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Evaluation of flow cytometry as replacement for plating in in vitro measurements
of competitive growth under antibiotic stress
Christer Malmberg
Sammanfattning
Antibiotikaresistens är ett kraftigt växande problem i samhället, både i utvecklingsländer och de
industrialiserade länderna. Nästan direkt efter att Penicillinet introducerats på marknaden så
upptäcktes de första resistenta stammarna, men den stadiga takten av nya antibiotika såg till att
motverka problemet. Idag är det inte längre så, färre nya antibiotika utvecklas samtidigt som
resistensgener sprider sig horisontellt från stam till stam i oförminskad takt.
Ett sätt att angripa problemet är att utveckla nya provrörsmodeller och datormodeller för
resistensutvekling. För att generera data för skapandet av sådana modeller behövs stora mängder
experiment utföras, vilket kan ta åratal med traditionella mikrobiologiska arbetsmetoder. Därför
försöker vi utveckla en snabb fluorescensbaserad mätmetod som kan skynda på arbetet. Metoden
går ut på att detektera cellers ljussignaler när de en och en passerar en laser och fotodetektor
(flödescytometri). Genom att märka bakterierna så kan man särskilja olika populationer av celler i
ett prov. I det här projektet har ett märkningsprotokoll utvecklats samt en första pilotstudie
genomförts gamla och nya metoder testats mot varandra, och resultatet är lovande men visar på ett
behov av vidareutveckling. De allvarligaste problemen är höga detektionsgränser på grund av svag
märkning, samt svårigheter att särskilja levande celler från döda.
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Abbreviations & Glossary
BD
BP
CFP
CFU
CSV
CTC
Definition
DiOC2(3)
em.
ex.
FCM
FDA
FL1
FL2
FL3
FSC
FSC-A
FSC-H
FSC-W
Gate
MH
NBA
OD
PI
PMT
SSC
SYTO BC
TA
YFP

Becton-Dickinson, a major manufacturer of flow cytometers
Band pass filter
Cyan fluorescent protein
Colony forming units
Comma separated value, plain text data file standard
5-cyano-2,3-ditolyl tetrazolium chloride, metabolic activity dye
Logical combination of gates (See: gate)
3,3-diethyloxacarbocyanine iodide, membrane potential dye
Emission peak wavelength
Excitation peak wavelength
Flow cytometry
Fluorescein diacetate, common fluorescent dye
Fluorescence channel 1, normally green fluorescence
Fluorescence channel 2, normally orange fluorescence
Fluorescence channel 3, normally red fluorescence
Front scatter
Area of the signal peak
Height of the signal peak at its maximum
Width of the signal peak, usually defined as the ratio area / height
User defined 2D-area in a dot-plot for excluding or including events
Mueller-Hinton, a rich nutrient medium
Nile Blue A, unspecific lipophilic fluorescent dye
Optical density
Propidium iodide, nonpermeant DNA-staining fluorescent dye
Photomultiplicator tube, converts weak light signals to electrical pulses
Side scatter
DNA-staining nonspecific permeant fluorescent bacterial dye
Tetrazolium agar
Yellow fluorescent protein

1. Introduction
1.1 Antibiotics and the rise of antibiotic resistance
The history of antibiotics can be said to start at several points in time, as humans have
traditionally utilized plants, roots, molds and other natural compounds for medical
purposes since millennia1. Antibiotics in the modern meaning are a more recent
phenomenon. The scientific characterization and development of antibiotics for human
medicinal use is arguably one of the most important medical achievements of the 20:th
century, and the history of this development demonstrates the emergence and utility of
microbiological science in medicine. Antonie van Leeuwenhoek’s observation of
microscopic “animalcules” in 1676 set the stage for a long series of discoveries that
finally, at the end of the 19:th century, would lead to the replacement of the firmly
entrenched miasma theory of disease with the then highly controversial germ theory 2.
Though the idea of microscopic life being involved in disease generation and
progression has been voiced at various times throughout history 3, it was not until the
work of Louis Pasteur, Robert Koch and John Snow in the middle of the 19:th century
that the germ theory gained acceptance. The decisive work was the development and
application of Koch’s Postulates, which lead to the identification of the bacterial origin
of the diseases tuberculosis and cholera2. In 1877 Louis Pasteur and Robert Koch
observed antagonism between common bacteria and Bacillus anthracis4, which led him
to note that human control of these properties could offer "perhaps the greatest hopes
for therapeutics"5.
The success of antiseptics and vaccines, pioneered by Joseph Lister and Louis Pasteur
respectively, somewhat overshadowed early research in bacterial antagonism. Instead
the first truly viable antibiotic would come from the field of organic chemistry. At the
end of the 19:th century, the German scientist Paul Ehrlich performed theoretical work
around chemotherapy. He formulated the “magic bullet” principle, where pathogenic
bacterial cells are targeted with a toxic substance that excludes the surrounding tissue 5.
This line of thought was a product of his earlier research in selectively staining organic
dyes. Ehrlich used a bacterial screening method for finding dyes that would exhibit such
selective toxicity for disease causing cells, finally yielding the chemotherapeutic drug
Salvarsan6. Salvarsan proved to be dramatically effective against syphilis, compared to
older treatments based on mercurial salts. Organic chemistry would yield more
antimicrobial drugs following Salvarsan, such as Prontosil, the first member of the
sulfonamide ("Sulfa") drugs. The sulfa drugs were especially effective against
streptococcal infections, and their introduction led to a dramatic decline in childbirth
mortality from puerperal fever5. Although these drugs were a true revolution in
medicine, they were either too toxic or too specific to be of general use.
The age of biological antibiotics can be said to have begun in earnest with the
development of Penicillin by Fleming, Florey and Chain, a development that benefited
from the needs of the allied military effort in the Second World War 5. Penicillin was
quickly followed by Streptomycin, which proved effective for diseases that Penicillin
had limited efficacy against, for example tuberculosis. Penicillin is also primarily
effective against Gram positive bacteria, while Streptomycin instead targets Gram
7

negative bacteria7. The introduction of these drugs lead to dramatic effects throughout
the society, such as a reduction in deaths from tuberculosis in children under 15 years of
age by 90% in only 9 years time 5. The quickly expanding arsenal of effective, cheap and
easy to administer antimicrobial treatments eventually led to a near abolishment in
mortality from bacterial infections in the western world 8. This so called golden age of
antibiotics would culminate in the 1969 announcement by the US Surgeon General
William H Stewart: “The time has come to close the book on infectious disease.”9
At this time the storm clouds were already looming on the horizon. In fact, almost
immediately after the introduction of Penicillin in clinical practice, the first resistant
strains of Staphylococcus sp. were observed10. Today, antibiotic resistance has grown
into a massive problem. The annual costs in the US for treating nosocomial infections
from six resistant bacteria has been estimated to exceed 1.87 billion dollars 11, and in
2005 an estimated 18650 people in the US died from methicillin resistant
Staphylococcus aureus (MRSA) infection alone12. The problems with antibiotic
resistance are even greater in the third world, in Rwanda and Tanzania hospital isolates
of Vibrio cholerae are estimated to be 100% resistant to both chloramphenicol and
tetracycline; and somewhere between 1 to 22% of all new cases of tuberculosis globally
are estimated to be caused by multiresistant strains13. The reason we ended up in this
situation lies in a combination of factors, including lax prescription routines by medical
doctors, needless use in non-medical settings such as livestock growth, and a general
feeling of complacency. The problem was underestimated during the years of seemingly
unending progress in developing new antibiotic agents to counter the resistance
development14. The increase in occurrence of antibiotic resistant Gram negative
bacteria, such as multidrug resistant Acinetobacter baumannii (MRAB) and various
resistant Enterococcus sp., is also a cause of great alarm, since antibiotic development
has been focused on Gram positive bacteria for the last 15-20 years 14. Increasingly often
doctors have to resort to older and more dangerous third or second generation
antibiotics, and the number of cases of pan-resistant infections increase every year.

1.2 Antibiotic action and resistance mechanisms
Antibiotics are classified either by origin (natural, semisynthetic or synthetic), mode of
action (protein synthesis inhibitors, etc.), or effect (bacteriostatic, bacteriocidal or
bacteriolytic). They are also usually classified as either broad or narrow spectrum. Most
antibiotics target processes involved in bacterial growth, such as DNA replication, DNA
packing, and RNA or protein or cell wall synthesis.3 Other antibiotics target metabolic
pathways, or the structure of the cytoplasmic membrane. Common to all antibiotics is
that they act on one or several specific cellular targets.
Antibiotic resistance is conferred by several different mechanisms, which can be
divided into three general areas: i) modification of the molecular or metabolic target of
the antibiotic to make it less susceptible to the agent through chromosomal mutations,
ii) enzymatic degradation of the antibiotic and iii) active transportation of the antibiotic
out of the cell or periplasm15. The first type of encountered resistance gene was the
β-lactamase enzymes, which specifically degrade the β-lactam ring in Penicillins.
Initially the introduction of newer semi-synthetic and fully synthetic β-lactams
succesfully countered the β-lactamase enzymes, but today extended spectrum variants
of these enzymes (ESBL) exist that target many antibiotics. Typically these genes are
8

spread on resistance conferring (“R”) plasmids, which confer multiple resistance to the
host bacteria. Resistance can then be rapidly spread in the microbial community by
plasmid conjugation16.

1.3 Drug development
With exception for Penicillin, all antibiotics have been developed and marketed by
major pharmaceutical companies14. Now that antibiotic resistance is rising as a major
problem, it is compounded by the fact that there are few new antibiotics in the research
pipeline. This is likely not due to scientists having exhausted the space of possible
drugs, but rather because the pharmaceutical companies are leaving the antibiotic
market17. The reason for this is multifactorial, but ultimately comes down to economics.
The first factor is the relatively low projected lifetime worth of a new antibiotic
compared to other types of medication like lifestyle drugs and drugs against chronic
diseases. At the same time, the cost per new developed drug remains the same at over
500 billion dollars14. The Net Present Value (NPV), or value in today’s money of the
whole lifetime of the product, is a common measure14. This value is often risk adjusted
(rNPV). The rNPV is lowered by the fact that any new efficient drug is likely to be
reserved by the medical community directly after introduction for being used only in the
worst cases, and thus the sales figures during the important first years on the market are
virtually guaranteed to be low. The rNPV is also lowered by the risk for resistance
development, as in some recent antibiotics resistance has become a problem already in
the clinical trials. The second factor is the rising cost of pharmaceutical research 18, with
greater demands on statistical strength and more extensive toxicology tests in clinical
trials. When the costs of antibiotic development approach the projected lifetime
earnings from the product, is is obvious why pharmaceutical companies leave for
greener pastures.
To turn the trend around and start filling up the antibiotic pipeline, it will probably be
necessary for governmental institutions and universities to share the economical burden
of research, and also pursue method development to refine methods which can then be
used by pharmaceutical companies to lower their research costs. This effort from the
public sector will be crucial if we are to avoid a regression back to essentially
pre-antibiotic health care. For example, by developing methods that replace and
complement in vivo clinical trials, the time-until-resistance and NPV vs. drug
development cost calculations can be improved. One promising avenue of research is
development of accurate in vitro and in silico models for resistance development. These
models could then be used both in clinical trials and in hospitals to get better predictions
of therapeutic dosages and dosages required to avoid resistance development.

1.4 The Antibiotic Research Unit
The Antibiotic Research Unit is a research group at the Department of Medical
Sciences, Uppsala University and Uppsala University Hospital. They are primarily
working with the development of in vitro models for antibiotic resistance. Presently, the
group has together with collaborators acquired grants for using available in vitro models
to produce antibiotic kill curves for a variety of different bacteria and antibiotics,
primarily using the group's unique kinetic model system but also by static experiments.
The data will be used by a collaborating pharmacometric group to set up and refine an
9

in silico model for antibiotic effects and resistance development. This effort requires a
large number of combinations of bacteria and antibiotics to be tested, and the
measurements have to be done in at least duplicates. This means that numerous
experiments have to be performed, but time and manpower is limited. One of the main
bottlenecks is the data sampling step itself, which is mainly cell concentration
determination by plating on nutrient agar plates. The project plan also includes
competitive growth experiments, where resistant and non-resistant populations in
different ratios are studied together. These experiments require special plates and
bacterial markers since it is important to be able to separate the populations. Due to the
low manpower and high cost issues it would benefit the project if the sampling in
competitive growth experiments could be done in a more automated, quicker and less
ergonomically stressing way. There exist plating machines for automating cell
concentration sampling in microbiology, as well as automatic plate counters, but these
instruments are expensive. Since the group has access to a flow cytometer that has been
successfully used by a collaborating group to determine ratios between two bacterial
populations using fluorescent markers, the idea was raised to investigate whether this
technique could be adapted to rapidly provide absolute bacterial counts.

1.5 The project goal
This project concerns the design, trial and validation of such a flow cytometry based
method for replacing plating in primarily the competitive studies. Extensive tests
comparing the two methods needs to be performed, preferably using different antibiotics
at different concentrations. These tests should provide data and experience on the
precision, accuracy, speed, economy and ergonomy of FCM based measurements as
compared to plating. The aim is to provide a working replacement technique for plating,
with higher data production rate or lowered manpower requirements per experiment
while still maintaining accuracy. This will further the group's goal to produce a model
that can predict the probability of resistance development from different treatment
regimes.

2

Overview of the methods and project design

The purpose of this project may seem prosaic, but in closer scrutiny it raises a
fundamental question, namely: how do we measure life? At the core of developing this
new technique lies the intent to get an accurate reading of how many living cells of a
certain type are present in a sample (the cell count). This necessitates us to define
exactly what a living cell is, i.e. which parameters do we have to measure to determine
whether i) the cell is a cell, and ii) if it is alive or dead? The most common established
techniques for determining cell counts are by plating of serial dilutions, optical density
measurement by spectrophotometry and direct microscopy counting in a counting
chamber3. All of these techniques rely on various assumptions. For example, in plating
we assume that each cell present in the sample will always give rise to a single colony
of clones growing on the substrate media. This is not true, as cell aggregates such as
filaments or clusters will only form a single colony. Also, the plating efficiency is never
100%, i.e. some fraction of viable cells do not survive the plating process itself. In
spectrophotometry, the assumption is that a measured optical density at a certain
wavelength and beam path length correlate linearly to the cell count in the sample. The
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relationship is not always linear however, only approximately so in dilute samples 19.
Furthermore, optical density does not account for dead cells, as all particles in the
sample contribute to the signal. In the counting chamber, the assumption is that every
cell counted in the microscope is alive and capable to proliferate, and dead cells are
similarly not taken into account. There also exist other indirect methods to determine
cell concentration, such as total carbon, dry weight and DNA concentration, which rely
on preparation of standard curves from absolute methods. Based on these observations,
there are two problems to solve in cytometry based cell counting. The first is the
identification and counting of cells in the medium and the second is the ability to
differentiate between dead, dying and living cells. Furthermore, for the purposes of
competitive studies in this project, it is also necessary to distinguish which one of two
originator populations the cell derives from.

2.1 Static and dynamic growth models
As previously mentioned, in the Antibiotic Research Unit two different in vitro model
systems are regularly used. In the static growth system, one culture tube for each
constant antibiotic concentration is inoculated with an exponentially growing culture
(Fig. 1a). A zero time sample is taken from each tube before the antibiotic is added.
Each tube is then sampled at regular time points during the day, typically at 1, 2, 4, 6, 9,
12 and 24 hours. As the name implies, in this model the antibiotic concentration is
assumed to stay constant. For some antibiotics there can be non-trivial influences from
microbial uptake and degradation, natural degradation and protein and glass absorbance,
but these factors can be compensated with antibiotic concentration assays at the start
and end of a representative run.
The other system is the in house developed kinetic model, in which the concentration of
antibiotic is constantly decreasing (Fig. 1b). The rate of decrease is set using a pump
downstream of the incubation flask, which constantly aspirates new media through the
system and thus dilutes the antibiotic. The dilution half-time is set to mimic
physiological drug half times. A filter at the bottom retains the bacterial population in
the system. The setup is similar to a chemostat, but the formal name is retentostat 20 as
the bacterial cell mass is not allowed to exit together with the spent medium.
2.2.1 The BioScreen
The group also has an automated, microwell plate growth system with integrated
continuous turbidity monitoring, the BioScreen (Growth Curves Ltd, Finland). The
system allows the monitoring of bacterial growth in 100 wells per plate, or 200 wells
per run with dual plates, at user defined time intervals (usually 10 minutes). This system
corresponds to the static growth system as the antibiotic concentration is held constant,
but with the benefit of sample parallellization and automatic, non-invasive and instant
cell concentration measurements. The trade-off lies in the nature of turbidity
measurements, since the value correlates in a non-trivial fashion with colony forming
units (CFU) as measured by plating. The turbidity reading is dependent on the size and
shape of the bacterial cell21 which varies from each specific species and strain, as well
as between strains undergoing different antibiotic treatments. Therefore turbidity also
reflects cell death poorly, as dead cells remain in the medium and contribute to the
signal (Fig. 2). For this reason the BioScreen is best suited for estimating bacterial
growth kinetics, and perhaps properties of bacteriostatic compounds, but not kill
11

Fig. 1: A schematic overview of the static and kinetic growth models. In the static system, the antibiotic
concentration is constant in each tube, and several tubes are run at the same time with a range of
concentrations. In the kinetic system, different starting concentrations are also used, but the antibiotic
concentration varies through the experiment by dilution of the inoculated media with fresh media. Excess
fluid is removed through the filter in the bottom, which retains the cell mass. The dilution rate is set to
mimic in vivo antibiotic half times.
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Fig. 2: Growth curves from plating and BioScreen. Schematic overview of how turbidity measurements
differ from plating methods in samples exposed to a bactericidal compound. The figures represent the
same sample. In a), both cell growth and cell death is represented equally well, down to 0-10 CFU/ml
(depending on the volume plated). In b), only cell growth is accurately reflected, but the cell death curves
follow a non-trivial relationship to actual cell concentration while eventually hitting the lower detection
threshold. This threshold is determined by the optical properties of the medium, cell debris, etc.

kinetics of bacteriocides.

2.3 Analysis of the current plating methods
In previous competitive growth studies by the group, a fitness neutral chromosomal
marker has been used to identify the colonies on the plate 22. By deleting the araB gene
in one of the two strains, the cells lose the ability to metabolise the sugar L-arabinose.
When the two strains are grown together on a tetrazolium agar (TA) or McConkey agar
plate supplanted with L-arabinose, the pH will drop around the colonies that metabolize
the sugar. The red pH indicator present in the agar then turns colorless in a zone around
the sugar metabolizing strain due to lowered pH from metabolic products. Thus,
colonies stemming from a cell unable to metabolize L-arabinose will be red, while the
other strains colonies will be white or pink. By counting the red and white colonies on
the growth plate, the ratio and absolute counts of both cell types is found (Fig. 3a). This
is the method which I am aiming to replace.
The problems with this method are intrinsic to being plate based, which primarily
means labor intensive, time consuming, costly, error prone (depending on experience)
and relatively imprecise. The reason for this is mostly because serial dilution of the
samples are needed, since each petri dish only supports a small range of ~10 to ~400
colonies. This is very time consuming, especially when the cell concentrations are high.
For example, a cell concentration of 10 8 cells/ml means that six serial dilution steps are
needed to enter the “platable” range of 101-102 cells/ml. These dilution steps are
naturally sensitive to accumulated pipetting errors, as well as random handling errors
and sample variation introduced by the laborant. Further, once the dilutions are
completed the actual plating has to be performed, i.e. the even application of bacteria on
the growth surface. In this lab we use a method where five sterilized glass beads from a
pre-filled tube are added to the plate after adding the sample, after which the plate and
beads are shaken. The glass beads then spread the sample solution uniformly. This is
much faster than spreading by glass rod, especially since 9-12 plates can be comfortably
shaken at the same time. Even so, the procedure is time consuming and also prone to
13

Fig. 3: Arabinose method for discriminating cells from different strains. The L-arabinose metabolizing
colonies produce organic acids, which decolorizes the red pH indicator. In b) the practical problems with
plating are visualized. To be certain to get countable plates from unknown samples, typically three
dilutions in a dilution window are chosen (circle) based on eye inspection of the cloudiness and earlier
experience from the same experiment, and then plated. From these, only two can give usable counts (red
bars). This leads to weak statistics. The black bars signify dilutions with either too high cell count, or no
cell count at all on the plates. The black dotted line represents the actual cell concentration in the sample.

induce chronic wrist and shoulder injuries from the repetitive back and forward
motions.
The limits on colony count per plate means that when facing an unknown sample
concentration, several dilution steps have to be plated to ensure that at least one hit a
good range. Typically, three plates are made as a “dilution window” based on the
observed cloudiness, and of these three typically only two will give colony numbers in a
countable range (Fig. 3b). Needless to say, this increases cost since plates are quite
expensive, and also lowers the statistical accuracy. Nine plates would be needed to get a
triplicate cell count reading of an unknown sample, which is prohibitively expensive
and time consuming. The low limits on colony number per plate combined with
pipetting and dilution error result in relatively large variations among plates, which
leads to problems with inaccuracy and large standard deviations. Using plating
techniques, one can often not expect more than one or possibly two significant digits
with any semblance of accuracy. The dilution problems are inherent to all plating based
measurement techniques except for spiral plating, a system used in some automated
plating machines. The spiral plater deposits the sample in a spiral, with a
logarithmically decreasing rate. Therefore a single plate can cover an extremely wide
cell concentration interval, at the same time as no repetitive pipetting is needed. The
downsides with such a system is potentially the carry-over of antibiotics from the
sample onto the plate, which would possibly distort the reading.
An additional problem specific for the arabinose technique for detecting two
populations is that 1:100 is the maximum practical ratio between the strains. Greater
ratios would mean that to detect a single colony of one strain, for example in a 1:1000
ratio, 1000 colonies of one strain would have to be present on the plate to detect a single
colony of the other. Since 10 colonies or more are needed on a plate for statistical
accuracy, over 10000 cells would have to be present on the plate, which is far above
what is possible to resolve on a standard 9 cm petri dish. This problem can be mitigated
14

in one ratio direction when the low concentration strain is resistant to an antibiotic, by
concurrent plating on selective plates, however.

2.4 A brief introduction to flow cytometry and cell sorting
A flow cytometer can be seen as a cross between a fluorescence microscope and a
spectrophotometer. The general principle of operation is that a fluid sample containing a
single-cell suspension of cells is introduced in the instrument, where the sample stream
is merged with a sheath fluid23. The sheath fluid moves at much higher speeds than the
sample, resulting in a phenomenon called hydrodynamic focusing, where the sample
stream essentially is stretched out until it consists of a single line of cells. This line of
cells then intersect one or several laser beam paths, perpendicular to the flow (Fig. 4).
As each cell passes the laser beam, the forward scattering light (FSC), side scattering
light (SSC) and emitted fluorescence (FL1, FL2 etc.) is measured with diode detectors
or photomultiplicator tubes (PMTs). All channels are not equally sensitive, a diode
detector instead of a PMT is used for the FSC channel since the PMT's are very light
sensitive. It is possible to measure several fluorescent parameters from the same
physical laser beam, since the light is filtered through dichroic mirrors. These deflect all
light above a certain wavelength into the PMT detector, and let the lower wavelengths
continue to the next mirror. To filter the signal further, so called band pass filters are
placed in front of the PMT. These only let light through that lies in a defined wavelength
window, and are referred to by their mid-window wavelength / band width. For
example, a 530/30 bandpass filter only lets through light from 515 to 545nm. In total
this makes it possible to measure the emission intensity from each laser wavelength in
several clearly defined wavelength windows.
Higher end flow cytometers can also have the ability to sort the sample stream. This is
done by partitioning the stream into separate drops, which are sorted either left or right
with regard to the measured characteristics of each cell23. The sorting is usually
performed using high-powered electrical fields, but there also exist other techniques.
The classical way to evaluate flow cytometric data is to display it in a 2D dot plot,
where each axis shows the logarithmic signals from one detector channel. Then,
relevant populations are annotated by the operator and counted by encircling the clusters
of dots with 2D-polygons, a process called gating.
When analyzing cells, the FSC signal gives information about the size of the particle.
This channel is mostly used when measuring eukaryotic cells as it is too insensitive to
detect bacterial cells, which are approximately 1000-fold smaller by volume (~1µm vs.
~7-20 µm in diameter for eukaryotic cells) 24. The SSC channel signal correlates with the
complexity (granularity) and size of the particle, and is sensitive enough to detect
bacterial cells25. The signal from the fluorescence channels depend on the type of
staining, as well as the background autoflourescence from proteins, DNA and other cell
constituents.
The flow cytometer has traditionally mostly been used in eukaryote cell research, as the
cells are big and easy to differentiate even based on only the side scatter vs. front scatter
properties26. Immunology in particular has seen heavy use of flow cytometry, and today
there are several clinically used routine assays in this field in hospital laboratories 27.
Due to the small cell size, and also because the bacterial cells lie in a size range where
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Fig. 4: Schematic overview of a simple flow cytometer and cell sorter. Technical details vary among
manufacturers, but contemporary cytometers are usually configured with more than one laser. In the
figure, a mixed population sample is introduced in the instrument at the top, where it merges with the
sheath fluid into a single cell stream by hydrodynamic focusing. The cells pass the laser assembly one by
one, and the light scatter and fluorescence emission is recorded by the PMT detectors. The side scatter
detector would be above or below the figure, at 90° from the laser plane. With the aid of charged deflector
plates, each particle is deflected either left or right, depending on its fluorescence or scatter signal. The
data is displayed as a dot plot, where every dot corresponds to one particle.

there usually is much debris in a sample, traditional microbiology has seen moderate use
of flow cytometry however26. The exceptions are aquatic microbiology where it has
been extensively used, and has proven useful in the detection of naturally fluorescent
algae and phytoplankton28; and also in microbial ecology for detecting otherwise
non-platable cells29. There are also some studies on antimicrobial susceptibility and the
bacterial cell cycle. With the advent of molecular and gene technology, combined with
the discovery of naturally fluorescent proteins, flow cytometry has now spread into
many fields as a highly useful technique, including antibiotics research. Many of the
flow cytometric studies so far on bacteria and antibiotics has focused on the
development of rapid susceptibility tests for clinical uses, or antibiotic mode of action
however30.
Flow cytometers and cell sorters have undergone massive development since their
inception. The first commercial fluorescence based flow cytometer was the Phywe
(Present day Partec) ICP11, and was launched in 1968. While these first machines had a
single laser or mercury UV arc-lamp, two detector channels and no sorting capability;
today there exist instruments with 8 simultaneous lasers, that can measure 20
independent fluorescence channels and sort them six-way in a speed of over 70000 cells
per second31. The main manufacturers of flow cytometers today are Bectin-Dickinson
(BD), Beckman-Coulter and Partec23, but there are several smaller upcoming companies
that specialize in the new trend of small and more affordable flow cytometers aimed at
individual research groups. Examples of this trend are Accuri with the low price C6 dual
laser flow cytometer32, and Millipore (after purchasing Guava Technologies) with the
microcapillary based EasyCyte 8HT33. The success of these affordable but less capable
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machines has led to interest from the leading manufacturers, and Partec recently
launched their CUBE flow cytometer and sorter aimed towards this market segment.
2.4.1 The BD FACSAria I
A BD FACSAria I flow cytometer was used in this initial study. It is equipped with
three spatially separated laser lines, one violet (407 nm), one blue (488 nm), and one
far red (633 nm), and supports 13 different color and two scatter parameters. It was the
first high-speed, bench-top, fixed cuvette alignment cell sorter, factors that translate to
low costs and low maintenance. As such it was one of the first flow cytometers that
were marketed towards single research groups. Further specifications can be seen in
table 1. The instrument is calibrated and designed primarily for eukaryotic cell research,
as are most commercial flow cytometers. Bacterial cells are detectable on the FACSAria
system, but lie very close to the side scatter size detection limit.
2.4.2 Fluorescent markers - dyes and proteins
2.4.2.1 Fluorescent dyes
In eukaryotic cell research it is often possible to directly run samples through the flow
cytometer and record data or sort cells based on front and side scatter only, for example
to characterize or purify lymphocytes, monocytes or granulocytes in the leukocyte
population34. This is not possible for bacteria using standard flow cytometers, since the
cells are much smaller and more featureless. Some form of molecular marker needs to
be employed to mark the population of cells that you want to investigate. These markers
are typically fluorescent dyes, dyes coupled to antibodies, or intrinsically fluorescent
proteins expressed by the cells themselves25. Today there exist a wide range of dyes and
fluorescent proteins for almost every imaginable application.
The fluorescent dyes cover the entire visible spectrum and further, far into the
ultraviolet and infrared ranges. These dyes come in DNA-binding, lipophilic, lipophobic
etc. varieties, and are usually well characterized. Some of the most common dyes are
the fluorescein derivate FITC (ex. 496 nm, em. 521 nm), the DNA-binding dyes DAPI
(ex. 345 nm, em. 461 nm), Propidium Iodide (ex. 536 nm, em. 617 nm) and Ethidium
Bromide (ex. 493 nm, em. 530 nm), as well as the whole spectrum SYTO®, Alexa
Fluor® and CyDye® series35. Nile Blue A, which is used in the later parts of this project
to co stain cells for increasing the sensitivity, is rarely encountered in flow cytometric
research however. Traditionally, it has been used in histology as a stain for cell nuclei,
and neutral versus acid lipids. In microbiology, it has been used for staining
polyhydroxybutyrate granules in E. coli36. In one article it is described for use as a
general background stain for bacteria in flow cytometry, since it is lipophilic it
integrates in the cell membrane, and it also fluoresces in the relatively unused far red
spectrum37. The ubiquity and low cost of this dye made us choose it for testing
background co-staining of bacteria. Unfortunately, according to literature it is unstable
and in aqueous solution quickly degrades to its Nile Red oxazone derivative. This
compound is also fluorescent, but with similar excitation and emission wavelengths as
Propidium iodide37. Since we will use PI for viability staining, we will have to examine
potential cross-signalling due to this effect.
A problem with dye approaches for this project is that the protocols often require fixed
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Table 1. Specifications for the BD FACSAria I
Parameter
Lasers
Parameters
Max acquisition rate
Fluorescence sensitivity
Resolution
SSC sensitivity (cell size detection threshold)

Value
3 (407, 488, 633 nm)
15 (13 fluorescence and 2 scatter)
70000 ev./sec.
~125 MESF (FITC)
~3-3.5% CoV (PI)
>0.5 µm

staining times after which the cells should be washed before measurement. The reason
is to avoid high background signals from the dye in the solution, as well as to prevent
toxic effects of the dye on the cells. Some dyes also require fixing of the bacteria and
permeabilizing their membranes, which is usually done in 70% ethanol followed by
washing. We would like to avoid such washing steps since a significant number of cells
can be lost in the process, which is not ideal when you are interested in absolute cell
concentrations.
2.4.2.2 Fluorescent proteins
Fluorescent proteins can either be inherently fluorescent, like Green fluorescent protein
(GFP), or dependent on a separate chromophore38. Allophycocyanin (APC) is a
commonly used example of the latter type, as it needs to be covalently bound to a
phycobilin chromophore to be fluorescent. Only the inherently fluorescent proteins are
suitable as internally expressed markers for bacteria, as it can be complicated to add the
chromophore separately. Using internally expressed markers avoids the problem of
purifying, tagging, and introducing labeled proteins into the cells. The tedious task of
producing specific antibodies for surface or internal antigens is also avoided.
Since the first use of GFP as a molecular probe after the cloning of its sequence in 1992,
the original protein has been supplemented with yellow, cyan and blue derivates, as well
as more efficient and stable variants, through molecular engineering 38. Still, fluorescent
proteins are more scarcely deployed over the spectrum than the fluorescent dyes. Red
variants proved especially difficult to engineer from the original GFP sequence, but
several GFP-unrelated Red fluorescent proteins (RFP's) have been found in tropical reef
corals instead38. However, many of these are much weaker, less photostable and
additionally have greater problems with multimer aggregation than the commonly used
Enhanced GFP (EGFP)38. This is a serious problem in fluorescent microscopy since the
proteins have to be fluorescent over second and minute timescales, which is why much
development effort has gone into stabilizing proteins, protecting against photobleaching
and increasing their fluorescence strength 38. Today there still exist many gaps in the
spectrum, and almost all available Blue fluorescent proteins (BFP), Cyan fluorescent
proteins (CFP) and RFP's are still significantly weaker than the standard EGFP (Fig. 5).
In the microscope this can be countered by increasing the exposure time, but in the flow
cytometer the exposure time is near instantaneous. Therefore the strength of the signal
depends wholly on the instrument configuration and strength of the fluorescent
protein39. Ultimately, the strength of the signal is a function of the Molar Extinction
Coefficient of the protein (amount energy absorbed), quenching effects (emitted light
absorbed by the surrounding solution), the quantum yield of the protein (photons out per
photons in), the amount of protein in the sample organism, and instrument detection
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efficiency factors like laser power density and PMT sensitivity. Since many of these
parameters are fixed, the lack of strong fluorescent proteins covering all parts of the
spectrum is a significant problem. Especially since there are gaps surrounding some of
the most common laser types, 407 and 633 nm. This means that the fluorescent proteins
have to be chosen with care, as that choice of parameter is the least flexible. In this
project we use YFP and CFP for marking the two strains, as they are efficient and
readily available; also the labeled strains have already been created.
2.4.3 Fluorescent dyes for viability staining
As described earlier, the traditional plating technique intrinsically shows the part of a
population of cells in a sample that are viable, and able to proliferate on the agar and
form colonies. In flow cytometry, everything that is present in the sample will be
measured. This means that it is necessary to use a staining method that can differentiate
the dead and the living cells. Several such methods exist, based on different
physiological properties of the dead or living cells 25. Arguably most straightforward is
viability staining by propidium iodide (PI) (ex. 535 nm, em. 617 nm) 40. This
low-molecular weight dye shifts its fluorescence and increases its fluorescence yield 30
times upon intercalation with DNA, but is unable to pass an intact cytoplasmic
membrane since it is multiply charged. Therefore, staining with this dye marks all cells
with a compromised cell membrane with a characteristic orange-red PI fluorescence.
This type of staining is called “dye exclusion”. TO-PRO-3 staining (ex. 642 nm, em.
661 nm) works in the same way, but in the far-red spectrum 24 as well as the commercial
SYTOX line of dyes. A similar test employs the non-fluorescent and permeant dye
fluorescein diacetate (FDA), which is metabolized by the cell into fluorescent
impermeant fluorescein (ex. 494 nm, em. 521 nm) and retained inside cells with intact
membranes41. Contrary to PI staining, living cells are detected, while dead cells are
assumed to quickly lose their fluorescence through the disrupted membrane or have
none from the beginning due to a lack of metabolic activity. The dye 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC) (ex. 480, em. 630) also stains for living cells but by a
different principle42. It is reduced intracellularly in respiring cells to an insoluble,
fluorescent precipitate, and therefore serves as an indicator for respiratory activity.
Membrane integrity and cell respiration are generally good indicators for cell viability,
but it is known that some cells with compromised membranes can recover and survive 24.
Respiratory activity can also be low from reasons unrelated to cell damage. An arguably
better option is to stain for cells that still uphold their membrane potential. The inside of
the cell membrane is negatively charged in most bacteria, which means that lipophilic,
positively charged dyes are accumulated there. Negatively charged lipophilic dyes are
by the same reasoning excluded. The cyanine dye 3,3-diethyloxacarbocyanine iodide
(DiOC2(3)) (ex. 480 nm, em. 525 and 610 nm) can be used for staining cells in this
way24. This staining can also be combined with stains for membrane integrity, to further
improve the ability to exclude dead cells from the living population.
It is important to optimize staining protocols for the bacterial strain that is being studied,
as Gram negative and Gram positive bacteria take up dyes differently due to the
differences in cell wall structure. Gram negative bacteria do not readily take up
lipophilic dyes, and need to have their membranes permeabilized by e.g. EDTA
treatment before staining25. For the purposes of dead cell detection, it is also important
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Fig. 5: An overview of the excitation wavelength of most of the modern fluorescent proteins. The
excitation data was gathered from Nikon Corporations MicroscopyU webpage 54. At the top, the laser
wavelengths of the FACSAria are displayed. These lasers are the most commonly encountered in
commercial flow cytometers. There is a noticeable gap between 400 and 430 nm, as well as above 600
nm, where no fluorescent proteins are available today. The proteins are grouped under their respective
color designation, and displayed as triangles colored by the same color. The groups are ranked on the
y-axis according to their mean fluorescence efficiency (*), as compared in percentage of EGFP. There is a
trend of stronger fluorophores in the yellow and green part of the spectrum, and the efficiency is lower at
the red and blue ends of the spectrum.

to stain for a physiologically relevant process. A membrane integrity test is of little use
in staining for cells that have been treated with antibiotics that do not disrupt the cell
membrane. However, many of the above mentioned dyes are expensive, highly toxic
and also have a tendency to stain internal tubing in the flow cytometer 24. This is not
optimal for a small feasability test like this, and therefore I decided to limit the study to
the cheaper and more straightforward PI staining.
2.4.4 Volumetric data from microsphere beads
Relative population ratios alone are not enough for the competitive studies, it is also
crucial to measure the cell concentration of each population. Many commercial flow
cytometers, including the BD FACSAria, are unable to directly measure the absolute
concentration of each population in the sample25. The reason is that the flow cytometer
does not have the ability to record the volume of sample that has been aspirated. This is
due to technical reasons, but also historical since absolute cell counts are not that
important in eukaryote cell biology, for which the instruments most often are designed.
This deficiency can be addressed by several methods. The simplest is to use a high
precision scale to weigh the sample tubes before and after analysis and calculate the
measured volume of liquid. This is only possible if each sample is run only once, and
the densities of all samples are approximately equal. With the FACSAria however it is
impossible to stop and start a measurement instantaneously, and sample is pumped into
the machine several seconds before and after actual measurement takes place, which
invalidates this approach. Alternatively the flow rate can be measured, held constant,
and each sample measurement time recorded manually. Again, this does not work with
the FACSAria as the flow rate is set in arbitrary units that do not correlate linearly with
real flow rates. Instead it is necessary to use an internal standard. The most common
type of standard is usually supplied as a water solution containing wide-spectrum
fluorescent polystyrene beads of a very precise shape, size and concentration. For
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bacteria counting applications, a bead size of 6µm enables good separation from the
bacterial population based on size43. Since the concentration of the bead solution is
known, every measured bead event in the flow cytometer corresponds to a fixed
volume. By comparing the amount of measured cell events to the bead events, the cell
concentration is found. The disadvantages of this technique is the inaccuracies
introduced from the pipetting of small bead volumes, as well as from the more complex
procedure which invites more practical errors. Today there exist several flow cytometers
on the market which have built in absolute cell counting, for example the Apogee Flow
Systems A-series (the sample is applied with a calibrated syringe), and the Accuri C6
and all Partec flow cytometers (through automatic volume measurement).
2.4.5 Software for flow cytometry data analysis
Since this was the first work performed using flow cytometry in this group, I had to set
up a work-flow from the beginning, including selecting suitable analysis software. The
criteria were i) free, ii) maintained, iii) easy to use/automate, in order of importance.
The reason was that the main bulk of available software is commercial and quite
expensive, considering that this project is just an initial study for a method that might
not be employed by the group. One option would be to use a time or feature limited trial
for data analysis, but this would create the problem that the software would have to be
purchased or the work-flow adapted to a new analysis package at some later point.
Examples of commercial software is BD's FACSDiva, Beckman Coulter's Cell Lab
Quanta and Kaluza, and the free standing FCS Express, VenturiOne and FlowJo.
Another option would be to perform all data analysis in the flow cytometry facility,
where a workstation with FACSDiva is provided. This would have been an adequate
option if the facility had been closer to the building where the group is located.
Therefore, I searched for freely available programs. Three fully free candidates
remained after initial exclusion based on feature lists, the Java-based WEASEL package
(Walter+Eliza Hall Institute of Medical Research, Melbourne University), the widely
used WinMDI 2.8 (Joseph Trotter, The Scripps Research Institute) and proprietary but
free for academic research use Cyflogic (CyFlo Ltd.). Another option would be to use
free flow cytometry plugins that exist for common statistical packages, such as the R
BioConductor package flowCore (open source collaboration)44 and python package
Flow45.
Since using the programming packages would require a non-trivial investment in time
in setting up they are less suitable for this initial project, but would be highly interesting
for automation purposes at a later stage. I therefore chose to focus on the three free
program suites, to find a good candidate. WinMDI 2.8 could be quickly eliminated since
it was created for the Windows 3.11 environment, and has not been updated since that
was a modern operating system. Subsequently, it does not support the FCS 3.0 file
format that has been an industry standard since the introduction of digital cytometry
instruments. It is possible to convert FCS 3.0 data into FCS 2.0 data readable by
WinMDI, though at a significant loss in precision. Between WEASEL and Cyflogic the
eliminating factor was ease of use, since the WEASEL interface is highly nonstandard,
and integrates badly in modern mouse driven workflows. Therefore the choice was to
use the Cyflogic 1.2.1 program, pictured in Fig. 6. This program is similar to
commercial alternatives, and allows the arbitrary creation of dot plots, histograms,
gating and population counting. It is lacking in file handling facilities and automation
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Fig. 6: The work environment of the free for academic use flow cytometry program Cyflogic. Histograms
and dot-plots can be set up for all channels, and from the gates and definitions a statistics window can be
opened which summarizes the population counts. The 3D dot-plot does not allow gating, but can be
useful for quickly determining which parameters that separate two populations the most. All plots in the
figure are from the same sample, but with different parameters on each axis. By stepping forward to the
next file in the current folder, all plots are updated, including the statistics window. Thus the gating is
consequent from sample to sample, after having been set up from the positive controls.

capabilities, but works passably for small projects.

2.5 Experimental strategy and setup
The general strategy for this project was determined primarily by the cost of materials.
Since the volumetric beads were very expensive and only lasted for 100 individual
measurements (expanded to 200 by halving the reaction size), I made the decision to do
tiered experiments with as low amounts of sampling per experiment as necessary to still
get informative data. In essence, this puts data quantity before data quality, by avoiding
replicates and unnecessary precision. This would also leave me room for experimental
errors and to learn how to use the flow cytometer without risking a large part of the
limited supply of volumetric beads. Then, when the tiered sub-experiments had shown
whether the method worked or not, the remaining beads could be used to perform one
very precise full comparative experiment with replicates.
2.5.1 Bacteria and antibiotic
Standard K12 MG1655 Eschericia coli strains have previously been transformed with
the YFP and CFP fluorescence markers, and successfully used by a collaborating group
for population determination with flow cytometry (personal communication). The
antibiotic we tested was the second generation fluoroquinolone Ciprofloxacin, as it is
one of the drugs that will be investigated by the group for the in silico model. It binds to
DNA gyrase and inhibits DNA replication, which halts cell division 46. Resistance is
most commonly conveyed by a S83L point mutation in DNA gyrase. When affected, the
bacterial growth is halted and the cells start to form filaments and grow in size. In this
sense Ciprofloxacin would be less optimal for membrane integrity staining for viable
22

cells, but it has also been shown to cause loss of membrane integrity and cell lysis at
high concentrations47. The mechanism for this action is not entirely clear. This effect
could make it a suitable target for evaluating the PI membrane integrity dye for viability
testing.
2.5.2 Flow cytometry setup
The experimental setup was configured as can be seen in Fig. 7. The figure was
generated with the BD Fluorescence Spectrum Viewer 48. CFP is excited and detected on
the 407 nm laser line and YFP on the 488 nm laser line. For these two markers the
detection filter is the same (530/30), but since they occupy two different laser lines the
actual measurement is performed at a different place and time. PI is also excited by the
488 nm laser, and is detected with the 695/40 filter. With NBA co staining, the 633 nm
laser line is utilized. No cross-compensation is needed, as the fluorescent channels
interfere minimally. As can be seen in the 488 nm laser line (7b), any degradation
products to Nile Red oxazone would interfere with the PI measurement in this setup
however, so this will have to be tested for by measuring PI fluorescence in a PI-free
control sample.

3

Materials and methods

3.1 Strains and growth conditions
Table 2. The tested strains and their genotypes.
ID
CH501
CH373
CH367
LM378
LM347

Fluorescence marker
CFP
YFP
CFP
-

∆araB
Yes
No
No
No
Yes

Ciprofloxacin res. (gyrA S83L)
No
Yes
No
Yes
No

MIC (µg/ml)
0.023
0.38
0.023
0.38
0.023

The well defined E. coli K12 MG1655 (Table 2) strains were kindly supplied by
Professor Diarmaid Hughes of the Department of Cell and Molecular Biology, Uppsala
University. The strains came in wild-type and mutant antibiotic resistance pairs, where
each type was marked by either a ∆araB marker22 or fluorescence marker. The wild-type
strain LM347 was combined with CH367 during the course of the project into the
CFP-∆araB strain CH501 using λ-red recombineering, which enabled simultaneous
comparison of the old and new methods in the same experiment. The strains were
maintained by weekly re-streaking on Mueller-Hinton (MH) agar plates. The day before
an experiment an overnight culture would be prepared, in Mueller-Hinton liquid broth
and set in a 37°C incubator. The culture would be set by a timer to be inoculated 6 hours
before the start of the experiment, yielding bacteria in mid logarithmic phase at an
approximate cell concentration of 1-5*108 cells/ml. This overnight culture would then
be diluted to a final concentration of 1-5*105 cells/ml in the static tests. The tests were
performed at 37°C on a sample shaking table (150 rpm).

3.2 Antibiotic
The typical final Ciprofloxacin (Fluka Analytical, Sigma Aldrich) concentrations were
0.0625, 0.125, 0.25, 0.5, 1, 2, 4 and 8 (or 16) x minimum inhibitory concentration
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Fig. 7: Spectrum overview of the three laser detector lines. In a), the 407 nm laser (violet line) excites the
ECFP in the left flank of the peak (dashed blue line), and the 530/30 optical filter detects the right flank of
the emission peak (filled blue curve). PI is also excited by the 407 nm laser (beige dotted line), but
emission lies outside of the 530/30 filter and is excluded. In b) EYFP, PI and Nile Red is excited by the
488 nm laser, and detected by the 530/33 and 695/40 filters. The PI and Nile Red emission curves are
overlapping and impossible to separate, making it crucial to avoid Nile Red contamination. In c) Nile
Blue A is excited by the 633 nm laser and detected by the 660/20 filter. (SYTOX Red has very similar
excitation and emission curves to Nile Blue A, and is displayed here since the program that generated
these curves do not have NBA in the database). The curves were generated by the BD Biosciences
Fluorescence Spectrum Viewer, based on literature data of the different fluorophores and performance of
the FACSAria flow cytometer detection system. Actual brightness will vary as it is a function of the
Molar Extinction Coefficient of the dye (amount energy absorbed), quenching effects, the quantum yield
(photons out per photons in), the amount of the fluorophore in the sample, and instrument detection
efficiency factors like light source power density.
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(MIC) for each strain. Antibiotic master solutions for each tested concentration were
prepared fresh for each experiment, by dissolving 10 mg antibiotic in 1 ml 0.1 M NaOH
in ddH2O, followed by serial dilution in MH-broth to 100x the target concentrations.
Antibiotic from each master concentration was added to the growth tubes at a ratio of
1:100, typically 200µl in 19.8 ml growth medium for the static assays.

3.3 Flow cytometry
A BD FACSAria I (Becton Dickinson, NJ USA) was used for all measurements,
configured with three laser sources (388, 405 and 688 nm). The Aria was controlled
from the vendor-supplied analysis and control software FACSDiva. Before each
experiment, control samples for each single fluorescent marker were measured and the
PMT voltage was set to minimize noise while providing a strong signal. The SSC
voltage was set to clearly separate the bacterium peak from the noise peak in the SSC
histogram, while at the same time retaining the bead peak on scale, typically 375V. A
threshold on the SSC channel was then set to eliminate the noise peak, typically 250 or
300 (unitless). Samples were then run until 10000 events from the target population
was gathered. For low concentration samples 50000 or 100000 events were gathered. At
the end of the experiment, a negative control sample lacking bacteria was run to
estimate the noise level in the population gates. The instrument in question was kindly
provided by Dr. Dan I. Andersson, Professor of Medical Bacteriology at the Department
of Medical Biochemistry and Microbiology (IMBIM), Biomedical Centre, Uppsala
University.
3.3.1 Sampling procedure and staining
Typically, 50µl bacterial sample was diluted in 425 µl cold, 0.22µm filter sterilized
PBS, and kept on ice until measurement. 20 minutes before measurement, 15 µl of 1
mg/ml PI-dye (Invitrogen, USA) was added to a final concentration of 30 ng/ml (44,8
µM), as well as 5 µl Nile Blue A chloride 50 µg/ml solution (Sigma-Aldrich, USA) to a
final concentration of 0.5 µg/ml. The NBA co staining solution was prepared fresh
every day in 99,5% EtOH, to avoid the spontaneous oxidation to the Nile Red oxazone
which occurs in aqueous solution. SYTO BC bacterial dye (Invitrogen, USA) was used
at the recommended 1x dilution, based on the Bacteria Counting Kit protocol. In
samples that required determination of cell concentration, 5µl of 6µm Microsphere
standard (Invitrogen, USA) was added to a final concentration of 10 6 spheres/ml. In
samples without the stains or the spheres, an equivalent volume of PBS was added in
the dilution step for compensation.

3.4 Plating
Plating was universally performed by spreading 100µl of the sample on MH (BD
Mueller-Hinton II) or McConkey plates (BD McConkey base, 1% arabinose),
depending on whether the sample contained one or two strains. The plates were spread
by adding 5 pre-sterilized glass beads (5mm diameter) and shaking them ~25 times until
the sample was evenly spread. Triplicates were plated where concentrations were
known, otherwise a dilution series of 3 potencies of 10 around the estimated
concentration was plated. Plates were left to incubate overnight at 37°C, and collected
in the morning on the day after. Plates with <10 colonies or >400 (est.) were not
included. The data was transferred to comma separated value (CSV) files, and the
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CFU/ml was calculated.

3.5 Data analysis
The cytometry experiment files were exported from FACSDiva into the standard FCS
3.0 format, and transferred to the analysis computer where CyFlogic 2.2.1 was installed.
For each data file, the relevant population clusters were gated and counted. Several
gates were set up to get the final cell concentration per sample. First, side scatter signal
width (SSC-W) was plotted against height (SSC-H), and the homogenous cell cluster
was gated as "WholeCells". This gate filters out every particle not of the same shape as
a bacterial cell. Secondly, the beads were gated on a SSC / FSC plot, as "Beads".
Thirdly, fluorescent cells were gated in a CFP / side scatter signal area (SSC-A) and
YFP / SSC-A plot, as "Cfp" and "Yfp". Then, PI fluorescing cells were gated as "Dead".
Finally, a definition was made as:
CFPcells = WholeCells AND Cfp AND NOT Beads AND NOT Dead AND NOT Yfp
YFPcells = WholeCells AND Yfp AND NOT Beads AND NOT Dead AND NOT Cfp

Where applicable, absolute concentration for each population was determined by the
following formula:


#Events in cell region
#Beads per test
×
 × Dilution factor = Cell concentration
#Events in bead region
Test volume

The population cell count/ml was recorded in CSV files, and the data was read into
Numpy vectors using Spyder 1.1.2. The data was plotted with Matplotlib 0.99 using
Pyplot in Spyder.

4

Results

4.1 Static growth curves
The growth curves that were attained from the antibiotic sensitive wild-type and
resistant strains can be seen in Fig. 9. Even though the Ciprofloxacin concentrations are
equalized to the MIC of the strain, the kinetics are dissimilar. The resistant YFP-labeled
strain seems to survive near-MIC concentrations better than the sensitive strain, and
eventually overcomes the 1xMIC concentration and enters logarithmic growth after 12
hours. On the other hand, the low growth seen in the 0.5 and 0.25x MIC tubes for the
sensitive CFP-labeled strain could be explained by the fact that our MIC-tests yielded a
slightly lower measured MIC compared to the value acquired from the producer of the
strain (0.007 µg/ml vs. 0.023 µg/ml). This is not strange, since inter-laboratory
variations can be large due to different growth media, water quality and so on. The
Ciprofloxacin concentration was based on the acquired MIC-value since we believe this
is more accurate, so our 0.25x MIC concentration could correspond to an actual 1xMIC
concentration. It is also possible that this is a result of experimental variation, since only
one test per strain was made. This experiment was performed to get an indicator for the
types of samples that the flow cytometry method would be applied to. As can be seen,
the plating method successfully delivers a wide dynamic measuring range (10 1 to 108
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CFU/ml), and the lower sensitivity lies somewhere between 10 1 to 102 CFU/ml. With
regard to workflow, a maximum of two of these curves can be produced per week by
one person, and in the process at least 532 MH-plates are used.

4.2 Fluorescence test of strains
Before moving on to comparisons between static growth curves captured by flow
cytometric data and plating data, the next step was to test whether the fluorescence of
the strains could be used to separate them from a mixed population, as well as to test the
staining protocols for the PI dye. Also the PMT voltages for the SSC channel and
fluorescence channels, and gating strategies was to be set up. Samples from overnight
cultures (logarithmically growing bacteria at approximately 10 7 CFU/ml) were diluted
in ice cold PBS, stained and directly measured in the FACSAria. Also, a 1:1 mixture of
the two cultures was measured, to investigate possible problems with overlapping
populations in the fluorescence dot-plots. Representative dot-plots from the CFP, YFP
and mixed strain samples can be seen in Fig. 9. In a), we see that the correct SSC
voltage setting is critical to find the bacterial population. By raising the SSC voltage
from 375V to 500V the noise peak (left) overtakes and completely obscures the
bacterial peak (right, arrow). Improper setup of the SSC voltage did lead to problems in
the first experiments, as the noise peak at a too high SSC voltage is easy to mistake for
the bacterial population. In b) we see the final PMT voltages for the fluorescence
channels, and it can be seen that there is adequate separation between the cell cluster
(top, colored and gated) and the noise cluster (bottom, black). In general, too low
voltage results in the bacterial population overlapping with the noise. When the voltage
is raised, the bacterial peak is separated from the noise, to a certain point where the
trend will reverse. Further voltage increase will then again overlap the noise peak with
the cell population. This means there is an ideal voltage where the separation between
noise and signal is maximized. This ideal voltage drifts from day to day, and has to be
calibrated at the beginning of a new experiment. The ideal value is found by adjusting
the voltage up and down, and visually inspecting the changes in the data distribution. In
c) we see that the YFP samples show low CFP fluorescence at the ideal voltage (475V),
but the CFP samples show some YFP fluorescence. This is due to the higher CFP PMT
voltage that was required to reach a separation between CFP and noise (700V). In d) we
see the final YFP vs. CFP dot plot where each population in a mixed sample has been
annotated. Yellow-green dots correspond to YFP expressing cells, blue dots to CFP
expressing cells, red dots to dead or dying cells and green dots to the volumetric beads.
Black dots correspond to neither group and are considered background noise.

4.3 Sample stability
Since the FACSAria instrument is frequently booked, measurements in a 24 hour
experiment will have to be performed at one single session at the end of the experiment.
To test whether the samples could be held stable over this time, samples with or without
1xMIC Ciprofloxacin were plated at regular intervals, diluted in ice cold PBS, and
stored in either a refrigerator or ice-box for 24 hours. The resulting curves can be seen
in Fig. 10. As can be seen, there is no apparent time dependent divergence of the
concentration curves. The differences between the curves are attributable to
measurement variation. Still, the quicker the samples are cooled, the less difference
there should be from the actual time of sampling. Therefore ice-box storage is the
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Fig. 8: The time kill curves from the trial static experiments.

Fig. 9: The PMT voltage calibration and completed fluorescent voltage calibration settings.
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preferred method. The conclusion is that storage of the samples in an ice box can be
used to put them in stasis for CFU/ml measurement at a later time, with or without the
presence of Ciprofloxacin.

4.4 Precision of cell count determination with flow cytometry
The next step was to examine how well flow cytometry cell concentrations match
CFU/ml data yielded from plating. Two types of experiments were performed at this
stage, in the first a dilution series of a single fluorescent strain was tested against
simultaneous plating of the same sample. The dilutions were done in MH medium and
set to yield final cell concentrations between 102 to 108 cells/ml. Only the undiluted
master cultures were plated, and the concentrations in the diluted cultures were
calculated from these values. The diluted cultures were only measured on the flow
cytometer. The commercial flow cytometry Bacteria Counting Kit (tm) (Invitrogen, USA)
containing the SYTO BC DNA dye was used for comparison, according to the
manufacturers protocol. This experiment gives information on how accurate the
absolute counts are at high cell concentrations, and how linear the detection is when
diluting the cultures. The results can be seen in Fig. 11. Due to limited resources
(volumetric beads) only single measurements were made for each strain, but there is no
systematic bias evident between the strains. There appears to be a slight overestimation
of cell concentration with the YFP marked samples, and underestimation of CFP marked
samples, but this could be due to random variation. The linearity is good for the SYTO
BC and YFP marked strains, but the CFP curve deviates at low concentrations. The
SYTO BC dye either affected the cells negatively, or contained a large amount of
particulate material, since a large blot was formed that partially obscured the bacterial
signal (data not shown). Therefore this dye was not used in latter experiments.
In the second experiment various premixed ratios of CFP-ΔaraB and YFP marked
strains were analyzed by flow cytometry, and the measured ratios and cell counts were
compared to values from plating on McConkey agar plates. Here the precision of the
relative concentration ratio is measured. The experiment was done with high (10 8
cells/ml) and low (105 cells/ml) starting concentrations, and the mixing ratios of the two
strains were 1:1000, 1:100, 1:10, 1:1 and reverse. Two separate starting concentrations
were used due to practical difficulties in mixing greater ratios in the laboratory. The
total cells/ml span covered in both tubes was from 10 3 to 108 cells/ml. The actual
starting concentrations were determined by triplicate plating (MH plates), and each
mixed ratio was plated to control the ratios (McConkey plates). From the starting
concentrations, the "ideal" concentrations in each ratio sample were calculated and
compared to the McConkey plate and flow cytometry results. The results are
summarized in Fig. 12. From the results is is apparent that the flow cytometry method
gives a consistently slightly higher cells/ml value compared to the ideal dilution curve.
The CFU/ml from plating of each dilution is consistently slightly lower than the ideal.
Also in several other experiments it has been observed that McConkey plates give a
lower CFU/ml than MH plates, probably because they are based on defined instead of
rich medium (data not shown).
When the ratios are compared, they agree better than the absolute cell concentration
values. This further indicates a systematic difference between plating and this flow
cytometry method. It can also be seen that the CFP concentration deviates strongly
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Fig. 10: The result of the stability test. The YFP strain was grown with and without Ciprofloxacin in 1x
MIC concentration. At each timepoint, samples were taken and plated as well as saved on ice or in a 4°
refrigerator. The saved samples were plated after 24 hours, as would be the case when measuring samples
with the flow cytometer. The CFU/ml curves correlate well, and no apparent time-dependent trend
between direct plating, ice and refrigerator storage can be seen.

beneath 105 cells/ml, while the corresponding deviation occurs at 10 3 cells/ml for YFP.
This deviation at low concentration is caused by the accumulation of detector noise,
since the measurement times have to be increased for the more dilute samples.

4.5 Evaluation of Nile Blue A co-staining
Since the CFP signal is too low compared to the background noise for accurate low
concentration determination, a complementary staining with the red fluorescent, cell
specific Nile Blue A dye was evaluated. The staining was performed at the
recommended concentration and time49, and a dilution experiment was performed in the
same way as before. The co-staining was only performed on the CFP strain, and
therefore MH-plates were used for plating. The results can be seen in Fig. 13a. There is
approximately a 10-fold improvement in accuracy from the co-staining with NBA.
During the experiment it was observed that the red fluorescent NBA channel was also
affected by detector noise, due to the high voltage that was needed to get separation of
the bacterial population from the noise (675V).
A second experiment was done to examine whether improvements could be done to the
staining protocol, to be able to lower the detector voltage and thus avoid noise. Three
strategies were attempted, the first was to increase the concentration (2 and 10 times)
but maintain staining time, the second was to increase the staining time (1 hour instead
of 10 minutes), and the third was to have NBA present in the growth medium from the
start of the experiment in the same concentration as was originally tried. The last
method had been used succesfully by the group that first created the protocol for NBA
30

Fig. 11: The result of the first cell count measurements. Plating and fluorescent marking by proteins and
by an established fluorescent dye for bacterial cell counting by FCM is compared. In a), we see that flow
cytometry (yellow bars) produces similar cell concentrations as plating (blue bars) at high cell
concentrations. There is no apparent trend in the variation between the three techniques. In b, c) we see
that dilution of the YFP, CFP and SYOT BC stained cultures follows a linear trend when analyzed by
flow cytometry, at least down to 10 4 cells/ml. In d), (CFP) we see that the trend is not linear at low
concentrations.

staining of E. coli for flow cytometry49. In the results (Fig. 13b) we see that increasing
concentration and staining time does affect the separation between noise (left) and cells
(right, arrow), but not enough to provide complete separation between the peaks. In the
in-media staining, the PI fluorescence was also measured to see whether there would be
problems with NBA degradation to Nile Red, and thus interfere with the dead cell
detection, but no such degradation could be seen. Since NBA is a lipophilic dye, it is
possible that membrane permeabilization with e.g. EDTA could increase the bacterial
uptake. This modification of the protocol was not attempted, since membrane
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Fig. 12: The result of the comparison between flow cytometry and McConkey agar plates for determining
ratios of populations and their cell counts. The concentration of two overnight cultures were determined
by triplicate plating ("Real CFU"), and then mixed in different ratios. The cell concentration in each
mixture was determined by McConkey agar plating and flow cytometry ("Plating", "FCM"). In the
vertical row a), we see the results from the 10 8 cells/ml starting concentration. For YFP, the CFU/ml
plating curve correlates well with cell concentration by flow cytometry, down to 104 cells/ml. For the CFP
labeled strain, the flow cytometry curve deviates at ~106. The ratio between the two populations agrees
well with McConkey plating, except for high-YFP low-CFP samples (bottom left). In b), the lower
boundary of reliable YFP detection is ~103. The CFP strain has a consistent lower boundary of ~10 5. The
ratios between the populations reflect this discrepancy (lower left quadrant of the graph).
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permeabilization would increase uptake of PI and therefore mark the cell as dead. It is
also likely that the fluorescent protein signal would be lower due to leakage,
counteracting the purpose of the co staining.

4.6 Characterizing the background noise
From the cytometry data, it was clear that the signal to noise ratio was unacceptably
low. One possible solution could be to characterize the noise, and in case it is stable
subtract it from the signal. Also, such a characterization could give hints on which run
parameters that are relevant to optimize to lower the noise levels. In this
characterization, the noise dependence on flow speed, fluorescence detector voltage and
presence of the wide spectrum fluorescence beads was tested. Samples lacking cells but
containing all the other reagents were run for a fixed time of 10 seconds in the flow
cytometer, and the noise in the SSC-H/SSC-W cell gate as well as fluorescence gates
was counted. The results can be seen in Fig. 14. From this data, it can be seen that all
factors lead to increased noise. It is also clear that the CFP channel is more noisy at
these settings, and that it indeed is due to the detector voltage. The presence of beads
increase the background signal to a surprising degree, it appears that a high rate of bead
events induces background noise from the PMT. The conclusion is that to lower the
noise levels, the fluorescent PMT voltage should be low, the flow speed should be low,
and volumetric beads should be avoided.

4.7 Propidium iodide staining for viability detection with Ciprofloxacin
The last test was to examine PI as viability staining during Ciprofloxacin treatment. Due
to the problems with the CFP labeled strain, this test was only done with the YFP strain.
The bacteria were grown with and without without Ciprofloxacin, at 1x MIC
(0.38µg/ml), and sampled at regular time intervals. The samples were plated directly, as
well as kept on ice and measured at the end of the experiment with both flow cytometry
and plating. The results can be seen in Fig. 15. It is clear that the flow cytometry data
deviates from the plating data during the first four hours. After four hours, the samples
without antibiotic behaves identically between the two methods. The antibiotic
containing sample however has a constant and stable cell concentration curve according
to the flow cytometery method, while plating shows a more typical drop towards zero.
From the raw data, it is evident that in the antibiotic free samples the cells lose their
YFP fluorescence, while increasing sharply in PI fluorescence during the first hour;
while regaining YFP and loosing PI fluorescence for the following 3 hours, after which
cell count by YFP cells agrees well with he plating data. This is probably due to dilution
shock at the start of the experiment. In the Ciprofloxacin treated samples, the PI and
YFP staining shows a complex pattern throughout the whole experiment. Some cells
take up PI while losing YFP fluorescence, some cells retain their YFP fluorescence
while taking up PI, and a constant fraction of cells seem unaffected. As a result of the
antibiotic treatment, the cells seem to grow larger. Evidently, membrane integrity
staining with PI is poorly correlated with cell death from Ciprofloxacin, as the plating
curve of the same samples shows that no cells manage to recover and form colonies.
This is not an effect of the ice storage and delayed measurement, as the control plating
curve with the same treatment is practically identical.
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Fig. 13: The results from the Nile Blue A co-staining. In a), we see that staining with NBA at the
recommended concentration 0.5 µg/ml for 10 minutes (*) increased the sensitivity approximately 10-fold,
from ~105 to ~104 cells/ml. In b) we see that the NBA peak (black arrow) is not separated from the noise
peak, which explains the result. Changing the staining protocol increases the signal/noise ratio, but does
not help separate the peaks completely, and no major improvement to cell count sensitivity can be
expected. We also see that 24 hour incubation of NBA in aqueous solution (MH growth media) does not
produce significant amounts of Nile Red oxazone, which would be detected in the PI-channel
(mid-bottom histogram, arrow).

5

Conclusions and future aspects

5.1 Workflow, economics and ergonomics
An important part of this work was to evaluate and compare the workflow of the two
methods, with regard to ergonomics and time requirements. The plating method requires
an large amount of time in the laboratory, of which much consists of dilution steps or
plating of samples. In contrast, the actual measurement part of the flow cytometry
method is very quick, around 30 samples could be measured per hour. The data requires
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Fig. 14: The measurement of noise dependence on experimental settings. The noise signals in samples
lacking bacteria were collected for 10 seconds. Flow speed setting, fluorescent PMT voltage and presence
of volumetric beads were the varied parameters. In a) the noise events in the first SSC-W/SSC-H filter
gate is counted. Increasing the flow speed increases the noise, while lowering fluorescence PMT voltage
predictably has no effect on SSC noise (normal and low voltage readings have identical noise in the SSC
channel, green and blue line). Presence of beads leads to a larger increase in noise for each increase in
flow speed (red line). The same is true in the final filtered CFP and YFP definitions, except that lowering
the voltage also predictably lowers the noise level (green line). Flow setting 5 was normally used in all
measurements in the project.

more extensive post-measurement computer analysis of the results, however. In the end,
both methods require approximately equally much time (Fig. 16). The ergonomics are
vastly improved though, since much of the repetitive pipetting and all of the shaking
motions are removed. The most important gain of the flow cytometry method is the
potential for upscaling via experiment parallellization, since even though the current
protocol is equally manpower consuming the potential exists for large improvements.
For example, aquiring a benchtop flow cytometer could allow sample measurements to
be done directly, and data analysis could be done between the sampling steps. One
especially interesting approach is microtiter plate capable flow cytometers, with such an
instrument almost all steps would be automated and the amount of experiments that can
be performed at once would increase. Depending on the speed of such an automated
machine, I would estimate up to five sets of experiments per two days could be
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Fig. 15: Ciprofloxacin time kill curve with plating and FCM. a) Time kill curves. b) PI and YFP
fluorescence during the 0-4h duration, where the FCM curve deviates from plating. Green is
YFP-expressing cells, blue is dead cells that took up PI, orange is cells presenting both.
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performed instead of one.
When it comes to the cost of the two methods, this flow cytometry protocol is slightly
costlier than plating calculated per sample (Table 3). However, it is important to note
that the majority of this cost comes from the volumetric beads and instrument rental
time (calculated from ~30 measurements per hour). Eliminating the need for volumetric
beads and instrument rental would reduce the cost per sample by ~90%. Labor costs are
not included in this calculation, as they are dependent on the full experiment time and
therefore approximately the same for both methods.

5.2 Final evaluation of the flow cytometry method
Due to the problems with the CFP marked strain, no full comparisons between the
different methods could be made. There was simply no point in proceeding with a
complete competitive growth study when one of the strains could not be detected
reliably. The reasons for the CFP problems are the high detector noise levels in the CFP
channel, which are caused by a combination of factors. The detector noise is most likely
partly particulate contaminants present in the sample and partly photoelectron statistics
from the PMT itself. The noise is much less in the YFP channel, due to lower detector
voltages. This both lessens the errant PMT signals, and reduces the number of small
particulates overlapping the cell population. The particulates were present even though
all solutions were 0.22 µm filtered, and it is likely that they are unavoidable when
dealing with living cultures. Usually in standard protocols for bacterial staining, several
washing steps by centrifugation and resuspension are used to reduce the amount of
background particulates. We choose to avoid using such steps in this project due to the
unacceptable loss of bacteria. The main reason for the high noise levels in the CFP
channel is the high detector voltage however, and this is in turn dependent on the
strength of the light signal. Since the 405nm laser is not optimal for exciting CFP, and
the detector filters that are available are at non-optimal wavelength for detecting the
emission, the CFP signal is especially weak. CFP in itself is also an inherently weaker
fluorophore compared to YFP (39 vs. 151 percent of EGFP relative brightness), further
diminishing the signal. The Nile Blue A co-staining did not improve the detection
threshold enough to reach YFP-levels, most probably because it is a weak and
unoptimized dye. The same problem with high background levels exist in the NBA
channel, for the same reasons as for CFP. Since the dye is weak, the PMT voltage has to
be high, and the noise rate increases. Another contributing factor is that the NBA dye is
present in the sample during measurements, since we as previously mentioned do not
wash the samples. This adds to the background fluorescence. Furthermore, a problem
with fluorescent protein marking in general seems to be that at some bacterial growth
stages the signal can disappear. When following the growth curve from inoculation with
diluted overnight culture, the first four hours show a very dramatic decline. Plating does
not show such a decline, which means that the cells have lost their fluorescence post
inoculation, during the lag-phase. A possibile mechanism for this could be that the
membranes are compromised from dilution shock, and the marker is released into the
environment. The PI staining indicates that the bacterial cells in fact do suffer extensive
loss of membrane integrity after dilution into the fresh media, which means that the
cells were damaged from the dilution procedure (Fig. 15). The signal is regained when
the cells enter logarithmic growth, however.
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Fig. 16: Comparison of the time requirements for the different methods. Arrow size is proportional to
time requirement. Green arrows indicate a task that is not time critical, and can be moved with little effect
on the result. Red arrows (actual sampling) are time critical. The diagram shows a standard 24 hour kill
curve experiment, with 9 measurements at each of the 8 time points. a) is plating, b) is flow cytometry
with samples stored. c) was not tried, but is an estimate. This work flow is only possible with unlimited
access to a closely situated flow cytometer.

Table 3. The per sample cost for each method, based on price and consumption of
reagents and materials.
Flow cytometry
Volumetric beads
NBA dye
PI dye
Instrument time
Consumables
Sum:

Cost per sample (SEK)
12.08
0.000018
1.13
13.33
~1
~27

Plating
Plates
Consumables

Cost per sample (SEK)
21
~1

~22

The viability stain using PI did not work as intended with Ciprofloxacin. It is evident
that membrane integrity correlates badly with cell death in cells treated with this
antibiotic. These results match an earlier study on flow cytometry to measure cell death
from Ciprofloxacin exposure50. In this study it was shown that the cells form filaments
as a result of being unable to separate after replication, and only to a certain degree lose
membrane potential and/or cell membrane integrity. After removal of Ciprofloxacin, and
addition of fresh media, the cells recovered, even though they were unable to form
colonies on a plate. Similarly in my results, a portion of the cells do suffer loss of
membrane integrity, but a significant portion do not take up the PI dye and therefore
likely have an intact cell membrane. The cells with intact membranes also retain their
fluorescent protein signal even though they are not able to form colonies on the plate.
The cellular effects of Ciprofloxacin is not known, but it appears that the cells do not
lyse and instead remain in the solution relatively intact but non-culturable on solid
medium. Whether they are really viable or not can be questioned, but it is possible that
the treated cells have entered such a viable but non-culturable state51. This interpretation
is supported by the observation that the cells grow larger over time than the non
antibiotic treated cells, based on the SSC data. This increase in detected cell size
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probably represents the formation of filaments mentioned earlier. A similar effect has
been observed by treatment with Nalidixic acid52, a quinolone relative of Ciprofloxacin.
It is very likely that PI viability staining would work better with a bacteriolytic agent,
and also possibly at a higher concentration of Ciprofloxacin than the 1x MIC that I
tested.
Everything considered, the flow cytometry protocol needs to be modified extensively to
make this method work well enough to replace plating. It is possible it will never be
able to completely replace plating for full scale time-kill curve experiments with a broad
range of antibiotic types, concentrations and bacterial species. Both because noise
always will be a problem at some level of cell concentration, and also because the
difficulties in creating robust protocols. In this sense flow cytometry for cell
concentration is in many ways complementary to plating, as it excels at high cell
concentrations but has problems at low, whereas the reverse is true for plating. It
additionally provides information on cell state which is lost in the plating process. In the
end, it is evident that the method would have to be adapted and validated between
different types of bacteria and antibiotics, and the question is whether time will be
saved.

5.3 Recommendations for an improved protocol
There are essentially three possible ways to solve the CFP noise problem, i) switch to a
more sensitive flow cytometer, ii) switch to a more suitable fluorescent protein for the
lasers in the FACSAria, and iii) try a stronger unspecific co-stain.
Due to improvements in microfluidics, PMTs and lasers, flow cytometers have
undergone a dramatic development during the last five years. As mentioned previously,
the newest instruments emerging on the market are cheap, specialized 2 or 3 laser
benchtop machines directed to the individual reasearcher, like the Accuri C6, Millipore
8HCT and Partec CUBE. Of these, especially the 3-laser Partec CUBE is interesting as
it is both more suitable for microbiological work than the FACSAria; and also has a
built-in absolute cell counting in each sample, without need for volumetric beads. As a
comparison, the FACSAria has a minimum detectable cell size of 0.5 µm, while the
CUBE improves this tenfold down to 50 nm. This improvement is due to a high
numerical aperture lens positioned in front of the SSC detector. At these scales bacterial
species can be separated directly based on their cell shape, and also the detector noise
levels are more separated from the bacterial population. The Partec CUBE can also be
equipped with four times stronger excitation lasers (100mW compared to 25mW) than
the FACSAria, further increasing the signal strength. Note however that stronger lasers
does not linearly scale with stronger signal, and that they might mean more noise. With
this flow cytometer, the current protocol would most likely work without modification,
especially if a more suitable excitation laser for CFP than the voilet 407 nm is chosen.
A new fluorescent protein to replace CFP is probably the most economical, direct and
likely method to be implemented. The problem is which protein to use, as the violet 407
nm laser as explained earlier lies in a gap directly in between the available CFP and BFP
groups excitation peaks. Furthermore, the red 633 nm laser line completely lacks any
suitable fluorescent protein, and the red-orange spectrum is occupied by PI emission. A
switch to most of the available BFP variants would also not contribute much, since they
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are generally very weak. However, today there exists a recently marketed
biotechnologically enhanced BFP called mTagBFP53, which has its excitation peak
shifted compared to other BFPs. Its excitation peak lies directly at the optimal 405-410
nm region, and it is also notable since it is very strong, almost as efficient as EYFP
(98% EGFP relative brightness). This fluorescent protein is currently proprietary and
quite expensive. It is open for research use according to patent law, however, and the
sequence is publicly available. A switch to mTagBFP could be done cheaply and quickly
by ordering the sequence on plasmid form from a generic synthesizing company,
followed by cloning by homologous recombination (e.g. λ Red recombineering).
Finally, stronger non-specific cell staining dyes for either the 407 or 633 nm laser or
both can be bought. Suitable candidates include the SYTO and Alexa stains, which
both permeate cell membranes and bind to DNA and increase their fluorescence
intensity dramatically. They are also more stable than NBA, which is an additional
benefit even if a NR cross signal in the PI detector could not be seen in this study.
However, there is a risk that these dyes would face the same technical issues as NBA,
which stem from our reluctance to use washing steps and fixation of the cells. They are
also highly expensive, and would increase the cost per sample for this method
substantially.
For the viability determination problem, it is clear that with Ciprofloxacin treatment a
more suitable viability stain is needed. As mentioned earlier, stains for membrane
potential or metabolic activity are probably a better option when using non-lytic
antibiotics, if we are only interested in detecting cell viability. Previous studies have not
had much luck in using membrane potential stains with Ciprofloxacin, however50. FDA
staining unfortunately collides with the YFP marker in the yellow spectrum, but
respiration staining by CTC combined with membrane potential staining by DiOC2(3)
could be a candidate to investigate, provided that their close emission signals can still be
adequately separated.

5.4 Other options to flow cytometry
Everything considered, the flow cytometry based method remains promising but not
useful for time-kill curves at this stage. To get a comparable increase in sampling speed,
reduction in workload, improved ergonomy, maintained conformity with the standard
plating method, while avoiding to introduce unnecessary complex sample measurement
lag and staining procedures, it might be a simpler solution to buy an automated plating
machine. The cost of such a machine is approximately half to one of the new CUBE
bench-top flow cytometers according to the manufacturers. The downside is the loss of
the possibility to expand research into single cell molecular topics at a later stage.

5.5 Summary
With the decrease in company involvement in the antibiotic research sector, the role of
academic research will have to expand and fill the void. Since the academic world
typically is short on manpower and money compared to the industry, it is vital to
develop highly automated and robust techniques. Such developments are equally
important for the industry, but the development might not be risked in the current
economic climate. I believe that flow cytometry systems, in both manual and automated
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form, has the potential to be much wider used in antibiotic research. However, to realize
this it is necessary to invest in new instrumentation and fluorescent markers, as the
previous generations of systems require too high cell concentrations to get precise
measurements, take too long time per sample, and are very costly both up front and in
operation. Based on the experiences from this project, it would also be necessary to
invest time and money in developing more automated methods for handling and
analyzing data from a larger number of samples. Either commercial software packages
will have to be acquired, or in house adaptation of the available programming packages
for flow cytometry will have to be performed. If these issues are addressed, flow
cytometry has the potential to vastly speed up data generation while still maintaining
accuracy for antibiotic resistance research, hasten the development of the crucial in
silico resistance models, as well as at the same time providing richer information such
as the state of individual cells.
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