencies for cycloheximide.
2. It is clear that for drawing a conclusion, more fitness measurements are necessary,
so the OD and GR curves are analysed in depth for growth parameters. A set of
experiments with diverse drugs were used for the comparison of the fitness
measurements. Two conclusions are drawn:
a. An initial measurement is discarded as inviable given that it fails to report the
correct effect for a drug with a known effect, which is agreed by consensus
by the other measurements.
b. All other methods appear to be reliable.
c. End-point measurements, such as biomass generated or maximum growth
rate are useful for quantification of effects, but the tendencies in drug effects
are better visualized in measurements utilizing areas under growth curves.
3. It is necessary to select one or a group of the most relevant methods for obtaining
the culture fitness. The methods are applied to different drugs and four of them are
selected. It is concluded that:
a. A combination method using four areas derived from the growth curve is
shown to give consistent measurements but omits important data; each
measurement parameter is analysed individually to find a better approach.
b. The tendency in the effect of the drug, when measured with the combination
method, is seen even when measuring early in the growth curves, not
needing to wait for the growth curve plateau.
c. The main goal of the chapter is to measure the effect of drugs at different
growth rates. The combination method is applied to this, with raffinose being
used for modulating the growth rate. A selection of drugs with known effects
on growth rate and/or metabolism were chosen for appreciating diverse
effects on fitness. This section concludes that different drugs do in fact affect
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differently cells growing at distinct rates. Those effects group by mode of
action of the drug.
4. Data for a group of drugs has been obtained for answering the chapter’s question.
This data is subsequently used for estimating of the effects of each drug on
individual parameter measurements. It is concluded that each drug affects more a
specific measurement and that the effect is similar in drugs with similar mode of
action.
a. Since a combination method is proven to have flaws, the most affected
parameter can be used instead.
b. The parameters have a conserved evolution over time, with similar
tendencies when measured at different points in the curve. The most
affected parameter is also conserved over time.
c. Data from the most affected parameter also confirms that drugs will have a
different effect on cells growing at different growth rates.
d. For those reasons, the most affected parameter should be used for
quantifying the effect of a drug on a culture, and not a combination
measurement.
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5.1 Testing measurements for culture fitness
5.1.1 Measurements derived from growth and optical density observations in a
cycloheximide treatment experiment
The plate reader software (see methods) calculates a series of parameters from the optical
density measurements of a culture. Those are optical density (OD), growth rate (GR) and
area under the OD curve over time (AuOD). It also incorporates a routine for the calculation
of a fitness specific measurement, denominated fitness penalty (more explanation in Figure
35 and Figure 41). Area under the OD vs time has been used in previous studies for
assessing the effect of a chemical on a culture173. Maximum OD and GR are usually used as
measurements for comparing fitness of cultures, and for the calculation of toxicity
parameters170,210.
In order to assess the fitness of a culture, the performance of those measurements had to
be tested. The initial group of measurements tested and how they correlate is depicted in
Figure 35.
Yeast grown in raffinose, with cycloheximide added at the initial timepoint, was used as a
test for different fitness measurements. Cycloheximide is a ribosomal inhibitor, which will
affect the growth of the cells by depleting translational resources with the inhibition of
protein synthesis176; in a similar manner, raffinose concentrations affect cell growth rate by
carbon limitation in the media (Introduction, 1.16.3, Figure 5). Cells grown at different
carbon source concentrations have different nutrient availability, which influences growth
rate, and the response to a drug might change. All the experiments were therefore
performed at a combination of concentrations of both cycloheximide and raffinose.
The initial variable extracted from the plate-reader experiment is an OD curve for each
condition. This gives an initial estimate of how much each condition has allowed the cells to
grow.
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A commonly used measure in toxicology is the IC50 (Inhibitory Concentration 50%), a value
which measures the effect of a drug in the inhibition of a process 170. It can be estimated
from culture OD and GR values. The calculation of the IC50 for OD loss is done as a
measurement of the loss of maximum OD (maximum OD) achieved by a culture in the
presence of a drug compared to an untreated control, finding the concentration at which
the density loss is 50%. It is dependent on the specific growth conditions at which the drug
is applied, and is valuable for choosing a range of drug concentrations for drug effect
experiments. It has been used in previous studies for the measurement of fitness 104. This
value, when available, was used for choosing drug concentration ranges.

control

Maximum OD

OD

treated

Figure 35. Diverse fitness measurements can be estimated from comparing culture OD curves. In
this figure, blue represents a control strain, and red is a treated culture to be compared. An initial
measurement for culture viability, which reflects fitness, is used for the calculation of IC50: the loss
of maximum OD of the cultures (top left). Loss of OD can also be expressed as a loss of area under
the OD curve (bottom left), which is a robust method for measuring fitness used in previous studies.
By calculating the time derivative of the OD, GR is calculated: an unfit culture should have a lesser
growth rate than a fit one (top right). Fitness penalty (bottom right) is a method which calculates
the loss of fitness as a difference in area under the curve of the OD over the GR (see Figure 40).
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5.1.1.1 Method chosen for visualizing data in this chapter
In this chapter, combinations of drugs and raffinose are used for evaluating fitness
measurements and assessing the effects of drugs. The main format which will be
encountered is a heatmap, explained in Figure 36. As it should be expected, the title of the
heatmap is the measurement represented by it. Each concentration of raffinose is displayed
in the Y axis, and each concentration of drug, in the X axis. The values in each cell of the
heatmap and the colour gradient both represent the fraction of loss suffered by that
combination of drug and raffinose, compared by the untreated control at the same
concentration of raffinose.

Untreated controls

 Raffinose concentration 

→ Drug concentration →

Fraction of loss versus untreated control

Measurement

Figure 36. Depiction of the format used for displaying the effects of drugs (X axis) and raffinose
concentrations (Y axis) of fitness measurements. Drug concentrations increase from left to right, with the
leftmost column (highlighted in orange) being the untreated controls for each raffinose concentration.
Raffinose concentrations increase from top to bottom. Each fraction of loss of a measurement is calculated
from the untreated control at the same concentration of raffinose. Fractions are plotted as a heatmap, with
the colour and the value in each cell representing the fraction of loss.

149

5.1.1.2 Maximum OD
When looking at a plate reader experiment, the easiest measurement which can be
calculated is obtained by subtracting the final optical density achieved, ideally once the
growth curve has plateaued, with the starting OD (Figure 35, top left).
𝑚𝑎𝑥𝑂𝐷 = 𝑓𝑖𝑛𝑎𝑙𝑂𝐷 − 𝑠𝑡𝑎𝑟𝑡𝑂𝐷
When observing the loss of maximum OD of cultures grown in cycloheximide, it can be seen
that the proportion of loss is higher at higher concentration of raffinose under the same
concentrations of cycloheximide (Figure 37, B). The drug, under this measurement, will not
have the same effect over the cells, and will depend on the carbon source concentration in
the media. An important note is that this measurement should be repeated allowing the
cells to achieve a stable final OD, since for some concentrations of drug cells haven’t
stopped growing. Maximum OD is an end-point measurement and will require cells to stop
growing for the reliability of its results. A different effect under different media conditions
concurs with the IC50 being a media-dependent measurement, as the same value should be
obtained regardless of the initial conditions or media nutrients.

Fraction of loss versus untreated control

A

B

Figure 37. Loss of maximum OD in cycloheximide is similar throughout different concentrations of raffinose for same drug dosages. A: OD curves of the
strain BY4742 in different conditions. B: heatmap containing the fraction of loss of maximum OD (values in each box) at different concentrations of drugs (X
axis) compared to the untreated control at the same raff concentration (Y axis). The fraction of loss is also visualized as blue range in the heatmap, which is
darker at higher losses. The fraction of loss seems close in all concentrations of cycloheximide for the raffinose concentrations, with the maximum being in
the highest drug concentration. A larger change in 2% raffinose with 0.05µg/mL cycloheximide might be expected, since for this condition, the OD has not
yet plateaued (dark purple line, left, 4th/5th from the top). All the growth rates were similar and close to 0 at the end of the experiment (see Figure 38).
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Knowing the initial and maximum OD achieved, an estimation of the number of divisions can
be made. The number of divisions over time, division rate or time of divisions, is used in real
time measurements of fitness2,20, we here implement it for plate reader experiments (see
next section).
A critique to using maximum OD as a fitness measurement is that time is nowhere
considered, and a culture may take more or less time to achieve a final OD. A measurement
like GR on the other hand (Figure 35, top right) reflects the rate at which the OD is achieved,
and therefore two cultures may reach the same final OD but require different times.
5.1.1.3 Maximum growth rate
Growth rate is the time derivative of the optical density. It can be estimated from the OD
curve from each point as the natural logarithm of the OD of the next point (𝑂𝐷𝑖+1) minus
the natural logarithm of the OD of the previous point (𝑂𝐷𝑖−1) divided by the difference in
points between both points (𝑡𝑖+1 − 𝑡𝑖−1 ).
𝐺𝑅𝑖−1,𝑖+1 =

𝑙𝑜𝑔𝑒 (𝑂𝐷𝑖+1 ) − 𝑙𝑜𝑔𝑒 (𝑂𝐷𝑖−1 )
𝑡𝑖+1 − 𝑡𝑖−1

The plate reader software calculates the growth rate of the culture using gaussian
processes97, see Chapter 2: methods. The maximum growth rate for each condition is
calculated as the local maximum of the curve, which is the highest peak presented in the
fitted curve, rather than the maximum value in it.
Analysing the same curves for their growth rate, a different effect can be appreciated.
The first thing noticed when looking at Figure 38 is that some points are missing in the
heatmap (Figure 38, B), which is due to the fact that for those conditions, growth rate
presents no peak (Figure 38, A). For the same concentration of drugs, regardless of the
carbon source in the media, the proportion of growth rate lost compared to the control is
very similar in the data which can be calculated, and the loss gets higher the more drug is in
the media (Figure 38, B). If proportions are the same, it would therefore affect the
maximum OD achieved, with cells growing in lower carbon sources, and for this reason
growing slower, suffering less losses in maximum OD than cells growing faster.
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A critique to the use of maximum growth rate is that in conditions where cells do not display
one it can’t be measured.
A

B
Fraction of loss versus untreated control

Figure 38. Comparison of yeast growth rate loss in media with different raffinose and cycloheximide concentrations. Figure A shows the obtained growth
rate curves of S. cerevisiae treated with different cycloheximide concentrations in media with raffinose limiting the growth rate. The halos in the curves are
the error. Growth rate decreases both with the increase in drug and the decrease in raffinose in the media. Table B compares the maximum growth rate in
different media (numbers in the squares) and the fraction of loss from the control condition with no drug (colour code, white clearest left column as
control). Grey cells are conditions which do not display a maximum growth rate. Cells appear to lose the same fraction of growth rate due to the drug
concentration independently of the resources available in the media. Due to the missing information, growth rate wouldn’t give a reliable measurement of
fitness in the population under high concentrations of drugs, where growth rate falls monotonically throughout the experiment. The experiment was done
by treating cells at time point zero, and measuring the OD and growth rate over time, and therefore cells were not treated at a certain growth rate, but
rather at the pre-growth condition growth rate.

5.1.1.4 Area under the OD vs time
Following the work of previous studies in yeast, another possible measurement for fitness of
a culture was to compare areas under the OD of cultures173. The OD curve of the culture is
determined by the optical density achieved and the rate at which the final OD has been
reached (growth rate of the culture). It is calculated as an integral of the OD curve over time
(𝑂𝐷𝑑𝑡) between the initial OD (𝑂𝐷𝑖 ) and the maximum OD (𝑂𝐷𝑚𝑎𝑥 ).
𝑡𝑚𝑎𝑥

𝐴𝑈𝑂𝐷 = ∫

𝑂𝐷𝑑𝑡

0

By taking these two measurements into consideration, the area under the OD vs time
should give a more robust measurement of fitness of the culture. In Figure 39, panel B, it
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can be seen that, under this measurement, the cultures of BY4742 in cycloheximide show a
clear tendency to higher effect at higher dosages and concentrations of raffinose.
A

B
Fraction of loss versus untreated control

(h)

Figure 39. Loss or area under the OD curve difference under different raffinose and drug concentrations. Figure A shows the OD curves of S. cerevisiae under a
series of raffinose and cycloheximide drugs. Cells were grown for 21.5 hours in media with raffinose concentrations, to which cycloheximide was added. A
positive correlation can be seen between maximum OD and raffinose concentration and a negative in the case of cycloheximide. Figure B shows the difference
in the for those concentrations, expressed as a fraction of area loss from the controls (clear left column). Cells grown in higher concentrations of raffinose
suffer a much higher impact in their than cells grown at lower concentrations of raffinose. As cell cultures have not achieved a plateau for all conditions, the
values and differences on the right panel (B) will be subject to change if the experiment was to be run for longer.

5.1.1.5 Fitness penalty
A way of taking into consideration growth rate and optical density curves can be done with
fitness penalty281. With this measurement (Figure 40), the OD (x axis) is plotted against the
GR (y axis) and compared with a control condition. The difference in both is calculated as a
ratio of loss of area of the GR over the OD (Figure 41). The measurement of area is
normalised by the size of the range of OD shared by both strains.
Under this measurement, the result is similar to that of the area under the OD vs time. The
effect appears to be higher at higher dosages under higher concentrations of drug.
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Figure 40. Fitness penalty example. Fitness penalty is determined by plotting the growth rate of the cells
over the OD. The dome-like shape corresponds with the behaviour expected in this plot: initial growth rate
is low, which increases at low OD until the culture reaches saturation, and growth rate decreases again.
Fitness penalty is then calculated as the difference in the area under the growth rate between the control
strain (black) and the tested strain (blue). The penalty area is restricted by the shared OD interval (red
area).

Figure 41. Fitness penalty of S. cerevisiae in cycloheximide and raffinose concentrations. Fitness penalty reflects the results
of the area under the OD vs time (Figure 39) and also takes into account the growth rate of a colony, therefore it could be
suggested as a more robust method for the measurement.
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5.1.1.6 Critiques to fitness penalty
Both AuOD and fitness penalty gave similar results, suggesting that the measurements were
equivalent. I performed more tests in order to decide if one should be prioritized over the
other, and which should give the more informative results.
An initial critique to the fitness penalty measurement with the correction for the shared OD
area is that, in cases where the cells grow very little or not at all, the fitness penalty uses a
very small interval for the measurement comparison, and this makes the fractions of loss
obtained noisy and potentially irrelevant. This is the case for cells grown in high dosages of
antimycin, an inhibitor of cellular respiration179, in media containing raffinose as a carbon
source (Figure 42). In higher concentrations of raffinose, cells will be expected to grow well,
mainly resorting to fermentation for growth, but will reach a lower OD than their untreated
counterpart, since those will be able to co-ferment during the same time period99,230. Cells
growing in low raffinose concentrations will therefore be predominantly respiring, and will
suffer a higher effect when this process is inhibited.
Comparing the results obtained with fitness penalty and area under the OD vs time, the
latter are more informative than the former, showing a tendency of a higher effect in lower
concentrations of raffinose than in higher ones, as expected (Figure 42, A: fitness penalty, B:
AuOD). Fitness penalty shows inconclusive results, suggesting a similar effect in most
conditions under any concentration of drug. Note that the values given are also very low,
since the shared OD is very small. The tendency seen in the area under the OD vs time
(Figure 42, B) suggests that there might actually be an effect as predicted, but the
elimination of the non-shared OD segment is interfering with the measurement of this
effect. The OD curves of cells growing in low raffinose show a visible higher impact than cells
growing at higher concentrations, further supporting this point (Figure 42, C). When deleting
the OD correction performed by the fitness penalty, the tendency appears again, this time
corroborating the data obtained with the area under the OD vs time, and adding more
information (Figure 43). This graph has been generated with a different routine, and shows
that cells growing in antimycin at the lowest concentration of raffinose are not growing at
all, and therefore the loss of fraction of area of the GR over the OD is of 100% with the
untreated control. This is reflected as ones in the figure, or the full fraction of loss.
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Fraction of loss versus untreated control
Figure 42. Comparison of measurements of fitness: fitness penalty (A; left) and area under the OD vs time difference (B; right) for high
concentrations of antimycin. Due to the high impact in the population, cells barely grow under high dosages of the drug. The OD is therefore
very low and the OD range which is analysed with the fitness penalty is very small, which then makes the measurement unreliable. With the
area under the OD vs time (B), numbers show a tendency to a higher impact in lower concentrations of raffinose, therefore low growth rates,
which is not present in the fitness penalty. This may suggest that at very low OD or very high repressing drug concentrations area under the OD
vs time difference would be preferred. When looking at the OD curves over time (C), it can be seen that the impact on cells growing in 0.5%
raffinose (purple) is much larger than the one suffered by cells growing in 2% raffinose (red/orange). Since cells grow much less in lower
percentages of raffinose, the area to be compared by fitness penalty with the shared OD range correction is minimal, and the effect of the drug
cannot be properly quantified.
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Fraction of loss versus untreated control
Figure 43. Alternative method for the calculation of fitness penalty by deleting the correction for the
shared OD range shows a tendency of effect of antimycin towards the higher doses in lowest raffinose.
Note that ones are conditions in which cells failed to grow at all and therefore the fitness penalty, or loss
of area of the GR vs OD, is of 100%.

Changing the correction for the range of shared OD does make sense for comparing the
fitness penalty in the presence of antibiotics, but fitness penalty can be used in many
situations for comparing growth curves. In Figure 44, cells grown in different concentrations
of raffinose and glucose can be seen analysed for fitness penalty with and without the
correction for the range of shared ODs. In the case of raffinose, as explained before, cells coutilize fermentation and respiration for metabolizing the carbon source, which makes
cultures follow a gentle Monod equation (Introduction, 1.16.3, Figure 5). Under fitness
penalty measurements, this will make cells less fit the less raffinose is in the media. This is
true theoretically and experimentally, since cells are measurably growing slower due to the
lack of the limiting substrate in the media, and achieve lower ODs (Figure 44, 1st row). On
the contrary, when growing in two concentrations of glucose, since the Monod equation is
steep224, cells are achieving similar maximum growth rates, and the only comparison
possible is the total biomass produced, which will be limited only by the carbon source
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present in the media (Figure 44, 2nd row). It would be incorrect to assume that cells are
more or less fit because they achieve different maximum ODs in media with more or less
carbon source. Therefore, when comparing the fitness in concentrations of glucose and
raffinose, it can be seen in Figure 44, 3rd row that the correction gives similar results in
raffinose than without it (left), but it gives higher values for glucose (right), since by not
applying the correction, the big change in biomass produced is taken into consideration.
When measuring conditions with big changes in biomass, but little changes in growth rate,
the correction would eliminate information, and results may not show an accurate picture
of the effect. Such is the case of fitness penalty under acetic acid. This weak acid shows a
different tendency depending on the version of calculation of fitness penalty (Figure 45).
The original version, with the OD correction, indicates that cells which are growing faster are
suffering the most effect. However, both the uncorrected GR vs OD and area under the OD
vs time measurements agree on the slowest growing cells being the most affected by the
weak acid (Figure 45, right column). Weak acids have been shown previously in other
studies to affect cells growing slower210, which would concur with the data obtained with
non-corrected fitness penalty measurements.
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(h-1)
(h-1)

Fraction of loss
Figure 44. Optical density correction in fitness penalty can be useful for comparing conditions with a maximum OD change. Strains
growing in raffinose (top panels) change both in growth rate and in maximum OD, while cells growing in glucose (middle panels) have
to go very low in concentrations for a change in growth rate to be observed, and the curves follow the same gradient in growth rate.
Under such conditions, fitness penalty can be used with or without a correction for the maximum OD. For both sugars results are higher
without the correction. In raffinose, results are on average of three folds higher without the correction than with it and the proportions
between steps are maintained, whereas for glucose, there is a change in fitness penalty of more than four-fold with both methods, and
the proportions change.
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Fraction of loss versus untreated control

Figure 45. When comparing the use of
fitness penalty with a correction for
shared OD (top left) or not (top right), the
conclusions from the data change, since a
slice of the maximum OD achieved by
faster growing conditions is lost. Values
are expressed as a fraction of loss
compared to an untreated control. Area
under the OD vs time difference (bottom)
concurs with the results from noncorrected fitness penalty. Acetic acid,
being a weak acid, should theoretically
affect cells growing slower, and therefore
this would agree with both measurement
in the right.

In situations such as glucose or raffinose fitness penalty gives a similar idea of the impact
tendency that changes in the media have over cells, as seen in Figure 44. In this way, both
could be used indifferently, if no quantification of impact was to be made. However, as
shown in the weak acid case (Figure 45), this information omission does change the results
in some situations, showing completely different tendencies, which could invalidate the
result of OD corrected fitness penalty.
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From those initial measurements it can be concluded that maximum OD is very dependent
on the cells having reached the plateau; maximum GR is a valid measurement but it is hard
to calculate when cells do not resume growth after the treatment; area under the OD vs
time is a robust method for calculating fitness; and fitness penalty eliminates valuable
information by correcting for the range of shared ODs.
To further explore the validity of the results obtained, and to find new ways of measuring
fitness, more parameters are estimated from the growth curves.
5.1.1.7 Calculating further fitness measurements from growth curves.
To see which of the measurements were showing a clearer image of the fitness in the
culture, a series of new parameters were extracted from the curves, and plotted against
each other in heatmaps, as before, for a visualization of the tendencies (see further on in
Figure 47).
From the OD curve, it has been shown before that two readily available measurements can
be the loss of maximum OD and the loss of area under the OD vs time (Figure 35). From the
OD, the number of divisions (𝑛𝐷𝑖𝑣) can be calculated as the logarithm to the base 2 of the
maximum OD (𝑂𝐷𝑚𝑎𝑥 ) divided by the initial OD (𝑂𝐷𝑖 ):
𝑂𝐷𝑚𝑎𝑥
⁄𝑂𝐷 )
𝑖

𝑛𝐷𝑖𝑣 = 𝑙𝑜𝑔2 (

Using the same formula for each OD measurement in the curve, the cellular divisions over
time can be estimated. The value of the difference in divisions between conditions can give
an idea of the fitness and, in a similar manner as with the OD, the area under the curves can
be calculated and compared. The area under the curve of the OD divisions over time
(𝑂𝐷𝑑𝑖𝑣 𝑑𝑡) is the area under the OD divisions (𝐴𝑈𝑂𝐷𝑑𝑖𝑣 ).
𝑡𝑚𝑎𝑥

𝐴𝑈𝑂𝐷𝑑𝑖𝑣 = ∫

𝑂𝐷𝑑𝑖𝑣 𝑑𝑡

0

As explained before, maximum growth rate can be calculated for some conditions, but in
those where drug concentrations are highest, a maximum isn’t achieved and the growth
rate decreases monotonically over the course of the experiment. For those cases, the area
under the growth curve, which is equivalent to the average growth rate, is also calculated.
It can give an estimation of the loss of growth rate in cases where there is no maximum, and
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an idea of fitness of the culture. Similarly to the area under the OD vs time and the area
under the OD divisions, area under the growth curve is calculated as the integral of the
growth curve over time.
Fitness penalty and area under the GR vs the OD are calculated from a combination of the
growth rate and the optical density. The OD can be replaced by the OD division curve with
similar results.
As a test, those measurements are applied to an experiment of cells treated with acetic
acid. Initially, the growth rate and optical density of the lowest and highest concentrations
of raffinose are plotted, and a few observations can be made (Figure 46).
The curves in Figure 46 can give an idea of how the measurements will behave, and what
effects are likely to be seen. As seen in the GR and OD curves, cells growing at lower
concentrations of carbon source seem to achieve similar final ODs in all conditions, partially
bypassing the adverse effects of the weak acid in terms of biomass production. The increase
in final OD in conditions with low AcA concentration compared to control could be due to
many factors, including noise, contamination or the ability of the cells to respire acetate in
the media, which is plausible due to the fact that raffinose, as a poorly fermentable carbon
source, does not repress respiration226. Raffinose has been correlated in yeast with
resistance to acetic acid in the media99.
In Figure 46 the maximum expected effect should be in the growth rate and at lower
raffinose concentrations, as reflected in the differences in GR seen at 0.5% raffinose (right
column). The effect in higher raffinose is much lower for both OD and GR.
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Figure 46. The growth curves of cells grown in raffinose 2% and 0.5% under a range of concentrations of acetic acid (AcA) show a higher impact on fitness
in those growing in lower carbon concentration. In 0.5% raffinose, cells show a higher impact in growth rate, but some conditions, such as 10mM AcA
(green line), show a higher final OD than untreated control, which could be due to contamination or the respiration of the acetate by the cells.
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As seen in Figure 47, all the measurements for fitness parameters in acetic acid point
towards a higher impact in the cells growing slower, as predicted from the curves in Figure
46.
Slower growing cells were hypothesized to be respiring acetate; this is reflected in the loss
of maximum OD heatmap (Figure 47, A), where at 10mM AcA, cells achieve high final OD,
but higher and lower concentrations cells suffer an impact from AcA. Very similar changes
are seen in OD divisions (Figure 47, C).
Changes in OD and OD divisions, and area below those (Figure 47; B, D), have closer
fractions of loss between carbon source inputs, and show small changes overall.
The higher impact is seen in maximum GR (Figure 47, E), highest in cells growing at low
carbon source concentrations, but the impact is not so severe in terms of area under the
growth rate for those cells (Figure 47, F), as they will continue to maintain GR for longer, so
the area will increase (see Figure 47). This is seen reflected in the area under GR at 10mM
AcA at 0.5% Raf (Figure 47, F), which is equal to the control area, which, given the low
impact seen on this measurement, can be attributed to an artifact or the ability of the cell to
continue degrading acetate for a longer time than lower concentrations. With a lower
acetate concentration cells would not be able to metabolize it for achieving the same area
combined with the adverse effects of the weak acid, and in higher concentrations the
negative effects might already have an impact which prevents this increase in growth 99.
Area under GR vs OD and vs OD divisions (Figure 47; G, H) show the same changes , and give
a broader range of effects, although closer to those of the loss of maximum GR.
Each of those measurements shows a different impact on the cell’s fitness, whether it is a
loss of growth rate, or a loss of biomass produced. Fitness can be interpreted in many ways,
and the usage of one measurement or another can be justified in different situations. For
example, the fraction of loss of area of the GR vs OD divisions, or the area under the OD vs
time are methods which take into consideration both the growth rate and the biomass
produced by the cells, and should theoretically contain more information than just the OD
increment, or the GR. However, all the measurements show the same tendency.

164

Fraction of loss versus untreated control
Figure 47. Maximum OD loss (A), area under the OD vs time loss (B), number of divisions loss (C), area under the divisions
over time (D), maximum GR (E), area under the GR curve (F), area of the GR vs OD and loss area vs OD division curve all
show a higher fraction of loss at lower growth rates and higher dosages of acetic acid. Note that smoother gradients are
shown in area under the OD divisions (D) and both GR vs OD/OD divisions graphs. The impact is higher in growth rates
than it is in final OD or divisions loss.
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Table 11. Fitness parameters estimated from the growth curves of a culture and their abbreviations.

Fitness parameter

Abbreviation

Definition

Maximum Optical
Density

Maximum
OD

Optical density obtained by a culture, understood as the
difference between the initial OD and the final OD.

Maximum Growth Rate

Maximum GR Maximum growth rate achieved by a culture.

Number of OD divisions

nDiv

Number of divisions achieved by the culture.

Area under the OD vs
time
Area under the GR vs
time
Area under the OD
divisions
Area under the GR vs
OD
Area under the GR vs
OD divisions

AuOD
AuGR

Area under the OD curve, from the lowest OD value to the
highest, over time.
Area under the GR curve over time.

AuODdiv

Area under the OD divisions over time.

GRvOD

Area under the growth rate curve over the OD.

GRvODdiv

Area under the growth rate curve over the od divisions of the
culture.
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5.1.2 Selection of a combination method for the characterization of fitness
In order to reduce redundant measurements, a few of them were selected for further
analysis of drug effects. Area under the OD vs time (AuOD) has been chosen as it gives a
better idea of the biomass produced than the maximum OD, and has been used in previous
studies as a measurement173. In the same way, area under the OD divisions (AuODdiv) has
been selected over the divisions alone, which may be more prone to measurement errors
due to noise or contamination in long experiments. A sharp increase in final OD due to
contamination will be tempered by the rest of the steady values which come before in the
curve, whereas measuring only at the final point would give an erroneous image of the
effect. Area under the GR (AuGR) gives an idea of the GR over time, and how it has been
maintained; maximum GR has been shown as an unreliable measurement since many high
drug conditions do not achieve a maximum after the treatment. Area under the GR vs OD
and area under the GR vs OD divisions both show similar results and are redundant
measurements. OD divisions is less sensitive to noise and is a measurement which is more
closely related to conventional measurements of drug efficacy, so area under GR vs OD
divisions was selected over the area under GR vs OD (GRvODdiv). Both AuOD and AuODdiv
are measurements which better reflect the OD changes of the culture, whereas AuGR and
GRvODdiv are more representative of the GR behaviour, with the second also reflecting the
OD. This selection should ensure no single variable is over-represented, and is put to study
for obtaining a reliable combination method.
In Figure 48, areas under the OD, OD divisions, GR and GR vs OD divisions are plotted within
the same combined heatmap, for better visualization between fitness measurements. The
drug used is again cycloheximide, applied at timepoint 0 to cells grown in different raffinose
concentrations. The heatmap is composed of a grid of smaller four-by-four heatmaps, each
of them containing four different fitness measurements for that specific combination of
raffinose and cycloheximide. In each condition, from left to right and top to bottom,
measurements are: Area under the OD vs time, Area under the OD div, Area under GR and
Area under GR vs OD divisions. All show the same tendency, towards higher impact at
higher raffinose and higher cycloheximide, and the effect seems to be quite evenly spread
between conditions in higher values.
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Two further possibilities for summarizing and giving a global image of the values of those
measurements would be averaging the fraction of loss between them, or using the median.
Median is more robust in cases where three out of the four measurements show similar
values, and minimizes the impact of outliers, which would in turn minimize potential

Figure 48. For each combination of drug and carbon source (four squares): area under the OD (top left),
area under the OD divisions (top right), area under the GR (bottom left) and area of the GR vs OD
divisions (bottom right); they all show a tendency of higher impact in cells growing in 2% raffinose, at
higher drugs. Colours represent the fraction of loss of that parameter compared to the untreated
control in the same raffinose concentration, darker being higher loss.
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measurement bias. By looking at median and average values of the fitness measurements
from Figure 48, in can be seen that both are quite close to each other (Figure 49).
Each measurement shows a different piece of information, and it is hard to choose one over
the others. Each will have more weight in certain conditions and might be more significant
for a piece of research. Median and mean values of AuOD, AuODdiv, AuGR and GRvODdiv
show a summary measurement which seems robust, reliable and replicable, and which gives
an overall image of the effects of the drug.

Figure 49. Median (left) and mean (right) of the AuOD, AuGR, AuODdiv and AuGRvODdiv of yeast grown in raffinose and cycloheximide
combinations show similar values of loss of fraction of fitness compared to untreated controls. Median values seem to show a smoother transition
between conditions than mean, with a clearer overall gradient towards higher raffinose and drug concentrations.

By the virtue of eliminating outlier values, and giving a clear overall image, median is
selected over mean for subsequent combination measurements of fitness. Having selected a
method for taking measurements, I put its robustness to the test before using it to draw
conclusions from the effects of drugs on growth rate. I will test if taking measurements at
different timepoints change the tendencies seen in the data, and if treating the culture at
different times does it either.

169

5.1.3 Comparing fitness measurements at different points in the growth curve
A concept which might be controversial for studying culture fitness is whether this can be
estimated from cells which are still growing or do cells have to grow to a full stop, or a
plateau in OD, for being sure that a measurement of fitness is giving a robust result. Note
for example, that in Figure 44, when looking at cells growing in raffinose concentrations,
cells at the lowest one are still growing, which could change the results obtained. Certain
measurements, such as maximum OD or OD divisions, can drastically change if measured at
different points of the curve.
In order to prove the median of the four selected fitness measurements and their
tendencies changed with measurement time, a time limit was set in the code which
generates plots for the fitness measurements. Instead of taking the whole experiment, data
was only included until that time limit, and the rest was excluded. For the experiment in
initial cycloheximide treatment, which lasted 20h, cuts were done at 5, 10 and 15h (Figure
50). Surprisingly, median measurements show a small difference in values, suggesting that
the fitness estimation is independent from whether the cells have reached or not the
plateau of the curve. Measurements from five hours onwards seem to all point towards
higher effect at higher raffinose and drug, which coincide with the full experiment’s
conclusion. If the combined heatmaps are observed, individual values do show fluctuations
between the different datasets, but the overall measurements and fractions of loss show
close values.
Those results in cycloheximide might suggest that the differences in the fitness
measurements are maintained throughout the experiment. To see if this effect is
transferable to other treatments, or if it’s exclusive to cycloheximide, it has been tested with
a condition with apparent constant changes in growth and OD during the whole course of
the experiment, acetic acid. This weak acid was explored in a previous section, in Figure 46
and Figure 47.
Figure 46 showed acetic acid growth rate and OD curves: under the effect of this weak acid,
at lower raffinose concentrations, OD curves in higher concentrations of weak acid have a
different behaviour than those at lower ones, showing a steeper section after the inflexion
point; and GR is maintained further over time, since cells continue to grow over the whole
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experiment in lower carbon source conditions. Growth curves showed similar behaviour
between all conditions but are shifted towards the end of the experiment the less raffinose
and higher acetic acid in the media. Despite the prolongation of growth rate, at the final
time point (50h), all measurements showed a similar tendency, towards higher effect at
lower raffinose and higher acetic acid in Figure 47.
In Figure 52 the mean and the median of measurements for fitness is plotted when
calculated to a time limit of 5, 10, 15, 20, 25, 30, 40 and 50h. All slices from 15h onwards
show the same tendency as the final experimental result. Proportions however do change,
showing a decrease of the impact at 15h on slower growing cells of close to 20% compared
to the endpoint measurement. This is likely due to the fact of the continuous growth of
those cells over the course of the experiment. Looking at Figure 47, it can be seen that cells
growing on low raffinose and high acetic acid close the gap between them and the
untreated control at later timepoints.
A drug which generates more complex growth curves in raffinose is ZPT (Figure 53). This
drug causes the growth rate to fall initially but later it recovers. This effect is potentially the
culprit of more complex tendencies within the fitness heatmaps (Figure 51). With this drug
too, the tendency and some of its complexities are seen early in the measurements.

This set of observations show that, as a general rule, after all conditions have reached
maximum growth rate the tendency followed by the effect of the drug is maintained
throughout the rest of the experiment. For the purpose of this chapter, which is to see the
effect of drugs on cells at different growth rates, the median value of the measurements is
optimal. Quantification is subjective if the cells are still growing, but the tendency of the
effect, and therefore the effect of the drug, will be readily seen early in the experiment.
The last step is to determine the optimal time of treatment for the cells.
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Figure 50. Fraction of loss of fitness measurements shows similar values at different points in the curve in cycloheximide. OD (top left) and GR (top right)
curves showing the cuts made at 5, 10 and 15h, corresponding to the 1st, 2nd and 3rd rows of data respectively. Last row is the full experiment, 17.5h. First
column corresponds to data of AuOD, AuODdiv, AuGR and GRvODdiv (see Figure 48). Second, median of the data. The tendency in loss for the median seems
to not be affected by the point of measurement although values change over the course of experiment.
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Figure 52. Combined fitness measurements in acetic acid (AcA) show the same tendencies after 15h in a 50h (full) experiment. The values drop in slower
growing cells potentially due to the continuation of the respiration of acetate and other metabolites in the media, which allow cells to continue growing
for longer and revert the negative effects of acetic acid (see Figure 46).

Figure 51. Measurements in ZPT and raffinose show a similar tendency in fitness for measurements done at timepoints 10h and over.
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Figure 53. Growth rate in ZPT shows an initial decrease after treatment (2.5h) followed by a recovery and an apparent second (or delayed)
exponential phase which is more pronounced in higher concentrations of raffinose.
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5.1.4 Treatment at different timepoints changes the effect observed for
cycloheximide due to the time of maximum GR in different conditions
The ultimate goal of this chapter is to quantify drug impact at different growth rates. The
effect is expected therefore to change if cells are treated at timepoint 0 of an experiment
compared to a measurement at a timepoint where cells have already started growth or
achieved maximum growth rate. Here I show that, for cycloheximide, the time of treatment
changes the impact of the drug on the cells, due to the fact that cells need more time to
achieve the maximum growth rate in different concentrations of raffinose (Introduction,
1.16.3, Figure 5).
Cells are pre-grown in pyruvate, and the experiment is performed in raffinose. Cells tend to
recover growth rate fast and have a maximum at an average of 4.5h for control conditions in
2% raffinose (Introduction, 1.16.3, Figure 5). In order to treat the cells in raffinose but
without having significant difference in OD between conditions, treatment was performed
at 2.5h. Cells were also tested for treatment at 4.5h.
The tendencies in loss of fitness for cells grown in cycloheximide and raffinose combinations
having been treated at 0, 2.5 and 4.5h were compared (Figure 54). The tendency seen for
cycloheximide treated at time point 0 follows a higher effect for faster growing cells and
higher drug concentrations, as seen in previous sections. This effect holds for cells treated at
2.5 but not at ≈4.5h . Treatment at 4.5h was done by estimating the growth rate of control
in 2% raffinose in real time and treating when the peak was achieved for that condition,
usually close to that time mark (±15min, as it depended on the plate reader cycle it was
treated on, see Chapter 2: Methods).
When comparing the growth curves of cells growing in 2% and 0.5% raffinose treated at 0
and 4.5h (Figure 55), it can be seen that cells at lower raffinose have not achieved maximum
GR when the drug was added (Figure 55, left), whereas cells growing at 2% all do achieve it
(Figure 55, right). Cells in 2% raffinose will only perceive the effect of cycloheximide in the
deceleration phase of the curve since they will have achieved maximum GR and growth rate
will be declining (cells are stressed), contrary to cells in 0.5% which will not be able to reach
maximum gr, and will suffer higher impact overall. By comparison, all curves suffer a loss of
maximum GR when treated at 0h (Chapter 5, 5.1.1.3,Figure 38).
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Figure 54. Treatment with cycloheximide at 0h and 2.5h show a similar tendency, which is not followed by treatment at 4.5h, due to the
difference in time in maximum growth rate achievement between raffinose concentrations. Both 0 and 2.5h show a tendency towards higher
impact in faster growing cells, whereas 4.5h shows higher impact in slower growing cells. I argue that this is because at 4.5h, cells in 2%
raffinose have achieved maximum GR and the effect will only be reflected as a faster deceleration phase, whereas cells in 0.5% raffinose have
not achieved maximum GR and therefore they will lose more growth potential (Figure 55).
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Figure 55. After cycloheximide treatment at 4.5h, growth rate behaves differently in cells growing on 0.5% raffinose and 2% raffinose. Cells which are
growing slower (left) have not yet achieved untreated maximum GR (reached at 5h by the control) and therefore the treatment prevents them from
achieving it. Cells growing faster (right) will have already achieved maximum GR at the time of treatment and will only differ in the decceleration phase of
the gr.

These observations suggest that cells growing slower do in fact have a higher impact in
fitness under those conditions, but it is an artifact of the time of treatment rather than an
effect of the drug over the different growth rates.

177

5.2 Testing the effect of drugs at different growth rates
As shown, a group of methods for the measurement of fitness have been evaluated, and the
most informative measurement was the median of the Area under the OD (AuOD), Area
under the OD Divisions (AuODdiv), Area under GR (AUGR) and Area under GR vs OD
divisions (GRvODdiv). A treatment time has also been established at 2.5h. This has been
used for testing the effect of different drugs at different growth rates, with raffinose
concentrations for the modulation of the growth rate.
A series of drugs were selected for trying to find a correlation between growth rate and
dosages of those, which include the ribosome targeting aminoglycosides G418 and
Nat178,282; ribosome targeting drug cycloheximide176; energy-depleting weak acids210;
membrane and proton pump targeting ZPT212; and respiration inhibitor antimycin179.

5.2.1 Aminoglycosides
Two aminoglycoside drugs were tested for the activity of the drug at different growth rates:
Geneticin (G418) and Nourseothricin (Nat).
5.2.1.1 Geneticin
Geneticin, as an aminoglycoside, targets the ribosome with high affinity in an almost
irreversible way183. In Figure 56 it can be seen that it has no clear tendency towards faster
not slower growing cells. There is a faint tendency at lower concentrations towards slowergrowing cells, but it is not clear, given the values obtained for higher concentrations of drug.
As an irreversibly-binding ribosome-targeting drug, it could be expected that it behaved as
same type of drugs in E. coli, affecting slower growing cells more than faster ones104. More
replicates with different drug concentrations would be needed for drawing a conclusion.
This data is taken in an experiment with cells not having reached full growth, and therefore
tendencies might get clearer when the OD values maximize. As shown in previous sections,
fractions of loss will likely change at later timepoints.
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Figure 56. Geneticin concentrations show no clear tendency towards faster nor slower growing cells. Measurements at lower concentrations
show a slightly higher impact on slower growing cells.

5.2.1.2 Nourseothricin
Nourseothricin data shows a duality between the median and the mean values of the fitness
measurements (Figure 57, top). AuODdiv and AuGR both show a strong tendency towards a
higher impact at slower growing cells, whereas AuOD and GRvODdiv both incline for the
contrary (Figure 57, bottom). The divergence in tendencies between the mean and the
median, as well as the numeric difference presented in values for slower growing cells
suggest that values in those conditions are very extreme, which will make mean to be
higher, and median to show a lower middle value. This divergence is maintained when the
number of measurements taken into consideration is increased, by adding maxGR and
maxOD (Figure 58) which point towards slower growing cells and inconclusive results
respectively.
This is a good example of median values correcting for some more extreme measurements,
which change the tendency seen in the mean. Median values show 10% higher impact on
faster growing cells, and the mean shows 6% more impact of slower ones.
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Figure 57. The mean fitness loss of nourseothricin shows to be higher at slower growth rates, whereas the mean shows the
opposite tendency. By plotting the conditions as a combination table (bottom, combined measurements), the tendency of
the fitness penalty is more easily visualized, showing that AuOD and GRvODdiv are both showing a tendency towards
higher impact at lower GR, and AuGR and AuODdiv show the opposite. Those tendencies show that there is more disparity
in the values for slower growing cells (mean indicates higher impact), and faster growing cells are closer to the values given
for both tendencies (median indicates higher impact).
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Figure 58. Mean and median values of Nourseothricin fitness values shows different tendencies for either combination value. This figure
includes AuOD, AuODdiv, AuGR and GRvODdiv, plus MaxGR and MaxOD, as to see if the divergence of tendencies is due to the limited
number of measurements included.
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5.2.2 Cycloheximide
Cycloheximide is a ribosomal-inhibiting drug which binds reversibly the small ribosomal
subunit176. It shows a faint tendency towards more effect on faster growing cells (Figure 59).
This would agree with the results found in E. coli, where reversibly binding ribosometargeting drugs would affect faster growing cells more than slower ones104.
Those results are shown as an example in previous figures, where fitness measurements
were compared against each other. The effect is similar in cells treated at timepoint 0
(Figure 54).

Figure 59. Cycloheximide, as seen in previous sections, displays a tendency of higher effect towards faster growing cells.
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5.2.3 Weak acids
Weak acids deplete cells of ATP in two ways: by inhibiting phosphofructokinase activity and
by channelling ATP into export pump activity210. If no anion toxicity comes into play, higher
effects should be seen in slower growing cells210. Those cells have less resources to invest
into export pumps, and therefore should suffer higher impact in growth than cells with a
larger amount of available resources. Both faster and slower growing cells rely on
fermentation and glycolysis for the obtention of energy, since the first obtain most of their
energy from this source, while the second, although mostly relying on respiration, require
glycolysis by-products for respiring; glycolytic enzyme inhibition should have an impact on
all cells230,231.
5.2.3.1 Acetic acid
Cells grown in acetic acid show a larger decrease in fitness in lower growth rates, which
would support energy depletion as a main cause of loss of fitness (Figure 60). At lower
growth rates (0.5% raffinose), when cells rely mostly on respiration for obtaining energy,
having low concentrations of acetic acid in the media could help mitigate some of the
negative effects from the weak acid, as acetate is respirable, and would give the cells extra

Figure 60. Acetic acid (AcA) shows a higher impact on slower growing cells. Note that at lower concentrations, in slower growing cells, the
impact is not as marked, which could be due to the ability of cells to respire low concentrations of acetic acid.
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resources for growth99,210. This might also compensate for the loss of respirable glycolysis
metabolites due to the inhibition of phosphofructokinase. This is seen reflected in the
tendency of the effect of acetic acid at 0.5% and 0.75% raffinose, under 5mM and 10mM
concentrations of acetic acid.
5.2.3.2 Benzoic acid
Benzoic acid is a weak acid which, contrary to acetic acid, is not a by-product of yeast
metabolism, and thus it cannot be metabolized by yeast283. The anion, upon dissociating, is
toxic for the cells, and a great part of benzoic acid’s toxicity is due to it 210. When fitness
measurements are performed, there is no clear tendency towards faster nor slower growing
cells (Figure 61). This might support the different mode of action that benzoic acid has
compared to acetic acid. The effects seen in Figure 61 are very low, so higher concentrations
of benzoic acid should be used for observing higher effects and tendencies.

Figure 61. Benzoic acid (BenA) shows no clear tendency in effect, although the highest effect can be seen at faster growing cells. The low effect
might suggest that the experiment should be repeated with higher concentrations of benzoic acid.
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5.2.4 ZPT
Zinc pyrithione is a compound with a wide range of antimicrobial activities, mainly targeting
membrane transport and proton pumps212. It displays a complex tendency of fitness effect
when measured (Figure 62). The tendency seen in the data, with the higher impact midway,
at 1.5% raffinose, might be an effect of the initial drop and later recovery of growth rate
seen in the growth curves, which can be seen in Figure 53. This might suggest that fitness
measurements are not suitable for non-standard growth curves, as their evaluation is more
complex.
Intracellular pH is closely related to membrane proton transport, and is crucial for processes
such as catabolic metabolism, membrane active transport and cell division 208,210,284. An
effect mediated by the acidification of the cytoplasm should be different from the one to be
expected of acetic acid, since cells will have proton pumps blocked, and the effect should
not be dependent on ATP depletion from the mechanisms of pH compensation, but rather
from the failure of those. Impact seems to be higher at faster growing cells, which suggest
that inhibition of cell cycle might be playing a role in the effect.

Figure 62. ZPT shows a tendency towards more effect at faster growing cells. The complex growth rate curve it displays (Figure 53) may play a
role in the distribution it displays in the fitness heatmaps.
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5.2.5 Antimycin
Antimycin was selected as a control for visualizing a higher impact on slower growing cells.
As a respiration inhibitor179 it will have a higher effect on cells growing slower, since those
cells, when grown in raffinose, rely more on respiration for obtaining energy than cells
growing faster, which will rely on fermentation226,230. As expected, the tendency reflects
that behaviour (Figure 63).

Figure 63. Antimycin shows a higher effect on slower growing cells. This is due to the effect of antimycin on respiration, and the metabolism of
raffinose, with higher respiration reliance at lower concentrations of carbon source.
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Median of fitness measurements works well when a drug presents diversity of tendencies
amongst those, or when some present missing or misleading data, as it eliminates any
potential outliers. However, drugs might affect a certain parameter more than the others.
The most affected parameter should be more significant when measuring the effects of a
drug. In the next section I quantify and compare the effect of each drug on individual
measurements.

5.3 Comparing the relative impact of drugs on different fitness parameters
A combination of measurements is shown to reflect the overall tendency of a drug effect
well, since isolated parameters many times diverge in the tendency shown (Figure 62, Figure
74). However, it can be misleading, and it is informative to know which parameter is most
affected by a certain drug. If a drug affects a parameter to a greater extent, then that
parameter could be more significant for studying the effects of the drug. For this,
measurements of fitness have been plotted against each other in a pair plot manner, so the
impact of each can be quantified. In Figure 64, each measurement for acetic acid has been
plotted against the rest. Acetic acid has shown the same tendency for all measurements, as
seen previously (Figure 47), but when analysing the individual impact to each parameter, it
can be seen that the highest effects are on growth rate and area under the growth rate
(Figure 64, dark green squares), with the effects on AuGR and nDiv almost negligible in
comparison (dark pink squares).
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Figure 64. Comparison of the impact of acetic acid in different cell growth parameters shows a tendency of higher impact towards GRvODdiv followed by
maximum GR. Scores on the right are for the measurements displayed in the Y axis, versus the ones along the X axis. Left column is a heatmap, where the
graphs are counted for higher impact on the measurement versus the other measurements. Green is higher impact, while pink is lower. Both maximum GR
and GRvODdiv suffer similar impacts, and are closely related for acetic acid. Each scatterplot is scored individually, with each point where Y > X counts 1
point towards the final score, and one where Y < X subtracts one. Graphs where the final score is 5+ get a point for the total score, in the last column
heatmap, while a measurement which has a score of -5 or lower is +0 to the final score. Y and X axis values change between measurements and are
adapted to the set of measurements plotted, values are for orientation only. Black line in each plot is Y=X.

Taking max OD (first row) as an example: this parameter is compared with the rest of the fitness parameters along the row. Its values of fitness loss for
each combination of drug and raffinose will be plotted in the Y axis, versus the same measurements for another parameter (columns), on the X axis. The
first fitness parameter is itself, therefore all points are equal (Y=X) and all score 0 points: it will get a 0 for the total score. The second parameter, Area
under OD, suffers a higher impact, the majority of the points are Y<X: it’s also a 0. The third parameter is number of divisions, it suffers an overall lower
impact; most of Y values are larger than X values: it scores a point. This comparison is repeated along the row and the final score is added up. Max OD only
suffers a larger impact than two other parameters: number of divisions and area under GR; it scores 2 points. The most affected parameter, area under GR
vs OD divisions (last row) scores 6 points. Comparably, the least affected, area under GR (second to last row) scores 0 points.

188

In Figure 64, for scoring each parameter against each other, each of the values for each of
the parameters were plotted on the same graph. In those graphs, the data being evaluated
is in the Y axis and is compared to the data in the X axis. Each individual graph is evaluated
for all of the X and Y values . For each Y > X, one point will be awarded, whereas Y < X will
delete a point, and Y = X will score 0. The total score is then evaluated: there is a total of 30
possible points (6 concentrations of raffinose * 5 concentrations of drugs), of which 6 are
zeros (no drug controls), so the maximum score is 25 (20 for graphs with one less raffinose
concentration); a graph in which 5 or more values are Y > X will add a point to the final
score, whereas a lower score will be considered a 0. This way, when added up, a final
number is obtained. Since parameters are measured against each other, the most affected
one will have the highest number (6) and the least affected will have a 0, the rest of the
parameters will be ranked in between by order. If two measurements are equally affected,
both will share a score. Scores are added up along the Y axis, and plotted as a heatmap at
the last column (from dark pink, 0, to dark green, 6).
Using this logic, the impact suffered for each parameter can be compared in the group of
drugs tested in this project.
When plotting each measurement compared to the rest for each of the drugs (Figure 65), it
can be seen that different drugs can have very different impacts on the parameters , but
they tend to group by mechanism by which the drug affects cells. Drugs which bind to the
ribosomes with high affinity both display similar maximum effects between them, differing
from low affinity binding drugs; as well as the group of drugs which affect cell pH and
membrane proton transfer all affect similar parameters.
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Figure 65. Most affected growth parameter in drugs shows a correlation between groups of drugs with similar modes of action. Irreversibly binding
ribosome targeting drugs (Geneticin and Nat) show higher effect on maximum OD and number of division, whereas weak acids impact GRvODdiv and
maximum GR, an effect displayed also by ZPT, with a mode of action related to membrane potential. Cycloheximide (Cyc.) shows a tendency which is
opposite to the other two ribosome targeting drugs, with higher impact on GRvODdiv. Finally, respiration-inhibiting drug antimycin displays a higher
effect on GRvODdiv followed closely by maximum OD.
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Knowing which parameter is the most affected in each drug, those can be compared to the
mean and median values obtained in the previous section.
As seen in Figure 65, acetic acid shows the highest impact in GRvODdiv loss. In Figure 66,
this parameter is plotted for the combinations of raffinose and weak acid concentrations.
Fractions of loss are higher in GRvODdiv than in the median values, as this measurement is
by definition the most affected, but the tendency is the same as the one in Figure 60.

Figure 66. Acetic acid GRvODdiv is the most affected measurement by concentrations
of the weak acid, and shows the same tendency as the mean and median values for
fitness measurements (Figure 60): higher impact on slower growing cells.

Benzoic acid also displays a similar maximum impact as acetic acid, with the impact on
maximum GR being the highest, followed by GRvODdiv. Both weak acids have showed an
impact on growth rate but not a major loss in maximum OD, divisions, nor the area under
those (Figure 65).
Benzoic acid does show a clear tendency towards higher impact in slower growing cells
when looking at the most affected parameter, maxGR (Figure 67), in contrast to the
uncertainty displayed when looking at the median measurements (Figure 61).
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Figure 67. Benzoic acid shows a tendency towards higher impact in slower growing
cells when looking at the most affected parameter by the drug.

Both aminoglycosides, G418 (Figure 68) and Nat (Figure 69), display a higher effect on
number of divisions and maximum OD achieved in Figure 65, parameters which are closely
related. Moreover, when analysing the effect on those parameters individually in both
drugs, both point towards a higher effect on slower growing cells (Figure 69, Figure 68),
agreeing with the literature on E. coli104.
This is valuable information, since the combined fitness measurements for Nat showed
diverging tendencies between them, and this new information could be used for
determining one or the other tendency.
By the contrast, faster growing cells suffer more the effect of cycloheximide, which
transiently binds to the ribosome. The effect is highest on the maximum GR, followed by
GRvODdiv (Figure 70). Both measurements show the same tendency as valid.
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Figure 68. The two most affected parameters in geneticin are maximum OD and number of divisions. A clear tendency towards higher impact
on slower growing cells is seen in the second (right), but it’s not as clear in the first (left).

Figure 69. Nourseothricin (Nat) shows a higher impact on maximum OD and number of divisions. Both show a tendency towards the higher
impact on slower growing cells, complementing to what is shown by combined fitness measurements in Figure 57, and providing insight on
which tendency is more strongly supported by the most affected parameters.
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Figure 70. Cycloheximide has a highest impact on maximum GR. The grey square is a condition
which did not display a maximum growth rate. It shows a tendency towards highest impact on
faster growing cells.

Antimycin shows higher impact on GRvODdiv (Figure 65, plotted in Figure 71) as well as in
maximum OD (2nd) and maximum GR (3rd), suggesting that the drug might have an impact
on the growth rate in raffinose by blocking the co-respiration of the carbon source, which is
more important the lower the raffinose concentration226,229,230.
ZPT in Figure 65 displays a highest impact on GRvODdiv (Figure 72), and second higher
impact in the maximum OD. Combination measurements in ZPT show very diverse graphs,
with little to no correlation between measurement points (Figure 73). Measurements of
AuGR, divisions and maximum OD show similar correlation between them, as they follow a
similar distribution (Figure 74). The tendency of affected parameters in ZPT is close to those
of weak acids, suggesting a potentially similar pattern of effect amongst drugs which have a
mode of action dependent on the cytoplasmic pH210,212. However, when looking at the
effect, both weak acids incline towards a higher effect at slower growing cells, while ZPT
displays the opposite in the combined fitness measurements. ZPT does display a higher
effect with a clear tendency towards slower growing cells in some of its measurements
(Figure 74).
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Figure 71. Highest impact from antimycin can be seen on GRvODdiv, with the highest
being on slowest growing cells.

Figure 72. Highest impact by ZPT can be seen on GRvODdiv, showing a tendency towards
faster growing cells.
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Figure 73. Combination table for the measurements under the drug ZPT shows little consensus amongst the measurements. The maximum effect overall
is registered in GRvODdiv, but the three measurements which seem to have closer values are AuGR, maximum OD and OD divisions, as it can be seen in
the regressions. Those can be seen isolated in
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Figure 74. In ZPT, AuGR, maximum OD and number of divisions show a tendency towards a higher effect in slower growing cells. They are the
closest three measurements in tendency (Figure 73).

Those findings on the impact of a drug in the different growth parameters can be used for
choosing one over the rest when using fitness measurements for that drug. Given that many
parameters diverge in tendencies for many of the drugs, a mean or median of four or more
selected and mutually – complementing and independent measurements would be advised
instead, but in case of uncertainty, as in Nat, comparing the effect of the drug for each
parameter can add information for inclining towards a particular tendency. An argument in
favour of using the most affected parameter rather than a combined measurement is seen
clearly in benzoic acid. The most affected parameter is maximum GR, which is not
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considered in the median. Even if maximum GR had been considered in it the tendency
wouldn’t have changed, as the unaffected parameters would have pushed the median
down, and the impact in maximum GR would have been lost.
The fact that different drugs affect different parameters differently makes the choice of
parameters for a combined measurement more complicated, as the optimal complementing
and independent ones might change as well from drug to drug. This is to be expected, as the
mechanisms of action changes from drug to drug.
A summary of the findings in this section can be found in Table 12.
Table 12. Summary of the drugs used, their affects, the most affected parameter and tendency of effect with cellular
growth rate.

Drug

Effect

Highest impact on:

Tendency of effect with
increasing raffinose:

Acetic acid

Intracellular pH, ATP

GRvODdiv

Decreases

Maximum GR

Decreases

GRvODdiv

Decreases

Ribosome binding, high

Maximum OD /

Decreases

affinity

nDiv

depletion
Benzoic acid

Intracellular pH, ATP
depletion, anion toxicity.

Antimycin

Cellular respiration
inhibition.

Geneticin

Nourseothricin Ribosome binding, high

Cycloheximide

Maximum OD /

Decreases

affinity

nDiv

Ribosome binding, low

Maximum GR

Increases

GRvODdiv

Increases

affinity
ZPT

Intracellular pH, proton
pump inhibitor, cell
cycle inhibitor
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In a previous section, it has been proven that the tendencies of a combination method over
time were conserved, allowing for experiments to run for shorter period before drawing
conclusions over the effect of a drug. As done previously with the combination method, the
robustness of the most affected parameter was put to test by taking measurements over
time and comparing the parameter ranking and tendencies.
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5.4 The most affected parameter is conserved when making measurements at
different time points.
In order to explore the evolution of each parameter over the course of the experiment, the
format used in Figure 64 is applied to sliced experiments, and the subsequent results are
plotted in Figure 75.

Parameter effect ranking at different timepoints

Figure 75. The ranking of parameters over time for acetic acid is very conserved. Measurements are taken by slicing the experiment at different hours and
only considering that fragment. The ranking method is explained in Figure 64 and gererally entails counting the number of parameters which have lower
values (suffer less effect from the drug) than the parameter evaluated, and plotting that as a heatmap and individual values. 6 is the most affected value, in
green, and 0 is the least, in dark magenta.
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In Figure 75, each individual parameter is ranked against the rest: the one which suffers a
higher effect earns the highest score, 6 and the least impacted parameter gets a 0. Rankings
for each time cut are in the columns of the heatmap, whereas the evaluated parameter are
on the rows. A derivation of Figure 75, where the ranking of tendencies is visualized better is
Figure 76. In this figure, the tendency of the effect suffered by each parameter is plotted as
a line, with the scores in the Y axis and the time cut on the X axis. How does the drug effect
behave with the increase in raffinose concentration is also plotted for each parameter at
each time point: increase in effect, upwards-pointing triangle; decrease, downwardspointing; and undefined tendency as a dot. This tendency is calculated as the slope in the
condition with the most concentration of drug. Undefined tendencies include those with no
clear tendency and those lacking the sufficient data for drawing a conclusion (less than four
points).

Figure 76. Tendency of the most affected parameter over the course of an experiment in acetic acid. The most affected parameter is
maintained from 20h onwards, and the rank is similar from that time point until the end of the experiment at 50h. Plotted alongside is the
effect of acetic acid relative to an increase in raffinose concentration. This effect is followed from the 15h mark by all the parameters, some
starting from 10h.

In Figure 76, the rank in tendencies is set after a 20h experiment, and is close to final
already from 15h. Tendencies in the parameters are maintained from the 15h mark and
some parameters display those already from 10h. Those results in acetic acid show that
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drug maintains similar effects over parameters in relatively short experiments for this weak
acid, and parameters display similar tendencies since very early in the curve.
The rest of the drugs are tested in the same way with similar results.

Figure 77. Benzoic acid effect of fitness parameters over time and the tendency presented by those at each timepoint show
a close distribution from the 15-hour mark.

Figure 78. Antimycin effect over fitness parameters over time show an erratic behaviour which stabilizes after 25h, whereas
tendencies already show higher impact on slower growing cells at 15h.
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Figure 79. Geneticin shows a clear dominance of maximum OD and nDiv in the impact on fitness parameters from the start
of the experiment, with the final distribution sustained after 15h, and tendencies for each parameter maintained from 10h
onwards, except maximum GR (magenta dashed line), which is not yet achieved at earlier measurements.

Figure 80. Nourseothricin affects maximum OD and nDiv strongly from the 10h mark, and the maximum impact is on those
for the rest of the experiment. Tendencies are also maintained from 10h onwards.
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Figure 82. Cycloheximide displays a maximum effect on maximum GR and GRvODdiv after 15h, and maintains the tendency
from all the parameters from 10h onwards.

Figure 81. ZPT only starts showing a clear distribution after 20h, with parameter tendencies being conserved from 15h
onwards.
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5.5 Application of fitness measurements for comparing strain growth
A combination of fitness measurements can be used for the comparison of fitness between
drug treatments in diverse conditions, for assessing the fitness of a cell in different media,
or for comparing strains . This last usage was applied as a confirmation to the ribosome
tagged strains for comparing their fitness to WT (Figure 83), and results agree with the initial
test of maximum growth rate (Figure 19). The strains which suffer least impact on their
fitness from the tag are L3, L13B and L13A, followed by ML13 and S30A. This last one was
discarded on the basis of loss of maximum GR, but combined measurements show that it is
a strain with no more than 10% fitness loss compared to WT.

Figure 83. Fitness penalty measurement of ribosome tagged strains compared to BY4741 shows that the least affected are L3, L13A, L13B
and ML13.
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5.6 Conclusions and discussion
From the experiments in drugs at different growth rates it can be concluded that:
1. A fixed concentration of a drug can have different effects on cells growing at
different growth rates, which suggest there is a dependency between drug effects
and cellular growth.
2. Each drug will affect fitness parameters differently:
each drug most greatly affects a specific parameter of cell growth and trends in the
effect with differences in growth rate can be seen depending on the mode of action
of the drug;
a. Weak acids affect growth rate but not so much the maximal OD achieved,
with greater effects at slower growth rates.
b. Ribosome targeting drugs have different effects if the binding to the
ribosome is with low or high affinity: high affinity binding drugs are less
effective at higher growth rates, and affect maximum OD and number of
divisions; whereas low affinity binding drugs are more effective at higher
growth rates, and affect predominantly maximum GR and the area under the
growth rate over the OD divisions.
My observations corroborate that the model by Greulich et al. on ribosomal
targeting drugs hold for yeast.
Knowing the most affected parameter can be useful when quantifying the effect of a
drug.
3. The effect of drugs on fitness parameters and their trends with growth rate are
conserved during most of the experiment and do not require cells to reach diauxie.
Treatment at different points of the growth curve can affect the fitness
measurement tendencies; caution must be taken when performing tests on drugs
A combination measurement of fitness parameters using the median of a selected
group of parameters can be misleading depending on the situation.
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5.6.1.1 Drugs affect cells differently depending on their growth rate
The results prove that cells will react differently depending on the drug inoculated and the
growth rate of the culture. Each individual parameter will suffer more or less impact
depending on the drug.
The mode of action of a drug varies with its structure, composition and interactions inside
the cells, so it would be expected that the effect it has on the parameters measured in this
chapter will be specific to itself or the group of drugs to which it pertains.
I have shown this to be correct for the group of drugs which have been studied , also
observing that drugs with similar modes of action more greatly affect the same parameters.
Weak acids, which affect intracellular pH and ATP depletion show a higher effect on two
related parameters: maximum GR and GRvODdiv. The impact is lower in OD related
measurements, such as maximum OD or ODdiv, suggesting that their effect is
microbiostatic, rather than microbiocidal, as the cells are able to reach similar final ODs,
although at a slower rate.
Similarly, ZPT, which inhibits proton pumps and disrupt membrane potentials and
intracellular pH212, shows higher effect at similar parameters. The trends with growth rate
displayed in each parameter are complex, which may be a product of the double
exponential phase displayed in the growth curves (Figure 53). The most affected parameter,
GRvODdiv, is more greatly affected at higher growth rates, but this trend with growth rate is
contradicted by other end-point parameters. This may suggest that for more complex
growth curves, end point measurements suffer less impact from this complexity than areabased parameters.
When looking at the most affected parameters, ribosome targeting drugs have different
effects if the binding to the ribosomes is with low affinity(Cycloheximide) or high affinity
(Nat, G418). This was suggested previously for E. coli104 based on the growth laws.
Irreversibly binding drugs affect slower growing cells, and reversibly affect faster. Results
from Nat and geneticin both show highest impact on maximum OD and number of divisions,
two cell density related parameters, whereas cycloheximide has more effect on growth rate
related parameters, maximum GR and GRvODdiv.
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Antimycin shows a tendency towards a higher effect on GRvODdiv, closely followed by
maximum OD and maximum GR. The drug affects the ability of cells to respire; when used
alongside raffinose it will make growing in the carbon source increasingly difficult the lower
the concentration, as cells will be increasingly dependent on respiration 99,226,229. This in turn
affects the OD and growth rate of those cells almost equally.
Knowing how a drug affects each of those parameters can help choosing the optimal one for
quantifying culture fitness and will also help in choosing parameters for combined
measurements, such as the median, when there are diverging trends with growth rate
between parameters.
5.6.1.2 A combination measurement gives a general idea of the fitness in the culture, but
can be erroneous
Growth measurements depend on multiple parameters derived from the optical density
curve produced in the microplate reader. Some measurements are tend towards reflecting
the growth rate, and others towards the biomass generated during the experiment. As
shown, individual measurements differ depending on the treatment and media conditions,
so it can be hard to choose one over the other if the most affected parameters differ in the
tendency displayed. For this, a combination of four measurements should correct for any
changes in tendency between the measurements, and give an overall idea of the culture
fitness. Measurements should complement each other, since redundancy would reduce the
result’s validity.
However, a combined measurement in benzoic acid is a good example of the flaws of this
approach, because when measuring the effect with this method no tendency was obvious,
but yet there was a high impact on maximum GR. The use of the median highlights this
issue: if three parameters show no trend and a fourth shows a strong dependency on the
drug, it will be treated as an outlier and the effect will be neglected.
I would recommend analysing the effect of the drug by parameter, and using the one that is
most impacted by the drug as a measurement. If the top parameters disagree, then the
median of a rational selection of parameters could be used as a tie breaker.
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5.6.1.3 Experiments should be run until the growth plateau is achieved by all conditions in
order to have a clear picture of the fitness
Trends in fitness with the concentration of the drug are conserved even when measuring at
early timepoints (Figure 50, Figure 52, Figure 51). This is informative for predicting the effect
of a drug in a population, but it will not give accurate results of loss of fitness due to the
drug. Experiments should be run until all the conditions have achieved full growth, when GR
is close to 0, in order to have a significant result of fitness loss. Cells which go through a
diauxic shift will continue to grow at a slow rate for hours , such as cells grown in acetic
acid99,225,229. For these drugs, estimating the end point of the growth rate will depend on the
established conditions chosen for the experiment where cells have to be evaluated.
In combined median measurements, the tendency of a drug starts to appear after all the
controls have achieved maximum growth rate. This is true when all the measurements used
are area-dependent measurements (AuGR, AuOD, AuODdiv and GRvODdiv), but it can
drastically change when looking at measurements which rely on end point values, such as
maximum OD or nDiv, or measurements which might display a delayed effect due to the
presence of the drug, such as maximum GR in ZPT.
When analysing measurements individually, some could be more reliable in longer
experiments than others. Measurements depending on the area under the GR will perform
better in longer experiments than those depending on the area under the OD vs time: when
measuring areas under the OD, time is important, as the further an experiment is run, the
potential changes of difference during the initial stages of the curve would be omitted, as
the area gets larger with time. This implies that, if cells achieve a similar final OD, as for
weak acids, if run for enough time, initial fluctuations would lose relevance. In contrast
there is a negligible increase in auGR or GRvODdiv over time after plateau is reached. When
growth rate approaches 0, the area will not increase and results will stay similar and
relevant.
As mentioned above for some drugs cells show a recovery from the effects with time. Weak
acids or ZPT are examples. This brings up a question: what part of the experiment has to be
taken into consideration for the measurement of the effect? Drugs have different effects on
cells, and for some the effects are transient, whereas for others those are not overcome. If a
culture is left to grow for long enough, many drugs will stop having an effect on the
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population, so there is interest in measuring as early as possible. At the same time, this
process of recovery is part of the drug effect, as explained before. When deciding to take a
measurement at a certain time point, all those considerations are necessary.
5.6.1.4 Treatments should be done at a similar point of the growth curve for all conditions
When evaluating the effect of a drug at different times of treatment, if there are great
disparities in growth rate due to carbon source concentrations, cells which grow faster will
achieve the maximum growth rate first, and the rest will take longer. If treated at a point
where some cells have achieved the maximum growth rate, and some others haven’t,
results will change and artifacts are likely to appear in the data. As a rule, treatment should
be done before any controls have achieved their maximum growth rate, but with sufficient
time for the cells to start growing in the new media. Minimal changes in the media from
pre-growth to experimental media are advised, so that cells resume growth as soon as
possible.
5.6.1.5 Future directions and considerations
Cells were treated at 2.5h as it is the point in which cells have transitioned to growing in
raffinose from a culture in pyruvate, but cells still maintain similar culture ODs (Introduction,
1.16.3, Figure 5). However, as explained in the section for experimental optimization of
cycloheximide experiments, changes in media will alter the cells and results may be biased.
For minimizing the effect of those changes when measuring fitness, cells could be grown to
exponential phase in a turbidostat and then treated in the microplate reader. Additionally,
the experiment could be performed fully in a turbidostat, treating once the set OD is
achieved, and GR being estimated from the changes in dilution rates performed by the
machine.
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6 CONCLUSIONS AND DISCUSSION
The initial goal of the thesis was to follow the work of previous authors who had measured
the burden induced by exogenous genes on the cells. This exogenous gene expression effect
had been studied in E. coli, S. cerevisiae and mammalian cells20,98,102,119, and particularly in
prokaryotes it had been sensed with the help of a constitutive promoter driving a
fluorescent protein102,119. The system relied on the property of constitutive promoters of
only being affected by the energy state of the cell, determined by the available
resources1,25,102,119. The induction of an exogenous construct would alter this balance and it
would be reflected on the constitutive gene’s expression1,102,119.
While trying to emulate the work by these authors, I found a series of hurdles, including the
difficulty for finding a suitable inducible promoter, as many rely on nutrient metabolism
pathways or stress response signals, which would interfere with the resource economy and
overall metabolism of the cells90,139. An important observation I made is that tetracycline
inducible systems, previously reported as orthogonal146, do have an impact on cells
depending on the carbon source present in the media. Previous studies on tetracycline
promoters were done in glucose146,147, however, doxycycline is inviable as an inducer in cells
growing in raffinose as it interferes with mitochondrial function in eukaryotic cells. It has
been proven in other organisms that tetracyclines correlate with reduced growth and
mitochondrial protein expression in respiring cells263.
It is hard to decide if promoter really is constitutive, as by definition their expression should
not fluctuate, but it is known that it is conditioned by the available cellular resources1.
Therefore, the best way to assess if a promoter is actually constitutive would be to test it
against established models of cellular resources and proteome allocation, such as the
bacterial growth laws1.
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The first law of bacterial grow states that ribosomal content linearly and directly correlates
with the growth rate, and with the carbon source quality in the media 1. The second law
states that, in the presence of a translation inhibitor, cells will compensate for the
inactivation of ribosomes by increasing their number in detriment of growth rate1.
I wanted to be able to prove that the promoters I was intending to use as a burden sensor
were constitutive. As mentioned before, constitutive gene expression only depends on the
available resources in the cell and, according to the growth laws in bacteria, at exponential
cell growth, constitutive genes are less expressed than at slower growth rates 1,3. This is due
to the resource being allocated towards translation and cell division machinery at
exponential growth, reducing those available for other non-essential processes. I was able
to prove that this holds in yeast cells with the help of a microplate reader. 1,2
A fluorescent protein tag for monitoring ribosomal content can be very beneficial, as
previous studies on ribosome content have been performed with other more invasive,
costly and time-consuming methods, such as mass spectrometry and sucrose gradient
centrifugation2,3,20,83. Those methods entail the lysis of the cell whereas a fluorescent
marker is non-invasive and would allow real-time measurement of ribosomal content, in the
same way as it is used in a wide variety of studies in cell biology64,148,238,247,285,286.
I found an optimal strain with a fluorescently-tagged ribosomal protein, to which I refer in
this thesis as strain L3, due to its GFP tag on RPL3. It comes from a library of GFP-tagged
strains generated for a protein allocation study64, which is readily available. It is optimal due
to RPL3 being a single copy ribosomal protein11, with the strongest promoter amongst
ribosomal proteins21, positioned in the exterior of the ribosome due to its involvement on
endoplasmic reticulum association11,17, and the cells do not show decreased growth rate
due to the tag.
My results using this strain show that ribosomal content, measured through fluorescence,
directly correlates and increases with growth rate and carbon source quality in yeast,
concluding that the first bacterial growth law holds in this organism, and adding to previous
studies with other ribosome quantification methods2,20. This also proves that ribosome
content can be measured with a fluorescent tag in a ribosomal protein. Additionally, as
postulated in the second bacterial growth law, ribosome content can be altered with
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ribosomal inhibitors, increasing the ribosomal count but decreasing growth rate. I prove this
using cycloheximide for poisoning the cells and using raffinose as a modulator of growth
rate. My experiments, however, were done using plate readers, compared to the original
ones in batch cultures, where cells were assessed at steady exponential growth.
An observation I made when studying the expression of ribosomes under cycloheximide is
that the point of maximum growth rate does not correlate with the point of maximum
ribosomal expression at high concentrations of the drug. In fact, at those concentrations
many cultures did not display any increase in growth rate, but rather a monotonous
decrease. The points of maximum fluorescence and maximum growth rate do coincide in
untreated control cells, when corrected for the maturation time of the fluorescent protein.
This divergence between peaks in growth rate and expression in high drug concentrations
was reflected by a delayed peak in fluorescence in the experiment, suggesting that cells
might continue to compensate for the ribosomal inhibition over the course of the
experiment, to the detriment of growth rate, which could partly coincide with the second
bacterial growth law1. After the point of maximum ribosomal expression, and during the
deceleration phase of the growth curve, the fluorescence almost linearly decreased with
growth rate, suggesting that cells will try to maintain the maximum amount of ribosomes in
late stages of the growth curve. This is reasonable given the high costs of ribosome
production, and the advantage that maintaining the highest possible number of ribosomes
gives in preparing for potential changes in media conditions1,2,17,100,113,225. I also observed
that conditions with higher ribosomal content present a steeper decrease line with
decreasing growth rate when approaching the growth curve plateau, suggesting that
independently of the initial ribosomal content cell populations will tend to a similar content
at low growth rate1,2,23.
The possibility of monitoring the ribosomal content through a fluorescent tag opens the way
for single cell studies with microscopy and microfluidics, which may offer insights into more
complex relations between translational resource economy and cell physiology, including
cell size increasing to compensate for increased ribosome count 2,20, ribosome partitioning
upon cell division and dynamics of mother and daughter cells ribosomal content17, and
ribosome degradation in response to environmental signals28,38,39, within many others.
Competition between ribosomal and constitutive genes in a single cell can also be
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monitored in this way, using two compatible fluorescent tags156, experiments which could
also be performed in whole populations using microplate readers.
Knowing that the resource economies in yeast and E. coli are closely related, as
demonstrated by previous studies1,2 and supported by my results, I had interest in testing
further ribosome economy related E. coli models in yeast. A particular model derived from
the bacterial growth laws by Greulich et al. explores the effect of translational-inhibiting
drugs on cells growing at different growth rates104. There they hypothesise , and later prove
in vivo, that drugs targeting a similar structure may vary their effects on cells depending on
their mode of action. In the case of ribosome-targeting drugs, those would affect cells
differently depending on the reversibility of their binding: faster growing cells will suffer
higher effect from reversibly-binding drugs, whereas slower growing cells will suffer a higher
impact from irreversibly-binding drugs.
It is suggested by the authors that other drugs affecting similar processes with different
modes of action or affinities might present different patterns of effect on cells growing at
different rates104. With this premise I tried to measure a similar effect on ribosome targeting
drugs on yeast cells and explored the effect of another set of drugs on cells growing at
different rates.
The effect of drugs on populations is widely measured in cell biology, mainly by comparing
fractions of loss of a determined parameter170. Parameters used to estimate the fitness of a
culture include cell division rate, number of cell divisions, maximum optical density achieved
or area under the optical density curve20,104,173,287. I explore those methods, plus others
inferred from the growth curves of plate reader cultures in order to determine the best
measurement for fitness in the cells. I again use raffinose as a modulator of growth rate,
ensuring with this as well that cells grow in a single carbon source and its by-products
throughout the experiments.
Initially, I suggest that a combined measurement of mutually complementing parameters
could be the way of ensuring a representation of the fitness of a culture. By using the
median for a selected few parameters I could ensure that each individual point is weighed
by the whole set, and no single measurement would take predominance. This helps
eliminating outliers, but at the same time it reduces the significance of potentially
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informative data. Another critique to the median method would be that by its definition it
would hide important data if less than half of the involved parameters presents an effect
from the drug. I therefore resorted to looking at the effect suffered by each individual
parameter over the course of the experiment.
The patterns I observe in the effects of drugs over parameters suggest that each drug will
affect growth measurement parameters differently. Each of the drugs tested affected more
a specific parameter of cell growth, with the observed most affected parameters being
conserved between drugs with similar mode of action. Specifically, when looking at weak
acids, they affect growth rate but not so much maximal optical density , with both weak
acids tested displaying higher growth rate losses at slower culture growth rates, suggesting
that the mode of action of both is conserved. ZPT is a drug which targets similar processes
as weak acids210,212, and although the tendency with growth of a higher effect is not well
defined, the effect on specific parameters is still close to those of weak acids.
As shown in E. coli by Greulich et al., ribosome targeting drugs affect cells differently if the
binding to the ribosome is with low or high affinity104. Two drugs were selected as
irreversibly binding, geneticin and nourseothricin188,282, and both display smaller effect with
increasing growth rate, with a higher effect on optical density-related parameters:
maximum OD and number of divisions. On the contrary, the reversibly ribosome-targeting
drug cycloheximide176 displays a larger effect with growth rate and affects predominantly
growth rate-related parameters: maximum GR and area of the growth rate over the optical
density divisions. My results prove that in yeast these two types of drugs also display a
change in effect on cells growing at different rates as expected given the existence of the
two growth laws.
The effect and validity of all the methods was compared with a drug with a known effect,
antimycin, which targets respiration179. In media containing raffinose, cells will rely more on
respiration for obtaining energy the less raffinose is available226,230, so slow growing cells
with low carbon source availability will suffer more effect than faster growing cells, as my
results show.
Finally, I explored the most affected parameters over time, and the conservation of trends
in the effect with growth rate at different timepoints for each parameter. My experiments
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conclude that for all biological replicates, the pattern of most affected parameters is
conserved from early in the experiment, and the tendencies do not change from similar
times onwards. This counters intuition when measuring the impact of a drug on a culture, as
it could be thought that the culture will have to have reached stationary phase before any
sort of conclusion can be drawn. This poses a dilemma, is the effect of a drug the initial
stages of the effect, or shall the recovery be taken into consideration? Either way, it is hard
to dissect the experimental time course for separating these two parts. As an example,
under acetic acid, cells growing slower will be able to recover the loss of growth induced by
acetate by respiring it99, and thus minimize the observed effects. When measurements are
taken over slices of the experiment, the effect suffered visibly diminishes the longer the
experiment is run.
Given each chemical has particular kinetics and interactions with the cell, there is a
possibility that the measured effect, if done too late, will include the effect of adaptation of
the cells. This adaptation and restart of growth can be informative, but it has to be taken
into account when measuring drug effects. ZPT growth curves display an acute effect
followed by a recovery, which is more marked at higher concentrations of raffinose. The
complexity of this behaviour is reflected in the effect displayed by some of the parameters,
with no clear homogeneous tendency towards higher or slower growing cells. This suggests
that end-point parameters such as divisions or optical density could be better when
measuring effects by drugs with complex growth curves, as can be seen in the clear
tendencies displayed by some of those also in ZPT.

Many of the resource interactions and resource economy strategies in prokaryotic cells are
proven to be translatable into yeast cells1,2,20; some of those have been replicated and
explored in my thesis. If those hold for both prokaryotes and lower eukaryotes, it could be
possible that many of those interplays could be applied to higher eukaryotes. It has been
proven that mammalian cells suffer from gene expression burden, which can be mitigated
by externally regulating the translation levels with the selective binding of mRNAs with
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miRNAs98. This suggests that translational resource competition is also present in higher
eukaryotes.
When thinking about higher eukaryotes, they differ from lower ones because of their
multicellular nature. Cells in higher eukaryotes have different patterns of cell division and
growth than their counterparts, since most of the cells within a tissue do not divide and only
a limited number of stem cells do so when externally signalled288. In contrast, yeast cells will
grow autonomously and compete for the existing resources, although they have been
proven to adapt as a population and maintain a certain levels of cooperation when growing
in batch cultures with increased levels of auxotrophy in the population 289, and generate
ordered colony structures with specialized environmental adaptations290. When mammalian
cells lose both the regulation which maintains them in a quiescent state and the systems
which would arrest those mutations, they start actively dividing and become cancerous and
start behaving more like a yeast culture291.
One of the first transformations cancerous cells overgo is the so called Warburg effect, by
which mammalian cells naturally using respiration for obtaining energy switch to an aerobic
fermentative metabolism105,291,292. This metabolism has been linked to fast dividing cells,
which prioritize fast resource obtention for division over slow efficient metabolism 291.
Similarly, yeast cultures can prioritize fermentation over respiration at higher growth rates,
and only start to efficiently consume resources through respiration when those are
limited3,225. However, yeast cells tend to grow in a way defined by the Monod equation,
with the growth rate defined by the concentration of a limited nutrient in the media, an
effect also seen in bacteria224,275, whereas it has been proven that for cancerous cells, the
cell density plays a role in the definition of the growth rate and maximum growth rate 293.
This could be due to residual cell interactions which are not present in a yeast culture. It is
however observed that within a yeast colony there are different layers of cells depending on
the environment conditions, which are all adapted for the best survival of the colony in its
natural habitat, suggesting as well some level of environmentally driven interaction and
communication290.
Resource utilization between yeast cells and mammalian cancerous cells is similar, and the
processes involved in this economy are shared, which might suggest the possibility of
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transferring more yeast models, such as the ones studied in this thesis, to higher
eukaryotes.
Given the evidence I provided, the bacterial growth laws hold in yeast. I believe however
that the level of complexity of the resource economy system will increase with the
complexity of the organism. When modelling the resource economy in a higher eukaryote
tissue cell, the cell to cell signalling will have to be taken into consideration. I believe cells in
those organisms do not spend the resources out of competition but rather in a controlled
manner regulated by external coordinated stimulus, with further complexity in the fact that
cells are differentiated into tissues. I do think that cancer cells lack a great part of their
tissue control systems, and behave more like an invasive cell culture within the organism, so
their resource economy should mimic the growth laws of microbes.
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