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Abstract

Bacterial biofilms are usually known for their negative effects, but they can also
be applied on the industrial-scale production of added-value products such as bioethanol,
organic acids and enzymes. The main goal of this thesis was to assess the potential of
Escherichia coli biofilms to produce a model heterologous protein, the enhanced green
fluorescent protein (eGFP), from a recombinant plasmid. Besides being an excellent
model for biofilm studies, E. coli is one of the favourite hosts for recombinant protein
expression. Versatile genetic tools are available for high-level protein expression in this
Gram-negative bacterium, where expression induction is simple and cost-effective. Two
biofilm formation platforms were used in this work, the 96-well microtiter plate for
screening purposes and a flow cell for long-term biofilm formation assays.

Microtiter plates are one of the most commonly used biofilm formation platforms.
However, hydrodynamic conditions inside those plates are poorly understood and
therefore computational fluid dynamics (CFD) was used to determine the shear rate
distribution in 96-well microtiter plates for different orbital diameters and shaking
frequencies. Numerical simulations indicated that the 96-well microtiter plate is a
powerful platform for biofilm formation and that the hydrodynamic conditions inside
their wells are able to simulate those found in a variety of applications, including
biomedical scenarios, if the right operating conditions are used. Although the macroscale
techniques used (crystal violet and resazurin) did not reveal bulk differences on the
amount and metabolic state of sessile cells when comparing shaking with static
conditions, scanning electron microscopy (SEM) showed that biofilm deposition and
morphology was not uniform and that the biofilm characteristics correlate strongly with
local shear strain rates along the wall of the well. The higher shear rates below the
interface were associated with the formation of dispersed aggregates containing cells of
smaller size, while a decrease in the shear rate values resulted in a homogeneous
distribution of single cells of larger size. A differential crystal violet (CV) staining method

was also used to determine the spatial location of biofilms in microtiter plates. The results
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obtained by this novel method and by SEM reinforce the need to complement macroscale
approaches with a microscale analysis of biofilms.

The interaction between heterologous protein production and biofilm formation
was first assessed on E. coli JIM109(DE3) cells transformed with plasmid pFM23 for
eGFP expression, using as control a strain harbouring the same plasmid backbone but
lacking the eGFP gene (plasmid pET28A). Results showed that biofilm formation was
enhanced for the eGFP-producing strain. Furthermore, it was found that the specific
protein production from biofilm cells was about 30 fold higher than in planktonic state
and that the volumetric productivity is already within the range that can be obtained by
conventional high cell density cultures (HCDCs), even before optimization of cultivation
conditions.

Recombinant protein production is dependent on many factors, including the
composition of the culture medium. Increasing the kanamycin (selection marker)
concentration had a modest effect on the specific eGFP production of biofilm cells, but
the change of diluted medium (DM) to lysogeny broth (LB) led to increased eGFP
expression in both planktonic and sessile states (20 fold and 2 fold, respectively). Single-
cell scale analysis of the biofilms has shown that eGFP expression was highly
heterogeneous and that this heterogeneity increased with time. Biofilm analysis by
confocal microscopy revealed that this heterogeneity is probably due to the fact that
expressing cells are located in the upper layers of the biofilm where oxygen penetration
readily occurs. Concerning chemical induction by isopropyl-B-D-thiogalactoside (IPTG),
it was observed that the inducer increased the eGFP levels in biofilm cells when compared
to the non-induced culture and that the expression profile was not associated with the
gene dosage. It was also established that the biofilm environment enhances plasmid
retention. Additionally, biofilm analysis at single-cell scale revealed that the producing
capacity of the biofilm system is limited by the low percentage of eGFP-expressing cells.
The indentification of this bottleneck enables the further design of optimization strategies

to increase the potential of E. coli biofilms for recombinant protein production.

Keywords: Biofilm; Escherichia coli; microtiter plate; hydrodynamics; plasmid;

recombinant protein production; enhanced green fluorescent protein; flow cell.
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Resumo

Os biofilmes bacterianos s@o geralmente conhecidos pelos seus efeitos negativos,
embora sejam também aplicados na producéo de produtos de valor acrescentado a escala
industrial, como o bioetanol, &cidos organicos e enzimas. O objetivo principal desta tese
foi avaliar o potencial dos biofilmes de Escherichia coli na producdo de um modelo de
proteina heterdloga, a proteina verde fluorescente melhorada (em inglés “enhanced green
florescent protein” ou eGPF), a partir de um plasmideo recombinante. Além de ser um
excelente modelo para estudos de biofilme, a E. coli ¢ um dos hospedeiros preferidos para
a expressdo de proteinas recombinantes. Ferramentas genéticas versateis estdo
disponiveis para a elevada expressdo de proteinas nesta bactéria Gram-negativa, onde a
inducdo da expressdo é simples e de baixo custo. Neste trabalho foram usadas duas
plataformas para a formacéo de biofilme, a microplaca de 96 pogos para rastreio e uma
célula de fluxo para ensaios longos de formacéo de biofilme.

As microplacas sdo uma das plataformas de formacéo de biofilme mais utilizadas.
Contudo, desconhece-se as condicBes hidrodindmicas dentro dessas placas, pelo que a
dindmica de fluidos computacional (em inglés “computational fluid dynamics” ou CFD)
foi usada para determinar a distribui¢do da taxa de deformagéo (em inglés “shear strain
rate”) em microplacas de 96 pocos sujeitas a diferentes didmetros de orbital e frequéncias
de agitacdo. As simulacBes numéricas indicaram que a microplaca de 96 pocos é uma
plataforma poderosa para a formagdo de biofilme e que as condig¢fes hidrodindmicas
dentro dos seus pocos sdo capazes de simular os biofilmes encontrados em diferentes
locais, incluindo cenarios biomédicos, se forem selecionadas as condi¢des operacionais
adequadas. Embora as técnicas a macroescala utilizadas (violeta de cristal e resazurina)
ndo tenham revelado diferencas na quantidade e estado metabolico das células sésseis
comparando condicdes de agitacdo com condi¢Oes estaticas, a microscopia eletronica de
varrimento (em inglés “scanning electron microscopy” ou SEM) mostrou que a deposicéo
e morfologia do biofilme ndo foi uniforme e que as suas caracteristicas se correlacionam
fortemente com taxas de deformacéo locais ao longo da parede do pogo. As taxas de

deformacdo mais elevadas encontradas abaixo da interface estdo associadas a formagéao
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de agregados dispersos contendo células de tamanho mais pequeno, enquanto uma
diminuicdo nos valores da taxa de deformagéo resultou numa distribuicdo homogénea de
células individuais de tamanho maior. Um método de coloracdo diferencial com violeta
de cristal foi também usado para determinar a localizacdo espacial dos biofilmes nas
microplacas. Os resultados obtidos por este novo método e por microscopia eletrénica de
varrimento reforgcam a necessidade de complementar as abordagens & macroescala com
uma analise a escala micro dos biofilmes.

A interacdo entre a producéo da proteina heteréloga e a formacéo de biofilme foi
avaliada em primeiro lugar em células de E. coli JIM109(DE3) transformadas com o
plasmideo pFM23 para a expressdo de eGFP, utilizando como controlo uma estirpe que
contém um plasmideo com os mesmos elementos, mas ao qual falta o gene da eGFP
(plasmideo pET28A). Os resultados mostraram que a formacéo de biofilme foi superior
para a estirpe produtora de eGFP. Verificou-se também que a producdo especifica de
proteina nas células do biofilme foi cerca de 30 vezes maior do que nas células
plancténicas em estado estaciondrio, e que a produtividade volumétrica esta ja dentro da
gama que pode ser obtida com culturas convencionais de elevada densidade celular (em
inglés “high cell density cultures” ou HCDCs), mesmo sem otimizacdo das condicdes de
cultura.

A producdo de proteina recombinante depende de muitos fatores, incluindo a
composicdo do meio de cultura. Aumentar a concentra¢do de canamicina (marcador de
selecdo) teve um efeito modesto na producdo especifica de eGFP nas células do biofilme,
mas a mudanca do meio diluido (DM) para o meio lisogénico (em inglés “lysogeny broth”
ou LB) conduziu a um aumento da expressao de GFP nos estados plancténico e séssil (20
e 2 vezes mais, respetivamente). A analise dos biofilmes a escala celular mostrou que a
expressao de eGFP foi altamente heterogénea e que esta heterogeneidade aumentou com
o tempo. A analise do biofilme por microscopia confocal revelou que a heterogeneidade
se deve provavelmente ao facto de as células que expressam estarem localizadas nas
camadas mais externas do biofilme em que a penetragdo do oxigénio é facilitada. No que
diz respeito a inducdo quimica com isopropil-B-D-tiogalactosideo (IPTG), observou-se
que o indutor aumentou os niveis de eGFP nas células do biofilme quando comparado
com a cultura ndo induzida e que o perfil de expressdo ndo esta relacionado com a
dosagem génica. Foi tambem estabelecido que o biofilme promove a retencdo do
plasmideo. Além disso, a andlise do biofilme a escala celular revelou que a capacidade

de producéo do sistema de biofilme é limitada pela baixa percentagem de células que
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expressam eGFP. A identificacdo desta limitacdo permite o posterior desenho de
estratégias de otimizacdo de modo a aumentar o potencial dos biofilmes de E. coli na
producdo de proteinas recombinantes.

Palavras-chave: Biofilme; Escherichia coli; microplaca; hidrodindmica; plasmideo;
producdo de proteina recombinante; proteina verde fluorescente melhorada; célula de
fluxo.
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Introduction

1.1. Relevance and motivation

Biofilms are communities of microbial cells that grow on living or inert surfaces
and surround themselves with secreted polymers. Bacterial biofilms are often unwanted
since they can cause water contamination in potable distribution systems (Simdes et al.
2010a), infection or clogging of medical devices (Bryers 2008), contamination of
household products and food preparations (Bridier et al. 2015), and biofouling of heat
exchange systems (Pogiatzis et al. 2015). Nevertheless, biofilms can find application in
processes as diverse as the production of industrial chemicals like ethanol, butanol and
lactic acid (Qureshi et al. 2005, Qureshi et al. 2004), bioremediation (Edwards &
Kjellerup 2013, Singh et al. 2006), wastewater treatment (Nicolella et al. 2000), and even
generation of electricity in microbial fuel cells (Cristiani et al. 2013).

The field of recombinant protein production has historically focused on bacteria
growing in liquid culture. However, the natural state for many bacteria is not to grow in
liquid culture, but rather living as a community attached to a surface. Recombinant protein
production in biofilms has been studied in the context of waste biodegradation (Bryers &
Huang 1995, Venkata Mohan et al. 2009), but this approach could also be advantageous
for the biosynthesis of pharmaceutical intermediates and catalysts for the food industry.

The Gram-negative bacterium Escherichia coli is a preferred host for the
production of recombinant proteins (Mergulh&o et al. 2004b, Sanchez-Garcia et al. 2016)
due to its fast growth at high cell densities, minimal nutrient requirements, well-known
genetics and the availability of a large number of cloning vectors and mutant host strains

(Baneyx 1999). E. coli has the ability to accumulate many recombinant proteins to at least
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20% of the total cell protein content (Pines & Inouye 1999) and, in some cases, to
translocate them from the cytoplasm to the periplasm (Mergulh&o et al. 2005). Despite its
natural inability to perform some post-translational modifications like glycosylation
(Rosano & Ceccarelli 2014) and its limited secretion capacity (Folch et al. 1957,
Mergulhdo et al. 2005), E. coli remains at the forefront of the expression systems used
for the production of many recombinant proteins. For example, among marketed
biopharmaceuticals for antitumoral therapies, 69% are produced in E. coli against only
26% produced in mammalian cells (Sanchez-Garcia et al. 2016).

Recombinant protein expression in E. coli biofilms was pioneered by Huang et al.
(1993, 1994a, 1995) who have compared the production of (-galactosidase in E. coli
DH5a planktonic and biofilm cells. These authors found that the recombinant protein was
successfully produced in biofilm cells, although at low level than in planktonic cells
(Bryers & Huang 1995, Huang et al. 1993). Much later, O’Connell et al. (2007) have
described the first system for high level heterologous protein production in E. coli biofilm
cells using a pUC-based vector for the expression of enhanced green fluorescent protein
(eGFP). It has been shown that the biofilm environment enhanced the production of eGFP
when compared to planktonic cells. Additionally, continuous biofilm cultures for
heterologous protein production were beneficial for retention of plasmid-bearing cells
when compared to chemostats (O'Connell et al. 2007). Despite the enormous potential of
this expressing system, this subject remains largely unexplored.

In a previous work, our research group showed that the presence of the non-
conjugative plasmid pET28A in E. coli IM109(DE3) cells increased biofilm formation
under turbulent flow conditions when compared to a non-transformed strain (Teoddsio et
al. 2012a). Having established this, it is pertinent to ask if the additional metabolic load
imposed by the introduction of an eGFP-coding cassette into this plasmid has a further
impact on biofilm formation.

The role of plasmids in bacterial biofilms is likely much more complex than what
is observed in homogeneous batch cultures (Cook & Dunny 2014). Recombinant protein
expression in biofilms is probably highly heterogeneous and may allow for the
development of subgroups within the biofilm population that are specifically poised to
react to different environments and stimuli. By performing single-cell analysis during
biofilm development, one can better understand the physiology of biofilm cells and
optimize the operational factors that can lead to a higher specific production of

recombinant proteins by these cells with potential industrial application.
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1.2. Objectives and outline

The main objective of this thesis was to assess the potential of E. coli biofilms to
express a model heterologous protein, the eGFP, from a recombinant plasmid. Two
biofilm formation platforms were used for this purpose - flow cells and agitated microtiter
plates. Microtiter plates were used essentially for screening purposes due to their high
throughput. Flow cells were used for long-term assays and both platforms were used in
controlled hydrodynamic conditions.

For expression studies, plasmid pFM23 was used (Mergulh&o et al. 2004a). This
vector has the backbone of plasmid pET28A, harbouring the T7 promoter for the
cytoplasmic production of eGFP, which can be induced by the non-hydrolysable lactose
analogue isopropyl-B-D-thiogalactoside (IPTG). Since heterologous protein production
is dependent on several cultivation factors, the influence of antibiotic concentration (used
to maintain the selective pressure), nutrient medium composition and IPTG induction on
eGFP expression and biofilm formation was evaluated. This study was complemented by
a single-cell analysis technique to provide information on the fluorescent protein
distribution in individual cells, which may be important for bioprocess monitoring,
particularly when using biofilms that are known to be highly heterogeneous. The final
purpose of this work was to identify cellular bottlenecks in biofilm systems, enabling the
development of efficient strategies to increase the production of heterologous proteins in
sessile cells.

This thesis is outlined as follows:

Chapter 2 is a brief literature review describing the state of the art pertaining to this

thesis.

In the following two chapters, a detailed characterization of the hydrodynamic conditions
inside the biofilm platform used for screening purposes - the 96-well microtiter plate -

was made.
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In Chapter 3, the influence of hydrodynamic conditions and nutrient concentration on E.
coli biofilm formation in the 96-well microtiter plate was assessed. Computational fluid
dynamics (CFD) was performed to characterize the hydrodynamics inside the wells of a
96-well microtiter plate under different orbital shaking conditions, as well as to define the
operational conditions to be used in order to simulate relevant biomedical scenarios where
biofilms develop. It was also intended to verify if the microtiter plate can reproduce the
shear forces experienced in a flow cell operated under turbulent regime.

In Chapter 4, macroscale and microscale methods were used to study the impact of
hydrodynamic conditions on the location and amount of biofilms formed on the vertical
walls of 96-well plates. A new method was developed by combining the high throughput
features of the common crystal violet (CV) staining with the determination of the spatial
localization of the biofilm without the use of expensive equipment such as scanning

electron microscopes.

After this initial hydrodynamic characterization, the following studies on the impact of E.
coli biofilm formation on recombinant protein production were performed in a flow cell

system.

Chapter 5 evaluates the potential of E. coli IM109(DE3) biofilm cells to express a model
protein (eGFP) from a recombinant plasmid (plasmid pFM23). This strain was compared
with a control strain containing the same plasmid backbone but lacking the eGFP gene
(vector pET28A). The fluorescence of eGFP enabled the analysis of recombinant protein

expression levels in both planktonic and biofilm cells.

In Chapter 6, the influence of culture conditions - antibiotic concentration and nutrient
medium composition - on the expression of the heterologous protein in biofilms was
assessed. E. coli JIM109(DE3) cells transformed with plasmid pFM23 were used. This
vector contains a kanamycin resistance gene. The 96-well microtiter plate was used for
the initial screening of kanamycin concentrations. Then, a flow cell system was used to
expose the bacterial cells to two kanamycin concentrations (20 or 30 pug ml™) during
biofilm development in two different culture media, a diluted medium (DM) and the

lysogeny broth (LB).
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Chapter 7 presents a simple and accurate method using fluorescence imaging for
quantifying the leaky expression of eGFP within a biofilm population at bulk and single-
cell levels.

In Chapter 8, the effects of IPTG induction on E. coli biofilm cells producing a
heterologous model protein were determined. The 96-well microtiter plate was used to
determine the IPTG concentration and the induction day that yields the highest specific
eGFP fluorescence in order to use these parameters in the flow cell experiments. A
complete characterization of induction effects in both planktonic and biofilm cells was
made, including experimental data on plasmid stability, recombinant protein transcription
and translation, and cellular metabolic activity. This molecular analysis was
complemented with the theoretical determination of IPTG levels in suspension and on the

liquid/biofilm interface.

In Chapter 9, two different techniques based on fluorescence - fluorometry and
epifluorescence microscopy - were used to analyse the impact of IPTG induction on the
eGFP production at bulk and single-cell levels, respectively. Analysis at single-cell scale

enabled the identification of the production bottleneck in this system.

Finally, Chapter 10 contains the main conclusions of this work and some suggestions for

future work identified within the course of this thesis.
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2.1. What is a biofilm?

Bacteria and other organisms tend to attach to solid surfaces where they grow and
produce a polymeric matrix, forming a biofilm comprised either of single or multiple
species (Costerton et al. 1999, Davey & O'Toole 2000, Stoodley et al. 2002). The
definition of biofilm has changed significantly from the first description of the
phenomenon more than 70 years ago (Zobell 1943). Currently, biofilm is defined as a
multicellular population characterized by their spatial order, formation of extracellular
polymeric substances (EPS) and increased tolerance to antimicrobial agents. More than
90% of the wet biofilm mass is water, and the EPS containing polysaccharides and
glycoproteins correspond to more than 70% of the dry biofilm mass (Melo & Oliveira
2001). The EPS matrix plays an important role in biofilm maintenance since it delays or
prevents biocides and other antimicrobial agents from reaching microorganisms within
the biofilm, and modulates the nutrient concentration necessary for their survival (Allison
2003, Sutherland 2001). The thickness of the biofilm varies from a few microns to a few
centimeters, depending on the microbial species, biofilm age, nutrient availability and
environmental liquid shear stress.

Biofilms are often unwanted and have severe effects in industrial and biomedical
settings. Besides causing additional problems in cleaning and disinfection, biofilms may
cause energy losses and blockages in membrane systems and heat exchangers, a
phenomenon known as biofouling. Biofouling costs can represent up to 30% of the entire
plant operating costs in membrane systems (Melo & Flemming 2010) and, in specific

cases such as power and desalination plants, they may exceed $15 billion per year (Melo
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& Flemming 2010). However, the biofilms enjoying the worst reputation are undoubtedly
those found in the health sector (Bryers 2008) since they are responsible for more than
60% of all microbial infections (Shunmugaperumal 2010). Overall, a large percentage of
biofilm-related infections are associated with indwelling medical devices (Hancock et al.
2007). For instance, catheter-associated urinary tract infection (UTI) accounts for more
than 1 million cases in United States hospitals and nursing homes (Tambyah & Maki
2000) and the estimated annual cost of caring for patients with these infections is around
$2 billion (Foxman 2003). However, biofilms can be used in many applications, such as
water purification and wastewater treatment (Nicolella et al. 2000), bioremediation
(Edwards & Kjellerup 2013, Singh et al. 2006), and enhanced production of added-value
products like ethanol, organic acids, enzymes, antibiotics and polysaccharides (Cheng et
al. 2010, Demirci et al. 2007). Unlike the applications for wastewater treatment and
bioremediation, which have been intensively studied, biofilm reactors which are
implemented to produce added-value products remained in bench- or pilot-scale during
the last decades. In spite of this, biofilm reactors have been demonstrated to enhance the
production of such products because they can attain increased volumetric productivity
rates by maintaining high biomass concentration (Demirci et al. 2007). With high stability
and low nutrient requirement, biofilm reactors can be used for the development of
continuous fermentation and to be applied in the industrial-scale production of added-
value products.

From all the microorganisms that form biofilms, bacteria are the predominant
group. Many E. coli isolates have the ability to form biofilms either in vivo or in vitro
(Beloin et al. 2008) and, in recent years, the need to gain more knowledge on the
molecular mechanisms underlying biofilm initiation and development led to the
emergence of E. coli as a model organism due to its well characterized genetics (Beloin
et al. 2004, Hancock et al. 2007, Prigent-Combaret et al. 1999, Wood 2009). This
bacterium is an important member of the intestinal microflora, acting as a harmless gut
commensal, or as an intra- or extra-intestinal pathogen (Beloin et al. 2008). Furthermore,
E. coli is a highly versatile bacterium, with over 250 serotypes, associated to
contamination of medical devices or to the primary cause of recurrent urogenital
infections (Dorel et al. 2006, Jacobsen et al. 2008). In terms of its impact on industrial
processes, E. coli is a typical indicator of the sanitary quality of water (Van Houdt &
Michiels 2005) and forms biofilms in food processing environments (Marouani-Gadri et

al. 2009) and on water distribution systems (Juhna et al. 2007).
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2.1.1. Biofilm formation process

The accumulation of biofilm is a natural process, which follows a sigmoidal
pattern (Figure 2.1) as a result of the balance between physical, chemical and biological

processes that occur simultaneously (Bott 1993).

y
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Figure 2.1. Biofilm accumulation through time [based on Melo & Flemming (2010)].

A common model for the formation of a differentiated and mature biofilm has
been proposed and includes five different stages: (1) initial reversible attachment to a pre-
conditioned surface, (2) transition from reversible to irreversible attachment, (3) early
development of biofilm architecture, (4) development of microcolonies into a mature
biofilm, and (5) dispersion of cells from the biofilm into the surrounding environment
(Stoodley et al. 2002). Biofilm formation steps are represented in Figure 2.2.

It is known that the initial conditioning film is a very thin monolayer formed on
the adhesion surface, which will be the docking place for the first reversibly attached
cells. The rate at which the conditioning film forms depends on the concentration of
organic molecules in the culture medium that contact with the surface, the affinity of those
molecules to the support and the hydrodynamic features of the fluid, such as velocity and
turbulence (Chamberlain 1992). The physical properties of the surface are also of capital
importance for the adhesion of organic molecules, namely the surface charge, free energy

and roughness (Boulange-Petermann et al. 2004, Tsibouklis et al. 1999).
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Figure 2.2. Schematic representation of biofilm development: (1) initial reversible attachment, (2)
irreversible attachment, (3) cell proliferation, (4) maturation, and (5) dispersion of cells from the biofilm

into the surrounding environment [based on Monroe (2007)].

After the initial conditioning film is established, there is the transport of microbial
cells from the aqueous medium to the solid surface. The molecules present in the initial
development of biofilm may provide a strong and stable adhesion through the formation
of polymeric chains with the exopolymers on the surface of microorganisms, or through
the external filamentous appendages, such as flagella, pili and fimbriae, that some bacteria
as E. coli present (Van Houdt & Michiels 2005). Once the first microbial layer is formed,
the subsequent adhesion of other cells and abiotic material is favoured.

With the substrate molecules reaching the cells inside the matrix, the production
of biomass and extracellular polymers increases, as well as the dry mass and thickness of
the biofilm. Complex architectures with pedestal-like structures, water channels and pores
are formed to enable the convective and diffusive transport of oxygen and nutrients into
the biofilm (Melo 2003).

Simultaneously, erosion or sloughing-off occurs in response to fluid shear forces,
weak internal cohesion and depletion of nutrients or oxygen supplied in the biofilm.
Erosion, a continuous process resulting from liquid shear forces, is defined as the removal
of single cells or small portions of biofilm. Sloughing, in contrast, is the random

detachment of large portions of biofilm as a result of rapid change or depletion of nutrients
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(Donlan 2002, Gjaltema 1996). It is believed that detached cells migrate to a new surface
and form new biofilms. Finally, when the balance between growth and detachment is
achieved, the maximum average thickness of biofilm is reached and the system is
considered at the pseudo-steady state.

Biofilm establishment and development are dynamic and complex processes that
are strongly influenced by the properties of the adhesion surface, the characteristics of the
aqueous medium and the properties of the cell surface (Table 2.1). Among these factors,

the hydrodynamics and the nutrient levels will be considered in detail in this thesis.

Table 2.1. Variables involved in cell attachment and biofilm formation [based on Donlan (2002)]

Properties of the Properties of the Properties of the

adhesion surface bulk liquid cell

Texture or roughness Flow velocity Cell surface hydrophobicity

Hydrophobicity Nutrient availability Extracellular appendages

Conditioning film pH Signaling molecules
Temperature

2.1.1.1. The effect of hydrodynamics

Biofilms in different environments are subjected to a very wide range of
hydrodynamic conditions. It is known that hydrodynamics has impact on biofilm
formation (Liu & Tay 2002, Stoodley et al. 2002, Wasche et al. 2002), not only in terms
of nutrients and oxygen supply (Moreira et al. 2013a), but also by the shear forces, which
can modulate microbial cell adhesion to a given surface (Busscher & van der Mei 2006,
Simdes et al. 2007, Teododsio et al. 2013b). Shear force has been considered as one of the
most important factors in the formation of biofilms when the liquid flows at high
velocities (high Reynolds numbers, usually in turbulent flow regime) over the biofilm
surface (Liu & Tay 2002, Melo & Flemming 2010, Vieira et al. 1993). There is evidence
that the shear force has influence on the structure, mass transfer, production of
exopolysaccharides and metabolic/genetic behaviours of biofilms (Liu & Tay 2002). As
such, higher shear stresses result in a thinner, denser and stronger biofilm (Rochex et al.

2008). The high turbulence can cause two phenomena of opposite nature: it favours the
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transport of nutrients to the surface, contributing to the growth and replication of cells in
the microbial layer and to the production of exopolymers; on the other hand, with
increasing flow velocity, the shear stress forces also increase and that can cause further
erosion and detachment of biofilm portions, thus decreasing the amount of biomass
attached to the solid support (Percival et al. 1999, Pereira & Vieira 2001, Vieira et al.
1993). However, the reduction in biofilm biomass originates thinner biofilms, which may
benefical for the transport of nutrients within the biofilm.

2.1.1.2. The effect of nutrient availability

Several papers have been published during the last years concerning the effect of
nutrient levels on the formation and behaviour of biofilms. The first studies observed that
high concentrations of nutrients in drinking water distribution systems increased the
number of cells in biofilms (Frias et al. 2001, Volk & LeChevallier 1999). Work carried
out in a paper mill water stream also revealed that by increasing nutrient levels (nitrogen
and phosphorous), the biofilm amount also increased (Klahre & Flemming 2000). The
importance of this parameter was furthermore underlined by the conclusions that
maintaining low levels of nutrients is an effective way of controlling regrowth in the
system (van der Kooji 1992).

Most of the work has been done by independent groups with different members
of Pseudomonas species. For instance, for Pseudomonas aeruginosa it is known that an
increase in nutrient concentration promotes biofilm formation (Peyton 1996) and that
starvation leads to detachment (Delaquis et al. 1989, Hunt et al. 2004). For Pseudomonas
putida, Rochex & Lebeault (2007) observed an increase in biofilm thickness when
increasing glucose concentration up to a certain limit (0.5 g I'), above which an additional
increase of substrate reduced the biofilm accumulation rate as a consequence of a higher
detachment. It has also been reported for Pseudomonas species that an increase in flow
velocity or in nutrient concentration is associated with an increase of cell attachment.

Despite the lack of information on E. coli biofilms, contradictory results have been
reported. Dewanti & Wong (1995) found that biofilms developed faster when E. coli
0157:H7 was grown in low nutrient media. Later, Jackson et al. (2002) noted that the
addition of glucose to media inhibited E. coli biofilm formation, an effect that may be due

to the classical repression system of E. coli. Eboigbodin et al. (2007) findings revealed

14



Literature review

that the relative presence of glucose in the media at the beginning of the growth phase
limits aggregation of E. coli MG1655 by altering the concentration of functional groups
from macromolecules present on the bacterial surface. It has also been shown that the
presence of starved, stationary-phase like zones is important for biofilm formation (Ito et
al. 2008). On the other hand, other authors demonstrated that the total yield of E. coli B54
(ATCC) growing in a biofilm increased linearly with increase of glucose up to 10 mmol
It (Buhler et al. 1998), indicating that higher glucose concentrations may be beneficial.
Although there is some information about the effect of glucose levels on biofilm
formation, little is known about the effect of varying nitrogen concentrations in the same
process. In biofilm reactors for ethanol production, low nitrogen media encouraged the
growth of yeast cells on plastic composite supports (Demirci et al. 1997). However, in
trickle-bed reactors for biological waste gas treatment, biofilm growth seems to respond
strongly to the amount of available nitrogen (Holubar et al. 1999). A similar behaviour
was observed for P. putida strain isolated from a paper machine; the rate and extent of
biofilm accumulation increased with nitrogen concentration (from carbon/nitrogen = 90
to carbon/nitrogen = 20) (Rochex & Lebeault 2007). Additionally, it is known that when
the carbon/nitrogen ratio on the nutrient supply is increased, the polysaccharide/protein
ratio is also increased (Huang et al. 1994b). Delaquis et al. (1989) showed that nitrogen
depletion led to the active detachment of cells from a Pseudomonas fluorescens biofilm,

similarly to what was observed under glucose limitation.

2.2. Recombinant protein production in E. coli

Besides being an excellent model for biofilm studies (Wood 2009), E. coli has
been extensively used for recombinant protein production (Mergulhdo et al. 2004b,
Sanchez-Garcia et al. 2016) due to its well characterized genetics and completed genome
sequence, and to the availability of a large number of cloning vectors and mutant host
strains (Baneyx 1999). In addition, E. coli is a cost-effective host for recombinant protein
production and is recognized by drug regulatory authorities (Overton 2014). This
bacterium has the ability to accumulate recombinant proteins to at least 20% of the total
cell protein (Pines & Inouye 1999) and, in some cases, to translocate them from the

cytoplasm to the periplasm (Mergulhdo et al. 2005).
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The first recombinant human protein to be generated in E. coli was somatostatin
in 1977 (Itakura et al. 1977). Six years later, the human insulin, also made in E. coli, was
the first recombinant drug to be launched on the market (Johnson 1983). Although this
recombinant system cannot be used to produce proteins that require post-translational
modifications like glycosylation, many recombinant drugs like thrombolytics, hormones,
growth factors, interferons and antibody fragments have been successfully produced in
E. coli. Currently, approximately 30% of approved recombinant therapeutic proteins are
manufactured in E. coli (Overton 2014).

The recombinant protein production process in E. coli is outlined in Figure 2.3.
The gene encoding the desired protein is first cloned into the multiple cloning site of an
expression vector under the control of a promoter that will regulate the gene expression.
The plasmid vector is then transformed into a strain of E. coli that is capable of

recombinant protein production, and the transformants are grown in liquid culture. At a
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Figure 2.3. Outline and factors influencing recombinant protein production in E. coli [based on Overton
(2014)].
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specific stage of growth, production of the recombinant protein may be induced by the
addition of a chemical inducer that will activate the promoter on the expression vector.
After the recombinant gene is expressed, the protein of interest can be released from the
cell, captured and purified. The successful production of recombinant proteins in E. coli
depends on a great number of factors, namely the type of expression vector, the host strain

and the cultivation conditions (Figure 2.3).

2.2.1. Plasmids as vectors for recombinant protein production

In most situations, recombinant protein production in E. coli is achieved by using
a plasmid vector harbouring the gene coding for the protein of interest. Basically, a
plasmid is an extrachromosomal, circular and double-stranded DNA molecule (with 1-
100 kb in size) that carries its own origin of replication. Beyond the origin of replication,
the plasmid vector contains a set of genetic elements that affect both transcriptional and
translational steps of protein production (Mergulhdo et al. 2004b), therefore optimal
configuration of these elements should be followed. The essential architecture of an
expression vector includes: (1) a origin of replication, (2) a promoter region (including
an inducible or constitutive promoter, a start codon and a ribosome binding site), (3) a
coding sequence for the target protein, (4) a transcription terminator and (5) a selection
marker (Mergulh&o et al. 2004b).

High-copy number plasmids [e.g. pUC, 500-700 copies per cell, (Sambrook &
Russell 2001)] have been extensively used as vectors for recombinant protein expression.
The use of these plasmids can be advantageous due to the gene dosage effect since
multiple copies of the gene will be present on the cell under transcriptional regulation of
the same promoter (Mergulhdo et al. 2004b). Theoretically, the higher the copy number
of a plasmid that contains a target gene, the higher will be the gene dosage effect (Choi
et al. 1999, Herman-Antosiewicz et al. 2001). However, it is known that the net gain in
protein synthesis from low to high-copy plasmids is not always proportional to the copy
number increase (Kim & Shuler 1990, Smolke & Keasling 2002) due to the plasmid
metabolic burden that may contribute to gene expression limitations (Carrier et al. 1998).

Indeed, low-copy plasmids may have a number of advantages over high-copy plasmids

17



Chapter 2

such as tight control of gene expression, ability to replicate large pieces of DNA and low
metabolic burden on the host strains (Carrier et al. 1998).

Although the origin of replication regulates the number of copies of the plasmid
in each host cell, it has been reported that some physiological states like the stringent
response (Gautam & Bastia 2001) or the cell growth rate (Lee & Bailey 1984) may also

influence plasmid replication.

Choosing an appropriate vector system is largely dictated by the strength and the
control of its promoter. For example, the promoter has to be strong to allow the
recombinant protein production to account for 10-30% of total cellular protein
(Mergulhdo et al. 2004b). Promoters are usually regulated by a chemical inducer, which
activates transcription when added to the culture. This enables temporal control of protein
production, as well as separation of cell growth and protein production phases (Overton
2014). Preferred characteristics of promoters are tight control, so that the promoter is
switched “off” in the absence of inducer, and regulatable expression levels that are
dependent upon the concentration of inducer molecule added to the culture medium.

The pET system (Figure 2.4), based on the T7 RNA polymerase, is commonly
used in recombinant protein production (Novagen 2005, Studier & Moffatt 1986). The
PET system relies upon an engineered E. coli host that carries a chromosomal copy of the
gene encoding the RNA polymerase of bacteriophage T7. This RNA polymerase gene is
usually under the control of an IPTG inducible promoter, such as lacUV5. This construct
is incorporated into the bacterial chromosome at the DE3 locus. In the absence of IPTG,
the lac promoter is bound by the lac repressor lacl, which represses transcription,
preventing the synthesis of the T7 RNA polymerase (T7 RNAP). Upon addition of IPTG,
lacl is released from the lac promoter region and the T7 RNA polymerase gene is
transcribed and translated. The T7 RNAP is then able to activate transcription from the
T7 promoter located on the pET plasmid, downstream of which the recombinant gene of
interest is cloned. Since the T7 promoter on the pET expression plasmid is not strongly
activated by the E. coli RNA polymerase, the recombinant protein expression is
dependent upon IPTG (Novagen 2005). However, “leaky” expression of the target gene
can be obtained resulting from the uninduced expression of T7 polymerase from the
lacUV5 promoter (Novagen 2005).
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Figure 2.4. The pET system. The recombinant gene of interest is carried on a plasmid vector under the
control of a T7 promoter, which cannot be activated by the native E. coli RNA polymerase. The T7 RNA
polymerase (RNAP) enzyme is required for transcription; this is encoded on a portion of the host genome
known as the DE3 locus. (A) Expression of the T7 RNAP is regulated by the lacUV5 promoter, which is
repressed by the lac repressor lacl. (B) To express the recombinant gene, IPTG is added to the culture
medium, which is a ligand for the lac repressor lacl. When bound to IPTG, lacl empties the lacUV5
promoter, enabling E. coli RNAP to transcribe the T7 gene 1, encoding the T7 RNAP. The T7 RNAP is
then able to activate the promoter on the expression vector and transcribe the recombinant gene. Ori - origin
of replication [based on Overton (2014)].

Engineered plasmids are often lost in culture (Summers 1998), and therefore
selection markers are used for plasmid maintenance in the cell so that under selective
conditions only cells that contain plasmids can survive. In E. coli systems, antibiotic

resistance genes are the most commonly used selectable markers. Nevertheless, the
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expression of these resistance genes has been recognized as the major cause for metabolic
burden exerted on the host cell during recombinant protein production (Cunningham et
al. 2009). In fact, it has been shown that the marker protein can represent up to 20% of
total cellular protein (Birnbaum & Bailey 1991, Rozkov et al. 2004), which greatly
exceeds the levels required for plasmid maintenance and selection. Figure 2.5 presents
the resistance mechanisms of bacteria against antibiotics. Some are directed at the
antibiotic itself: enzymes such as [-lactamases destroy penicillins, and modifying
enzymes inactivate chloramphenicol and aminoglycosides such as kanamycin (Sambrook
& Russell 2001). Other mechanisms target how the drug is transported; for example, an
active efflux of drug mediates resistance to tetracyclines and fluoroquinolones (Levy &
Marshall 2004). In any case, protein synthesis is involved and precursors such as amino

acids and energy are consumed.
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Figure 2.5. Schematic representation of the resistance mechanisms of bacteria against antibiotics [based on
Levy & Marshall (2004)].

2.2.2. The impact of plasmids on planktonic cultures

The field of plasmid biology has historically focused on bacteria growing in liquid
culture, hence there is much information available on plasmid effects in E. coli planktonic
cells (Diaz Ricci & Hernandez 2000, Silva et al. 2012).
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Plasmid presence can have a variety of effects on host physiology. Some
investigations have considered plasmids as “cellular parasites” (Diaz Ricci & Herndndez
2000) since it was recognized that the introduction and expression of foreign DNA in a
host organism often change the metabolism of that organism as a consequence of the
metabolic burden (Glick 1995). The term “metabolic burden” is defined as the amount of
host cell’s resources (raw material and energy) that is required to maintain and express
foreign DNA (Glick 1995). Concerning the physiological alterations at culture level,
several studies with E. coli have shown that plasmid-bearing cells exhibited lower
specific growth rates than plasmid-free cells (Birnbaum & Bailey 1991, Cheah et al. 1987,
Flores et al. 2004, Khosravi et al. 1990, Ow et al. 2006, Ryan et al. 1989, Seo & Bailey
1985), resulting in lower biomass yields at the end of fermentation (Ow et al. 2006). The
larger the plasmid size (Cheah et al. 1987, Khosravi et al. 1990, Ryan et al. 1989) or
higher the copy number (Birnbaum & Bailey 1991, Seo & Bailey 1985), the more severe
will be the impact on cell growth. Growth retardation in plasmid-bearing cells is possibly
caused by the redirection of intracellular resources such as amino acids, nucleotides and
metabolic energy to support plasmid-related activities and by inhibitory mechanisms on
host cell metabolism (Andersson et al. 1996). At cellular level, alterations in the amount
of E. coli cell proteins and ribosomal components have been shown to occur after the
introduction of multicopy vectors (Birnbaum & Bailey 1991). The levels of stress proteins
were higher for recombinant strains, while metabolic enzymes showed lower values. Cell
filamentation can also occur during plasmid DNA production in E. coli, causing a
decrease in growth rate or even no further cell division, leading to lower biomass and
plasmid DNA productivity (Silva et al. 2009). Another detrimental effect of the metabolic
burden is a reduced cellular viability of plasmid-bearing cells (Diaz Ricci & Hernandez
2000), possibly as a result of the increased stress suffered by these cells. Nonetheless, it
is clear that the metabolic burden associated with the plasmid alone is small when
compared to the effect of recombinant protein expression (Andersson et al. 1996, Bentley
et al. 1990, Sgrensen & Mortensen 2005, Yang et al. 2016). The metabolic burden
resulting from recombinant protein expression promotes segregational and structural
plasmid instability (Yu et al. 2003) and several metabolic changes in the host cell
(Haddadin & Harcum 2005) which may, in turn, affect the yield and activity of the
recombinant protein.

We may think that plasmids will always affect hosts negatively because they

rarely encode functions that are absolutely necessary for their growth, but that is not
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necessarily true. In nature, plasmids usually provide cells with a growth advantage,
showing that under certain culture conditions plasmids can positively affect host
performance (Diaz Ricci & Hernandez 2000). Rhee et al. (1994) observed that E. coli
JM109 displays a better growth and a higher metabolic activity in a minimal media when
carrying three plasmids than without plasmids. Diaz Ricci & Hernandez (2000) have
confirmed those results using different culture conditions and other plasmids. An
additional report suggested that the presence of a low-copy number plasmid encoding
multiple antibiotic resistance genes did not affect the maximum growth rate of E. coli
(Klemperer et al. 1979).

2.2.3. The impact of plasmids on biofilms

The proximity of bacterial cells in biofilms provides an excellent environment for
the exchange of genetic material carried by the plasmid (Ong et al. 2009). Thereby, the
effects of E. coli plasmids on biofilm formation have been described on numerous studies,
the vast majority of which have used conjugative plasmids (Ghigo 2001, Krol et al. 2011,
May & Okabe 2008, Norman et al. 2008, Reisner et al. 2006, Reisner et al. 2003, Yang
et al. 2008). Ghigo (2001) provided the first evidence that natural conjugative plasmids
induce the biofilm formation of different E. coli K-12 strains, despite that most laboratory
E. coli K-12 strains are poor biofilm formers. Interestingly, Ghigo’s results suggest that
the conjugative pili responsible for the horizontal transfer of the plasmid may also act as
cell adhesins, which connect the cells and stabilize biofilm structures in hydrodynamic
biofilm systems (Ghigo 2001). These results were supported by Reisner et al. (2003,
2006) who showed that the transmission of a conjugative F plasmid induced biofilm
formation by a mixed population of laboratory and wild isolates of E. coli, and played a
role in the overall structure of the biofilm. Addition of an F-like conjugative plasmid
(R1drd19) which constitutively synthesizes pili also induced greater biofilm formation in
E. coli cultures. Interestingly, the presence of the R1drd19 plasmid increased the
expression of numerous chromosomal genes, including those related to envelope stress,
motility, and other genes known to be involved in biofilm formation (Yang et al. 2008).
May & Okabe (2009) also demonstrated that the F pilus caused increased colonic acid
and curli production during biofilm development, which promoted cell-surface adherence

(Castonguay et al. 2006). Other conjugative plasmids of E. coli, including pOLA52 and
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PMAS2027, have been shown to enhance biofilm formation through type 3 fimbriae
(Burmglle et al. 2008, Ong et al. 2009).

Few studies have addressed the effect of non-conjugative plasmids on biofilm
formation. E. coli O157:H7 cells carrying a 92kb virulent and non-conjugative plasmid
(pO157) (Burland et al. 1998, Lim et al. 2010a) influenced biofilm formation and
architecture (Lim et al. 2010b). Under smooth flow conditions, pO157 enabled biofilm
development through increased EPS production and generation of hyperadherent variants
(Lim et al. 2010b). It was also reported (Huang et al. 1993, Huang et al. 1994b) that when
a plasmid containing a mutated pMBL1 origin was transformed into E. coli DH5a, the
plasmid-bearing cells formed biofilms with a higher cell density when compared to non-
transformed cells. Similarly, Teodosio et al. (2012a) found that the addition of non-
conjugative plasmids (pET28A and pUC8) to E. coli JM109(DE3) increased the
concentration of cells growing in a biofilm under turbulent flow conditions compared
with non-transformed cells. In opposition, Gallant et al. (2005) revealed that strains of E.
coli carrying TEM-1-encoding plasmid vectors grew normally, but showed reduced
adhesion and biofilm formation.

All the studies previously indicated assessed the impact of non-expression
plasmids on biofilm formation. The recombinant protein expression in E. coli biofilms
was initiated by Huang et al. (1993, 1994a, 1995), who have studied the production of -
galactosidase in E. coli DH5a cells carrying a plasmid with the tac promoter. These
authors found that the recombinant protein was successfully produced in biofilm cells,
but at a lower level than in planktonic cells (Bryers & Huang 1995, Huang et al. 1993).
Later, O’Connell et al. (2007) have described the first system for high level heterologous
protein production in E. coli biofilm cells using a pUC-based vector for the expression of
eGFP. These authors showed that the biofilm environment enhanced the eGFP production
when compared to planktonic cells. Furthermore, the continuous biofilm cultures for
heterologous protein production were beneficial for retention of plasmid-bearing cells

when compared to chemostats (O'Connell et al. 2007).
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2.3. Platforms for biofilm studies

Intensive studies on the mechanisms of biofilm formation and resistance have
encouraged the development of different in vitro platforms (Coenye & Nelis 2010) to be
used in the study of such complex communities under controlled conditions. The focus
of this thesis is on microtiter plates and flow cells, which are two of the most used
platforms for in vitro biofilm studies.

2.3.1. Microtiter plates

The concept of microtiter plate was introduced in 1951 mainly for analytical
purposes (Manns 2003). A microtiter plate is a flat plate with multiple wells used as small
test tubes. Usually, it has 6, 12, 24, 48, 96 or 384 wells arranged in a 2:3 rectangular
matrix. The bottoms of the wells are round or flat in shape and the wells are deep or
shallow. The typical culture volume used in microtiter plate varies from 25 pl to 5 ml
(Kumar et al. 2004), depending on the number of wells. Microtiter plates are
manufactured in a variety of materials, being the most common the transparent
polystyrene (PS).

In these systems, biofilms are formed on the bottom and wall of the plate wells
(most commonly a 96-well microtiter plate) (Gomes et al. 2014), or they are grown on
the surface of a coupon placed inside the wells (most commonly in a 6, 12 or 24-well
plate) (Gomes et al. 2015). Illustrative pictures of PS microtiter plates with 96 wells and
12 wells containing coupons can be observed in Figure 2.6. Microtiter plates are closed
(batch reactor-like) systems, in which there is no flow into or out of the reactor during the
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Figure 2.6. lllustrative photographs of PS microtiter plates used on biofilm formation: (A) 96-well

microtiter plate and (B) 12-well microtiter plate with coupons of different materials.
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experiment. As a result, the environment in the well will change (e.g. nutrients become
depleted, toxic products accumulate, etc.), unless the fluid is regularly replaced.

The large number of advantages offered by these straightforward and user-friendly
systems explains their widespread use among biofilm researchers. Indeed, microtiter
plates provide a large number of parallel and miniaturized reactors with identical
geometry and fluid dynamics in a small space (Kumar et al. 2004), allowing
“multiplexing”, i.e., multiple organisms and/or treatments can be included in a single run
(Coenye & Nelis 2010). These devices are easy to handle with the use of multichannel
micropipettes, pipetting robots, microplate readers and autosamplers (Duetz, 2007).
Another advantage is that microtiter plate-based assays are fairly rapid and cheap as only
small volumes of reagents are required (Coenye & Nelis 2010). Additionally, several well
established protocols are available for determination of macroscopic parameters related
to the biofilm (Table 2.2). As biofilm model systems, microtiter plates have been used for
the screening of antimicrobial compounds (Pitts et al. 2003, Quave et al. 2008, Shakeri et
al. 2007), to study microbial adhesion (Simdes et al. 2010a) and to quantify biofilm
inhibition (Cady et al. 2012, Lee et al. 2011).

2.3.2. Flow cell system

Flow cells have been used for more than 30 years for the study of dynamic
biofilms. Although they exist in a variety of shapes and sizes, these systems can be
divided in two main groups: those that contain removable coupons, usually referred as
large-scale flow cells (Figure 2.7A), and those that are particularly well-suited for real-
time non-destructive microscopic analysis of biofilms, usually small-scale flow cells
designated by parallel plate flow chambers (Figure 2.7B). Many of the flow cell systems
are custom-made and are typically composed by pumps and tubes required to circulate
the growth medium and/or the cellular suspension to a chamber where the biofilms are
formed, and a vessel for waste collection [e.g. Barros et al. (2013) and Teodoésio et al.
(2011a)]. Therefore, in contrast to microtiter plate-based systems, the flow cell systems
are “open” systems in which growth medium is (semi-)continuously added and waste
products are (semi-)continuously removed (Coenye & Nelis 2010).

The large-scale flow cells, like that shown in Figure 2.7A, are most suitable to the

simulation of industrial biofilms since they have a large number of coupons or adhesion
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Figure 2.7. lllustrative photographs of flow cell systems: (A) large-scale flow cell and (B) parallel plate
flow chamber [described by Moreira et al. (2014)].

surfaces for biofilm formation during days or weeks, and can be operated at high flow
rates in regimes of high turbulence and shear stress (Melo & Vieira 1999). Additionally,
their dimensions (usually in meters) are closer to the ones commonly found in industrial
settings. Most of these large-scale flow cells are based on the design introduced by Jim
Robbins and later modified by McCoy et al. (1981), creating what is commonly described
as the Modified Robbins Device. These flow cells are square channel pipes with coupons
fixed to sampling plugs that can be unscrewed from the walls. Several materials like glass,
silicone rubber, polyvinyl chloride (PVC) or stainless steel can be used to make the
coupons. Other designs include flow cells with a half-pipe geometry that more closely
resemble the circular section of the tubes found in industrial piping systems (Pereira et al.
2002h, Teoddsio et al. 2013). Also in order to mimic the high flow rates that are common
in industrial processes (Melo & Vieira 1999), a recirculation system can be used in which

nutrients are supplied onto a mixing vessel and then recirculated through the flow cell
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(Teoddsio et al. 2011a). In this case, the flow velocity in the flow cell is independent of
the dilution rate of the system and higher shear rates can be achieved. Basically, these
systems are “‘chemostats with irregular geometries” (Stoodley & Warwood 2003). To
prevent gradient formation along the system, the recirculation flow rate must be high and
the volume of the recycle loop must be minimized, thus decreasing the residence time.
Ideally, the residence time in the entire recycle loop and flow cell should not exceed few
minutes so that the whole system can be assumed to be completely mixed (Stoodley &
Warwood 2003).

2.4. Biofilm analysis

Following biofilm growth in microtiter plates and flow cell systems, the extent of
biofilm formation can be measured in a variety of ways. In this section, a brief overview
of the different macroscopic and microscopic approaches available for these two

laboratorial platforms is provided.

2.4.1. Macroscopic methods

The traditional approach to microbial quantification is based on plate counting.
To this end, biofilm cells are removed from the surface by sonication (e.g. when biofilms
are grown on the bottom and the walls of the microtiter plate) or they can be detached
from the surface by scraping and vortexing (e.g. when biofilms are grown on coupons
placed in the wells of the microtiter plate or screwed onto the flow cell). Then, the
detached cells can be diluted and plated. However, conventional plating is labour-
intensive and time-consuming (requiring at least 24 h before results may be interpreted),
and can underestimate the number of viable cells due to the presence of viable but non-
culturable cells (VBNCs).

Alternative techniques have been developed for the quantification of biofilms
formed in microtiter plates, including techniques to determine the total biofilm biomass
(i.e., matrix and both living and dead cells), the number of viable sessile cells only, or the
amount of extracellular polymers in the biofilm matrix (Table 2.2).

27



Chapter 2

Table 2.2. Macroscopic methods used for biofilm quantification in microtiter plates [based on Azevedo et
al. (2009)]

Parameter Method Reference
Biofilm biomass CV assay (Costerton et al. 1999,
Stepanovic¢ et al. 2000)
Microbial physiological Fluorescein diacetate (Honraet et al. 2005, Peeters et
activity assay al. 2008)
Resazurin assay (Peeters et al. 2008)
XTT! assay (Honraet et al. 2005, Peeters et
al. 2008)
Microbial cells in the Syto9 assay (Honraet et al. 2005, Peeters et
biofilm al. 2008)
Biofilm matrix Dimethylmethylene blue  (Toté et al. 2008)
assay

12,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide

In the early ages of biofilm research, much focus was placed on analysis of the
amount and thickness of biofilms (Denkhaus et al. 2007). These parameters are still of
interest in current research using flow cell systems, however in combination with the
study of biofilm components (such as EPS), function and structure. Table 2.3 summarizes
some of the most widely used techniques for analysis of biofilms formed in flow cell

reactors. The epifluorescence-based methods will be addressed in detail in section 2.4.2.1.

Table 2.3. Methods used for biofilm quantification in flow cell systems

Parameter Method References
Biofilm Digital micrometer (Pereira et al. 2008, Pereira et al.
thickness 2002a, Teodosio et al. 2011a)
Light microscope (Bakke & Olsson 1986)
Confocal microscope (Hentzer et al. 2001, Pereira et
al. 2002b)
Optical coherence tomography  (Xi et al. 2006)
(OCT)
Biofilm wet Pre and post weight (Teoddsio et al. 2011a)
weight quantification using analytical
balance
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Parameter Method References
Biofilm dry Total volatile solids (TVS) (Simdoes et al. 2007)
weight
Biofilm cells Plate counting (Manuel et al. 2009, Moreira et
al. 2016, Pereira et al. 2002a,
SimQes et al. 2006)
ATP! bioluminescence assay (Maezono et al. 2011, Mattila et
al. 2002)
Epifluorescence microscope (Manuel et al. 2007, Manuel et
(DAPI?, CTC? and Live/Dead®  al. 2009, Pereira et al. 2002a,
BacLight™ bacterial viability ~ Simdes et al. 2006, Simdes et al.
Kit) 2007, Teoddsio et al. 2012a)
Microbial Respirometer (Pereira et al. 2002a, Simdes et
activity al. 2007)
Calorimeter (von Rége & Sand 1998)
XTT assay* (Al-Fattani & Douglas 2006)
Biofilm Microsensors (Oz, CO,, Ca?*; (Hartley et al. 1996, von Ohle et

processes and
mass transfer

glucose, temperature, pH, etc.)

al. 2010)

EPS extraction

Cation-exchange resin - Dowex
resin

(Simdes et al. 2007)

EPS analysis

Phenol-sulfuric acid method
(polysaccharide quantification)

Lowry modified method
(protein quantification)

(Simdes et al. 2007)

(Simdes et al. 2007)

Ladenosine triphosphate; 24°-6-diamidino-2-phenylindole; ® 5-cyano-2,3-ditolyl tetrazolium chloride; 4 2,3-
bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide

2.4.2. Microscopic methods

Despite the emergence of techniques for the macroscopic characterization of

biofilms, the combination of microscopy with various labelling techniques and digital

image acquisition/analysis software is extremely useful for the study of biofilms (Stewart

& Franklin 2008), especially those formed in flow cells and microtiter plates. Basic light

or phase contrast microscopy can only be used on samples of biofilm grown on thin

transparent substrates since these techniques rely on the passage of a light beam through

the sample. Therefore, more appropriate techniques for the study of biofilms include
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epifluorescence microscopy, confocal laser scanning microscopy (CLSM), scanning
electron microscopy (SEM), environmental scanning electron microscopy (ESEM),
transmission electron microscopy (TEM) and atomic force microscopy (AFM). Table 2.4
presents a summary of the type of information provided by each of these microscopic

methods, as well as their advantages and limitations.

2.4.2.1. Epifluorescence microscopy and CLSM

CLSM in combination with fluorescent labelling of the sample is probably the
most widely used method for biofilm analysis since it is a three-dimensional technique
that allows the examination of living fully hydrated biofilms in real time (Bridier et al.
2013, Bridier et al. 2010). In confocal microscopes, laser excitation and the introduction
of a pinhole enable to block out-of-focus light, and thus to obtain images with a depth
resolution around 0.3 pum (Palmer Jr & Sternberg 1999). By collecting a “stack™ (series
of digital xy optical sections) through the depth of the sample (z dimension), three-
dimensional biofilm structures can be reconstructed (Figure 2.8). Most confocal image
acquisition software has the ability to link multiparameter quantitative data sets of
fluorescence intensity to each image, which can be translated into measurements,
including cell counts, biofilm thickness and roughness, species identification and
quantitative gene expression within biofilms (Bridier et al. 2010, Heydorn et al. 2000).
Due to its non-destructive nature, researchers have used CLSM to investigate biofilm
morphology and physiology, and the relationship between biofilm structure, adaptation,
reactivity and response to external stress (Palmer Jr et al. 2006). This microscopic
technique is widely applied in characterizing the antimicrobial resistance mechanisms of
biofilms (Bridier et al. 2011a), the EPS matrix (Stewart & Franklin 2008) and the
metabolite production in biofilms (Yawata et al. 2008). CLSM has also been extensively
used with fluorescence in situ hybridization (FISH) techniques (Figure 2.8B) to enable
the taxonomic identification and localization of bacteria within biofilms (Almeida et al.
2011, Azevedo et al. 2016).

Contrariwise, in epifluorescence microscopy, the biofilm is uniformly illuminated
by a cone of light and the fluorescence emitted from the whole thickness is collected, not

allowing the observation of a particular depth in the biofilm (Bridier & Briandet 2014).
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Figure 2.8. CLSM showing the three-dimensional spatial distribution of biofilms. (A) Dual-species
biofilms formed by GFP-tagged E. coli SS2 (green) and Syto61-stained Pantoea agglomerans 19V1 (red);
(B) three-species biofilm formed by E. coli (blue), Salmonella enterica (red) and Listeria monocytogenes
(green) analysed by peptide nucleic acid (PNA) FISH (image courtesy of Dr. Carina Almeida, Centre of

Biological Engineering, Universidade do Minho).

Although epifluorescence microscopy only allows two-dimensional imaging, it makes
direct observation and enumeration possible for attached bacteria on an opaque surface.
Moreover, it is a relatively fast and easy method that is especially suitable for a large set
of samples (An et al. 1995).

Both epifluorescence microscopy and CLSM require staining of non-fluorescent
specimens (Andersson & Rajarao 2013). The Syto stains (Invitrogen, USA) can
efficiently stain cells in virtually any color of the rainbow. In combination with propidium
iodide (PI), it is possible to specifically stain live and dead cells. The dye Syto9 stains all
cells green regardless if they are dead or alive, while it is assumed that only cells with
damaged membrane will be stained by the red P1 dye, indicating dead cells (Figure 2.9A).
On the other hand, 4’-6-diamidino-2-phenylindole (DAPI) is commonly used to stain all
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Figure 2.9. Epifluorescence images of detached biofilm cells of E. coli IM109(DE3) + pFM23. (A) Cells
stained with the Live/Dead® BacLight™ bacterial viability kit (live and dead cells represented in green and
red, respectively); (B) cells stained with 4’-6-diamidino-2-phenylindole (DAPI).

nucleic acid-containing cells (Figure 2.9B). Stains targeting the extracellular matrix, such
as lectins or calcofluor white (for polysaccharides), fluoresceine isothiocyanate or congo
red (for proteins) and nile red (for lipids), can also be employed to visualize the
surrounding of biofilm cells (Andersson & Rajarao 2013).

If genetic manipulation of biofilm cells is possible, chromosomal tagging with a
gene cassette encoding the GFP can be a valuable tool for the fluorescent labeling of
sessile cells. Alternatively, plasmids encoding the GFP might be introduced into the cells
prior to biofilm examination. Depending on the construction, this fluorescent labeling can
be used to verify the location of cells in a biofilm or, by selecting suitable variants of GFP
genes and promoters, it can be used for monitoring gene expression and thereby to have
access to the metabolic/physiological activity in biofilms (Bagge et al. 2004, Bridier et
al. 2011b, Serra et al. 2013, Walters et al. 2003, Werner et al. 2004). GFP from the
jellyfish Aequorea victoria has been studied from the early 1960s and has been used in
biology since its cloning (Chalfie et al. 1994). It is a small protein (238 amino acids; 27
kDa) which is excited by ultraviolet (UV) to blue light and that can be expressed in many
bacteria (Niwa et al. 1996). Small amounts of oxygen are needed for the newly
synthesized protein to become fluorescent in a maturation process that requires several
hours, after which it remains largely stable for days (Tombolini et al. 1997). It is this
stability that precludes the use of wild-type GFP for dynamic gene expression studies.
However, mutations of the GFP gene sequence were developed to reduce the protein

maturation times.
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24.2.2. SEM

SEM is a well-established microscopic technique to observe the morphology of
bacteria adhered on a material, the material surface morphology and the relationship
between both. SEM yields a three-dimensional rendering of the biofilm surface (lacking
the vertical resolution), which reveals the overall shape of the microorganisms composing
the biofilm, as well as their organization relative to each other and to the extracellular
matrix (Hannig et al. 2010). It is an extremely useful tool for comparative analysis in
biofilm research (Figure 2.10), especially when evaluating the anti-biofilm effects of a
compound/treatment (Gomes et al. 2015) and the kinetic formation of biofilms (Janjaroen
etal. 2013). SEM can be used to produce high resolution images of sessile cells on opaque
substrata (from 50 to 100 nm) across a wide range of magnifications (Norton et al. 1998),
from 20x (general view of biofilm) to approximately 30,000x (fine structure). At higher
magnifications (up to 100,000x), individual cells are readily distinguished (Serra et al.
2013, Stewart et al. 1995).

Figure 2.10. Scanning electron micrographs of E. coli IM109(DE3) biofilms formed on glass surfaces. (A)

Biofilm not exposed to ampicillin; (B) biofilm exposed to ampicillin.
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96-well microtiter plates for biofouling simulation:

effect of hydrodynamics and nutrient concentration?

Abstract

Microtiter plates with 96 wells are routinely used in biofilm research mainly
because they enable high-throughput assays. These platforms are used in a variety of
conditions ranging from static to dynamic operation, but without proper knowledge of the
flow behavior inside them.

In this chapter, the influence of flow conditions and nutrient concentration on E.
coli biofilm formation in microtiter plates was assessed, and the operational conditions to
be used in order to simulate relevant biomedical scenarios were defined. It was also
intended to verify if the 96-well microtiter plate can reproduce the shear forces
experienced in a flow cell operated under turbulent regime in order to use it for screening
purposes.

Assays were performed in static mode and in incubators with distinct orbital
diameters using different concentrations of glucose, peptone and yeast extract. CFD was
used to simulate the flow inside the wells for shaking frequencies ranging from 50 to 200

rpm and orbital diameters from 25 to 100 mm. Numerical simulations were conducted by

2 The content of this chapter was adapted from the following publication(s):

Gomes LC, Moreira JMR, Teodo6sio JS, Aradjo JDP, Miranda JM, Sim&es M, Melo LF, Mergulhdo FJ.
2014. 96-well microtiter plates for biofouling simulation in biomedical settings. Biofouling. 30:535-546.
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Dr. Jodo Miranda and Dr. José Araujo from the Transport Phenomena Research Center
(CEFT - FEUP).

Higher glucose concentrations enhanced E. coli adhesion in the first 24 hours, but
variation of peptone and yeast extract concentration had no significant impact on biofilm
formation. Numerical simulations indicate that 96-well microtiter plates can be used to
simulate a variety of biomedical scenarios if the operating conditions are carefully set.
Nevertheless, these microplates fail to achieve the same average shear stress value

obtained in the flow cell system (operating at Re = 4,600).

3.1. Introduction

Biofilm establishment and development are dynamic and complex processes
regulated by intrinsic biological properties and also by many environmental conditions
(Donlan 2002). It is known that hydrodynamics influence biofilm formation (Liu & Tay
2002, Stoodley et al. 2001, Wasche et al. 2002), not only in terms of nutrient and oxygen
supply (Moreira et al. 2013a), but also by the shear forces, which can modulate microbial
cell adhesion to a given surface (Busscher & van der Mei 2006, Simdes et al. 2007,
Teoddsio et al. 20133, van Loosdrecht et al. 1995). One of the key parameters affecting
cell adhesion to a surface is the shear rate at that surface (Busscher & van der Mei 2006,
Teodosio et al. 2013a). Table 3.1 lists commonly found shear strain rates in biomedical
and miscellaneous settings where bacterial adhesion can occur. In medical devices,
molecules and microorganisms are constantly exposed to shear conditions caused by
liquid flow (Fux et al. 2004, Mukherjee et al. 2009). Urinary catheters and the human
urinary tract are submitted to significant hydrodynamic shear forces (adult humans
produce 1-2 liters of urine per day, which is expelled at average flow rates of 40-80 ml h-
1y (Vejborg & Klemm 2008), but adhesion to surfaces enables E. coli to resist removal by
urine flow and establish infection (Hancock et al. 2007, Ulett et al. 2007). Besides the
hydrodynamic conditions, the nutrient/substrate concentration can have impact on biofilm
growth, development and detachment behavior (Rochex & Lebeault 2007, Stoodley et al.
2001, Telgmann et al. 2004).

Microtiter plates are often used for biofilm studies because small media volumes

are needed (Coenye & Nelis 2010), replicate tests are easily prepared using multichannel
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Table 3.1. Characteristic shear strain rates found in biomedical and other settings

Shear strain rate

Phenomenon Reference
s?)
(Bakker et al. 2003,
Blinking of an eye 0.35 Tranoudis & Efron
Eyes 2004)
On-t_eye contact lens 1,000 (Tran et al. 2011)
motion
Fluid on oral cavity 0.1-50 (Bakker et al. 2003)
Mouth On teeth, while biting
200
an apple
. Urinary flow in a (Bakker et al. 2003,
Urinary tract catheter 15 Velraeds et al. 1998)
(Aleviadrou &
. . Mclntire 1995,
Blood flow in veins 20-800 Inauen et al. 1990,
Michelson 2002)
(Aleviadrou &
Cardiovascular  Blood flow in arteries 50-650 gilgllntzlgel;%& Bark
system Michelson 2002)
Central_ venous 1.900-2,400 (Mareels et al. 2007)
hemodialysis catheters
- (Aleviadrou &
pyood flow n litle 2,000-5000  Mclntire 1995,
Mareels 2007)
Brain Cerebral circulation > 100 (Singh et al. 2010)
Flow of a film over a 01 (Bakker et al. 2003)
vertical plate '
Annular space of a (YYataghene et al.
scraped surface heat <40 2008)
exchanger
oth Tumbling or pouring 10-100 (Bakker et al. 2003)
er
Wall of a planetary (Chesterton et al.
mixer during cake 20-500 2011)
batters
Ship in harbor 50 (Bakker et al. 2003)
Channels within a 60-300

biofilm
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pipettors (Duetz 2007), and this closed (batch reactor-like) system lends itself to protocols
where different media compositions are simultaneously tested (Coenye & Nelis 2010).

The main goals of this chapter were to assess the influence of nutrient
concentration and flow conditions on E. coli biofilm formation in the 96-well microtiter
plate and to verify if this biofilm platform can simulate the hydrodynamics of a flow cell
system operating under turbulent regime. Additionally, it is intended to confirm if the
hydrodynamic conditions that can be attained with 96-well microtiter plates are similar
to those normally encountered in diverse biomedical scenarios. With this aim, CFD was
used since it enables the simulation of fluid flow and/or heat/mass transfer problems,
providing fast and detailed information of general flow phenomena and other parameters
which are difficult to obtain experimentally (Xia & Sun 2002). CFD has the advantage of
allowing a quick assessment of different alternatives and changes, including geometrical
and flow parameters, without spending much time and resources (Hilgenstock & Ernst
1996).

A good comprehension of the hydrodynamics that are found in the areas where
biofilms naturally occur is crucial for biofilm studies performed in laboratory-based
devices. This enables the correct setting of operational conditions in the lab in order to

obtain biofilms that resemble those found in natural environments.

3.2. Materials and methods

3.2.1. Numerical simulations

Numerical simulations were made in Ansys Fluent CFD package (version 13.0).
A cylindrical well (diameter of 6.6 mm and height of 11.7 mm, Figure 3.1) was built in
Design Modeller 13.0 and discretized into a grid of 18,876 hexahedral cells by Meshing
13.0. The average dimensions of a single hexahedral cell were 270 x 300 x 300 um. A
grid independence analysis was performed and the results showed that reducing the cell
dimensions by half in all directions (corresponding to an 8 fold reduction of the cell
volume) has a negligible effect (about 7.7%) when compared to the uncertainty associated
with the biological data obtained in the experimental part of this work (Table 3.2). For

each simulation, the volume of the liquid phase inside the well was set to 200 pl and the
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remaining volume was filled with gas. The properties of water and air at 30 °C were used
for the liquid and gas phases, respectively (Table 3.3). The surface tension was set equal

to the surface tension of an air/water system.

Figure 3.1. Schematic representation of a well. Dark grey area represents the wetted area in a stationary
well (4,,;) and light grey area represents the area increase upon shaking (4,,). D is the well diameter, h is

the maximum height of the interface, H is the well height and 6 is the surface angle.

Table 3.2. Grid independence analysis for orbital diameter of 50 mm and shaking frequency of 150 rpm.

Grid 1 was used throughout this work

Grid 1 Grid 2
Cell number 18,876 151,008
Average cell dimensions (um) 270 x 300 x 300 135 x 150 x 150
Average strain rate (s?) 44.1 41.0
Difference 7.7%

Table 3.3. Physical properties of the gas/liquid system used in the CFD simulations

Density Viscosity Surface tension
(kg m?) (kg ms) (Nm-)
T=30°C T=37°C T=30°C T=37°C T=30°C T=37°
Air 1.15 1.14  1.86x10° 2.09x10°
0.071 0.070
Water 996 993 8.01 x10* 6.94 x 10™
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The volume of fluid (VOF) methodology (Hirt & Nichols 1981) was used to track
the liquid/gas interface and the precise locations of the interface were obtained by the
Geo-Reconstruct method (Youngs 1982). The velocity-pressure coupled equations were
solved by the PISO algorithm, the QUICK scheme was used for the discretization of the
momentum equations and the PRESTO! scheme was chosen for pressure discretization.

In Ansys Fluent, the surface tension effects were modeled by the continuum
surface force (Brackbill et al. 1992), which were introduced through a source term in the
momentum equation. An accelerating reference frame was adopted, and the circular
orbital motion was taken into account by introducing another source term that represents
the effect of the force into the fluid resulting from this orbital motion. The no slip
boundary condition and a contact angle of 83° were considered for all the walls (Simdes
et al. 2010a).

Simulations were made for different shaking frequencies (50 to 200 rpm) and
orbital diameters (25 to 100 mm). For each case, 5 s of physical time were simulated with
a fixed time step of 2.5 x 10 s. The primary numerical results were the instantaneous
velocity components, the instantaneous pressure and the liquid or gas phase volume
fractions. These results were used to determine the shear strain rate®, the location of the
interface and the air-liquid interfacial area. The magnitude of the shear rate was
determined by Ansys Fluent with the help of a built-in expression. For each simulation,
after the steady state is reached, the average shear strain rate was calculated by integrating
an instantaneous solution over the wetted area. The time averaged shear strain rate was

obtained by averaging the steady state shear rate of the liquid side during a complete orbit.

3.2.2. Bacterial strain

E. coli JIM109(DE3) from Promega (USA) was used for biofilm formation. Its
genotype is endAl, recAl, gyrA96, thi, hsdR17 (., mk*), relAl, supE44, X', A(lac-
proAB), [F’, traD36, proAB, lacl%ZAM15], A(DE3). E. coli CECT 434 (ATCC 25922),

a clinical isolate often used for antimicrobial susceptibility tests, was also used for

b The shear rate is the derivative of the velocity in the perpendicular direction from the wall. In this system,
the shear rate gives an indication of the drag force felt by adhering cells and it is also a measurement of the
frequency at which cells contact the wall. Mathematically, the shear stress in Newtonian fluids is

proportional to the shear strain rate in the fluid, where the viscosity is the constant of proportionality.
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confirmation of the results in selected conditions. An overnight culture of E. coli was
obtained by inoculation of 500 ul of a glycerol stock (kept at -80 °C) to a total volume of
0.2 I of inoculation media previously described by Teoddsio et al (2011a). This consisted
of 5.5 g I'* glucose, 2.5 g I'* peptone, 1.25 g I"! yeast extract in phosphate buffer (1.88 g I
1 KH2PO4 and 2.60 g It Na;HPO4), pH 7.0. The culture was grown on a 1 | shake-flask,
incubated overnight at 30 °C with orbital agitation (120 rpm). Cells were harvested by
centrifugation (for 10 min at 3202 g) and appropriate dilutions in sterile saline (8.5 g I

NaCl) were performed to obtain an optical density (OD) of approximately 0.4 at 610 nm.

3.2.3. Culture conditions and biofilm quantitation

Different media formulations were assayed using a reference medium recipe that
had already been tested for biofilm formation in a flow cell with the same strain (Teodosio
et al. 2011a). This reference medium consisted of 0.5 g I glucose, 0.25 g I peptone,
0.125 g I yeast extract and phosphate buffer (0.188 g I KH2PO,s and 0.26 g I
NazHPO4), pH 7.0. A glucose concentration of 0.15 g I'* was also tested in that study and
it was shown that there were no significant changes in the amount of biofilm formed
(Teodosio et al. 2011a). In that work, when the glucose concentration was reduced to 0.15
g I'%, the peptone and yeast concentrations were also reduced to 0.07 and 0.03 g I,
respectively. Since preliminary results (Moreira et al. 2013c) had shown that glucose
concentration has a significant impact on the amount of biofilm formed in microtiter
plates (concentrations of 0.25 and 1 g I* were assayed), an intermediate concentration
(0.5 g I'Y) was also tested. Additionally, since it was shown that in turbulent flow
conditions higher nutrient loads generally yield thicker biofilms (Teoddsio et al. 2011b),
the effect of increasing the peptone and yeast extract concentrations independently was
assessed starting from their reference values of 0.25 and 0.125 g I'%, respectively. Thus a
concentration range of 0.25, 0.5 and 1 g It was used for glucose and peptone, whereas
for yeast extract concentrations of 0.125, 0.5 and 1 g I"* were tested.

For each formulation, the reference culture medium (Teoddsio et al. 2011a) was
prepared without the compound under study and then the appropriate volume of a
concentrated solution of that nutrient was added to obtain the desired concentration. 96-
well microtiter plates were inoculated as described by Moreira et al. (2013c). Briefly, six

wells of sterile 96-well PS, flat-bottomed microtiter plates (Orange Scientific, USA) were
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filled with 180 pl of each media formulation and inoculated with 20 pl of the inoculum
previously prepared (section 3.2.2). The plates were then incubated at 30 °C in two
separate orbital incubators operating at the same shaking frequency (150 rpm). One of the
incubators had a 50 mm orbital shaking diameter (CERTOMAT® BS-1, Sartorius AG,
Germany) and another had a 25 mm shaking diameter (AGITORB 200, Aralab, Portugal).
An additional set of experiments was performed with no shaking (0 rpm) at 30 °C. Biofilm
formation was monitored for 60 h with plates being removed from the incubators every
12 h for biofilm quantification (for time zero the plates were not incubated at all). Three
independent experiments were performed for each shaking condition. For control,
quantifications were also conducted in the absence of bacteria, demonstrating that no
biofilm growth occurred in the correspondent wells during the experimental time.

Biofilm quantitation by CV assay was performed as fully described by Moreira et
al. (2013c). Concisely, the plate was inverted in a single quick movement, discarding the
contents of the wells. To remove the non-adherent cells, all wells were washed with sterile
water (200 pl per well). Bacterial biofilms were fixed with 250 pl of 96% ethanol per
well (Shakeri et al. 2007) and, after 15 min, the content was removed by inverting the
plate. Then the fixed bacteria were stained for 5 min with 200 pl of 1% (v/v) crystal violet
(Merck, Portugal) per well. After that, the plate was again emptied and the dye bound to
adherent cells was resolubilized with 200 pl of 33% (v/v) acetic acid (VWR, Portugal)
per well (Simdes et al. 2010a). The absorbance was measured at 570 nm using a microtiter
plate reader (SpectraMax M2E, Molecular Devices, Inc., UK) and biofilm amount was
expressed as absorbance (570 nm) values. The detection limit of this method was 0.005.

In order to confirm the results obtained by the CV method, biofilm quantitation in
selected conditions was also performed using viable plate counting (Figure 3.2), as
described by Moreira et al. (2015b). Both methods showed good correlation (r>=0.988),
as previously reported by Alnnasouri et al. (2011) and Sonak & Bhosle (1995).
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Figure 3.2. Comparison of the CV staining method (““Absorbance” y-scale) and the colony plating method
(“CFU c¢cm™” y-scale) for quantitation of 24 h biofilms formed in static conditions using two different

concentrations of glucose or yeast extract. (A) Biofilm quantitation; (B) correlation between both methods.

3.2.4. Calculations and statistical analysis

The results presented in Figure 3.6 are an average of those obtained in three
independent experiments for each shaking condition (50 and 25 mm orbital shaking
diameter at 150 rpm and no shaking). For a single experiment, the final value is an average
of the readings obtained in 6 replica wells within one plate. The following standard
deviations (SDs) were obtained for the glucose experiments, 34%, 22% and 27% (50 mm,
25 mm and no shaking, respectively). For peptone 36%, 25% and 22%, and for yeast
extract 19%, 25% and 26% (in the same order).

With the aim of ascertaining the statistical significance, data was analysed using
IBM SPSS Statistics software version 19.0. The Post Hoc Multiple Comparisons Tests -
Tukey and LSD - were used based on a confidence level of 95% (differences reported as
significant for P values < 0.05). The following statistical analysis were conducted: a -
comparison between 1 g It and 0.5 g It glucose or peptone or yeast extract, b - comparison
between 1 g It and 0.25 g I glucose or peptone, ¢ - comparison between 0.5 g I and
0.25 g It glucose or peptone, d - comparison between 0.5 g It and 0.125 g I yeast extract,
e - comparison between 1 g It and 0.125 g I yeast extract (Figure 3.6). Paired t-test

analysis was also performed when appropriate.
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3.3. Results

3.3.1. CFD modelling of shaken 96-well microtiter plates

In an orbital shaker, the inclination of the air-liquid interface increases with the
increase of the shaking frequency and the orbital diameter. This effect can be quantified
by measuring the angle of the surface formed with the horizontal (Figure 3.3A). A
maximum angle of 34° was obtained for the largest orbital diameter and shaking
frequency. The maximum height of the interface (h), normalized by the height of the well
(H), is represented in Figure 3.3B as a function of the shaking frequency for different
orbital diameters. This dimensionless parameter is an indication of the volume of the well
occupied by the liquid. Values ranging from 46 to 67% were obtained (with the highest
values corresponding to the larger orbital diameter and shaking frequency), indicating
that the liquid does not overflow from the well in any of the simulated situations. As the
slope of the interface increased, the interfacial area also increased. Figure 3.3C shows the
ratio between the specific surface area in a moving well (a;) and the specific surface area
in a stationary well (a;) for several shaking frequencies and orbital amplitudes. When the
ar/a; ratio is greater than 1, this means that an area gain is obtained with the orbital
motion. The area gain was negligible (less than 2%) for the smaller orbital diameter
regardless of the shaking frequency. For all the orbital diameters, area gains ranging from
0.4-2% were obtained for shaking frequencies up to 150 rpm (except for 75 and 100 mm
at 150 rpm where the gains were of 5 and 8%, respectively). The highest area gain (of
31%) was obtained for the largest orbital diameter and shaking frequency. It is also
possible to observe from Figure 3.3C that the slope of area gain increased significantly
with the orbital diameter from 150 to 200 rpm. The evolution of the wetted area (4,,)
normalized by the wetted area for a stationary well (4,,;) is represented on Figure 3.3D.
It follows the same trend that was observed for the maximum height of the interface
(Figure 3.3B), representing the available area for biofilm formation. At lower shaking
frequencies (50 and 100 rpm), the wetted area remained practically constant at different
orbital diameters (area gains less than 5%), but for higher frequencies area gains ranging

from 4 to 34% were determined.
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The increase of the amplitude of the interfacial surface oscillation led to an
increase in the fluid velocity and, consequently, to an increase of the shear strain rate near
the walls of the well. Figure 3.4 compares the time averaged wall strain rate distribution
for several orbital diameters and shaking frequencies. The wall strain rate was not
uniform, being much higher in the liquid side near the interface. A zone of wall strain rate
above 30 st was visible for all the systems shown in Figure 3.4, and was delimited by the
region where the interface oscillates. The extension of this region increased as the shaking
frequency and orbital diameter increased.

For all orbital diameters, the average strain rate is around 12 s when a shaking
frequency of 50 rpm is used (Figure 3.5). However, when an incubator with 25 mm of
shaking amplitude is used, this value can be increased 3 fold under a shaking frequency
of 200 rpm. A wider range of shear rate conditions can be experienced with incubators of
50 or 75 mm orbital diameters, where numerical simulations predicted an increase of 6 to
7 fold at the highest tested frequency when compared to the value obtained at 50 rpm.
Indeed, as the orbital diameter increased the shear strain range widened, spanning from
10 to 142 st (Figure 3.5).
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3.3.2. Biofilm formation

The combined effects of shear forces and nutrient levels on biofilm formation
were assessed by crystal violet assay (Figure 3.6). Polystyrene 96-well microtiter plates
were placed in orbital incubators with shaking diameters of 25 and 50 mm (at the same
shaking frequency of 150 rpm) and also without shaking (0O rpm). Simultaneously, the
influence of three concentrations of the main nutrients (glucose, peptone and yeast
extract) was studied.

Figures 3.6A, B and C, concerning the effect of glucose, show that the initial

biofilm production (until 12 h) was 51% higher on the lower concentration media
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Figure 3.6. E. coli biofilm formation (absorbance at 570 nm) in 96-well microtiter plates under dynamic
(d,=50 mm or 25 mm, 150 rpm) and static conditions: (A), (B) and (C) effect of glucose; (D), (E) and (F)
effect of peptone; (G), (H) and (1) effect of yeast extract. Three nutrient concentrations were tested: v -
1 g I of glucose, peptone and yeast extract; O - 0.5 g I'* of glucose, peptone and yeast extract; @ - 0.25
g I’ of glucose and peptone; ® - 0.125 g I* of yeast extract. Results are an average of three independent

experiments for each condition. Statistical analysis corresponding to each time point is represented for a

66



96-well microtiter plates for biofouling simulation: effect of hydrodynamics and nutrient concentration

confidence level > 95% (P < 0.05): a - comparison between 1 g It and 0.5 g I glucose or peptone or yeast
extract, b - comparison between 1 g It and 0.25 g I glucose or peptone, ¢ - comparison between 0.5 g |2
and 0.25 g I"* glucose or peptone, d - comparison between 0.5 g I"* and 0.125 g I yeast extract, e -

comparison between 1 g I"* and 0.125 g I"? yeast extract.

(0.25 and 0.5 g I'Y) for the highest shaking amplitude. Opposite results were observed for
the lower amplitude and also for the static condition (statistically significant differences
were obtained between the two extreme concentrations in all shaking conditions). For the
highest glucose concentration (1 g I'Y), a maximum in biofilm formation was attained at
24 h in all shaking conditions. Above 24 h, whilst the biofilm amount decreased from the
maximum in both shaking conditions (in particular for the higher shaking amplitude), this
maximum amount was relatively the same on the static condition. Interestingly,
approximately the same maximum amount of biofilm was formed in all hydrodynamic
conditions (P = 0.41) for the highest glucose concentration tested.

When analysing the oscillatory behavior in detail for the highest shaking
amplitude (Figure 3.6A), it is possible to see that the decrease in the biofilm amount in
the culture medium with 1 g I"* glucose was abrupt between 24 and 36 h, reaching the
level obtained with the intermediate glucose concentration at the end of the experiment
(60 h). For 0.5 g I'* glucose, the fluctuations were also observed (the maximum was
reached at 36 h), nevertheless with a smoother decrease than the one found for the most
concentrated medium.

When an orbital shaker with 25 mm diameter at 150 rpm was used (Figure 3.6B),
the general trend is that the amount of biofilm formed increased with increasing glucose
concentrations. For this hydrodynamic condition and with 1 g I"* glucose, the decrease of
biofilm amount between 24 and 36 h was less pronounced than in the larger diameter
incubator (35% versus 74% decrease, respectively). Then, the amount of biofilm
stabilized until the end of the experiment, and similar values to those obtained with the
larger shaking diameter were achieved (P = 0.45).

Concerning the effect of peptone concentrations (Figures 3.6D, E and F), the
maximum biofilm amount was obtained at 36 h (P < 0.05) for the highest concentration
(1 g I'Y) and shaking diameter (Figure 3.6D). From this moment onwards, the amount of
biofilm obtained with this growth medium markedly decreased (80%) to the final level of

the remaining media. Except for this maximum value, the differences found when varying
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peptone concentrations were not statistically significant for the majority of the time points
in both agitated conditions (Figures 3.6D and E). For the static condition (Figure 3.6F),
it can be seen that increasing the concentration of this compound promoted biofilm
growth in the early stages of biofilm development.

Figures 3.6G, H and | show the effect of yeast extract concentrations on biofilm
formation under the tested hydrodynamic conditions. In terms of statistical significance,
the results indicate that this is the nutrient for which less significant differences were
obtained under the experimented concentrations (0.125, 0.25 and 1 g I'*). Comparing the
results for each concentration of yeast extract between both orbital shaking diameters, the
growth profiles were very similar (P > 0.05 for 87% of time points), showing that the
orbital shaking diameter had negligible impact on E. coli biofilm formation when

different levels of yeast extract were used.

3.4. Discussion

3.4.1. CFD modelling of shaken 96-well microtiter plates

Because hydrodynamics have such a great impact on biofilm formation in terms
of nutrient and oxygen transfer, and also influence cell attachment to and removal from
surfaces (Simdes et al. 2007, Stoodley et al. 1998, Teodosio et al. 2013a), it is interesting
to estimate by CFD several hydrodynamic parameters such as the average shear strain
rate, the specific air-liquid surface area and the wetted area available for cell adhesion.

As previously suggested by Hermann et al. (2003) and Kensy et al. (2005), the
angle of the liquid surface in the wells increases exponentially with increasing shaking
intensities (shaking diameters and shaking frequencies at constant filling volume), and an
enlargement of the specific air-liquid mass transfer area (as/a;) is obtained. The
numerical results also show that, at lower shaking frequency and especially for the lowest
shaking amplitude tested, the surface tension force dominates and keeps the liquid surface
nearly in the horizontal state. This corroborates the experimental results obtained by
Ortiz-Ochoa et al. (2005) and Hermann et al. (2003). Images acquired with a CCD-camera
for wells filled with 200 pl water and shaken at a shaking diameter of 25 mm showed no
liquid movement below 200 rpm (Hermann et al. 2003). In this study, a change of the

hydrodynamic flow was visible above 100 rpm (approximately the critical shaking
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frequency) when the increased centrifugal force starts to gain relevance when compared
to surface tension. With a further increase of shaking frequency, the maximum liquid
height also increased and an expansion of the air-liquid mass transfer area was obtained
(Hermann et al. 2003), providing better oxygen transfer to the liquid. From these results,
it is reasonable to conclude that the surface tension has a strong influence on the
hydrodynamic flow and likely on the mass transfer in 96-well microtiter plates.

The experimental shaking conditions chosen for the present work (d,= 25 and 50
mm, 150 rpm) can reproduce the hydrodynamics of urinary catheters where E. coli
typically adheres. The shear strain rate found on these devices is of approximately 15 s
(Bakker et al. 2003, Velraeds et al. 1998), which is only slightly lower than the range
obtained under the experimented conditions, according to the numerical results (23-46 s
1. With the shaking amplitudes and frequencies used for biofilm formation in microtiter
plates, it is also possible to attain the shear strain rates that are found in the oral cavity,
arteries and veins (Table 3.1). For instance, the shear strain rate in the oral cavity can be
simulated with the same incubators shaking at frequencies up to 150 rpm. In order to
reproduce the shear rates resulting from the blood flow in arteries, it is vital to work with
larger orbital diameters (75 or 100 mm) at shaking frequencies around 100 rpm or with
shaking frequencies above the simulated ones for all shaking amplitudes. In this latter
case, one must bear in mind that a splashing phenomenon can occur for larger diameters
and frequencies above 200 rpm. This is not experimentally feasible due to contamination
and loss of growth medium and cells. Regarding the non-biomedical scenarios, it is
possible to attain the same shear rates encountered on a ship hull in a harbor with the 50
mm-incubator at 150 rpm or with the other incubators of larger diameter at velocities
around 100 rpm. Finally, the liquid flow in biofilm channels should be simulated under
the shaking conditions already indicated for the blood flow in arteries.

The average strain rates for the 25 and 50 mm shaking diameters (at 150 rpm)
were 23.0 and 46.2 s, respectively, which is equivalent to average shear stress values of
0.034 and 0.070 Pa (Moreira et al. 2013c). In turn, the flow cell system that will be used
in the study of recombinant protein production (Chapters 5 to 9) reaches an average wall
shear stress value of approximately 0.3 Pa (operating at Re = 4,600) (Moreira et al.
2015a), which is 4 fold higher than the maximum experimentally attainable in the 96-well
microtiter plate. Therefore, the agitated microtiter plate does not mimic the shear stress

conditions that are achieved in the flow cell.
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Although microtiter plates have been extensively used for biofilm studies in the
last years (Castelijn et al. 2012, Leroy et al. 2007, Rodrigues & Elimelech 2009, Shakeri
et al. 2007), little is known about the flow pattern inside the wells. In fact, few papers
have been published applying computational fluid dynamics to simulate flow in microtiter
plates (Barrett et al. 2010, Zhang et al. 2008) during biofilm formation. Azevedo et al.
(2006) simulated the flow inside 6-well plates to test the influence of shear stress,
temperature and inoculation concentration on the adhesion of Helicobacter pylori to
stainless steel and polypropylene coupons. Kostenko et al. (2010) studied Staphylococcus
aureus deposition in the same plate format using different filling volumes and agitation
frequencies. This latter system was further analysed by CFD by Salek et al. (2012) using
a flow topology analysis to explain biofilm accumulation, morphology and orientation of
endothelial cells. Since the 96-well format is currently one of the favorite platforms for
biofilm studies, it is intriguing why such a lack of information exists for this system. Our
research group started to study its hydrodynamics by monitoring the influence of two
shaking conditions on E. coli biofilm development (Moreira et al. 2013c). This simulation
was now extended in order to define which operational conditions should be chosen for
each particular application. When trying to produce “artificial” biofilms in laboratory
reactors one has to make sure that these biofilms resemble those that are formed in natural
environments. If that is not the case, then important experiments regarding antibiotic
susceptibilities, resistance to mechanical treatment, biocide efficacy assays and other tests
will not produce reliable results that are indeed applicable to the “natural” biofilms that
need to be controlled (Buckingham-Meyer et al. 2007). Since some knowledge about the
hydrodynamics of the locations where “natural” biofilms form is already available, it is
important that laboratory experiments are carried out in a way that mimics those
conditions. The information presented on this work defines the applicability range of 96-

well microtiter plates in the simulation of several natural scenarios where biofilms form.
3.4.2. Biofilm formation
In this work, the effects of glucose, peptone and yeast extract concentrations on
biofilm development were tested. The reference concentration of each nutrient that was

used on the previous study (Teodosio et al. 2011a) and higher concentrations of the three

main nutrients were tested because it has been reported that high nutrient concentrations
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can favour biofilm formation (Frias et al. 2001, Klahre & Flemming 2000, Volk &
LeChevallier 1999).

A wide range of medical devices are currently used, including indwelling (Donlan
2001), partially implantable and external devices (Newman 2008). A temperature of 37
°C is more appropriate for simulating indwelling devices in body core sites and
temperatures closer to 25 °C are best suited for external devices. Therefore, an average
temperature of 30 °C is a good approximation for a partially implantable device in body
peripheral/skin sites (Andersen et al. 2010). On the other hand, as it is intended to use the
96-well microtiter plate as a screening platform for further experiments in a flow cell
system working at 30 °C, it makes sense to choose this temperature. The influence of
temperature (30 or 37 °C) on the hydrodynamics was investigated. CFD simulations
showed that the temperature is negligible and even when the average strain rates are
compared at the two temperatures (Figure 3.7), the differences are on average below 5%

(for the 150 rpm case used in the experimental part of this work, the difference is 0.4%).
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Figure 3.7. Comparison of the shear strain rate evolution as a function of the shaking frequency for 30
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The overall results of the glucose experiments indicate that higher glucose
concentrations may be beneficial for E. coli adhesion in the first 24 h, independently of
the shaking conditions. Despite the lack of information on E. coli biofilms, it has been

reported (Buhler et al. 1998) that the total yield of cells growing in a biofilm increased
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linearly with increase of glucose up to 2 g I"X. For Pseudomonas species, independent
groups noted that an increase in nutrient concentration is associated with an increase of
cell attachment (Peyton 1996, Simdes et al. 2010b). For P. putida, Rochex & Lebeault
(2007) observed an increase in biofilm thickness when increasing glucose concentration
up to a certain limit (0.5 g I'), above which an additional increase of substrate reduced
the biofilm accumulation rate as a consequence of a higher detachment.

In most cases, E. coli cells took more time to establish on the surface under static
conditions. On the other hand, after the initial period of adhesion, the amount of biofilm
formed under static conditions remained constant while that accumulated under shaking
conditions dropped, in particular for the glucose experiments. This corroborates what has
been postulated by several authors (Percival et al. 1999, Pereira & Vieira 2001, Vieira et
al. 1993), that higher flow rates can cause two phenomena of opposite nature: on the one
hand, they favour the transport of nutrients to the surface, contributing to cell growth in
the microbial layer and to the production of exopolymers and, on the other hand, with
increasing flow velocity the shear rates increase and that can cause further erosion and
detachment of biofilm portions, and the consequent decrease in the amount of biomass
attached to the surface. The interplay between these two effects (including the increase in
surface area available for oxygenation) explains the higher growth followed by the more
abrupt drop in biomass when the highest glucose concentration was used. Besides that, it
is also known that E. coli, under certain conditions, adheres more strongly to surfaces
with increasing fluid velocities due to the action of the lectin-like adhesin FimH (Thomas
et al. 2002) or of the flagella (McClaine & Ford 2002).

Biofilms seemed to have entered a state of dynamic equilibrium at the highest
shaking amplitude and for the two highest concentrations of glucose, probably as a
consequence of the combined effects of hydrodynamics and carbon levels. The cyclical
biofilm maturation and subsequent dispersal pattern probably occurred because it was no
longer profitable for the bacterium to participate in the biofilm, due to several reasons
such as shear forces, lack of nutrients and accumulation of toxic metabolic by-products
(Dunne 2002).

The data presented in this work indicates that variation of peptone and yeast
extract concentrations has no significant impact on the amount of attached cells, in the
range of concentrations and hydrodynamic conditions tested. As glucose is the main
carbon source in the tested culture media, peptone is the most important nitrogen source

since its nitrogen content exceeds 13% (Merck, product information ref. 107214). Yeast
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extract also provides nitrogen (> 10 %) to bacteria besides vitamins, amino acids and
carbon (Merck, product information, ref. 103753). In reactors for biological waste gas
treatment, biofilm growth seems to respond strongly to the amount of available nitrogen
(Holubar et al. 1999). A similar behavior was observed for P. putida strain isolated from
a paper machine (Rochex & Lebeault 2007). The rate and extent of biofilm accumulation
increased with nitrogen concentration. Additionally, it is known that when the
carbon/nitrogen ratio on the nutrient supply is increased, the polysaccharide/protein ratio
generally increases (Huang et al. 1994b). Delaquis et al. (1989) showed that the depletion
of nitrogen led to the active detachment of cells from P. fluorescens biofilm.

Since different E. coli strains are capable of causing UTI (Salo et al. 2009),
selected experiments were performed to see if the results obtained with strain
JM109(DE3) were also confirmed with another strain. E. coli CECT 434 (a clinical
isolate) was used for this purpose, and in general there were no statistically significant

differences between the results obtained for the two strains (Figure 3.8).

Glucose Yeast extract
P=0.089

0.300

0.250

P=0328

o o
= [N]
m [=]
o [=]

P=0171 P=0.001

Absorbance (570 nm)
o
8

0.050

0.000

0.25¢ 1

0125911

Figure 3.8. Comparison of 24-h biofilms formed by E. coli CECT 434 (M) and E. coli JM109(DE3) (3)
in static conditions using two different concentrations of glucose or yeast extract.

Although the wetted area predicted for cell adhesion was 2 fold higher for the 50
mm-incubator when compared to the 25-mm incubator (at 150 rpm), the maximum
biofilm amount detected by the crystal violet assay was very similar for the three
operational conditions used. Thus, an increase in wetted area did not cause an increase in

the amount of biofilm.
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The simulation results indicate that the strain rates under which the E. coli biofilms
developed changed drastically along the cylindrical wall. The higher strain rates below
the interface were associated with the formation of dispersed cell aggregates, while a
decrease in the strain rate values resulted in a homogeneous distribution of single cells on
the wall. Kostenko et al. (2010) also showed that biofilm deposition and morphology in
microtiter plates is non-uniform and that the biofilm characteristics correlate strongly
with local shear stress mean and fluctuation levels. It has been shown that biofilms in the
human body are naturally heterogeneous as a result of the shear stress variations. Thus,
microtiter plates are ideally suited to mimic these natural variations in the shear stress
field in biomedical scenarios.

Taking together the results obtained from the numerical simulation and those
obtained during biofilm formation studies, it is possible to conclude that if the right
operational conditions are used, the microtiter plate is a powerful platform for biofilm

simulation in a variety of applications including biomedical scenarios.
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Biofilm localization in the

vertical wall of 96-well plates®

Abstract

Microtiter plates with 96 wells are being increasingly used for biofilm studies due
to their high throughput, low cost, easy handling and easy application of several analytical
methods to evaluate different biofilm parameters. These methods provide bulk
information about the biofilm formed in each well but lack in detail, namely regarding
the spatial location of the biofilms.

In this chapter, macroscale and microscale methods were used to study the impact
of hydrodynamic conditions on the location of E. coli JM109(DE3) biofilms formed in
microtiter plates. Biofilms were formed in shaking and static conditions, and two
macroscale parameters were assayed: the total amount of biofilm was measured by the
CV assay and the metabolic activity was determined by the resazurin assay. From the
macroscale point of view, there were no statistically significant differences between the
biofilms formed in static and shaking conditions. However, at a microscale level, the

differences between both conditions were revealed using SEM. It was observed that

¢ The content of this chapter was adapted from the following publication(s):

Gomes LC, Moreira JMR, Miranda JM, Simdes M, Melo LF, Mergulhdo FJ. 2013. Macroscale versus
microscale methods for physiological analysis of biofilms formed in 96-well microtiter plates. J Microbiol
Methods. 95:342-349.

Gomes LC, Moreira JMR, Sim@es M, Melo LF, Mergulhdo FJ. 2014. Biofilm localization in the vertical
wall of shaking 96-well plates. Scientifica. 231083:13.
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biofilm morphology and spatial distribution along the wall was different in these
conditions. Additionally, it was shown that wall regions subjected to higher shear strain
rates were associated with the formation of biofilms containing cells of smaller size.
Conversely, regions with lower shear strain rate were prone to have a more uniform
spatial distribution of adhered cells of larger size.

Location of sessile cells can be obtained by microscopy observation using electron
microscopes, but this technique has lower throughput, higher cost and is subjected to
equipment availability. Therefore, a differential CV staining method was developed to
determine the spatial location of E. coli biofilms formed in the vertical wall of shaking
96-well plates. The results of this new procedure were corroborated by SEM
visualization. The developed method is quicker, less expensive and has a higher
throughput than the available methods for spatial location of biofilms in microtiter plates.

The results of this chapter highlight the wealth of information that may be
gathered by complementing macroscale approaches with a microscale analysis of the

experiments.

4.1. Introduction

Intensive studies on the mechanisms of biofilm formation and resistance have
prompted the development of multiple in vitro platforms where biofilms are formed to
simulate “real life” biofilms. When using these systems in the laboratory, it is important
to choose the correct operational conditions in order to obtain biofilms that resemble those
found in natural environments (Gomes et al. 2014). Microtiter plates with 96 wells enable
high-throughput assays, are easy to handle and are cheap to use as only small volumes of
reagents are required (Coenye & Nelis 2010, Duetz 2007). Moreover, multiple organisms
and treatments can be included in a single run (Coenye & Nelis 2010), and several well
established protocols are available for determination of macroscale parameters related to
the biofilm (Table 2.2). Microtiter plates have been extensively used for biofilm studies
addressing microbial adhesion (Moreira et al. 2013c, Simdes et al. 2010a), biofilm
inhibition (Cady et al. 2012, Lee et al. 2011) and screening of antimicrobial compounds
(Pitts et al. 2003, Quave et al. 2008, Shakeri et al. 2007). However, the lack of detailed
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knowledge of the hydrodynamics in microtiter plate systems has been, however, the major
drawback of this technique in many reported studies (Gomes et al. 2014).

Despite the recent development of techniques for the macroscale characterization
of biofilms, microscopy is still used to analyse morphological and structural details of
biofilms in vitro, especially in flow cells and on coupons retrieved from microtiter plates
(Hannig et al. 2010). The complexity and structural heterogeneity of biofilms has been
unraveled by techniques such as SEM and CLSM. SEM can be used to produce clear
images of microorganisms on opaque substrata across a wide range of magnifications
(Norton et al. 1998). At higher magnifications (up to 100,000x), individual cells are
readily distinguished (Serra et al. 2013, Stewart et al. 1995). For these reasons, it is
recognized that SEM gives a detailed insight into the ultrastructure of bacteria and their
environment (Alhede et al. 2012, Hannig et al. 2010), although it does not allow
observation of the biofilm interior (Stewart et al. 1995). The main difficulty of SEM is
that sample preparation might induce shrinkage and other structural changes due to
dehydration (Hannig et al. 2010). Conversely, CLSM allows in situ and real-time
examination of biofilms, but it provides much lower magnification and resolution (Fedel
et al. 2007, Stewart et al. 1995). The use of the CLSM is also useful to obtain clear
photomicrographs of densely packed microorganisms (Palmer Jr & Sternberg 1999).
Mainly because of its excellent resolution properties, SEM will, in spite of its limitations,
continue to be an important tool for biofilm research. The relative advantages and
limitations of these two techniques are summarized in Table 2.4.

This study compares two well established macroscale techniques (crystal violet
and resazurin assay), that provide bulk data from a biofilm, with SEM visualization for
the analysis of biofilms formed in 96-well microtiter plates. Analysis of the
hydrodynamics at a microscale using CFD provided additional information that can
explain the results obtained with SEM. Prior to CFD simulation, a computational model
must be generated and a meshing operation is performed. Meshing corresponds to the
division of the region under study into numerous elements (also known as cells) where
the equations from the computational model are solved (Xia & Sun 2002). CFD is a
microscale fluid analysis technique that can be performed at different precision levels,
much like microscopy, where the use of different magnifications can provide different
levels of detail. In fact, in microscopy, the use of higher magnifications increases the
detail, but this is obtained at a higher operational cost as the number of images that are

required to analyse the same region of interest increases. Likewise, in CFD, the use of a
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more refined mesh (with a higher number of cells of smaller volume) increases numerical
accuracy, but also with an increased computational cost as the simulations will take longer
o run.

The main objective of this work was to compare macroscale and microscale
methods that can be used for biofilm analysis to see if the information that can be
extracted from them is redundant or if they provide complementary data. Furthermore, a
differential CV staining method was developed by combining the high throughput
features of the usual CV staining with the determination of the spatial localization of the
biofilm without the use of expensive equipment. The global information was used to

assess the effect of hydrodynamics on biofilm location.

4.2. Materials and methods

4.2.1. Bacterial growth

E. coli JIM109(DE3) from Promega (USA) was used to produce biofilms. An
overnight culture was prepared as described in Chapter 3, section 3.2.2. Cells were
harvested by centrifugation and appropriate dilutions in sterile saline (8.5 g I’ NaCl) were

performed to obtain an inoculum containing approximately 108 cells ml™.

4.2.2. Biofilm formation in 96-well microtiter plates

Biofilms were produced by pipetting 20 ul of inoculum into six wells of sterile
96-well PS microtiter plates (Orange Scientific, USA) filled with 180 pl of nutrient
media. The media was previously described by Teoddsio et al. (2011a) and consisted of
0.5 g I glucose, 0.25 g I peptone, 0.125 g I yeast extract and phosphate buffer (0.188
g It KH2PO4 and 0.26 g It Na;HPO4), pH 7.0. Microtiter plates were placed for 24 h at
30 °C in an orbital shaking incubator (50 mm of orbital diameter) at 150 rpm
(CERTOMAT® BS-1, Sartorius AG, Germany) and without shaking.
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4.2.3. Biofilm analysis

4.2.3.1. Macroscale assays

After 24 h of incubation, the total amount of biofilm formed was measured by CV
assay and the metabolic activity was determined by the resazurin assay.

The CV procedure used in this work is fully described in Chapter 3, section 3.2.3.

Resazurin is a blue redox dye that can be reduced by viable bacteria in the biofilm
to pink resofurin, and the extent of conversion from blue to pink is a reflection of
metabolic activity (Pettit et al. 2009). This assay was described as a good alternative for
microbial biofilm quantitation in microtiter plates (Peeters et al. 2008). Non-adherent
bacteria were firstly removed according to the technique described for the CV assay.
Fresh medium (190 pl) was added to the wells followed by the addition of 10 ul of 0.1
g I"t resazurin (Sigma-Aldrich, USA) solution (Borges et al. 2014). Fluorescence (with
the excitation filter of 570 nm and the emission filter of 590 nm) was measured after 20
min of incubation in darkness (Borges et al. 2014) using a microtiter plate reader
(SpectraMax M2E, Molecular Devices, UK).

Three independent experiments were performed to characterize the biofilms
formed under shaking and static conditions. For control, quantifications were also
conducted in the absence of bacteria, demonstrating that no biofilm growth occurred in

the corresponding wells during the experimental time.

4.2.3.2. Microscale assays

Microscopy

Microtiter plate wells containing biofilms were observed by SEM after 24 h of
incubation. Prior to SEM observations, biofilm samples were fixed using 3% wt.
glutaraldehyde in cacodylate buffer pH 7.2 (Manuel 2007) for 10 min and exposed to an
ethanol dehydration series of 50, 60, 70, 80, 90 and 2 x 100% (v/v) ethanol, followed by
a chemical dehydration series of 100% ethanol + hexamethyldisilazane (HMDS, Ted
Pella, USA) at 50, 60, 70, 80, 90 and 2 x 100% (v/v) HMDS (Thorn & Greenman 2009),

for 5 min at each concentration. The plate was air-dried for 1 day in a desiccator and
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selected wells were cut out from the plate using a diamond blade. These wells were then
cut longitudinally with the same blade and sputter-coated with a palladium-gold thin film
(Simdes et al. 2007) using the SPI Module Sputter Coater equipment for 80 s at 15 mA
current. The biofilms were viewed with a SEM/EDS system (FEI Quanta 400FEG
ESEM/EDAX Genesis X4M, FEI Company, USA) in high-vacuum mode at 10 kV to
observe biofilm morphology and distribution. Ten view fields along the vertical wall
section were analysed for three independent wells of each hydrodynamic condition and
the cell length was determined using the microscope software (XT Microscope Control,
FEI Company, USA).

CED simulation

Numerical simulation was made in Ansys Fluent CFD package (version 13.0) for
a shaking diameter of 50 mm and frequency of 150 rpm, as indicated in Chapter 3, section
3.2.1. The magnitude of the shear strain rate was determined with the help of a built-in
expression. After the steady state is reached, the average shear strain rate was calculated
by integrating an instantaneous solution over the wetted area. The time averaged shear
strain rate was obtained by averaging the steady state shear strain rate of the liquid side

during a complete orbit.

Differential CV staining

The amount of biofilm formed was also measured using the CV dye in a
differential form: this means that the well has been divided into four different sections
(Figure 4.1) and the corresponding vertical wall section was stained sequentially up to a
maximum volume of 200 pl. Biofilm quantitation on the bottom of the well was
performed by using 25 ul of CV for staining. Section 1 corresponded to a volume between
25 and 50 pl (and a height of 0.77 mm). Section 2 corresponded to a volume between 50
and 100 pl, section 3 corresponded to a volume between 100 and 150 pl and section 4
corresponded to a volume between 150 and 200 ul. Sections 2, 3 and 4 had an equivalent
height of 1.54 mm.

Prior to CV staining, the microtiter plates were discarded and the wells were
washed with 200 pl of sterile water to remove non-adherent bacteria (Stepanovi¢ et al.
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2000). Then, the biofilms were fixed with 250 ul of 96% ethanol (Shakeri et al. 2007).
The first section of the well to be quantified was the bottom (not represented in Figure
4.1), which corresponds to a volume of 25 pl and a height of 0.77 mm. The cells adhered
to this region were stained for 5 min with the corresponding volume of 1% (v/v) crystal
violet (Merck, Portugal) and the dye bound to this specific region was solubilized with
200 pl of 33% (v/v) acetic acid (VWR, Portugal). The absorbance was measured at 570
nm using a microtiter plate reader (SpectraMax M2E, Molecular Devices, UK). The
biofilms formed in the successive sections of the well (sections 1 to 4 of Figure 4.1) were
quantified using the described procedure, specifically using the CV volume equivalent to
the maximum level of each section (section 1 - 50 pul; section 2 - 100 pl; section 3 - 150
pl; section 4 - 200 pl). The absorbance corresponding to each of the defined sections and
presented on Figure 4.7D was calculated by subtracting the absorbances from the
previous sections and considering the dilution factor. To quantify the biofilm formed in
each of the well sections, six replica wells were used per experiment and three

independent experiments were performed.

section 4 1.54 mm

section 3 1.54 mm
section 1 0.77 mm

Figure 4.1. Schematic representation of the wall sections assayed by the differential CV staining.

4.2.4. Calculations and statistical analysis

The results presented in Figure 4.2 are an average of those obtained in three
independent experiments for each hydrodynamic condition. For a single experiment, the
final value is an average of the readings obtained in 6 replica wells within one plate. Cell

length distribution in biofilms (Figure 4.6) was assessed by measurement of the lengths
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of 100 randomly chosen cells adhered in the liquid side near the interface under shaking
(Figure 4.5A) and static (Figure 4.5B) conditions. Paired t-test analyses were performed
when appropriate based on a confidence level of 95% (differences reported as significant
for P values < 0.05).

4.3. Results

4.3.1. Macroscale analysis of biofilm formation

The effect of orbital shaking on biofilm formation was firstly assessed by two
macroscale parameters: the total amount of biofilm formed by the CV assay (Figure 4.2A)
and the cell metabolic activity by the resazurin assay (Figure 4.2B). The amount of
biofilm formed in agitated conditions was not significantly different (P = 0.42) from the
amount formed in static conditions (Figure 4.2A). Also the differences found in the
biofilm activity when varying shaking conditions (Figure 4.2B) were not statistically
significant (P = 0.40).
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Figure 4.2. Biofilm quantification after 24 h of formation under shaking (m) and static (m) conditions. (A)
Biofilm amount determined by the crystal violet assay; (B) biofilm metabolic activity determined by the

resazurin assay. Mean values + SD for three independent experiments are indicated.
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4.3.2. Microscale analysis of biofilm formation

The shear strain rate distribution inside a 96-well microtiter plate during orbital
shaking was determined by CFD (Figure 4.3). Then, these results were related to the
biofilm distribution and morphology assessed by SEM (Figures 4.4 and 4.5). Each of the
original SEM images obtained at a 1000x magnification covered an area of 250 x 200
um (Figure 4.3 represents cropped sections of those images). The wall projected area of
a single hexahedral cell that was used for the CFD simulation was of 270 x 300 pum. Thus,
both methods were employed at similar scales.

Figure 4.3 presents the time averaged wall shear strain rate distribution in the
internal wall of the well when an orbital shaker with 50 mm diameter at 150 rpm is used.
The wall shear strain rate is unequally distributed in the cylindrical wall, spanning from
10 to 170 s. Shear strain rate is much higher in the liquid side near the liquid-air
interface, and there are spots where it has a relative maximum. These spots are associated
with regions of unstable vortices near the wall (Moreira et al. 2013c). For this shaking
condition, an average wall shear strain rate of 46 s™* was predicted, which corresponds to

a shear stress of 0.070 Pa.

<«— Dbottom

Shear strain rate / s!

E =  w
10 80 170

Figure 4.3. Time averaged shear strain rates on a 96-well microtiter plate when an orbital shaker with 50
mm diameter at 150 rpm is used. Scanning electron micrographs presented in Figure 4.4 were taken in the
areas indicated with arrows: regions of higher (closer to the air-liquid interface, marked as top) and lower

(closer to the bottom) shear strain rates.
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Figures 4.4 and 4.5 display scanning electron micrographs representative of
several fields observed in each well. They show that bacterial adhesion varied across the
wall and that higher attachment occurred closer to the air-liquid interface (Figures 4.4A
and B) compared to the bottom regions (Figures 4.4C and D). Concerning the
morphology, the biofilms formed in the liquid side near the interface also differ from
those found closer to the bottom. Biofilms consisting of cell aggregates were observed at
the top for both hydrodynamic conditions (Figures 4.4A and B), whereas at the bottom of
the walls there are only single cells homogeneously distributed along the surface (Figures
4.4C and D). Apart from being different along the vertical wall, it was observed by SEM
that biofilm morphology is also different between static and shaking conditions. At
equivalent locations, biofilms formed under the shaking situation have higher number of

shaking static

top

bottom

(D)

— 50 pm —— s p =N p— 50 pm ——

Figure 4.4. Scanning electron micrographs showing adhesion of E. coli to the vertical wall of 96-well
microtiter plates. Images (A) and (C) were taken from the same well and are representative of cell
distribution closer to the air-liquid interface (top) and closer to the bottom, respectively, for the shaking
conditions (as indicated on Figure 4.3). Images (B) and (D) were taken from the same well and show cell
adhesion closer to the air-liquid interface and closer to the bottom, respectively, in static conditions (images
taken at equivalent locations to (A) and (C)). Magnification: 1000x; bars = 50 pm.
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Figure 4.5. High-magnification scanning electron micrographs of E. coli adhesion in the liquid side near

the interface for (A) shaking and (B) static conditions. Magnification: 5000x; bars = 10 pm.

cells (Figures 4.4A and C) than in the static condition (Figures 4.4B and D); besides, they
seem to be embedded in EPS mostly in the area closer to the interface (Figure 4.4A).
Furthermore, the length of the cells from biofilms grown in the shaking condition was
smaller when compared to those formed in static, as shown by the 5000x magnification
(Figure 4.5). Determination of the cell length in the higher magnification images (Figure
4.5) resulted in a bar chart showing the distribution of dimensions for both hydrodynamic
conditions closer to the top (Figure 4.6). While E. coli cells had lengths ranging from 1
to 2.4 um under shaking conditions (the average was 1.6 + 0.3 um), those which adhered
without shaking measured up to 5 um (the average was 3.0 + 0.8 um). Thus, this
quantitative evaluation confirmed that E. coli cells had different lengths (P < 0.001) under
the two conditions, being on average 2 fold longer in the static condition.

93



Chapter 4

12

11

Cell counts

.
.

.

; 1

o

o n
3V ™ ™

Cell length (um)

1,0
15
2,0

Figure 4.6. Cell length distribution in biofilms grown in the liquid side near the interface under shaking

(m) and static (m) conditions. The arrows represent the average cell length for each condition.

4.3.2.1. Differential CV staining

Biofilm localization on the vertical walls of shaking 96-well microtiter plates was
also determined by the differential CV staining (Figure 4.7D), a new microscale approach
validated by SEM analysis (Figure 4.7E).

Through direct observation of the stained wells (prior to solubilization of the dye),
it was possible to observe that biofilms were mainly formed on the wall and not on the
bottom of the well. Moreover, since the amount of produced biofilm is proportional to the
amount of CV adsorbed, it seemed that the biofilm was unevenly distributed in the
cylindrical wall and higher amounts were formed closer to the air-liquid interface (Figure
4.7A). Similarly to what was observed in the photograph of the stained well, the CFD

simulation revealed that the shear strain rate distribution was not uniform along the wall,
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Figure 4.7. Biofilm localization in shaking 96-well microtiter plates placed in a 50 mm-incubator at 150
rpm. (A) Photograph of a well stained with crystal violet; (B) schematic representation of a well where the
dark grey area corresponds to the wetted area without shaking, the light grey area represents the area
increase upon shaking and the dotted line depicts the inclination of the air-liquid interface; (C) time
averaged shear strain rates (values below 20 s? are not represented); (D) illustration of the biofilm
distribution on the vertical wall assayed by the differential CV staining in the sections identified in Figure
4.1; (E) representative scanning electron micrographs of the wall sections defined in Figure 4.1

(magnification: 5000x%; bar = 10 um).

being much higher in the liquid side near the interface (Figure 4.7C). Also, for the shaking
condition chosen for this work (50 mm of orbital diameter and 150 rpm), an area gain of
8.5% and a maximum angle of 7.8° was obtained (Figure 4.7B). Observing the results of
the differential CV staining (Figure 4.7D), the amount of biofilm detected along the
different sections of the wall was also not constant. The highest value of absorbance
(corresponding to the highest amount of biofilm biomass) was measured in the region
located immediately below the liquid level (section 4). In the intermediate sections of the
well, the absorbance values were about 10 times lower than near the interface (section 3)
or almost zero (section 2), increasing slightly in the section closer to the bottom of the
well (section 1). In order to validate the results obtained by the differential CV staining,
SEM analysis was performed on the vertical wall of the wells. Figure 4.6E shows
scanning electron micrographs representative of the four sections defined in the
application of the differential CV staining (Figure 4.7D). SEM analysis showed that E.

coli adhesion varied across the wall and that higher attachment occurred closer to the air-
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liquid interface (section 4) compared to the intermediate (sections 2 and 3) and near

bottom (section 1) regions of the well.

4.4. Discussion

The influence of shaking conditions on E. coli biofilm formation in microtiter
plates was analysed by a combination of macroscale and microscale methods. Although
the macroscale techniques used - crystal violet and resazurin - did not reveal any bulk
differences on the amount and metabolic state of the cells in different hydrodynamic
conditions, microscale analysis revealed differences in the spatial distribution and cell
length in biofilms when comparing shaking with static conditions. It was hypothesized
that these variations in the microscopic appearance of biofilms may be correlated with
the shear strain rate distribution on the well during agitation.

Under shaking conditions, zones of higher shear strain rate values as those closer
to the air-liquid interface can be associated with the formation of higher cell density
aggregates embedded in EPS, a type of biofilm typically observed under turbulent flow
conditions (Paris et al. 2007). This higher cell density biofilms are supported by the higher
oxygen and substrate mass transfer from the bulk liquid to the biofilm (Moreira et al.
2013a). In fact, when a 50 mme-incubator is rotating at 150 rpm, CFD simulations
exhibited some spots of maximum shear strain rate near the interface, which were related
to regions of unstable vortices (Moreira et al. 2013c) and hence more efficient liquid
mixing. Additionally, the flow inside a vortex is characterized by a strong recirculation
which may be able to trap bacteria entering this region (Salek et al. 2012). Low shear
strain rate conditions, such as those found at the bottom of the vertical wall, were not
favorable for E. coli adhesion and therefore single bacterial cells were observed uniformly
distributed throughout the polystyrene surface. These results are in agreement with
previous studies (Kwok et al. 1998, Rochex et al. 2008, Simdes et al. 2007) that found
that higher shear forces result in a denser biofilm.

Concerning the static condition, it would be expected that the biofilm distribution
was more uniform along the wall because no shear forces were acting. An explanation for
the higher number of cells observed near the liquid surface compared to the bottom can

be a higher exposure to air that promoted cell adhesion and growth in that region.
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Besides showing differences in the spatial distribution of biofilms, SEM analysis
also revealed that biofilm cells had different sizes when subjected to different
hydrodynamic conditions. On a previous work, Simdes et al. (2007) demonstrated that P.
fluorescens cells within turbulent and laminar flow-generated biofilms differed from each
other in length. While cells from biofilms formed at lower shear strain rates had an
equivalent cell radius of 0.408 um, cells from biofilms formed at higher shear strain rates
were smaller, with an equivalent cell radius of 0.201 um (Simdes et al. 2007). By
microscopic observation, Paris et al. (2007) also showed that the wall shear strain rate in
a flow chamber influenced the size of drinking water biofilms as cells were 5 fold longer
when the shear strain rate was 5 fold smaller.

Both microscale methods have been applied in this work roughly at the same scale.
In fact, when comparing the area covered by a SEM image taken at 2000x magnification
with the projected area of a hexahedral CFD cell, the values were similar (250 x 200 pum
and 270 x 300 um, respectively). However, a higher magnification (5000x) was necessary
to ascertain the cell size differences between the biofilms formed in different
hydrodynamic conditions. This requirement for greater level of detail in the SEM analysis
was obtained through a greater refinement of the surface area under analysis (a larger
number of images was needed to cover the same area). In the CFD case, preliminary mesh
tests indicated that a higher mesh refinement (using a higher number of hexahedral cells)
would increase the required simulation time without significant improvement of the
numerical accuracy (Table 3.2), and therefore a mesh with 18,876 hexahedral cells was
used.

Although microtiter assays are broadly accepted by the biofilm community, there
is a lack of information on the effect of hydrodynamics in the architecture of biofilms
formed in this system. It was shown by Kostenko et al. (2010) that biofilm deposition and
morphology in six-well plates is non-uniform and that the biofilm characteristics correlate
strongly with local shear stress mean and fluctuation levels along the bottom face of a
well. Berson et al. (2008) and Dardik et al. (2005) used these plates to study the effects
of orbital shear stress on endothelial cells. The first study concluded that shear stress
levels at the bottom of the plate were not uniform and that the rotational speed influenced
the radial shear stress distribution. Dardik et al. (2005) demonstrated that the proliferation
and orientation of endothelial cells at the well bottom differs between the static and
shaking scenario. Similar to our findings, cells exposed to orbital shaking appear to have

increased proliferation compared to cells exposed to static conditions (Dardik et al. 2005).
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In the human body, biofilms are naturally heterogeneous as a result of the shear stress
variations (Lantz et al. 2011, Potter et al. 2012). Thus, taking together the SEM
visualizations and CFD simulations, it is possible to state that microtiter plates are
probably well suited to mimic the natural variations in the shear stress field in biomedical
scenarios.

Several macroscale protocols for biofilm quantitation in microtiter plates have
been described. For CV and resazurin assays, the results are based on color and
fluorescence intensity at a certain wavelength, respectively, which means that rapid,
quantitative analysis can be obtained from a single equipment such as an automated
multiplate reader (Azevedo et al. 2009). Another advantage of these macroscale methods
is a broad and robust applicability for many microorganisms (Peeters et al. 2008). On the
other hand, the results of CV staining can be correlated with conventional plate count,
optical density, biofilm thickness and dry weight results (Alnnasouri et al. 2011), and
resazurin assays correlate well with plate counting (Elkhatib & Noreddin 2009).

Unlike using spectrophotometric techniques, assessment of biofilms by
microscopy not only can provide quantitative data on the total and active number of cells,
but also enables a detailed structural characterization of biofilms for comparative
purposes. Several electron microscopy methods have been used to investigate biofilms,
being SEM the predominant choice (Alhede et al. 2012). Its main advantage is to offer
excellent magnification (ranging from 20x to approximately 30,000x) and resolution
(from 50 to 100 nm) with the ability to image complex shapes (Stewart et al. 1995,
Surman et al. 1996). However, prior to imaging under high vacuum, biofilm specimens
are prepared by fixation, dehydration and coating with a conductive material, which can
destroy the structure of samples or cause artifacts (Hannig et al. 2010). Even though the
distribution and/or morphology of the biofilms may have been slightly altered by these
processes, SEM enables good comparative analysis between different experimental
conditions (like the flow regimes analysed on this work), mainly at the biofilm surface.
This analysis has shown clear differences between biofilms formed in shaking and static
conditions that the macroscale methods failed to detect. According to Vertes et al. (2012),
SEM has been used to verify if other types of assays are correlated with a real physical
change in morphology and density of biofilms. Furthermore, it allows the estimation of
the dimensions of microorganisms (Horath et al. 2006).

In recent years, CLSM has emerged as a method of choice for checking the three-

dimensional structural characteristics of biofilms because it allows a non-destructive

98



Biofilm localization in the vertical wall of 96-well plates

analysis at a cell scale of their hydrated spatial arrangement (Bridier et al. 2013, Bridier
et al. 2010). In addition to qualitative information, CLSM enables the determination of
quantitative structural parameters on biofilms directly from three-dimensional image
stacks (e.g. thickness, roughness, substrate coverage and surface to volume ratio) (Bridier
et al. 2010, Heydorn et al. 2000). Nevertheless, real-time monitoring is not always
possible, either because of the incompatibility of the biofilm platform with the
microscope and/or practical problems associated with the use of CLSM for longer periods
of time, thus “offline” visualization is often used (Coenye & Nelis 2010). This ex-situ
preparation is time consuming and can alter the native biofilm spatial organization,
possibly sharing some of the problems encountered by SEM. Another disadvantage of
CLSM is that it may not be applicable to thick biofilms or those containing abiotic
particulate matter if they are too opaque (Stewart et al. 1995). When biofilms are thick (>
50 um), the optical sectioning provided by confocal microscopy is not sufficient to
examine the sample in the z-dimension and biofilms must be embedded, physically
sectioned, stained, and then examined (Palmer Jr et al. 2006). All these steps require
sample manipulation and can disrupt the fine structure of biofilms, thereby making spatial
analysis difficult. On the other hand, when water-immersible lens (dipping lens) are not
available, the sample must have a coverslip placed on top of it, with the possibility of
pressure distortion (Palmer Jr et al. 2006). Due to the intrinsic limitations of light
microscopy, CSLM is also not indicated for the observation of the ultra-structure of cells
or matrix constituents, which require higher resolution imaging (Bridier et al. 2013). The
use of SEM overcomes some of these restrictions by using an electron beam instead of a
photon beam that allows high magnification visualization of the cellular morphology,
cell-to-cell interactions or matrix components within biofilms (Bridier et al. 2013).
Several papers have been recently published about the use of SEM for
characterization of biofilms formed in microtiter plates, most of them using glass coupons
or coverslips in the 6-well format (Kostenko et al. 2010, Martinez et al. 2010, Shields et
al. 2013, Wang et al. 2011). Others reported the insertion of plastic (Bandara et al. 2009,
Melo et al. 2011) and aluminum coupons (Bridier et al. 2013) in 6- or 24-well microtiter
plates and the microscopic observation of biofilm developed on polystyrene pegs
(Coraga-Hubeér et al. 2012, Sanchez et al. 2013, Smith et al. 2008). Biofilm formation on
the vertical wall of microtiter plate wells has always been neglected; thus, to the best of
our knowledge, this is the first work that uses SEM visualization to provide rather detailed

information about cell adhesion along the walls of 96-well microtiter plates and to relate
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it to the local hydrodynamic patterns. This is of particular relevance because it was shown
on a previous report that biofilm formation on the vertical wall can exceed the amount of
biofilms formed on the bottom of the plate (Moreira et al. 2013c), particularly on the 96-
well format due to the ratio of vertical wall area/ bottom area.

It is interesting to notice that the differential CV staining presented in this chapter
corresponds to an intermediate scale between the traditional CV assay and SEM analysis.
The traditional CV assay quantifies the biofilm formed on the wall and bottom of each
well of a microtiter plate, which corresponds to an area of about 146 mm? (for a 96-well
plate), while the method proposed here evaluates wall sections of about 14 and 28 mm?.
In comparison, the area covered by a SEM image taken at 5000x magnification was of
2 x 10" mm?, and this technique enables detailed analysis of individual cells within the
biofilm rather than simply determining their localization. However, one must bear in mind
that most laboratories are not equipped with an electron microscope and this technique
has a considerably lower throughput than macroscale methods such as CV and resazurin
assays.

Observation of biofilms formed on the bottom of the wells of microtiter plates is
very common using optical microscopes at magnifications of 100 to 200%, which
typically cover areas of 0.3 mm? (Lizcano et al. 2010, Melo et al. 2007, Quave et al. 2012,
White et al. 2011). These observations have provided some information about the
architecture of the biofilms formed on the bottom of the wells (particularly when CLSM
is used) but usually disregard the biofilm that forms on the vertical wall. Therefore, a
method was developed to determine the spatial localization of these biofilms in a high
throughput manner, using common laboratory equipment. The area under analysis in each
of the four sections defined for the differential staining is equivalent to the area analysed
by optical microscopy using a 15x magnification. This area could be further reduced (thus
increasing the precision of the method) by dividing the well in sections of smaller height.

To conclude, it was demonstrated that SEM is an extremely useful tool for
comparative analysis in biofilm research. When no differences were detected between
biofilms formed under shaking and static conditions using macroscale methods, this
microscale technique revealed differences in size and location of cells. On the other hand,
the novel approach presented in this work demonstrated that the CV dye can be extremely
useful in locating the adherent cells in microtiter plates when used in a differential way.

The method is slightly more laborious and slower than the traditional staining procedure,
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but it requires fewer resources and has higher throughput than SEM in determining the
spatial location of biofilms.

The current trend for analytical methods is a shift towards high-throughput
platforms that can provide meaningful information about bulk parameters. However, one
must bear in mind that, if these high-throughput methodologies are the only ones to be
used, a lot of relevant information may be lost simply because a detailed analysis using
more precise techniques is still not amenable to this high-throughput format. Thus, the
possibility of analysing bulk properties in large data-sets must not preclude the detailed
analysis that is more likely to shed some light on the rationale of the observations that are

being made at a macroscale level.
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Heterologous protein production in E. coli biofilms:
a non-conventional form of

high cell density cultivation®

Abstract

E. coli is one of the favourite hosts for recombinant protein production and has
been recognized as an excellent model for biofilm studies. High cell density cultures
(HCDC) of this bacterium enable attractive volumetric production yields and cells
growing in biofilms share some of the challenges of conventional high cell density
planktonic cultures.

This work assesses the production potential of E. coli IM109(DE3) biofilm cells
expressing a model protein (eGFP) from a recombinant plasmid. A control strain
harbouring the same plasmid backbone but lacking the eGFP gene was used to assess the
impact of heterologous protein production on biofilm formation. Results showed that
specific eGFP production from biofilm cells was about 30 fold higher than in planktonic
state. Moreover, eGFP-expressing cells had enhanced biofilm formation compared to
control cells. VVolumetric production values were 2 fold higher than those previously
reported with the same protein and are within the range of what can be obtained by

conventional HCDC in the production of soluble proteins. Although the cellular density

d The content of this chapter was adapted from the following publication(s):

Gomes LC, Mergulhdo FJ. Heterologous protein production in Escherichia coli biofilms: a non-

conventional form of high cell density cultivation. Process Biochem (submitted).
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that was obtained was lower than in conventional HCDC (0.5 fold), this system showed
good production values which are likely to be improved by optimization of culture

conditions.

5.1. Introduction

The Gram-negative bacterium E. coli is a preferred host for the production of
recombinant proteins (Mergulh&o et al. 2004b, Sanchez-Garcia et al. 2016) due to its fast
growth at high cell densities, minimal nutrient requirements, well-known genetics and
availability of a large number of cloning vectors and mutant host strains (Baneyx 1999).
This bacterium has the ability to accumulate many recombinant proteins to at least 20%
of the total cell protein (Pines & Inouye 1999) and to translocate them from the cytoplasm
to the periplasm (Mergulh&o et al. 2005). E. coli cultivation in HCDC presents many
advantages such as reduced culture volume, enhanced downstream processing and lower
production costs (Choi et al. 2006). Despite these advantages, there are still many
challenges that have to be addressed in HCDC and these include insufficient oxygen
transfer, specific culture medium requirements, reduced mixing efficiency in the reactor
and accumulation of carbon dioxide which decreases growth rates and increases acetate
production (Choi et al. 2006, Mergulhéo et al. 2005). Recombinant protein production by
biofilm cells shares some of the challenges of conventional HCDC, namely in diffusion
of nutrients and oxygen through the biofilm and also in the accumulation of toxic waste
products (Stewart 2003, Stewart & Franklin 2008).

Recombinant protein expression in E. coli biofilms was pioneered by Huang et al.
(1993, 19944, 1995) who have studied the production of B-galactosidase in E. coli DH5a
carrying a plasmid containing the tac promoter. Later, O’Connell et al. (2007) have
described the first system for high level heterologous protein production in E. coli biofilm
cells using a pUC-based vector for the expression of eGFP. Despite the enormous
potential of this expressing system, heterologous protein production from E. coli biofilm
cells remains largely unexplored.

The expression of heterologous proteins in E. coli is commonly accomplished by
inserting the gene of interest into a multicopy plasmid under the transcriptional control of

either a constitutive or regulatable promoter (Mergulhdo et al. 2004b). It is well
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documented that plasmids impose a metabolic burden on the host cell, as cellular
resources must be used for their replication as well for the expression of plasmid-encoded
genes (Bentley et al. 1990, Glick 1995). In planktonic cells, this added metabolic burden
decreases cellular growth rates (Cheah et al. 1987, Flores et al. 2004) and biomass yields
(Ow et al. 2006), particularly when the plasmid vector is used to direct production of a
recombinant protein (Andersson et al. 1996, Bentley et al. 1990, Sgrensen & Mortensen
2005, Yang et al. 2016). This metabolic burden also promotes segregational and structural
plasmid instability (Yu et al. 2003), and several metabolic changes in the host cell
(Birnbaum & Bailey 1991, Haddadin & Harcum 2005) which may, in turn, affect the
yield and activity of the product protein. In contrast to planktonic cells, the presence of
plasmids was shown to increase biofilm formation and plasmid stability in many studies.
However, most of these studies were performed with conjugative plasmids (Burmglle et
al. 2008, Ghigo 2001, Krol et al. 2011, May & Okabe 2008, Norman et al. 2008, Reisner
et al. 2006, Yang et al. 2008). Although non-conjugative plasmids are commonly used
for heterologous protein production in E. coli, information regarding their impact on
biofilm formation remains scarce. It has been shown in flow conditions that when a
plasmid (pTKW106 or pMJR1750) containing a mutated pMB1 origin was transformed
into E. coli DHS5a, the plasmid-bearing cells formed biofilms with higher cell density than
non-transformed cells (Huang et al. 1993, Huang et al. 1994b). Lim et al. (2010b) also
revealed that upon transformation of E. coli O157:H7 with a 92kb virulent and non-
conjugative plasmid (pO157), biofilm formation and architecture were affected. Under
smooth flow conditions, plasmid pO157 enabled biofilm development through increased
production of EPS and generation of hyperadherent variants (Lim et al. 2010b). In a
previous work, the effect of E. coli IM109(DE3) transformation with non-conjugative
plasmids (pET28A and pUCB8) on biofilm formation was assessed under turbulent flow
conditions (Teodosio et al. 2012a). Plasmid-bearing cells formed biofilms with higher
cell densities than non-transformed cells, which is an indication that biofilm cells may be
a good platform for heterologous protein production unless the high-level expression of
the foreign gene is detrimental for biofilm formation.

One of the major concerns about HCDC is that the specific productivity of
recombinant protein that is obtained is often much lower than in flask culture (Choi et al.
2006). The aim of this work was to evaluate the specific production level of biofilm cells
when compared to planktonic cells and to assess if heterologous protein expression was

detrimental for biofilm development.
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5.2. Materials and methods

5.2.1. Bacterial strain, plasmids and culture conditions

The E. coli strain JIM109(DE3) from Promega (USA) was chosen because it is a
well-characterized microorganism and recommended for protein expression with the pET
system (Yanisch-Perron et al. 1985). Moreover, this strain has shown good biofilm
forming ability in turbulent flow conditions (Teodosio et al. 2012a).

Competent E. coli cells were transformed by heat shock (Sambrook & Russell
2001) with the control plasmid pET28A (Novagen, USA) or with the expression plasmid
pFM23 (Figure 5.1), which was obtained by cloning the eGFP gene into the pET28A
vector as previously described by Mergulhdo et al. (2004a). Transformants were selected
on lysogeny broth (LB-Miller, Sigma, USA) agar supplemented with kanamycin
(Eurobio, France).

Heterologous protein expression is obtained through the transcription of the eGFP
gene, which is under the control of T7 promoter. Transcription is made by the
chromosomally encoded T7 RNAP, which in turn is controlled by the lacUV5 inducible
promoter (Novagen 2005). Induction can be achieved by the addition of IPTG although
this compound was not added to the culture medium in this work.

Bacterial growth and reactor feeding was performed as described by Teoddsio et
al. (2012a). The recirculating tank of 1 | was continuously fed with 0.025 | h! of nutrient
medium containing 0.55 g I"* glucose, 0.25 g I peptone, 0.125 g I yeast extract and
phosphate buffer (0.188 g I KH,PO4 and 0.26 g It NazHPO4), pH 7.0. For maintenance
of selective pressure, the antibiotic kanamycin was added to the growth and feeding media

at a final concentration of 20 pug ml (Teod6sio et al. 2012a).
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Figure 5.1. Maps of (A) plasmid pET28A and (B) plasmid pFM23. Both plasmids harbour (a) a pMB1

origin of replication (ori), (b) a repressor for the lac promoter (lacl), (c) a transcriptional promoter from the

T7 phage (T7 promoter), (d) a lactose operator (lac operator), (e) an affinity purification tag (6xHis), (f) a
T7 transcriptional terminator (T7 terminator), and (g) a kanamycin resistance gene (KanR). Plasmid pFM23

contains the eGFP gene (eGFP).

111



Chapter 5

5.2.2. Biofilm formation system and sampling

To assess the eGFP expression in both biofilm and planktonic cells, a biofilm flow
cell reactor connected to a recirculating tank (Figure 5.2) was used. The flow cell consists
of a semi-circular Perspex duct (3.0 cm diameter and 1.2 m length) with 20 apertures on
its flat wall to fit removable rectangular pieces of Perspex (coupons). PVC slides (2 x 1
cm) were glued onto the Perspex pieces and biofilms were formed on the upper faces that
were in contact with the bacterial suspension circulating through the system. E. coli cells
containing the pET28A or pFM23 plasmid were grown by recirculating the bacterial
suspension at 30 °C during 12 days under turbulent flow with a Reynolds number (Re) of
4,600 (flow rate of 255 | h; average wall shear stress of approximately 0.3 Pa) (Moreira
et al. 2015a, Teoddsio et al. 2012a). This temperature was used since the E. coli strain

JM109(DE3) had already demonstrated a good biofilm formation capacity at 30 °C
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Figure 5.2. Schematic representation of the biofilm producing system comprising a recirculating tank, one

vertical flow cell (with 20 coupons with PVC slides), peristaltic and centrifugal pumps.
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in a similar culture medium and biofilm-producing system (Teoddsio et al. 2011a). The
recirculating tank of 1 | was aerated using an air pump (air flow rate of 108 I h'%).

For biofilm sampling, the system was stopped to allow coupon removal and
carefully started again maintaining the same flow conditions. Day 1 corresponds to the

start of the reactor system and the sampling was initiated on day 3 of the experiment.

5.2.3. Analytical methods

Biofilm wet weight was determined by weighing each coupon before the
experiment and subtracting this value from the weight of the same coupon at each
sampling time. Biofilm thickness was also determined using a digital micrometer
(Teodosio et al. 2011a) and afterwards the biofilm was resuspended and homogenized by
vortexing in 25 ml of 8.5 g I'* NaCl solution to assess total cell number and culturability.

Biofilm total cell counts were assessed by staining with DAPI as fully described
by Gomes et al. (2015). Briefly, the cells were properly diluted, filtered through a
nucleopore-etched (Whatman Int., Ltd., USA) black polycarbonate membrane (pore size
0.2 um) and stained with 1 ml of DAPI reagent (0.5 mg IY) for 10 min in the dark (Saby
et al. 1997). Stained bacterial observation and counting was performed using a Leica DM
LB2 epifluorescence microscope connected to a Leica DFC300 FX camera (Leica
Microsystems Ltd., Switzerland). Cell numbers on each membrane were estimated from
counts of a minimum of 20 fields of view and the final values were presented as log cell
cm?,

For biofilm culturability, samples were diluted to an appropriate cell density to
yield > 10 and < 300 colony forming units (CFU) per plate of solid growth medium (PCA,;
Merck, Portugal) supplemented with kanamycin (20 pg ml™). Colony enumeration was
carried out after 24 h incubation at 30 °C and the final values were expressed as log CFU
cm2 of coupon area.

For planktonic cells, total cell number and culturability were assessed using the
same methods as for biofilms. Results were presented as log cell mItand log CFU ml*,
respectively.

Glucose concentration and consumption in the whole system were determined as

an indicator of metabolic activity (Teoddsio et al. 2011a). Glucose consumption was
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obtained by multiplying the difference between the glucose concentration entering the

system and the glucose concentration in the tank by the feeding flow rate (0.025 I h%).

5.2.4. Heterologous protein expression

For E. coli cells containing the pFM23 expression vector, eGFP was analysed for
both biofilm and planktonic cells. This analysis was performed as indicated in Mergulhdo
and Monteiro (2007). A sample volume corresponding to an equivalent ODg10nm = 1 was
used to harvest the cells by centrifugation (3202 g for 10 min). The pellet was resuspended
in 100 pl of Buffer I (50 mM Na2HPO4, 300 mM NaCl, pH 8) and added to a 96-well
microtiter plate (Orange Scientific, USA) already containing 100 ul of Buffer I.
Fluorescence was measured using a microtiter plate reader (SpectraMax M2E, Molecular
Devices, Inc., UK) with the excitation filter of 488 nm and the emission filter of 507 nm.

Calibration curves were constructed with purified eGFP standards (0 to 3.14 ug)
mixed with 100 ul of washed IM109(DE3) cells harbouring the pET28A plasmid (ODe10
nm = 1). Buffer | was added to a final volume of 200 pl prior to measuring fluorescence
and final values were expressed in specific eGFP production (fg cell!) using total cell

values.

5.2.5. Quantification of EPS

The content of the main EPS found in biofilms (proteins and polysaccharides) was
assessed for both strains after 7 days of growth. Matrix proteins and polysaccharides from
biofilms were separated from cells using Dowex resin (50 X 8, Na* form, 20-50 mesh;
Fluka Chemika, Switzerland) as described by Gomes et al. (2015). The biofilm was
resuspended in 20 ml of extraction buffer (2 mM NasPO4, 2 mM NaH2PO4, 9mM NaCl
and 1 mM KCI, pH 7) and 2 g of Dowex resin per g of wet weight were added to the
biofilm suspension. The extraction took place at 400 rpm for 4 h at 4 °C, and ultimately
the extracellular components (matrix) were separated from the cells through
centrifugation.

Protein concentrations were determined for each strain using the Bicinchoninic
Acid Protein Assay Kit - BCA™ Protein Assay Kit (Thermo Fisher Scientific, USA) and
the polysaccharide concentrations by the phenol-sulphuric acid method of DuBois et al.
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(1956). Protein and polysaccharide assays were performed using biofilm suspensions
before EPS extraction (total constituents), and with cells (cellular constituents) and EPS
(matrix constituents) after extraction. The final values were calculated taking into account
the biofilm dry weight (Simdes et al. 2007). The dry biofilm mass accumulated on the
slides was assessed by the determination of the TVS of the homogenised biofilm
suspensions according to the APHA, AWWA, WPCF Standard Methods (1989), method
number 2540 A-D. According to this methodology, the TVS assessed at 550 + 5°C in a
furnace for 2 h is equivalent to the amount of biological mass (cells and EPS). The dry

biofilm mass accumulated was expressed in mgbiofiim cM™2.

5.2.6. Statistical analysis

Results originated from averages of triplicate data sets obtained in independent
experiments for each strain. Average SDs on the triplicate sets were calculated for all
analysed parameters. For biofilm formation (Figure 5.3), the following averages were
obtained: SD < 17% for glucose consumption, SD < 29% for biofilm wet weight, SD <
28% for biofilm thickness, SD < 9% for planktonic and biofilm culturability, and SD <
5% for planktonic and biofilm total cell counting. Regarding the fluorescence readings
for eGFP quantitation (Figure 5.5), SD < 16% and SD < 10% were obtained for planktonic
and biofilm cells, respectively.

In order to ascertain the statistical significance, paired t-test analysis was
performed based on a confidence level of 90% (differences reported as significant for P
values < 0.1 and marked with *) and 95% (differences reported as significant for P values

< 0.05 and marked with :).

5.3. Results

In order to assess if eGFP production was affecting biofilm development, the
biofilm forming capacity of E. coli IM109(DE3) cells containing the pFM23 plasmid was
compared to a strain harbouring the same plasmid backbone (pET28A) but devoid of the
eGFP gene (Figures 5.3 to 5.5).

Figure 5.3A shows the glucose consumption profiles in the whole flow system

(sessile plus planktonic cells). Higher glucose consumption values (on average 13%) were
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obtained for the eGFP-expressing strain, although statistically significant differences
were only obtained in 4 experimental points (P < 0.05 and P < 0.1). Additionally, glucose
consumption increased over time for both strains until day 9. Thereafter, steady state was
reached for the eGFP-expressing strain and a slight decrease was observed for E. coli
cells bearing the pET28A plasmid.

Biofilm wet weight values (Figure 5.3B) were generally higher for the eGFP-
expressing strain with statistically significant differences found mostly in the steady state
(at days 8,9 and 11, P < 0.05).

Planktonic culturability (Figure 5.3C) showed relatively little difference between
the two strains. However, while the culturability of planktonic cells containing pET28A
remained practically constant over time (around 7.9 log CFU ml™?), culturability of the
eGFP-expressing strain increased during the first half of the experiment before declining
again after day 10. When comparing biofilm culturability, similar values were also
obtained for both strains.

The number of planktonic total cells (Figure 5.3E) was higher for the eGFP-
expressing cells (on average 62%) with statistically significant differences at days 4 and
5(P <0.1) and 9 and 12 (P < 0.05). The total planktonic cell number seemed to stabilize
from day 6 onwards. The number of biofilm total cells (Figure 5.3F) was higher for the
eGFP-expressing strain (on average 93%) for most of the experimental time (statistically
significant differences were confirmed for all days, P < 0.05, with the exception of days
4 and 12), following the same trend of biofilm wet weight values (Figure 5.3B).

Biofilm thickness (Figure 5.3G) was higher for the eGFP-expressing strain,
following the tendency of biofilm wet weight curve (Figure 5.3B), with statistically
significant differences in most data points (P < 0.05). Considering the biofilm thickness
in steady state, the cellular density of the biofilms producing eGFP was estimated to be
3.8 x 10% cells mI. Taking into account the average dry weight of the E. coli cell
(Neidhardt 1996), this corresponds to an approximate cellular concentration of 11 g I,
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Figure 5.3. Time-course evolution of planktonic and biofilm assayed parameters: (A) glucose consumption

in the system, (B) biofilm wet weight, (C) planktonic culturability, (D) biofilm culturability, (E) planktonic
total cells, (F) biofilm total cells, (G) biofilm thickness. E. coli JIM109(DE3) + pFM23 (®), E. coli
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JM109(DE3) + pET28A (0O). Results are an average of three independent experiments for each condition.

Statistical analysis corresponding to each time point is represented with « for a confidence level greater

than 90% (P < 0.1) and with I for a confidence level greater than 95% (P < 0.05).

Figure 5.4 shows photographs of wet biofilms formed by both strains in the flow
cell reactor. It is evident from the images that the eGFP-producing strain showed greater
biofilm formation than the pET28A-bearing strain, confirming the wet weight and
thickness results presented on Figure 5.3B and G, respectively. After 7 days of growth,
biofilms formed by the eGFP-producing strain appeared more homogenous and slimy,

while those formed by the pET28A strain were more scattered on the PVVC surface.

day 3 day 7

E. coli IM109(DE3) +
pFM23

E. coli IM109(DE3) +
pET28A

Figure 5.4. Photographs of coupons with wet biofilms formed by both strains (E. coli IM109(DE3) +
pFM23 and E. coli JIM109(DE3) + pET28A) on PVC slides after 3 and 7 days of growth.

Figure 5.5 presents the eGFP expression for planktonic and biofilm cells
harbouring plasmid pFM23. Specific production in biofilm cells was very high on the
first sampling day while biofilm formation had barely started. As the biofilm started to
grow, specific production by these cells decreased, attaining a constant value around 5.8
fg cell’! at steady state (from day 7 onwards). Heterologous protein production by

planktonic cells remained constant at about 0.18 fg cell™? until the end of the experiment.
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Thus, the biofilm environment enhanced specific heterologous protein expression about

30 fold over the planktonic cells in steady state (P < 0.05).
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Figure 5.5. Time-course evolution of specific eGFP production for E. coli JM109(DE3) + pFM23 in
planktonic (A) and biofilm cells (W). The dotted line represents the evolution of biofilm total cell number

assessed by staining with DAPI. Results are an average of three independent experiments. Statistical

analysis for the results of specific eGFP production is pointed as I for a confidence level greater than 95%
(P <0.05).

The exopolymeric matrix of biofilms formed by both strains was extracted and
quantified in terms of protein and polysaccharide content (Table 5.1). Although biofilms
formed by the eGFP-producing strain had higher total protein content, the mass
percentage of proteins localized at the matrix was similar (28% for the eGFP-producing
strain and 25% for the pET28A-bearing strain). The eGFP-producing strain also produced
biofilms with more polysaccharides, however the percentage of polysaccharides in the
matrix of this biofilm was only 18% when compared to the 53% of the pET28A-bearing
strain.
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Table 5.1. Characteristics of the biofilm formed by both strains (E. coli IM109(DE3) + pFM23 and E. coli
JM109(DE3) + pET28A) after 7 days of growth

Biofilm E. coli JIM109(DE3) + E. coli IM109(DE3) +
characteristics pFM23 pPET28A
Biofilm dry weight
y 2 g 8.00 + 1.77 5.75 +1.06
(Mgbiofiim CM™)
Log cellular densit
g e y 9.09 + 0.745 7.08 +0.155
(cellscm™)
Total proteins
E 97.4 +10.7 23.9+552
(Mg g biofilm)
Matrix proteins
|>_<1p ! 274 +2.01 6.09 £ 0.971
(Mg g biofilm)
Total polysaccharides
_‘1 y 104 +19.2 24.6 +2.96
(Mg g biofilm)
Matrix
polysaccharides 19.2 + 1.68 13.1 +2.37

(mg g biofiim)

5.4. Discussion

The main goal of this chapter was to compare the specific production of a model
heterologous protein by planktonic and biofilm cells. Additionally, it was important to
verify if heterologous protein expression was not detrimental to biofilm development.

Results showed that biofilm production was enhanced for the eGFP-producing
strain (assayed by wet weight, thickness and total cell number) when compared to the
strain harbouring the pET28A plasmid. It is commonly recognized that different types of
plasmids, including conjugative and non-conjugative plasmids, can enhance biofilm
production (Ghigo 2001, Huang et al. 1993, Lim et al. 2010b, May & Okabe 2008,
Teodosio et al. 2012a). In the present study, the expression of genes for heterologous
protein production amplified this effect. Higher glucose consumption values were
detected on eGFP-producing cells and this observation is probably a consequence of the
metabolic burden triggered by the expression of the heterologous protein. It is
documented that the production of stress proteins, elevated respiration rates and high-
energy requirements are induced by recombinant protein synthesis (Hoffmann & Rinas

2004, Sgrensen & Mortensen 2005). Since stress conditions can favour biofilm formation
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(Landini 2009), the increased metabolic burden associated with recombinant protein
expression may have stimulated biofilm formation by the eGFP-producing strain.

The cellular density that was possible to attain in steady state with the biofilm
flow cell reactor was around 11 g I*. Although a maximum cellular limit of about 200 g
It was estimated for HCDC, a cell concentration range between 20 and 190 g I has been
reported in the expression of several proteins by different strains (Shiloach & Fass 2005).
It is possible that the cellular density attained with this flow cell reactor can be increased
by optimization of culture conditions such as nutrient level, surface properties and flow
hydrodynamics (Moreira et al. 2015b, Teodosio et al. 2011a).

The high-level expression of recombinant proteins in E. coli biofilms was first
reported by Huang et al. (1993, 1994a, 1995) using a flow cell reactor and a standard
chemostat for the production of pB-galactosidase. In those works, the authors attained
specific productivities in the biofilms that were 25% lower than what they could obtain
from the chemostat (Bryers & Huang 1995, Huang et al. 1993). The first report on high-
level production of an heterologous protein in E. coli biofilms was published much later
by O’Connell et al. (2007), who produced eGFP in a chemostat with planktonic cells and
in a parallel plate flow reactor with biofilm cells. These authors have detected different
populations of strongly producing cells (capable of producing 0.16 g It of eGFP),
moderately producing cells (with average eGFP productions of 0.01 g I) and non-
producing cells. In chemostat conditions, the population was equally divided between
non-producing cells and moderately producing cells. In the biofilms, after the
optimization of antibiotic concentration, the percentage of strongly producing cells
reached 60%, whereas non-producing cells were not detected. In our work, the overall
eGFP production that was obtained was around 0.22 g I, which is 2 fold higher than
previously reported (O'Connell et al. 2007). Comparing this production with other
reported values for HCDC of E. coli cells, it is possible to see that higher production
levels (from 4 to 10 g I') have been obtain with different proteins, particularly when they
are produced as inclusion bodies. For soluble cytoplasmic proteins or secreted proteins,
these values drop down to 1 g I or below (Choi et al. 2006).

It has been shown that continuous biofilm cultures for heterologous protein
production can be beneficial for retention of plasmid-bearing cells when compared to
chemostats (O'Connell et al. 2007). One reason is that cells in biofilms tend to grow more
slowly than their planktonic counterparts (Williams et al. 1997), leading to fewer

divisions and correspondingly less plasmid segregation. In this work, biofilms can be
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compared to the quiescent-cell (Q-cell) expression system developed by Rowe &
Summers (1999). The Q-cell system generates non-growing but metabolic active E. coli
cells and since quiescent cells are no longer dividing, their metabolic resources are
channelled towards the expression of plasmid-based genes (Chen et al. 2015, Rowe &
Summers 1999). Here, slow growing biofilm cells also have a much higher specific
production (about 30 fold) than planktonic cells.

Interestingly, the eGFP-producing strain presented higher specific concentrations
of proteins and polysaccharides (mg g biofilm) in the biofilm than the non-producing
strain. It was expected that the biofilm cells from the eGFP-producing strain would use
most of the intracellular resources involved in biosynthesis (such as amino acids,
nucleotides and metabolic energy) towards heterologous gene expression, thus producing
a lower amount of polysaccharides. Recombinant protein production can result in the
synthesis of stress proteins at high rates (Hoffmann & Rinas 2004) and it is possible that
some of these proteins are involved in adhesion and/or biofilm formation. As observed
by Hoffmann & Rinas (2004), eGFP expression together with an increase in the synthesis
of stress proteins may account for the higher glucose consumption observed for this strain
when compared to the pET28A strain.

Conventional HCDC of planktonic E. coli cells presents many advantages over
continuous or batch cultivation (Choi et al. 2006). However, this type of cultivation has
its own challenges like limitations in oxygen transfer, acetate accumulation as well as the
solubility and toxicity of medium components (Shiloach & Fass, 2005). A continuous
culture of biofilm cells may be considered as a non-conventional form of HCDC and it is
indeed a compromise between operating a continuous system with planktonic cells and a
conventional fed-batch HCDC (O'Connell et al. 2007). Although mass transfer limitations
also exist in biofilm cultures, the most significant mass transfer resistance occurs inside
the biofilm, as external mass transfer limitations can be managed (Moreira et al. 2013a).
It has been shown that the density of biofilm cultures (which affects internal mass transfer
of nutrients, oxygen and toxic metabolites) can be regulated by careful optimization of
the nutrient load and the hydrodynamic shear stress (Teodosio et al. 2011a). It is therefore
likely that the volumetric yields that can be obtained during heterologous protein
production can also be enhanced by optimization of culture conditions.

Using E. coli cells in HCDC is a very attractive way of producing heterologous
proteins by improving volumetric productivities and reducing capital investment and

operation costs in production facilities. Producing heterologous proteins in biofilm cells
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shares some of the challenges of HCDC, but some studies have shown that biofilm cells
have a superior producing capacity when compared to their planktonic counterparts. This
work shows that E. coli biofilm cells can produce a model heterologous protein at much
higher levels than planktonic cells and that the cellular densities and volumetric
productivities are already within the range of what can be obtained by HCDC, even
without optimization of culture conditions. Optimization of these conditions will be
performed in the next chapters in order to harness the power of these productive biofilms.
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Effects of antibiotic concentration and nutrient
medium composition on E. coli biofilm formation

and GFP expression®

Abstract

Heterologous protein production from biofilm cells is dependent on many factors,
including the composition of the culture medium. The aim of this study was to analyse
the influence of two factors - the concentration of antibiotic used to maintain the selective
pressure and the nutrient medium composition. E. coli JM109(DE3) cells transformed
with plasmid pFM23 for eGFP expression and containing a kanamycin resistance gene
were used. The 96-well microtiter plate was chosen for the initial screening of kanamycin
concentration due to the high throughput of this biofilm formation platform. Then, a flow
cell system was used to expose the E. coli cells to two kanamycin concentrations (20 or
30 pg mlt) during biofilm growth in two different culture media, a diluted medium (DM)
or the lysogeny broth (LB).

A higher antibiotic concentration increased the specific eGFP production in
planktonic cells, whereas no increase was detected in biofilm cells. Biofilm formation
was increased in DM when compared to LB. Nevertheless, bacteria grown in LB had

higher eGFP production than those grown in DM in both planktonic and sessile states (20

¢ The content of this chapter was adapted from the following publication(s):

Gomes LC, Mergulhdo FJ. Effects of antibiotic concentration and nutrient medium composition on

Escherichia coli biofilm formation and GFP expression. FEMS Microbiol Lett (submitted).
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fold and 2 fold, respectively). Thus, among the conditions tested, LB supplemented with
20 pg mlt kanamycin is the most advantageous medium to obtain the highest specific
eGFP production in biofilm cells.

6.1. Introduction

E. coli plasmids have been traditionally used as vectors for recombinant protein
expression (Mergulh&o et al. 2004b). Engineered plasmids are often lost in culture
(Summers 1998) and therefore it is essential to impose a selective pressure to ensure
plasmid stability, which is often achieved by adding antibiotics to the culture medium
(Vandermeulen et al. 2011).

In suspended cultures, it is well documented that plasmids impose a metabolic
burden on the host cell due to plasmid replication and consumption of precursor
metabolites (Bentley et al. 1990, Glick 1995), being the expression of antibiotic resistance
genes a major cause for this metabolic burden (Cunningham et al. 2009). In this case, the
resistance agent is often an enzyme that will act upon reducing or eliminating the
antibiotic activity. Therefore, protein synthesis is involved and precursors such as amino
acids and energy are consumed. Studies involving non-expressing plasmids showed that
the marker protein can represent up to 20% of total cellular protein (Birnbaum & Bailey
1991, Rozkov et al. 2004), which greatly exceeds the levels required for proper plasmid
maintenance and selection. It has been reported that an E. coli strain expressing [-
lactamase at a level of about 10% of total protein can suffer from a decrease in its
maximum specific growth rate of about 40% (Birnbaum & Bailey 1991). Rozkov et al.
(2004) concluded that the increased ATP synthesis requirements (24%) observed in E.
coli DH1 cells containing a plasmid were also due to the expression of the kanamycin
resistance gene, whose product accounted for 18% of the total cellular protein in plasmid-
bearing cells.

Most publications addressing the metabolic load of plasmids were performed in
planktonic conditions. However, since biofilm cells can have higher recombinant
production levels than planktonic cells, it is interesting to explore the capabilities of the
biofilm environment in recombinant bioprocesses. Concerning the particular effect of

antibiotic markers, it is known that they can affect bacterial biofilm formation (Bagge et
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al. 2004, Gallant et al. 2005, May et al. 2009, Teh et al. 2014). Some studies refer that the
presence of the f-lactamase gene on a plasmid can reduce the amount of biofilm formed
by E. coli, while the presence of other antibiotic resistance genes may not impair biofilm
formation (Bagge et al. 2004, Gallant et al. 2005). May et al. (2009) found that marker
genes on plasmids may play an important role in both biofilm formation and resistance
of sessile cells to antibiotics, as they can trigger specific chromosomal resistance
mechanisms that confer a high-level resistance during biofilm formation. The antibiotic
marker also affects recombinant protein production due to its contribution to plasmid
stability since maintaining a high concentration of plasmid-bearing cells may favour
expression (Marini et al. 2014). An interesting work of Panayotatos (1988) demonstrated
that by altering the promoter of the kanamycin resistance gene (KanR), the synthesis of
KanR protein was greatly reduced to the minimum required for host selection and, at the
same time, the recombinant protein production was increased up to 2 fold.

Another important variable in both biofilm formation and recombinant protein
expression is the nutrient composition of the culture medium. Several papers have been
published during the last years concerning the effect of nutrient levels on biofilm
formation (Frias et al. 2001, Gomes et al. 2014, Peyton 1996, Teoddsio et al. 2011a).
Some authors suggested that an increase in nutrient concentration enhances biofilm
growth (Frias et al. 2001, Peyton 1996, Rochex & Lebeault 2007), while others have
shown that a high nutrient media can inhibit biofilm formation (Dewanti & Wong 1995,
Eboigbodin et al. 2007, Jackson et al. 2002). Regarding recombinant protein expression
in suspended cultures, it was found that protein expression levels are dependent on the
nutrient composition of the culture medium (Broedel et al. 2001). Although minimal
media may sometimes be less expensive than complex media, the use of defined minimal
media can lead to lower cell growth rates and product yields if the composition is sub-
optimal (Donovan et al. 1996). On the other hand, when cells are grown on glucose as a
carbon source, harmful by-products may also accumulate, thereby inhibiting cell growth
and recombinant protein production (Chou et al. 1994). Furthermore, culture media may
influence plasmid segregational stability (Goyal et al. 2009, Matsui et al. 1990,
O'Kennedy & Patching 1997). Indeed, some authors argue that the use of complex
nitrogen sources such as yeast extract or tryptone may result in increased plasmid stability
(Matsui et al. 1990).

The challenges faced during the production of plasmid-derived recombinant

proteins are to achieve the maximum yield of product using minimum resources. Thus, it
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is important to understand the influence of culture conditions such as the antibiotic
concentration and nutrient medium composition on the expression of heterologous
proteins in E. coli biofilms. For this purpose, E. coli JIM109(DE3) cells harbouring the
plasmid pFM23 (expression vector for eGFP) was used. This vector contains a kanamycin
resistance gene and bacterial cells were exposed to different concentrations of this

antibiotic during biofilm development in different culture media.

6.2. Materials and methods

6.2.1. Bacterial strain

E. coli IM109(DE3) cells containing the plasmid pFM23 for the cytoplasmic
production of eGFP were used (Mergulhdo & Monteiro 2007).

6.2.2. High throughput screening of antibiotic concentration

An overnight culture of the E. coli strain was obtained as indicated in Chapter 3,
section 3.2.2. Cells were then harvested by centrifugation and appropriate dilution in
sterile saline was performed to obtain an OD of approximately 0.4 at 610 nm.

Eight kanamycin concentrations in the range of 0-100 pug ml™? were tested for
biofilm formation and eGFP expression in the 96-well microtiter plate. The wells (6 for
each kanamycin concentration tested) were filled with 180 pl of DM (composition
described in Chapter 5, section 5.2.1) containing the appropriate kanamycin amount, and
inoculated with 20 pl of the inoculum previously prepared. For control, wells were
inoculated with E. coli IM109(DE3) cells bearing the plasmid pET28A (Novagen, USA),
which is the backbone of pFM23. Plates were incubated at 30 °C for 24 h under the
shaking conditions used for biofilm formation in Chapter 4 (section 4.2.2), i.e., an orbital
diameter of 50 mm at 150 rpm. Then, the bacterial suspension was discarded and all the
wells were washed to remove nonadherent cells. The biofilms were resuspended in 200
pl of Buffer I (50 mM NaxHPO4, 300 mM NacCl, pH 8) by pipetting up and down, and the
OD was first measured using a microtiter plate reader (SpectraMax MZ2E, Molecular
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Devices, USA). Then, the fluorescence was determined with the excitation filter of 488

nm and the emission filter of 507 nm. Three independent experiments were performed.

6.2.3. Biofilm formation system and experimental conditions

The kanamycin concentrations which have shown the most effective impact on
biofilm formation and heterologous protein expression in the microtiter plate assay were
chosen to be tested in the flow cell system described in Chapter 5, section 5.2.2. Thus,
this biofilm platform was operated for 12 days with DM containing either 20 or 30
ug mlt kanamycin (Eurobio, France). This was the first culture medium to be tested since
this E. coli strain previously demonstrated a good biofilm formation capacity in the same
growth medium and biofilm reactor (Teodoésio et al. 2012a, Teodosio et al. 2011a). The
other medium tested for biofilm formation and eGFP production was LB supplemented
with 20 pg mi kanamycin. This commercial medium is composed of 10 g I tryptone, 5
g I'! yeast extract and 10 g I NaCl (LB-Miller, Sigma, USA) and it is commonly used

for recombinant protein expression with the pET system (Novagen 2005).

6.2.4. Analytical methods

On each experimental day, a coupon was removed from the flow cell and biofilm
wet weight was quantified as indicated in Chapter 5, section 5.2.3. Biofilm thickness was
also determined using a digital micrometer and afterwards the biofilm was resuspended
and homogenized in NaCl solution for cell quantification. The biofilm culturability (log
CFU cm™) was determined as described in Chapter 5, section 5.2.3. Biofilm total cells
(viable plus non-viable) were assessed using the Live/Dead® BacLight™ bacterial
viability kit (Syto9/PI, Invitrogen Life Technologies, Alfagene, Portugal). Bacterial
observations were performed after 10 min incubation with the fluorescent dyes in the dark
(Gomes et al. 2015) using a Leica DM LB2 epifluorescence microscope connected to a
Leica DFC300 FX camera (Leica Microsystems Ltd, Switzerland). The optical filter
combination for optimal viewing of the stained preparations consisted of a 515-560-nm
excitation filter combined with a dichromatic mirror at 580 nm and suppression filter at
590 nm. For capturing images, Leica IM50 Image Manager, Image Processing and
Archiving software was used. Green cells labelled with Syto9 and red cells labelled with
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Pl were estimated on each membrane from counts of a minimum of 20 fields of view.
Both types of cells were automatically quantified using the image processing software
ImageJ v1.48 (NIH, USA). After background subtraction, the green and red cells were
segmented and counted, and the results were expressed as log cell cm™.

The eGFP expression in biofilm cells was analysed as described in Chapter 5,
section 5.2.4, and the final values were presented as specific eGFP production (fg cell™).

For planktonic cells, OD at 610 nm, cell number (log CFU ml?) and specific eGFP
production (fg cell’) were assessed.

For the experiments with DM, glucose consumption in the whole system was

determined as indicated in Chapter 5, section 5.2.3.

6.2.5. Quantification of EPS

The content of EPS found in biofilms (proteins and polysaccharides) was assessed
for both DM and LB media supplemented with 20 pg ml* kanamycin after 7 days of
growth. Matrix proteins and polysaccharides from biofilms were separated from the cells
as described in Chapter 5, section 5.2.5, and determined using the BCA™ Protein Assay
Kit (Thermo Fisher Scientific, USA) and the phenol-sulphuric acid method of DuBois et
al. (1956), respectively. The final values were calculated taking into account the biofilm

dry weight.

6.2.6. Calculations and statistical analysis

The results presented in Table 6.2 and Figures 6.2 to 6.4 originated from averages
of triplicate sets obtained in three independent experiments for each culture condition
(DM with 20 or 30 pg ml* kanamycin and LB with 20 pug mi* kanamycin). The results
shown in Table 6.1 resulted from averages of eGFP production values obtained between
days 7 and 12 (steady state) and presented as individual time points in panels (E) and (F)
of Figures 6.2 and 6.4.

The following average SDs were obtained for all planktonic and biofilm
parameters (Figures 6.2 and 6.4): SD < 15% for OD, SD < 32% for biofilm wet weight,
SD < 7% for planktonic and biofilm cells, SD < 11% for planktonic and biofilm eGFP
production, SD < 12% for glucose consumption and SD < 33% for biofilm thickness.
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Paired t-test analysis was performed based on a confidence level of 90%
(differences reported as significant for P values < 0.1) and 95% (differences reported as

significant for P values < 0.05).

6.3. Results

6.3.1. High throughput screening of antibiotic concentration

The screening of the most relevant kanamycin concentrations affecting E. coli
biofilm formation and eGFP expression was performed in agitated 96-well microtiter
plates as this is a high throughput platform, unlike the flow cell system. Although it has
been shown in Chapter 3 that the agitated microtiter plate does not reach the same average
shear stress value obtained in the flow cell reactor, it is expected that the trends obtained
with the 96-well microtiter plates are maintained in the flow cell.

The results obtained from the microtiter plate assays are plotted in Figure 6.1. It
can be observed that there was a gradual decrease in the amount of biofilm formed from
the concentration of 20 pg ml* onwards (P < 0.05, Figure 6.1A). Conversely, the eGFP
fluorescence in the biofilm was similar to that verified in the absence of antibiotic until
the concentration of 20 pg mlt (P > 0.05, Figure 6.1A), but an increase in eGFP
production of approximately 50% was observed for the higher concentrations of
kanamycin (P < 0.05, Figure 6.1B). Taking these results into account, it is interesting to
test the antibiotic concentrations of 20 and 30 pg mI kanamycin as they represent turning

points in terms of biofilm formation and also specific eGFP production.
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Figure 6.1. Screening of kanamycin concentration in 96-well microtiter plates: (A) biofilm growth and (B)
eGFP fluorescence. The means + SDs for three independent experiments are presented. « indicates values
that are significantly different (for a confidence level greater than 95%, P < 0.05) from the value of the

same strain exposed to no antibiotic. The dashed lines correspond to the detection limits of the methods.

6.3.2. Effect of antibiotic concentration on biofilm formation and

eGFP expression

The effect of antibiotic concentration on the dynamics of E. coli biofilm formation
and eGFP expression in the flow cell reactor is presented in Figure 6.2, where two
concentrations of kanamycin (20 and 30 pug ml) in DM are compared.

The analysis of planktonic condition (Figures 6.2A and C) indicates that there
were few differences in E. coli growth for both antibiotic concentrations (P < 0.05 for
only 4 of 20 experimental points). The concentration of planktonic cells increased until
day 5 and then decreased until the end of the experiment. The number of culturable
biofilm cells (Figure 6.2D) was also similar in both antibiotic concentrations (P < 0.05
for only 2 of 10 experimental points). Regarding the biofilm wet weight and thickness
measurements (Figures 6.2B and H), there was a strong increase (of about 85%) between
days 3 and 8, and a sharp decrease after day 8 for the highest antibiotic concentration. In
this later case, biofilm detachment may have occurred, as confirmed by a decrease in the
total cell numbers (Figure 6.3).
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Figure 6.2. Time-course of planktonic and biofilm parameters in DM: (A) OD in the recirculating tank, (B)
biofilm wet weight, (C) planktonic cells, (D) biofilm cells, (E) planktonic specific eGFP production, (F)
biofilm specific eGFP production, (G) glucose consumption in the system, (H) biofilm thickness.

Kanamycin concentration of 20 pug ml (@) and 30 pg ml (©). Results are an average of three independent
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experiments for each condition. Statistical analysis corresponding to each time point is represented with =

for a confidence level greater than 90% (P < 0.1) and with I for a confidence level greater than 95% (P <
0.05).
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Figure 6.3. Time-course evolution of biofilm total cells in DM with 20 pg ml* (®) and 30 pug ml? of
kanamycin concentration (©). Total cell counts (viable plus non-viable cells) were assessed with the

live/dead staining for three independent experiments for each condition. Statistical analysis corresponding

to each time point is represented with « for a confidence level greater than 90% (P < 0.1) and with + fora
confidence level greater than 95% (P < 0.05).

Heterologous eGFP production in planktonic cells (Figure 6.2E) was higher for
the highest antibiotic concentration (P < 0.05) and an average production value of 0.7 fg
cell’* was reached in this condition. For the lowest kanamycin concentration, the specific
production was reduced 10 fold after day 5 (Figure 6.2E). For biofilm cells (Figure 6.2F),
specific recombinant protein production was similar in both antibiotic concentrations and
average values around 6 fg cell™* were obtained.

Figure 6.2G presents the glucose consumption profiles in the whole system
(suspended plus biofilm cells). Higher glucose consumption values (on average 18%)
were obtained in DM containing 20 pg ml? kanamycin, with statistically significant

differences in most experimental points (P < 0.05 and P <0.1).
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6.3.3. Effect of nutrient medium composition on biofilm formation

and eGFP expression

Since the variation in antibiotic concentration had no effect on the specific eGFP
production in biofilm cells of the flow cell system, a different medium (LB) was tested
since it is widely used in recombinant protein expression studies. This medium was
supplemented with the lowest concentration of kanamycin tested (20 pug ml™) in order to
maintain the selective pressure without increasing the use of antibiotic in the bioprocess.

Comparing the DM with LB, higher optical density values (on average 33%) were
always registered for LB (P < 0.05 and P < 0.1) (Figure 6.4A). The concentration of
culturable planktonic cells (Figure 6.4C) was quite similar for both growth media and
throughout the experiment. For biofilm cells (Figure 6.4D), a higher number of culturable
cells was obtained in DM in most experimental points (P < 0.05 and P < 0.1). Biofilm
wet weight (Figure 6.4B) was also higher in DM, whereas in LB the biofilm reached a
constant value of about 0.08 g (5 fold lower than the average value obtained in DM after
day 7). The evolution of biofilm thickness (Figure 6.4G) was similar to the wet weight
and a 10 fold difference was obtained between DM and LB.

By analysing the specific eGFP production (Figures 6.4E and F), it can be seen
that cells grown in LB produced more eGFP than those grown in DM in both planktonic
and sessile states. When the flow cell system was in steady state (between days 7 and 12),
the biofilm expression was 2 fold higher than in DM (Table 6.1). In LB medium and in
DM supplemented with 30 pg ml of kanamycin, specific eGFP production from biofilm
cells was on average 10 fold higher than in planktonic cells. In DM supplemented with
20 pg mi? of kanamycin, a 95 fold higher production was obtained in biofilm cells when

compared to their planktonic counterparts (Table 6.1).
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Figure 6.4. Time-course of planktonic and biofilm parameters: (A) optical density in the recirculating tank,

(B) biofilm wet weight, (C) planktonic cells, (D) biofilm cells, (E) planktonic specific eGFP production,
(F) biofilm specific eGFP production, (G) biofilm thickness. DM with 20 pg ml* kanamycin (@), LB with
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20 pg mlt kanamycin (O). Results are an average of three independent experiments for each condition.

Statistical analysis corresponding to each time point is represented with « for a confidence level greater

than 90% (P < 0.1) and with + for a confidence level greater than 95% (P < 0.05).

Table 6.1. Specific eGFP production for planktonic and biofilm conditions in different growth media: DM
with 20 and 30 pg ml* kanamycin and LB with 20 pg ml** kanamycin. The results presented were obtained

under steady state (between days 7 and 12)

Medium Kanamycin concentration Specific eGFP production

(g ml?) (fg cell’h)
Planktonic Biofilm
DM 20 0.060 5.7
DM 30 0.67 6.2
LB 20 1.2 12

The influence of growth medium composition on EPS production of biofilms was
also assessed (Table 6.2). It is interesting to observe that the matrix of E. coli biofilms
formed in LB medium with 20 pug ml* kanamycin had a lower protein content (about 3
fold) compared to the biofilms developed in DM containing the same antibiotic
concentration. On the contrary, the amount of matrix polysaccharides produced in LB
was about 12 fold higher than in DM.

Table 6.2. Analysis of 7-day-old biofilms formed in DM and LB with 20 pg ml* kanamycin

Biofilm characteristics DM LB

Biofilm dry weight
(MQbiofitm CM?)

Log cellular density
(cellscm?)

8.00+1.77 4.50+0.870

9.09+0.740 7.76 £ 0.460

Matrix proteins

(mg g biofilm)

Matrix polysaccharides
(Mg g™ biofilm)

274+201 940+1.70

19.2+1.68 231+350
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6.4. Discussion

E. coli is a very interesting microorganism to study the biofilm development in
environmental (Sambrook & Russell 2001), biomedical (Novagen 2005) and industrial
settings (Perry & Green 1997). It is also one of the favourite hosts for recombinant protein
production (Sanchez-Garcia et al. 2016) and in this case several variables, like the
antibiotic concentration and the nutrient medium composition, are extremely important
(Mergulhdo et al. 2004b, Rosano & Ceccarelli 2014).

The screening assay for antibiotic concentration was conducted in agitated 96-
well microtiter plates taking advantage of the high throughput of this platform. Two
kanamycin concentrations - 20 and 30 pg ml? - were identified as the most important
ones to test in the flow system. Furthermore, these concentrations are in the range
recommended for selection of plasmids containing the kanamycin resistance gene
(Sambrook & Russell 2001) and correspond to subinhibitory concentrations. In particular,
30 pug mit kanamyecin is the working concentration indicated for plasmids derived from
PET vectors (Carapuca et al. 2007, Novagen 2005) and 20 pg ml? kanamycin, besides
being a lower concentration and thus more suitable to reduce the risk of antibiotic
resistance spread, maintains the stability of plasmid pFM23 in the flow cell system. In
fact, the number of CFU on selective plates containing 20 pg ml™ kanamycin was similar
to that of nonselective plates (not shown).

In the flow cell system, when the antibiotic concentration was changed from 20 to
30 ug ml?, there was no change in the growth curves of planktonic cells. Identical results
were reported by Marini et al. (2014), who studied the effect of kanamycin (in 10-50 ug
ml concentration range) on E. coli cell growth during the expression of recombinant
pneumolysin. In the present work, the number of biofilm cells was also similar in both
antibiotic conditions during most of the assay, although biofilm detachment occurred at
a later stage for the highest antibiotic concentration.

It has been reported that subinhibitory concentrations of aminoglycoside
antibiotics, such as kanamycin, can induce biofilm formation by Gram-negative bacteria
(Boehm et al. 2009, Hoffman et al. 2005, Jones et al. 2013) and that these antibiotics may
be used as signalling molecules rather than toxic compounds (Linares et al. 2006). An
increase in biofilm formation was not observed in the current study when the antibiotic

concentration was increased.
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In the flow cell system, increasing the antibiotic concentration increased the
specific eGFP production from planktonic cells, whereas no comparable benefit was
detected in biofilm cells. It is possible that mass transfer limitations within the biofilm
may have created a microenvironment where the effective antibiotic concentration was
similar inside the biofilm for different bulk liquid concentrations (Stewart 2003).
Planktonic cells are not subjected to this type of mass transfer limitations (Moreira et al.
2015a) and therefore the increase in kanamycin concentration may have exerted a higher
selective pressure on these cells, which may have increased plasmid copy numbers and
thus the production of recombinant protein. Yazdani & Mukherjee (2002) conducted
continuous cultures for the expression of recombinant streptokinase in E. coli and showed
that increasing the selective pressure by using high dosage of antibiotic concentration
helped to increase the plasmid stability. Previously, Frenkel & Bremel (1986) also
reported that high concentrations of chloramphenicol induced higher plasmid yields in
minimal medium for an E. coli strain containing plasmid pBR322. To the best of our
knowledge, the only work about the effect of antibiotic concentration in heterologous
protein production in biofilms was published by O’Connell et al. (2007). Contrary to our
findings, these authors showed that low concentrations of antibiotic enhanced protein
production in E. coli biofilms developed in a flow cell reactor. These conflicting results
seem to indicate that the profile of plasmid stability and heterologous protein expression
is different for different host-vector systems.

Lower glucose consumption was detected in the medium containing the highest
kanamycin concentration, which was also the medium where a higher eGFP concentration
was found in planktonic cells. It is thought that these two phenomena may be related since
a substantial decrease in the ribosome content can occur when E. coli cells accumulate
higher amounts of gratuitous proteins (Dong et al. 1995). A degradation of rRNA may
have decreased the biosynthetic capacity of the cells, with a consequent reduction in
substrate consumption.

Using LB instead of DM favoured planktonic growth as indicated by the higher
values of culture OD. LB contains higher levels of peptone and yeast extract, which often
lead to higher cell culture densities (Studier 2005, Teodoésio et al. 2011a).

Higher specific eGFP production was obtained in LB for both planktonic and
biofilm conditions. Matsui et al. (1990) reported that the use of complex nitrogen sources
such as tryptone and yeast extract found in LB resulted in higher plasmid stability.

Furthermore, LB is a complex medium that provides an abundance of amino acids to
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support the protein expression in E. coli (Donovan et al. 1996). On the other hand, it was
reported that the addition of yeast extract increases the non-induced background
expression from the lac promoter (Doran et al. 1990, Solaiman & Somkuti 1991). In the
expression system used in this work, the eGFP gene is transcribed by the T7 RNAP whose
expression is controlled by the lac promoter. It is foreseeable that if yeast extract induces
T7 expression from the chromosome, a stronger transcription of the eGFP gene may
occur and thus higher expression levels can be obtained.

Besides enhancing the specific production of eGFP, E. coli biofilms grown in LB
also presented lower concentration of proteins within the extracellular matrix than the
biofilms formed in DM. This observation is probably a consequence of the channelling
of more resources normally involved in EPS-associated protein synthesis (such as amino
acids, nucleotides and metabolic energy) towards the recombinant protein expression. In
the expression system used in this thesis, the T7 RNAP is much more active than the E.
coli RNAP (Studier & Moffatt 1986), which means that the expression of the eGFP gene
under the control of T7 promoter will occur at a very high level. Additionally, the T7
RNAP is highly selective for its own promoter, so a small amount of T7 RNA polymerase
is sufficient to direct high-level transcription from a T7 promoter in a multicopy plasmid
(Studier & Moffatt 1986, Terpe 2006). Moreover, the half-time of the mRNA produced
by T7 RNA polymerase is higher than the host mMRNA because of its great length and/or
stem-and-loop structures at 3’ ends that help to protect it from exonucleolytic degradation
(Studier & Moffatt 1986). Therefore, in some instances, the transcripts of T7 RNAP can
saturate the translational machinery of E. coli cells in such a way that the target protein
can accumulate to more than 50% of the total cell protein (Studier & Moffatt 1986). Due
to the high T7 RNA polymerase activity and specificity and high mRNA stability, it is
likely that the synthesis of other proteins (such as matrix proteins) may have been reduced
in LB medium.

Compared to biofilms developed in DM, the amount of matrix polysaccharides in
biofilms formed in LB increased with the simultaneous reduction of protein content. It is
known that EPS composition is important in biofilm cohesion and adhesion to surfaces
(Flemming & Wingender 2010), wherein higher polysaccharide concentrations are
believed to contribute to biofilm cohesion (Ahimou et al. 2007). It is possible that biofilm
cells grown in LB try to compensate for the low protein level in the matrix with a higher

production of polysaccharides, in order to maintain the mechanical stability of biofilms.
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In this work, increasing the antibiotic concentration from 20 to 30 ug ml™* (50%
increase) only had a modest effect on specific eGFP production by biofilm cells in the
flow cell system (9% increase). Thus, using the lowest antibiotic concentration may be
the best option if DM is chosen, not only due to the cost of antibiotic, but also because of
the dissemination of antibiotic resistance, particularly in large-scale cultures (Rosano &
Ceccarelli 2014). Specific heterologous production values were always higher in biofilm
cells and the highest levels were obtained in LB medium. However, if the volumetric
production values are analysed, a 60% increase can be obtained by using DM instead of
LB due to the increased cell density of biofilms formed in DM. A deeper understanding
of the operational parameters that maximise production is crucial to harness the power of
these productive biofilms and this is the focus of the next chapters of this thesis.
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Temporal variation of heterologous protein
expression in E. coli biofilms

analysed at single-cell level’

Abstract

Bioprocesses based on surface-associated microorganisms are emerging in
environmental and industrial areas due to the physiological specificities and
heterogeneities of biofilm cells. This chapter describes a simple and accurate method for
evaluating the recombinant protein expression at a single-cell scale during Escherichia
coli biofilm development. The model recombinant protein used was the eGFP as its
intrinsic fluorescence allows us to quantify expression at both population and single-cell
levels. The specific cell fluorescence intensity sharply increased during the first 4 days of
biofilm cultivation. Thereafter, it decreased abruptly reaching a low-level plateau until
the end of the experiment. During biofilm development, the population became
increasingly heterogeneous with regard to eGFP expression. Three distinct biofilm types
were observed over the course of the experiment: one with a homogeneous population
(days 3-5), the second with a moderately heterogeneous population (days 6-8) and the
third with a strongly heterogeneous population (days 9-11). Observation of E. coli

biofilms by confocal laser scanning microscopy revealed marked spatial heterogeneity,

f The content of this chapter was adapted from the following publication(s):

Gomes LC, Carvalho D, Briandet R, Mergulh&o FJ. Temporal variation of recombinant protein expression

in Escherichia coli biofilms analysed at single-cell level. Process Biochem (in press).
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with the cells actively producing eGFP restricted to the top layer of the biofilm. The
proposed methodology allows a fine analysis of the recombinant protein expression
within E. coli biofilms and it may be used to optimize the processing conditions.

7.1. Introduction

Several bacteria such as E. coli naturally grow in a community attached to a
substratum and not in liquid cultures. The biocatalytic potential of these bacterial
communities, termed biofilms, can be attributed to their high cell density; the former
feature is widely exploited for wastewater treatment (Nicolella et al. 2000) and also for
the production of industrial chemicals (Qureshi et al. 2005, Qureshi et al. 2004).
Recombinant protein production in biofilms has been largely studied in the context of
waste biodegradation (Bryers & Huang 1995, Venkata Mohan et al. 2009); however, this
strategy could also be advantageous for other processes such as the biosynthesis of
pharmaceutical intermediates (Panke & Wubbolts 2005) and catalysts for the food
industry. In fact, using a recombinant Aspergillus niger strain, which contained a gene
encoding the glucoamylase-GFP fusion protein, Talabardon & Yang (2005) showed that
higher amounts of GFP and glucoamylase were produced in immobilized cells than in
suspension culture. Moreover, a previous study with E. coli ATCC 33456 containing the
plasmid pEGFP showed that the biofilm environment enhanced plasmid maintenance and
GFP production (O'Connell et al. 2007).

During heterologous protein production, it is important to not only monitor the
total amount of proteins produced by the culture using bulk methods such as fluorometry
or standard fluorescence microscopy, but also evaluate the distribution of this protein in
individual cells. For instance, knowing the fraction of protein-producing and non-
producing cells may help to optimize the operational parameters for maximum strain
performance. Bacteria grown in biofilms are normally distributed in a heterogeneous
manner as they are exposed to local environmental conditions, which may vary on the
micrometer scale (Stewart & Franklin 2008). The concentration gradients of chemicals
dissolved in the interstitial fluid within the biofilm matrix promote differences in bacterial

enzymatic activities in different areas of the biofilms (Huang et al. 1998, Werner et al.
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2004) and they can create variation at the gene and protein levels (Beloin et al. 2004, Lenz
et al. 2008, O'Connell et al. 2007, Rani et al. 2007).

In this chapter, a protocol using fluorescence imaging is proposed for quantifying
the dynamics of protein expression within a biofilm population at both bulk and single-
cell levels. It should be noted that the entire protocol required only an epifluorescence
microscope and an open-source image analysis tool, both of which are available in most
life science research and industrial laboratories (Webb & Brown 2013).

7.2. Materials and methods

7.2.1. Biofilm-producing system and culture conditions

E. coli cells harbouring the pFM23 plasmid for the cytoplasmic production of
eGFP (Mergulhdo & Monteiro 2007) were used and the biofilms were grown in the flow
cell reactor as described in Chapter 5, section 5.2.2. The recirculating tank was
continuously fed with 0.025 | h-* of LB-Miller (Sigma, USA) supplemented with 20 ug
ml kanamycin (Eurobio, France). LB was the culture medium chosen since it was
previously shown (Chapter 6) that the specific eGFP production in LB is higher than in
DM in both planktonic and sessile environments. As it was demonstrated in Chapter 6
that changing the antibiotic concentration from 20 to 30 pug ml did not affect the specific
eGFP production of biofilm cells in the flow cell system, the lowest concentration was

selected.

7.2.2. Biofilm monitoring

Biofilm cell populations were resuspended and homogenized into NaCl solution

for total and viable cell assessment and eGFP analysis.
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7.2.2.1. Quantification of total and viable cells by epifluorescence

imaging on detached biofilm populations

Biofilm total (viable plus non-viable) and viable cell counts were assessed using
the Live/Dead® BacLight™ bacterial viability kit (Syto9/Pl, Invitrogen Life
Technologies, Alfagene, Portugal) as fully described in Chapter 6, section 6.2.4. Results
were expressed as the mean of triplicate samples obtained in three independent

experiments measured as log cell cm™,

7.2.2.2. Quantification of eGFP expression by epifluorescence

microscopy

Biofilm cells were filtered through a nucleopore-etched (Whatman Inc., NJ, USA)
black polycarbonate membrane (pore size 0.2 um) and images were acquired using a
Leica DM LB2 epifluorescence microscope (Leica Microsystems Ltd) coupled with a
Leica DFC300 FX camera (Leica Microsystems Ltd). A 450-490-nm excitation filter was
used in combination with a dichromatic mirror at 510 nm and suppression filter at 515
nm. Fifteen fields of view were photographed for each sample. A total of three biofilm
samples originating from three independent experiments were used for each time point.
The images were analysed in batch mode using ImageJ v1.48 (NIH). For each RGB (red,
blue and green) image, the green channel was processed with a sliding paraboloid to
reduce uneven background. Cell segmentation was performed using an automatic black
and white threshold after convolution with a Laplacian of Gaussian (9 x 9 kernel) filter.
The resulting binary image was then redirected to a background-reduced duplicate, and
each cell was analysed with the size and circularity intervals defined as 0.52-4.16 pum and
0.25-1.00, respectively. For each image, the mean fluorescence intensity was expressed
as the mean of the values of individual cells, which was in turn obtained by averaging
each cell pixel intensity value. The mean fluorescence intensity is presented in arbitrary

fluorescent units (AFUS).
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7.2.3. Deciphering spatial heterogeneity of eGFP expression
within biofilm by CLSM

For visualization by CLSM, 3-day-old biofilms were formed on sterile PVC
coupons placed in a 24-well polystyrene, flat-bottomed TPP® tissue culture plate (Sigma-
Aldrich, France) with LB. The plate was incubated at 30 °C under defined shaking
conditions to obtain the same average wall shear stress found in the sampling zone of the
flow cell operating at a Re = 4,600 (Moreira et al. 2013c, Salek et al. 2012). Bacteria
from the biofilms were counterstained with 5 uM Syto61 (Invitrogen, France), a cell-
permeant red fluorescent nucleic acid marker. The biofilms in the PVVC coupons were
observed using a Leica SP2 AOBS CLSM (Leica Microsystems, France) at the INRA
MIMAZ2 microscopy platform. The coupons were scanned using a 40x water immersion
objective lens at excitation wavelengths of 488 nm (argon laser) and 633 nm (helium-
neon laser). The emitted fluorescence was recorded within the range of 500-580 nm to
collect the eGFP emission fluorescence and 640-730 nm to collect the Syto61
fluorescence. Two-dimensional projections of the biofilm structures were reconstructed
using the Section function of the IMARIS 7.0 software (Bitplane, Switzerland). The Stack
Profile tool provided by the LCS software (Leica Microsystems, France) was used to trace

the intensity values of both fluorescent signals with regard to the z-position.

7.2.4. Calculations and statistical analysis

The coefficient of variation was chosen to express the extent of heterogeneity in
the expression of eGFP by a cell population (Figure 7.3). For each image, the coefficient
of variation for the specific fluorescence intensity (%) corresponds to the variability of
the fluorescence signal of each bacterial cell in relation to the mean of the population.
The coefficients of variation were calculated for each of the 45 images analysed for each
experimental day and represented in the form of a typical graph of frequency distribution.

One-way ANOVA was performed using the Statgraphics v6.0 software
(Manugistics, USA) for comparing the coefficients of variation between each pair of
experimental days and between groups of days (Figure 7.3). Paired t-test analysis was
also performed when appropriate. All tests were used based on a confidence level of 95%

(differences reported as significant for P values < 0.05).
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7.3. Results

Techniques based on epifluorescence microscopy were used to monitor the
amount of heterologous protein expressed by biofilm cells and the physiological state of
these cells during heterologous protein production (Figure 7.1). Figure 7.1A presents the
temporal eGFP expression profile in the biofilm during its development in the flow cell
system. The specific fluorescence intensity increased from day 3 to day 4, having reached
a maximum on the latter day. From this day onward, a significant reduction of the specific
cell fluorescence intensity (about 61%) was observed, and the values stabilized by the

end of the experiment at about half of the value measured on day 3.
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Figure 7.1. Temporal evolution of (A) specific fluorescence intensity (-l-) and (B) total cell (-@-), viable
cell (-O-) and eGFP-expressing (- A-) cell number for biofilms formed by E. coli IM109(DE3) + pFM23.

The means + SDs for three independent experiments are illustrated.
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The physiology of the biofilm cells was evaluated during the course of the
experiment by quantifying the number of total, viable and eGFP-expressing cells (Figure
7.1B). It can be seen that the total number of biofilm cells increased slightly between days
3 and 5 (39%), and it remained stable until the end of the experiment. Concerning biofilm
cell viability, it is possible to observe that during days 3 and 4, the number of viable cells
followed the increase in the number of total cells, corresponding to a viability percentage
of 74%. From day 4, the fraction of viable cells decreased by 45% and was practically
constant until the end of the experiment (P < 0.05). The number of eGFP-expressing cells
followed the evolution of total and viable cells until day 4, and most of the total cells
(82%) were found to express eGFP. However, between days 4 and 6, a strong reduction
(of about 70%) in the number of eGFP-expressing cells was observed. By the end of the
experimental time, the eGFP-expressing cells represented only 21% of the total cells.
Figure 7.1B shows a gap between the biofilm cell viability (i.e., cells with intact cell
membrane) and the sessile cells expressing eGFP, with a statistically significant
difference between both curves at days 6, 7, 8, 9 and 11 (P < 0.05). This difference may
be associated with the existence of a slow growth population of viable but non-expressing
(VBNE) cells. The onset of this biofilm population was noticeable from day 6 onwards,
and the fraction of VBNE cells remained almost constant until day 9.

The overall results of Figure 7.1 show some similarity between the curves for
viable and eGFP-producing cells (Figure 7.1B) and the temporal evolution of
recombinant protein production (Figure 7.1A). Both curves show a maximum at day 4
followed by a decrease in the next 24 h, which was more pronounced in the case of eGFP-
expressing cells and specific fluorescent intensity.

Figure 7.2 shows illustrative images obtained by epifluorescence microscopy to
quantify the total biofilm cells (Figures 7.2A, B and C) and the green fluorescence signal
of each eGFP-expressing cell (Figures 7.2D, E and F) at selected days during the course
of biofilm development in the flow cell system. Qualitatively, these sequences of
epifluorescence images confirm the results presented on Figure 7.1. Although the total
amount of cells forming the biofilm did not significantly differ between days 3, 7 and 11
(P > 0.05), the second sequence of images displays the reduction in the number of eGFP-
expressing cells from day 3 to days 7 and 11 (Figures 7.2D, E and F). The number of
eGFP-expressing cells as well as the fluorescence intensity of each expressing cell

decreased. In addition, the cell population was more homogeneous on day 3 with regard
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to eGFP production, as there was a lower variability in the intensity of the fluorescent

signal emitted by each cell.
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Figure 7.2. lllustrative epifluorescent micrographs of biofilm-detached cells after 3 ((A) and (D)), 7 ((B)
and (E)) and 11 ((C) and (F)) days of operation of the flow cell system. Micrographs (A), (B) and (C)
correspond to the representative colour-inverted images of the total E. coli cells stained with the Live/Dead®
BacLight™ bacterial viability kit. Micrographs (D), (E) and (F) are the representative fields of E. coli cells
expressing eGFP (bars = 10 um).

In addition to analysing the bulk eGFP expression levels obtained with biofilm
cells (Figure 7.1A), analysis of the eGFP expression at a single-cell level was possible by
image analysis. Figure 7.3 presents the coefficients of variation of the fluorescence
intensity determined for each microscopic image obtained on each experimental day (a
total of 45 images were obtained per day). The larger the coefficient of variation (shown
in Figure 7.3 as vertical black line segments), the greater the difference in the eGFP levels
among the individual cells within the same image. As the experiment progressed, a larger
variation in cell fluorescence was obtained, indicating that the biofilm became
increasingly heterogeneous during development. The temporal evolution of fluorescence

heterogeneity shows three distinct groups: one with a homogeneous population (days 3-
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5), the second with a moderately heterogeneous population (days 6-8) and the third with
a strongly heterogeneous population (days 9-11). The statistical test performed revealed
no significant differences in the average coefficients of variation within each group (P >
0.05), but the groups are statistically different from each other (P < 0.05).
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Figure 7.3. Temporal evolution of coefficients of variation for specific fluorescence intensity. Three

Coefficient of variation for
specific fluorescence intensity (%)

distinct biofilm populations were identified: homogeneous (white), moderately heterogeneous (light grey)

and strongly heterogeneous (dark grey).

Considering the average of coefficients of variation represented in Figure 7.3 for
each experimental day, a good linear correlation was found between these two entities
(r = 0.92) with most of the experimental points included within the 95% confidence
interval (Figure 7.4). This clearly indicates that the biofilm heterogeneity increases over
time.

To elucidate the rationale for this population heterogeneity, a confocal microscopy
analysis was performed on a 3-day-old biofilm obtained on the same surface, with the
same culture medium and at a similar shear stress and incubation temperature. A
representative confocal image shows sharply stratified patterns of eGFP expression
(Figure 7.5A). A zone of bright green fluorescence was observed at the liquid interface
of the biofilm, whereas the interior regions of the biofilm lacked eGFP-expressing cells
(non-expressing cells were marked in red). The qualitative assessment of the eGFP
distribution in the verticality of the biofilm (Figure 7.5A) was confirmed by the
guantitative results extracted from the z-stack acquisition. While the bottom layer of the
biofilm (40 pm of dimension) consisted predominantly of non-expressing cells that
emitted the red signal, the eGFP-expressing cells are predominantly located in the upper
90 pum of the biofilm (Figure 7.5B).
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Figure 7.4. Correlation between the average of coefficient of variation for specific fluorescence intensity
against time. The regression line is presented in black (y = 1.28x + 2.36; r = 0.92) and the 95%
confidence band limits are presented in grey.
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Figure 7.5. Spatial heterogeneity of a 3-day-old biofilm formed by E. coli JM109(DE3) + pFM23: (A)
section view of the CLSM images and (B) distribution of red and green fluorescence intensities along the
vertical (z) biofilm position. The eGFP-expressing cells are labelled in green and the non-expressing cells

are countermarked in red with Syto61. The dotted white line indicates the vertical section (bar = 50 um).
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7.4. Discussion

This study demonstrates that epifluorescence microscopy is a powerful tool for
assessing the features of recombinant protein expression in E. coli that are not routinely
measured. Biofilm viability can be quantified with a simple staining procedure and the
cells associated with the recombinant protein can be quantified in relative terms.
Moreover, we report the application of an image analysis tool to fluorescence microscopy
for the single-cell evaluation of recombinant protein expression during biofilm growth.
The developed technique provides information on the population heterogeneity for eGFP
production, which may be highly relevant for bioprocess monitoring, especially while
using biofilms that are known to be heterogeneous and that contain several subsets of
cells in different physiological states (Stewart & Franklin 2008). The temporal single-cell
measurements showed that the biofilm heterogeneity increases over time. O’Connell et
al. (2007) studied the dynamics of fluorescence during biofilm development by flow
cytometry and detected three populations of E. coli cells with differing levels of GFP
expression in 24-h biofilms. These authors also found changes in the distribution of GFP
fluorescence along time (O'Connell et al. 2007), in agreement with the results obtained in
this study. However, while O’Connell et al. (2007) reported the complete absence of non-
fluorescent cells after 48 h of flow cell operation, in this work an increase in the number
of such cells was detected between days 4 and 6, representing on average 79% of the total
population from this moment until the end of the experiment. The different results
presented by O’Connell et al. (2007) can be explained by the use of a high-copy-number
plasmid (pUC19-based vector) and different cultivation and hydrodynamic conditions for
biofilm growth in a parallel plate flow chamber.

Fluorometry is an easy, fast and common way of measuring GFP fluorescence of
a bacterial population (Bongaerts et al. 2002). However, it measures the total sum of
fluorescence intensities of all bacterial cells, which is not a good indicator of single-cell
gene expression in the heterogeneous populations. By contrast, an epifluorescence
microscope or a flow cytometer can be used to quantify the fluorescence of individual
cells. The standard flow cytometers can rapidly determine the fluorescence of a large
number of cells (Carneiro et al. 2009, Miyashiro & Goulian 2007). Nevertheless, using a
microscope equipped with a high numerical aperture lens and a standard cooled charge-

coupled device (CCD) camera, like that used in this work, cellular fluorescence can be
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detected with much greater sensitivity and precision when compared to a flow cytometer
(Miyashiro & Goulian 2007). This is consequently due to the efficient collection of the
emitted photons and the long duration of exposure that can be achieved for a static field
of cells on the microscope stage (Miyashiro & Goulian 2007, Shapiro 2000). In addition,
epifluorescence microscopes are more common in the laboratory and industrial
environments than the flow cytometers (Carneiro et al. 2009) due to their lower cost.

It should be noted that the low AFU values and the presence of a high fraction of
non-expressing cells in the biofilm after day 5 are unlikely to be associated with plasmid
loss. This is because the presence of antibiotics throughout the flow cell system ensured
a strong selective pressure. In fact, the number of colonies on selective plates was found
to be similar to that of the non-selective plates, indicating that the plasmid is maintained
by the cells (data not shown). Furthermore, it is known that continuous biofilm cultures
for recombinant protein production are advantageous in retaining plasmid-bearing cells
(O'Connell et al. 2007). Cells in the biofilms tend to grow more slowly than their
planktonic counterparts (Williams et al. 1997), leading to fewer divisions and hence less
plasmid partitioning. The marked decline in the AFU values after day 4 may be due to
the loss of the pre-existing eGFP molecules from cells due to lysis. This phenomenon
may be explained by the decrease in the amount of viable cells after 4 days of biofilm
development. Lowder et al. (2000) reported a strong correlation between cell death and
leakage of GFP from cells due to the loss of membrane integrity. The decrease in biofilm
viability was probably a result of the metabolic stress imposed by the high eGFP
production levels (Kurland & Dong 1996) in the initial days of bioreactor operation. It is
well documented that the production of recombinant proteins significantly affects cell
metabolism by channelling resources towards producing foreign proteins, thereby
imposing a metabolic burden and stress on the host cells (Glick 1995, Sgrensen &
Mortensen 2005, Xia et al. 2010, Yang et al. 2016). In particular, an increased protease
activity and decreased growth rate and cell viability are some stress signals that can be
induced during recombinant protein synthesis (Bentley et al. 1990, Dong et al. 1995,
Georgiou et al. 1988, Kurland & Dong 1996). It has been shown that biofilm formation
by itself is accompanied by the overexpression of many stress genes (Beloin et al. 2004,
Heim et al. 1994, Stewart 2003). Therefore, it is likely that high-level recombinant protein
expression may increase this cellular stress. The low fluorescence intensity values
registered from day 5 may be due to the simultaneous effect of the drop in viability and

in the number of eGFP-producing cells. In fact, a significant percentage of the total
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biofilm cells were stained with propidium iodide (considered as non-viable cells) and
therefore did not further participate in cell growth and eGFP formation.

Although confocal microscopes are not available in many biofilm research
laboratories, a confocal microscopy analysis was introduced in this work for determining
the association between the single-cell variations found within E. coli biofilms and the
spatial distribution of eGFP-expressing cells inside biofilms. Gradients of pH, oxygen,
nutrients and waste products are established at different depths in the biofilms. Further, it
is widely recognized that such chemical heterogeneity can lead to cells in the biofilm
exhibiting different metabolic activities (Stewart 2003, Stewart & Franklin 2008). In this
work, staining with the Syto61 red fluorescent dye revealed that sessile cells expressing
eGFP are confined to a single band at the top of the biofilm. These results are consistent
with those of Werner et al. (2004) and Lenz et al. (2008) who observed spatially non-
uniform patterns of GFP expression in P. aeruginosa colony biofilms and in biofilms
grown under continuous flow conditions. GFP synthesis occurred in a relatively narrow
zone (approximately 30-60 pum wide) at the interface between the biofilm and the source
of oxygen (Werner et al. 2004), and the GFP mRNA levels correlated with this zone of
active GFP fluorescence (Lenz et al. 2008). Rani et al. (2007) also demonstrated a
stratified pattern of protein synthetic activity in Staphylococcus epidermidis drip-flow
and capillary biofilms, with a single band of bright green fluorescence detected along the
biofilm—fluid interface and rings of green fluorescence located at the periphery of cell
clusters, respectively. It was hypothesized that the heterogeneous pattern of eGFP
expression inside the E. coli biofilms may be a result of oxygen limitation. Prigent-
Combaret et al. (1999) demonstrated oxygen limitation in E. coli K-12 biofilms via
random insertion mutagenesis. This result was further corroborated by Schembri et al.
(2003), who showed the induction of several genes commonly expressed during oxygen-
limiting conditions in E. coli biofilm cells. Oxygen is the only requirement for GFP
fluorescence, apart from gene expression by the host cells, which is necessary for the final
stage of protein folding for the formation of fluorescent chromophore (Heim et al. 1994).
Therefore, in this biofilm formation system, deeper biofilm zones may not be fluorescent
due to the lack of oxygen, which is required for eGFP maturation, or due to mass transfer
limitation of other nutrients (Stewart 2003, Stewart & Franklin 2008). In a previous study,
it was shown that the density of biofilms formed with this strain is affected by the nutrient

load of the system (Teoddsio et al. 2011a). This increases the possibility of optimizing
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the nutrient load for obtaining a more porous biofilm, thus facilitating the access to fresh
nutrients in this bottom layer, which could then be shifted to a productive state.

The image analysis technique described in this work can be used not only to assess
the expression levels of a fluorescent protein in order to optimize production yields, but
it can also be used with different fluorescent proteins to study time-dependent processes
using timer fluorescence proteins (with time-dependent chromophore maturation), for
promoter tracking purposes (using split fluorescent proteins), or even to monitor
physicochemical changes in microenvironments, among several other applications
(Chudakov et al. 2010, Wuang et al. 2008). However, a limitation of this methodology is
that it relies on the expression of fluorescent proteins. If the target protein is not
fluorescent in a particular process, a translational fusion with a fluorescent protein tag
may be used for quantification purposes (Shuman & Silhavy 2003). This strategy may
require additional processing steps such as tag cleavage in order to obtain the native
protein (Young et al. 2012). A different strategy is to use a transcriptional fusion between
the protein of interest and the fluorescent protein (Shuman & Silhavy 2003), allowing the
determination of protein expression levels without further processing steps. Furthermore,
if the target protein is displayed on the cell surface it can be detected and quantitated using
fluorescently labelled antibodies (Tang et al. 2008).

In conclusion, epifluorescence microscopy and the corresponding image analysis
can be regarded as a valuable tool for determining certain production parameters that
cannot be obtained by bulk methods such as fluorimetry, namely the distribution of
fluorescent protein production within a cell population. The information extracted with
such single-cell technique, combined with the biofilm physiological data, can be used to
monitor the protein expression in biofilm cells and to further determine the best

processing conditions for recombinant protein production in this type of cells.
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Heterologous protein expression in E. coli biofilms:

gene dosage and induction effect?

Abstract

Despite the high production yields that can be attained with E. coli during
cultivation of planktonic cells, heterologous protein production by biofilms remains
largely unexplored. In this work, E. coli JIM109(DE3) cells transformed with plasmid
pFM23 for eGFP expression were used. The effect of chemical induction with IPTG was
assessed in both planktonic and biofilm cells in order to evaluate their production
potential.

It was shown that induction negatively affected the growth and viability of
planktonic cultures, but eGFP production was not increased. Production was not limited
by gene dosage or by transcriptional activity. Results suggest that plasmid maintenance
at high copy number imposes a metabolic burden that precludes high level expression of
the heterologous protein. In biofilm cells, the inducer avoided the overall decrease in the
amount of expressed eGFP, however this result was also not correlated with gene dosage.
Higher specific production levels were always attained with biofilm cells and it seems
that while induction of biofilm cells shifts their metabolism towards the maintenance of
heterologous protein concentration, in planktonic cells the cellular resources are directed

towards plasmid replication and growth.

9 The content of this chapter was adapted from the following publication(s):

Gomes LC, Monteiro GA, Mergulhdo FJ. Heterologous protein expression in Escherichia coli biofilms:

gene dosage and induction effect (manuscript in preparation).
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8.1. Introduction

Successful recombinant protein production in E. coli is a combination of many
good decisions involving the choice of the most appropriate strain, expression vector,
cultivation and purification strategies (Mergulhdo et al. 2004b). Plasmids are the most
commonly used vectors for the expression of recombinant proteins in E. coli. Their design
is crucial in order to maintain an equilibrium between the transcriptional and translational
machinery of the host cell so that the deleterious effects of heterologous protein
production can be managed (Mergulh&o et al. 2005, Mergulhdo et al. 2004b). A plasmid
contains many elements that are essential for its use as an expression vector but some of
the most important are the origin of replication and the promoter. The origin of replication
controls the plasmid copy number (PCN) (Rosano & Ceccarelli 2014) and although it is
often assumed that a high gene dosage is favorable for high level heterologous protein
production, this is not always the case (Mergulh&o et al. 2004b). It has been shown that a
high PCN may impose a metabolic burden that decreases the bacterial growth rate and
originates plasmid instability, thus reducing the number of healthy bacteria for protein
synthesis (Bentley et al. 1990, Birnbaum & Bailey 1991, Carrier et al. 1998). The biofilm
mode of growth affects plasmid maintenance and PCN control. In a first study, Davies &
Geesey (1995) found that the PCN was approximately 1.5 fold higher in P. aeruginosa
biofilms than in planktonic cells. Additionally, the PCN of plasmid pBR322, a plasmid
carrying resistance genes against ampicillin and tetracycline, was 2 fold higher in E. coli
cells growing in a biofilm (May et al. 2009). The results from O’Connell et al. (2007) also
indicate that the biofilm environment favours plasmid maintenance. The potential of E.
coli biofilm cells to retain high PCN’s can be explained by the slower growth of sessile
cells compared to planktonic cells (Donlan 2000), leading to fewer divisions and
correspondingly less plasmid segregation. Recently, Cook & Dunny (2013) showed that
four non-conjugative plasmids had increased PCN and copy-number heterogeneity in
Enterococcus faecalis biofilm cells and this was correlated with increased expression of
plasmid-borne resistance genes. Conversely, it has also been demonstrated that, for some
plasmids, plasmid loss is more significant in biofilm populations (Huang et al. 1993, Ma
et al. 2013) and that this can be affected by the age of the biofilm (Madsen et al. 2013).

In this work, the pET system was used for the expression of a heterologous model

protein, the eGFP. This family of vectors contains a pMB1 origin of replication (medium-
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copy number replicon) and uses the T7 promoter for transcription of the foreign gene,
which can be induced by lactose or its non-hydrolyzable analogue IPTG (Rosano &
Ceccarelli 2014). This system is one of the most widely used expression systems in E.
coli mainly due to its very high expression levels as the target protein can represent up to
50% of the total cell protein. However, it suffers from some drawbacks like the leaky
expression (Rosano & Ceccarelli 2014), which is particularly serious in the expression of
toxic proteins.

Until now there is only one publication addressing heterologous protein
production in E. coli biofilms (O'Connell et al. 2007). In that study, eGFP expression was
achieved by using a pUC-based vector containing a mutated pMBL1 origin of replication
and an IPTG inducible promoter. However, the effect of induction was not addressed.
The main aim of this chapter was to evaluate the effects of IPTG induction in the potential

of biofilm cells to produce a heterologous model protein.

8.2. Materials and methods

8.2.1. Bacterial strain and culture conditions

E. coli IM109(DE3) harbouring the plasmid pFM23 was used in this work for the
cytoplasmic production of eGFP (Mergulhdo & Monteiro 2007). The strain was grown in
LB-Miller (Sigma, USA) supplemented with 20 pg ml* kanamycin (Eurobio, France).

8.2.2. High throughput screening of IPTG concentration and

induction time

An overnight culture of the E. coli strain was prepared as described in Chapter 3,
section 3.2.2. Cells were harvested by centrifugation and appropriate dilution in sterile
saline was performed to obtain an OD of approximately 0.4 at 610 nm.

Five IPTG concentrations (in the 0-4 mM range) and three induction days (3, 5
and 7) were tested for biofilm formation and eGFP expression in the 96-well microtiter
plate. The wells (6 for each IPTG concentration tested) were filled with 180 pl of LB

medium and 20 pl of the inoculum previously prepared. For control, wells with E. coli
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JM109(DE3J) cells bearing the pET28A plasmid (Novagen, USA), which is the backbone
of pFM23, were prepared. A total of 3 microtiter plates were prepared per experiment so
that one plate was retrieved from the incubator for addition of IPTG at each induction
day. The plates were incubated at 30 °C during 11 days under the shaking conditions used
for biofilm formation in Chapter 4 (section 4.2.2), being removed from the incubator
every 2 days for medium replacement (Azevedo et al. 2014) and IPTG addition (at day 9
only the culture medium was replaced). At day 11, the bacterial suspension was discarded
from all the plates and the wells were washed to remove nonadherent bacterial cells. The
biofilms were suspended in 200 pl of Buffer 1 (50 mM Na;HPO4, 300 mM NacCl, pH 8)
by pipetting up and down, and the OD and eGFP fluorescence were determined as
indicated in Chapter 6, section 6.2.2. Three independent experiments were performed and

the final values were expressed in specific fluorescence intensity (AFU per ODeg10 nm).
8.2.3. Biofilm formation system

The biofilms were grown in the flow cell system as described in Chapter 5, section
5.2.2. After 5 days of flow cell operation, induction was carried out by adding a single
pulse of IPTG (BIORON GmbH, Germany) in order to obtain a final concentration of 2
mM in the medium. The biofilm and planktonic samples corresponding to day 5 were
collected 6 h after IPTG addition.

The system can be considered as a well-mixed chemostat with irregular geometry
(Teodosio et al. 2012b), thus the concentration of any substance in the effluent stream is
identical to the concentration inside the system (Fogler 2006). A mass balance for the
IPTG that was introduced as a pulse at time ¢t = 0 into the recirculating tank yields for
t>0

In — Out = Accumulation (1)

_
0-FC=VZ (2

C in Equation (2) is the concentration of IPTG either in the effluent or inside the
system. Also F is the volumetric flow rate and V is the volume of flow cell system.

Separating the variables and integrating with C = C, at t = 0 yields
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C(t) = Coe™tT (3)

where T is the average residence time, which is defined as being equal to V /F. Equation
(3) gives the concentration of IPTG within the reactor at any time ¢, which is represented
for the flow cell system operating for further 6 days after IPTG addition (see Figure 8.3).
The dilution rate (DR) of the chemostat is given by

DR=1 (4)

8.2.4. Estimation of IPTG transfer rate

The rate of IPTG transport from the bulk liquid to the biofilm surface was
quantified through the external mass transfer coefficient (K,,,).

The Sherwood number (Sh) for a fully developed concentration profile in
turbulent flow conditions was calculated by Equation (5) as a function of Re valid in the
range between 2,100 and 35,000, and Schmidt number (Sc) in the range between 0.6 and
3,000 (Perry & Green 1997).

Sh = 0.023 Re®83sc'/3  (5)

With the Sherwood number estimated from Equation (5), the external mass

transfer coefficient was calculated from the definition

_ ShDgq

Ko =220 (6)

where D, is the diffusion coefficient of IPTG in water (8.7 x 10 m? s™ at 30 °C)
(Stewart 2003) and d is the hydraulic diameter.
Immediately after IPTG addition, the concentration at the top of the biofilm is

approximately zero and therefore the mass transfer rate () can be estimated by

n=Kn,AC (7)
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where A is the coupon area.
8.2.5. Analytical methods

On each experimental day, a coupon was removed from the flow cell and the
biofilm thickness was immediately determined using a digital micrometer. Then, the
biofilm was resuspended and homogenized in NaCl solution for assessment of total and
viable cells, and for quantification of eGFP and plasmid content.

Biofilm total (viable plus non-viable) and viable cell counts were assessed with
the Live/Dead® BacLight™ bacterial viability kit (Syto9/PI, Alfagene, Portugal) as
indicated in Chapter 6, section 6.2.4. Results of total cell and viable counts were
expressed as log cell cm.

For planktonic cells, total and viable cell numbers were determined using the same

method as for biofilms. Results were presented as log cell ml™.

8.2.6. Quantification of EPS

The content of EPS in biofilms (proteins and polysaccharides) was determined
after 7 days of growth as fully described in Chapter 6, section 6.2.5.

8.2.7. Quantification of eGFP production

The eGFP expression in both planktonic and biofilm cells was analysed as
described in Chapter 5, section 5.2.4, and the final values were presented as specific eGFP
production (fg cell?).

The remaining volume of planktonic and biofilm samples was centrifuged and the
pellets were immediately frozen for subsequent quantification of PCN and evaluation of

eGFP gene transcription.
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8.2.8. Quantification of PCN

8.2.8.1. Preparation of plasmid DNA (pDNA) standards

Plasmid DNA standards were prepared by growing E. coli JM109(DE3) cells
harbouring the plasmid pFM23 in LB supplemented with 20 pg mI™ kanamycin. Plasmid
extraction and isolation was performed according to the High Pure Plasmid Isolation Kit
(Roche, Germany) protocol. The concentration of purified pDNA solution was
determined with a NanoDrop Spectrophotomer (NanoVue™ Plus, GE Healthcare,
Germany) and the plasmid quality was assessed by gel electrophoresis (agarose 1% in
TAE buffer 1x). Serial dilutions of plasmid (1, 10, 100, 1000 and 10000 pg per capillary)
were conducted in triplicates to establish the standard curve.

8.2.8.2. Real-time PCR (RT-PCR)

The quantification of plasmid copy number in planktonic and biofilm samples was
performed with the Roche LightCycler™ detection system using the FastStart DNA
Master SYBR Green | Kit™ (Roche, Germany) (Carapuga et al. 2007). The detection of
pDNA was performed by amplification of a 108 bp sequence from the eGFP gene using
the TCGAGCTGGACGGCGACGTAAA forward primer, and
TGCCGGTGGTGCAGATGAAC reverse primer.

Each 20 pl of final reaction volume contained 2 pl of the 10x SYBR Green
mixture, 1 pl of each primer (10 uM final concentration), 1.6 pl of MgCl> solution (3 mM
final concentration), 2 ul of sample prepared as described below and 12.4 ul of PCR grade
water. Reactions were incubated at 95 °C for 10 min to activate FastStart DNA
polymerase and lyse cells, followed by the amplification step consisting of 30 cycles of
15sat 95°C, 10 sat 55 °C and 14 s at 72 °C. Following the final cycle, reactions were
kept at 70 °C for 30 s and heat-denatured over a temperature gradient of 0.1 °C s from
70 to 95 °C.
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8.2.8.3. Sample preparation

Plasmid DNA samples for the construction of calibration curve were prepared by
spiking 2 ul of purified pDNA standards with non-transformed E. coli JM109(DE3) cells.

Appropriate dilutions of the frozen pellets were made with MilliQ water in order
to maintain the same number of total cells per reaction (3 x 10° cells). Determination of
pDNA concentration in planktonic and biofilm cells was done for triplicate sets by mixing
2 pl of suspension with 3 x 10° of cells, 2 pl of PCR grade water and the other PCR
reagents as described above.

The calibration curve was established according to the method of Lee et al. (2006).
Briefly, it includes the plot of the cycle threshold (C+) values versus the log concentration
of the plasmid DNA standard. For the unknown pDNA samples, the plasmid
concentration was obtained by interpolating its Ct value against the calibration curve.
The corresponding PCN was then calculated using the Equation (8) (Whelan et al. 2003):

_6.02x10% (copy mol™1) x DNA amount (g)
- DNA length (bp)x660 (g mol~1bp~1)

PCN (8)

knowing that the plasmid pFM23 has length of 6053 bp.

8.2.8.4. Quantification of total RNA

For planktonic and biofilm samples from day 7 containing a fixed amount of total
cells (4 x 107 cells), RNA extraction was performed according to the High Pure RNA
Isolation Kit™ (Roche, Germany) protocol. The concentration of RNA solution was then
determined using the NanoDrop Spectrophotomer and the final values were presented as
specific total RNA concentration (fg cell’!). The analysed samples were from two

independent experiments.

8.2.9. Quantification of eGFP gene transcription

The total RNA was first denatured by heating at 65 °C for 15 min, followed by
rapid chilling on ice. The cDNA synthesis was carried out using the First Strand cDNA

Synthesis Kit (Roche, Germany) according to the manufacturer’s recommendations.
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Briefly, each reaction contained 10x Reaction Buffer, 25 mM MqgCI; solution, dNTPs,
reverse primer (TGCCGGTGGTGCAGATGAAC), RNase inhibitor, AMV reverse
transcriptase, gelatin, the total RNA sample and PCR grade water to complete 30 ul of
reaction volume. The mixture was incubated at 25 °C for 10 min and at 42 °C for more 2
h. Then the AMV reverse transcriptase was denatured by incubating the reaction at 99°C
for 5 min and cooling to 4 °C for more 5 min. The relative amount of cDNA (and
consequently of eGFP mRNA) was determined by RT-PCR, as previously described for
PCN quantification, taking into account that the Ct values obtained are inversely
proportional to the amount of eGFP cDNA in the sample. The final values per cell are

presented in arbitrary units (AU cell™?) for comparative purposes.

8.2.10. Statistical analysis

Average SDs were calculated for all planktonic and biofilm parameters presented
in Figures 8.2 and 8.4. For biofilm formation (Figure 8.2), the following averages were
obtained: SD < 2% for planktonic and biofilm total cells, SD < 3% for planktonic and
biofilm viable cells, and SD < 17% for biofilm thickness. Concerning eGFP quantitation
(Figure 8.4A), SD < 16% and SD < 7% were obtained for planktonic and biofilm cells,
respectively. Regarding plasmid copy number (Figure 8.4B), SD < 33% and SD < 40%
were obtained for planktonic and biofilm cells, respectively. For eGFP mRNA and total
RNA determination (Figure 8.5), SD < 8% and SD < 22% were obtained for planktonic
and biofilm cells, respectively.

For biofilm formation (Figure 8.2) and analysis of transcription and total RNA
(Figure 8.5), paired t-test analysis was performed based on a confidence level of 90%
(differences reported as significant for P values < 0.1 and marked with «) and 95%
(differences reported as significant for P values < 0.05 and marked with x or « ). Paired
t-test analysis based on a confidence level of 95% was performed to compare biofilm and
planktonic curves in Figure 8.4 (differences between biofilm conditions were marked

with 1, while differences between planktonic conditions were indicated with I).
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8.3. Results

8.3.1.High throughput screening of IPTG concentration and

induction time

The 96-well microtiter plate was used in this chapter to find the concentration of
IPTG and the induction day that yields the higher specific eGFP fluorescence in order to
use these optimal parameters in the flow cell experiments. Figure 8.1 presents the values
of specific eGFP fluorescence for 11-day-old biofilms formed during exposure to
different concentrations of IPTG from day 3, 5 or 7. It is clear that the highest specific
fluorescence value was obtained when the 5-day-old biofilm was induced with 2 mM
IPTG. Furthermore, it can be concluded that in order to attain high specific fluorescence

in biofilms induced later is necessary to use a higher IPTG concentration.
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Figure 8.1. Screening of IPTG concentration and induction day in 96-well microtiter plates. Induction on
day 3 (HEEEE), 5 (C—0) and 7 (). The means + SDs for three independent experiments are presented.

* means that no fluorescence was detected. The dashed line corresponds to the detection limit of the

method.
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8.3.2.Effect of IPTG induction on planktonic and biofilm growth

The effect of IPTG induction on the dynamics of planktonic and biofilm growth
in the flow cell system is presented in Figure 8.2. The growth of non-induced and induced
planktonic cells was compared by determining the number of total (Figure 8.2A) and
viable cells (Figure 8.2C). Planktonic cell concentration (Figure 8.2A) was practically
constant throughout the experiment in the non-induced state, but a decrease was observed
for the induced culture particularly towards the end of the experiment. A similar
behaviour was observed for the number of viable cells (Figure 8.2C); however,
statistically significant difference was found in the majority of experimental points (P <
0.05). Indeed, from day 5 onwards the values for the induced cells remained mostly lower
(49%) than those determined in the non-induced culture. It is important to note that the
IPTG decreased in the medium overtime, but it was present until the end of the experiment
at concentrations above 0.24 mM (Figure 8.3).

The IPTG transport from the bulk medium to the top layer of the biofilm was also
estimated. A maximum molar flux of 4.7 nmol s was obtained by estimation of the
external mass transfer coefficient (Equation 7) under the operational conditions. The
impact of IPTG induction on biofilm development was also assessed by determining the
amount of total (Figure 8.2B) and viable biofilm cells (Figure 8.2D), and the biofilm
thickness (Figure 8.2E). The total cell and viable counts were very similar throughout the
experiment and did not change significantly after exposure to IPTG. Nevertheless, the
biofilm thickness was significantly higher for the induced biofilms from day 7 until the
end of the experiment (P < 0.05, Figure 8.2E).
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Figure 8.2. Time-course of planktonic and biofilm parameters: (A) planktonic total cells, (B) biofilm total

cells, (C) planktonic viable cells, (D) biofilm viable cells, (E) biofilm thickness. Induced (@) and non-

induced (O) LB culture. The dotted lines indicate the day on which the culture was induced with 2 mM

IPTG. Results are an average of three independent experiments for each condition. Statistical analysis

corresponding to each time point is represented with * for a confidence level greater than 90% (P < 0.1)

and with : for a confidence level greater than 95% (P < 0.05).
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Figure 8.3. Time-course evolution of IPTG concentration within the flow cell system (—®—) and eGFP

production in planktonic (V) and biofilm (W) cells. The culture was induced with 2 mM IPTG on day 5.

The EPS composition of 7-day-old biofilms was analysed (Table 8.1) and no

significant differences were observed with IPTG induction as the dry mass, cell density

and also the protein and polysaccharide levels of the matrix were similar (P > 0.05).

Table 8.1. EPS analysis of induced and non-induced biofilms after 7 days of growth

Biofilm characteristics Induced Non-induced

Biofilm dry weight
400+1.17 450+£0.870

(MQpbiofilm CM?)

Log cellular density
7.83+£0.460 7.76 £ 0.460
(cellscm?)

Matrix proteins
860+180 9.40+1.70

(Mg g piofiim)

Matrix polysaccharides
249+410 231350

(Mg g piofiim)
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8.3.3.Determination of eGFP, PCN, mRNA and total RNA

The progression of specific eGFP production and plasmid copy number during
planktonic and biofilm growth were monitored for non-inducing and inducing conditions
(Figure 8.4). Comparing expression in planktonic and sessile cells (Figure 8.4A), it is
clear that the biofilm state increased heterologous protein production (6- and 9-fold for
non-induced and induced cultures, respectively). Specific eGFP production from
planktonic cells decreased (approximately 87%) between days 3 and 8 in both induced
and non-induced states. Furthermore, the eGFP levels in induced planktonic cells were
similar to the leaky expression from the non-induced cells. The eGFP production from
biofilm cells remained approximately constant for the induced culture (pre-induction
levels were maintained at around 18 fg cell), whereas a decrease in production (of about
30%) was observed on the non-induced cells. Thus, it seems that IPTG induction had a
more pronounced effect on biofilm that in planktonic cells (Table 8.2).
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Figure 8.4. Time-course of (A) eGFP production and (B) plasmid copy number for planktonic and biofilm
cells. Induced (W) and non-induced (V) biofilm cells; induced (M) and non-induced (OJ) planktonic cells.
The vertical dotted lines indicate the day on which the culture was induced with 2 mM IPTG and the
horizontal dashed lines correspond to detection limits of the methods. Results are an average of three
independent experiments for each condition. Statistical analysis for a confidence level greater than 95% (P
< 0.05) are pointed as T when induced biofilm cells are different from the non-induced biofilm cells, and

as I when induced planktonic cells are different from the non-induced planktonic cells.
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Table 8.2. Specific eGFP production of planktonic and biofilm cells in the different cultivation conditions
tested in this thesis: DM with 20 and 30 pg ml** kanamycin, LB with 20 pg ml* kanamycin, and LB with
20 pg ml* kanamycin and 2 mM IPTG. The results presented were obtained under steady state (between
days 7 and 11)

Kanamycin IPTG Specific eGFP Plroductlon
Medium concentration concentration (fg cell™)
(g ml) (mM) Planktonic Biofilm
DM!? 20 0 0.060 57
DM! 30 0 0.67 6.2
LB! 20 0 1.2 12
LB 20 2 14 18

lvalues obtained in these conditions were originally reported in Table 6.1

The PCN (Figure 8.4B) was higher in planktonic than in sessile cells (7 and 20
fold higher for non-induced and induced cultures, respectively), showing that until day 3
the adhered cells lost most of the plasmid content. However, there was a strong loss of
plasmid in planktonic cells after day 4 for both non-induced and induced cultures (around
95% and 80%, respectively). In the biofilms, these reductions were much smaller since
the PCN reduced about 40% in the induced cultures and there was no loss of plasmid in
the non-induced cultures.

The levels of MRNA and total RNA for day 7 are presented in Figure 8.5. Higher
transcription of the eGFP gene occurred in planktonic cells when compared to biofilms
(average P < 0.1), independently of the presence of IPTG (Figure 8.5A). Furthermore,
transcription was more intense upon induction in both planktonic and biofilm
environments (average P < 0.05) (Figure 8.5A). Observing the total RNA levels (Figure
8.5B), higher values were obtained for planktonic cells (P < 0.1) and total RNA levels in

both types of cells decreased after induction.
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Figure 8.5. (A) Quantification of eGFP gene transcription and (B) total RNA concentration for planktonic
and biofilm cells on day 7. Induced (M) and non-induced (1) cells. Results are an average of two
independent experiments for each condition using the same quantity of cells. Statistical analysis
corresponding to each time point is represented with * for a confidence level greater than 90% (P < 0.1)

and with x x for a confidence level greater than 95% (P < 0.05).

8.4. Discussion

The flow cell system used in this work can be considered as a chemostat with an
irregular geometry (Stoodley & Warwood 2003, Teodo6sio et al. 2012b). For planktonic
cells, under steady-state conditions, the dilution rate is equal to the specific growth rate
of bacteria. A constant cellular concentration was reached for the non-induced planktonic
culture, and therefore the specific E. coli growth rate was of 0.015 h™t. Specific growth
rates in batch culture were determined for this strain and values around 0.7 h™ were
obtained, indicating that the dilution rate used in these experiments was much lower than
the critical dilution rate for non-induced conditions.

Since the planktonic cell concentration decreased for the induced culture, mostly
towards the end of the experiment, its growth rate was below 0.015 h™. Taking into
account that the non-induced culture can grow at this temperature and in this growth
medium at specific growth rates that far exceed this value (as determined in batch
cultivation), it is plausible to assume that IPTG induction had effect on the metabolism
of planktonic cells. A reduction in cell growth rates upon induction had already been
demonstrated for plasmid-bearing cells (Bentley et al. 1991, Neubauer et al. 1992, Wood
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& Peretti 1991). It has been proposed that cell growth arrest is caused by the metabolic
stress which an expression vector imposes upon induction, including sequestering of
cellular resources for transcription and translation of the target gene. In the present study,
since the amount of eGFP produced by induced and non-induced planktonic cells was
similar, the reduction of cell density in the induced culture was possibly a consequence
of the metabolic drain of biosynthetic precursors, energy and other cellular components
for plasmid replication and transcription. IPTG induction had a negative effect not only
on growth, but also on cellular viability of E. coli suspended cultures. Although IPTG
was added in a single pulse, it was estimated that the inducer was present in the bulk
medium at high concentrations (above 0.24 mM) until the end of the experiment. This
long term exposure may explain the deleterious effects on growth and viability of
planktonic cells.

IPTG addition had different effects on planktonic and biofilm cells. As far as
biofilm development is concerned, there were no major observed effects on the biofilm
cell number, viability or even EPS composition. It was therefore important to estimate if
the IPTG that was added as a pulse to the bulk medium would reach the biofilm so that
biofilm cells could be induced. A crude estimation of the external mass transfer
coefficient allowed us to estimate that a molar flux of 4.7 nmol s can reach the surface
of the biofilm. Although this does not guarantee that the inducer reaches all the biofilm
cells, previous studies have shown that this molecule readily penetrates biofilms and it
has been estimated that it can take up to 7 minutes for IPTG to cross a 300-um-thick
biofilm (Stewart 2003, Werner et al. 2004). Heterologous protein expression levels in our
system were maintained from day 6 onwards. On that day, biofilm thickness was around
100 um and therefore it is very likely that IPTG was able to cross the biofilm effectively
during the timescale of the experiment. Additionally, IPTG is not hydrolysed (Fernandez-
Castané et al. 2012), therefore there is no capture of this compound within sessile bacteria
and it can get in and out of the cell at the same rate. It was recently demonstrated for high
cell density cultures that the majority of inducer remains in the medium and that at high
IPTG concentrations (40-1000 uM) only a minor amount of inducer is taken up by the
biomass (Fernandez-Castané et al. 2012). Hence, in the present work, the IPTG depletion
from the growth medium is controlled by the average residence time in the whole system.

Regarding biofilm formation, the non-accumulation of bacterial cells after
induction corroborates the results obtained by Huang et al. (1994a) using E. coli
DHSa(pTKW106) cultures exposed to the highest IPTG concentration tested (0.51 mM).
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However, the biofilm thickness was higher for the induced biofilms from day 7 onwards.
Since the EPS content of induced and non-induced biofilms was similar, we believe that
the increase of thickness was an architectural change of the biofilm itself in an attempt to
adapt to the introduction of IPTG in the culture medium. In a previous work (Teodosio et
al. 2011a), it was shown that biofilms adjust their architecture in order to cope with the
hydrodynamic conditions and nutrient availability.

By comparing the eGFP concentrations in planktonic and biofilm cells, it is
possible to conclude that the inducer had an instantaneous effect on sessile cells,
preventing the overall decrease in the amount of expressed eGFP. A fast IPTG response
was also obtained by Stewart (2003) and Lenz et al. (2008), who reported the appearance
of a green fluorescent band in P. aeruginosa biofilms after only 4 h of induction, whether
IPTG was applied from the bottom of colony biofilms or from the liquid medium in drip-
flow cultivated biofilms. Other reports on E. coli biofilms (Bryers & Huang 1995, Huang
et al. 1994a) confirmed the variation in recombinant protein concentration in the first
hours of induction. In the present work, a lower amount of eGFP mRNA was detected
after induction in biofilm cells than in planktonic cells. However, since lower levels of
total RNA were also measured in biofilm cells and these are essentially ribosomal RNA
(rRNA) (Berg et al. 2002), it is possible that the biofilm was metabolically less active and
therefore more cellular resources were available to produce the heterologous protein. It is
interesting to observe that upon induction, the total RNA levels of both planktonic and
biofilm cells decrease. This effect was previously reported by Dong et al. (1995) and it
can be an indication that the overall protein translation activity is decreased in induced
cells. In our system, a relatively constant biofilm cell number was observed after
induction. Thus, biofilm growth rate was similar to biofilm detachment rate. If cells are
growing more slowly in biofilms (Donlan 2000), the production of housekeeping proteins
also decreases and consequently more cellular resources will become available for
heterologous protein production.

Contrary to what was expected, heterologous protein production from planktonic
cells did not benefit from IPTG induction since expression levels were similar to the leaky
expression from the non-induced culture. It was demonstrated that IPTG was present in
the culture medium until the end of the experiment and it has been shown that a 6-fold
lower concentration than what was determined may be enough for full induction
(Fernandez-Castané et al. 2012). Despite this fact, it has also been reported that omission

of IPTG in the culture medium may be beneficial in the expression of some types of
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recombinant proteins, particularly when LB medium is used (Zhang et al. 2015). It has
also been suggested that IPTG addition can be deleterious in the expression of
recombinant proteins when using high-copy plasmids (Jones et al. 2000). The pET
plasmid contains a pMB.1 origin of replication and is considered a medium-copy number
plasmid with an expected PCN between 15 and 60 (Rosano & Ceccarelli 2014). Although
we have shown that it can reach a PCN of about 200 copies, its steady state values are
closer to 50 (for the induced planktonic culture) or around 10 or below for biofilm cells
and non-induced planktonic cultures. It is interesting to observe that the most beneficial
effects of induction were observed in the cells which contain a lower PCN.

Although a high concentration of IPTG was available in the growth medium, both
induced and non-induced planktonic cells presented the same specific eGFP
concentration. We have already concluded that heterologous protein production from
induced planktonic cells is not limited by inducer concentration, gene dosage or
transcriptional activity. The translational capacity of induced planktonic cells is probably
higher than in induced biofilm cells as total RNA levels are also higher. Thus, the high
level eGFP production from induced planktonic cells may be due to the high metabolic
burden associated with plasmid replication since PCN in induced planktonic cultures is
on average 5 fold higher than in non-induced cells. The plasmid replication probably
causes a high metabolic drain not only in terms of the requirement of nucleotides, but also
in the expression of the antibiotic resistance gene (Bentley et al. 1990). Thus, for
producing the same amount of eGFP, the higher levels of total RNA in planktonic non-
induced cells may compensate for the lower gene dosage effect of these cells when
compared to planktonic induced cells. The absence of an increase in the eGFP
concentration of induced cells may be related with the leakage of recombinant protein
into the extracellular medium caused by the loss of membrane integrity, as previously
reported by Lowder et al. (2000). This phenomenon of cell lysis is supported by the strong
decline in the number of viable cells in suspended cultures immediately after IPTG
addition.

It is well known that plasmid stability is a key issue in recombinant protein
production (Mergulhdo et al. 2004b). There is a considerable amount of information
available on the plasmid stability in E. coli batch cultures (e.g. (Bentley et al. 1990,
Birnbaum & Bailey 1991, Carrier et al. 1998), but little is known about the influence of
biofilm development on the plasmid copy number and recombinant protein expression.

In this work, higher specific eGFP concentrations were detected in biofilm cells, where a
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smaller number of copies of plasmid pFM23 was found compared to planktonic cells.
Even within biofilms cells, a higher PCN was obtained in non-induced cells, whereas
higher eGFP production was achieved with induction. Thus, the gene dosage was not
controlling the production of eGFP in both types of cells. The same phenomenon was
observed by Bhattacharya & Dubey (1995) in E. coli suspensions where induced cultures
had 17% more foreign protein, even though they only presented a PCN of 65 against 75
of non-induced cultures. Similarly to our results, the increased metabolic burden derived
from the higher recombinant protein production in biofilm cells may have itself
contributed to PCN depression, as observed by Ricci & Hernandez (2000) for batch
cultures.

From the PCN results, it can be established that the biofilm mode of growth had a
beneficial effect on plasmid retention. This agrees with the results obtained in previous
studies (Davies & Geesey 1995, May et al. 2009, O'Connell et al. 2007) and can be
explained by the fact that cells in biofilms tend to grow more slowly than their planktonic
counterparts (Donlan 2000), leading to fewer cell divisions and correspondingly less
plasmid segregation.

This work presents a contribution to the study of IPTG induction on heterologous
protein expression in planktonic and sessile cells. To the best of our knowledge, this is
the first report that does a complete characterization of induction effects in both types of
E. coli cells, including experimental data on plasmid stability, recombinant protein
transcription and translation and cellular metabolic activity. This full molecular analysis
was complemented with the theoretical determination of IPTG levels in suspension and
on the liquid/biofilm interface. It is expected that the obtained results will be of value to
elucidate the mechanisms of induction on heterologous protein production, especially in

biofilm cells which have already shown potential to be used as protein factories.
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Monitoring heterologous protein production in

E. coli biofilms using bulk and single-cell analysis"

Abstract

Heterologous protein production in E. coli has been established in the past decades
and the development of new monitoring methods has been encouraged by the need to
evaluate the influence of processing conditions during production and also for
optimization purposes. In this work, two different techniques based on fluorescence were
used to monitor the production of a model heterologous protein (eGFP) by E. coli
biofilms. Bulk production levels were assayed by fluorometry, whereas single-cell
analysis was performed by epifluorescence microscopy in induced and non-induced
cultures. Both methods showed the same evolution in the bulk production of the model
protein and the induction effect was clearly demonstrated by an increase in the specific
production after only 6 h of IPTG induction. Induction not only increased specific
production, but also increased the heterogeneity of eGFP production within the biofilms.

Analysis at single-cell level enabled the identification of the production bottleneck
in this system, consisting in the low percentage of expressing cells in the biofilm
population. Identification of this bottleneck allows the design of optimization strategies
to increase the bulk production of heterologous protein during process development.

" The content of this chapter was adapted from the following publication(s):

Gomes LC, Mergulhdo FJ. Monitoring heterologous protein production by Escherichia coli biofilms using

bulk and single-cell analysis (manuscript in preparation).
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9.1. Introduction

Over the past decades, remarkable progresses in recombinant protein technology
have led to the development of many processes for the production of high-value proteins
with a wide range of applications including cancer treatment, detergent production or
food processing applications (Palomares et al. 2004). Although recombinant protein
expression in mammalian systems is very attractive for the production of complex
proteins that require post-translational modifications (Folsom et al. 2010), E. coli remains
as one of the favourite hosts for heterologous protein production (Mergulhdo et al. 2004b,
Sanchez-Garcia et al. 2016). E. coli biofilms have a great potential to be used as microbial
cell factories, but until now only few studies have addressed this expression system. Initial
investigations on the productive power of E. coli biofilms were made by Huang et al.
(1993, 1994a, 1995) in the expression of (-galactosidase. Much later, a study from
O’Connell et al. (2007) has shown that the biofilm environment enhanced the production
of eGFP when compared to planktonic cells. These authors have used relatively thin
biofilms (30-45 um) and this finding was confirmed in Chapter 5 with much thicker
biofilms (1200 um), enabling specific productivities of eGFP that are in the range that
can be obtained by high cell density cultivation. The study made by O’Connell et al.
(2007) was the first to include single-cell analysis of heterologous protein production in
E. coli biofilms (assessed by flow cytometry), but recently it has been shown that
epifluorescence microscopy can also be used for this purpose (Folsom et al. 2010).

During recombinant protein production, it is crucial to monitor the amount of
target protein produced by the culture. If this protein exhibits fluorescence, like in the
case of GFP and its derivatives, fluorometry is the method of choice because of its high
sensitivity, specificity (Drees & Wu 2013, Naresh 2014), simplicity and low instrumental
costs when compared to other analytical techniques (Bongaerts et al. 2002, Naresh 2014)
like flow cytometry. A fluorometer generates the wavelength of light required to excite
the fluorochrome and selectively transmits the wavelength of light emitted, measuring the
intensity of this light. Since the emitted light is directly proportional to the concentration
of the fluorochrome being measured (Bongaerts et al. 2002, Naresh 2014), its
concentration can be readily determined using a calibration curve. This type of analysis
is very important during heterologous protein expression in biofilms, but it may be

insufficient since biofilms are known to be heterogeneous and contain several subsets of
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cells in different physiological states (Stewart & Franklin 2008). In fact, the chemical
gradients that are established at different depths in biofilms can promote differences in
cell enzymatic activities (Huang et al. 1998, Werner et al. 2004) and create variation at
gene and protein levels (Beloin et al. 2004, Lenz et al. 2008, O'Connell et al. 2007, Rani
et al. 2007). As mentioned before, only a couple of studies have analysed the productive
potential of E. coli biofilm cells (Bryers & Huang 1995, Huang et al. 1993, Huang et al.
1994a, O'Connell et al. 2007). Although some insights were obtained from these studies,
none of them addressed the effect of chemical induction on E. coli biofilm cells at single-
cell level.

The aim of this chapter was to analyse the effects of IPTG addition on E. coli
biofilm cells using fluorometry as a bulk method (fluorometry) and epifluorescence
microscopy at single-cell level. The type of information that can be gathered by each
method will be compared, thus providing a more detailed analysis of the induction
phenomenon and enabling the development of more efficient production strategies using
inducible biofilm cells.

9.2. Materials and methods

9.2.1. Biofilm formation system and induction conditions

The biofilms of E. coli IM109(DE3) harbouring the plasmid pFM23 were grown
on the flow cell system as described in Chapter 8, section 8.2.3. After 5 days of flow cell
operation, induction was carried out by adding a single pulse of IPTG (BIORON GmbH,
Germany) to the recirculating tank to a final concentration of 2 mM. The planktonic and

biofilm samples corresponding to day 5 were collected 6 h after IPTG addition.

9.2.2. Biofilm analysis

The flow cell system was stopped each day to allow coupon removal, and the
biofilm formed on it was resuspended and homogenized for eGFP analysis by fluorometry

and epifluorescence microscopy. Biofilm total and eGFP-expressing cell counts were also

assessed as indicated in Chapter 7, section 7.2.2.
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9.2.2.1. Quantification of eGFP expression by fluorometry

The eGFP expression in both induced and non-induced biofilm cells was analysed
as described in Chapter 5, section 5.2.4, and the final values were presented as specific

eGFP production (fg cell™).

9.2.2.2. Quantification of eGFP expression by epifluorescence

microscopy

The eGFP expression in induced and non-induced biofilm cells was determined
by epifluorescence microscopy according to the procedure described in Chapter 7, section
7.2.2.2. For each microscopic image, the mean fluorescence intensity was expressed as
the mean of the fluorescence values of individual cells, in turn obtained by averaging each
cell pixel intensity value. The signal intensity of the most and less green fluorescent cell
in each image was also extracted. The fluorescence intensity values are presented in
AFUs.

9.2.3. Calculations and statistical analysis

The specific fluorescence intensity values (AFU cell™?) presented in Figure 9.1
correspond to the average of the mean fluorescence intensity calculated for each of the
45 images analysed on each experimental day.

The percentage of eGFP-expressing cells in the biofilm (Figure 9.2B) was
calculated by dividing the number of eGFP-expressing cells by the total number of cells.

The maximum and minimum single-cell fluorescence were chosen to express the
temporal evolution of populations of maximum and minimum eGFP-producing cells,
respectively, after IPTG induction (Figure 9.3). The maximum and minimum
fluorescence values of the 45 images analysed each day were arranged in ascending order
(Figure 9.3).

Paired t-test analysis was performed based on a confidence level of 90%
(differences reported as significant for P values < 0.1) and 95% (differences reported as

significant for P values < 0.05).
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9.3. Results

In this work, two fluorescence-based techniques (fluorometry and epifluorescence
microscopy) were firstly compared for the purpose of monitoring eGFP production in E.
coli biofilms. Figure 9.1 presents the eGFP production values obtained during biofilm
development by the non-induced culture. Both methods yield very similar results,
although calibration of the fluorometer readout enables a more straightforward
determination of the mass production from the bulk biofilm cells. The specific
fluorescence intensity and eGFP production increased from day 3 to day 4, having
reached a maximum on the latter day. A severe reduction in the specific production (about
30%) was observed between days 4 and 5, followed by a smother reduction (12%)

towards the end of the experiment.
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Figure 9.1. Comparison of time-course evolution of specific fluorescence intensity assayed by fluorometry
(-®@-) and eGFP production assayed by microscopy (-O-) for non-induced biofilms (secondary axis). The

means + SDs for three independent experiments are illustrated.

The effect of IPTG induction on eGFP concentration was analysed by fluorometry
(Figure 9.2A) and the percentage of expressing cells was analysed by epifluorescence

microscopy (Figure 9.2B). Results from Figure 9.2A seem to indicate that induction
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avoided the decrease (of about 30%) in the eGFP concentration after day 4, maintaining
the protein levels around 18 fg cell™! until the end of experiment. However, Figure 9.2B
shows that a strong reduction (of approximately 80%) in the percentage of eGFP-
producing cells was observed upon induction and that this reduction is higher than the
one observed in non-induced cells. Combining this information with the data from Figure
9.2A it is possible to conclude that if the percentage of expressing cells decreases after
day 4 and the “bulk” production level stabilises, the specific production from expressing
cells must be highly increased upon induction. Figure 9.2B also shows that from day 5
onwards, the percentage of expressing cells in induced conditions oscillated at a level of
10%, whereas for the non-induced state, expressing cells represented 23% of the biofilm
population from day 6 onwards. The total number of biofilm cells was similar in both
induced and non-induced cultures (4 x 107 cells cm™).
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Figure 9.2. Time-course evolution of (A) specific eGFP production (assayed by fluorometry) and (B)
percentage of eGFP-expressing cells (assayed by fluorescence microscopy) in induced (-M-) and non-
induced (-0J-) biofilms. The vertical dotted lines indicate the induction point. The means + SDs for three

independent experiments are indicated. Statistical analysis corresponding to each time point is represented

with = for a confidence level greater than 90% (P < 0.1) and with . for a confidence level greater than
95% (P < 0.05).

The maximum and minimum values of fluorescence intensity obtained from each
of the 45 microscopic images of each day for induced and non-induced conditions were

ordered and represented in Figure 9.3. This analysis was performed 6 h after induction
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(day 5) and on later representative days (day 6, 8 and 11). The results of day 5 show that
6 h after induction the amount of eGFP produced by the high- and low-level producing
cells was higher than the leaky expression of both types of cells in non-induced biofilms
(17% and 3%, respectively). Furthermore, as the experiment progressed, a gradual
increase in the maximum and minimum fluorescence intensity of induced cells was
observed when compared to the non-induced state. In fact, the difference in expression
levels between induced and non-induced cultures (evidenced by the grey areas shown in
Figure 9.3) seems to be progressively higher, reaching its maximum at the last day of
experiment. On day 11, the maximum and minimum expression levels were higher than
the correspondent values for non-induced cells (48% and 55%, respectively), and the
highest gaps between both expression conditions were also obtained (40% for induced
and 48% for non-induced cells). Thus, IPTG induction also increased the gap between

high-level and low-level producers.
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Figure 9.3. Evolution of the maximum (top) and minimum (bottom) fluorescence intensity of non-induced
(-----) and induced (—) expressing biofilm cells. The fluorescence values of 45 images analysed each day
are arranged in ascending order. The grey areas represent the gap between induced and non-induced

biofilms when the fluorescence intensities of the induced culture are higher than the non-induced culture.
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9.4. Discussion

A model heterologous protein was produced in E. coli biofilm cells and the impact
of chemical induction by IPTG was evaluated by fluorometry (a bulk method) and
epifluorescence microscopy (a single-cell method). Both methods yielded similar results
when the overall production by biofilm cells was assessed, thus providing an internal
validation of the microscopy method. The fluorescence readings obtained from the
fluorometer could be readily calibrated (using a calibration curve with purified eGFP
standards), thus enabling an absolute quantification of the heterologous protein produced
by biofilm cells. The main advantages of this method are its simplicity, speed and the
ability to obtain an average production value for the biofilm cells (Bongaerts et al. 2002,
Drees & Wu 2013, Naresh 2014). On the other hand, single-cell biofilm analysis is less
simple, more time consuming and it is not straightforward to calibrate independently.
However, despite these drawbacks, analysis of heterologous protein expression at single-
cell level is particularly suited for biofilm systems since biofilms are known to be
heterogeneous and contain several subsets of cells in different physiological states
(Stewart & Franklin 2008).

The results of fluorometry indicated that induction prevented the decrease in
heterologous protein production from biofilm cells and that the system was fully induced
after only 6 h of IPTG addition. This observation is consistent with another report from
Lenz et al. (2008) where P. aeruginosa PAO1(pABL1) biofilms were cultivated for 52 h
in the absence of IPTG and increased fluorescence levels were observed after only 4 h of
induction. Although not many studies have been performed addressing recombinant
protein expression in E. coli biofilm cultures, a couple of reports from Huang et al. (1993,
1994a, 1995) have shown that an increase in -galactosidase production from induced
biofilm cells could be detected few hours after induction, although maximum production
levels were attained 24 h after induction.

The results from the single-cell level analysis have shown that, in both induced
and non-induced cultures, there was a decrease in the percentage of eGFP-expressing
cells and that this decrease was more significant in the induced culture. Thus, in order to
maintain the same “bulk” production level determined by fluorometry, the eGFP-
producing cells had to produce the heterologous protein at much higher levels. Analysis

of single-cell expression patterns has shown that both high-level producers and low-level
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producers attained specific eGFP production levels which were higher in the induced state
and that IPTG addition increased the gap between high-level and low-level producers.
Another observation was that production heterogeneity increased with cultivation time.
Recently, confocal laser microscopy analysis of E. coli biofilms producing eGFP under
similar hydrodynamic conditions and on the same surface revealed that expressing cells
were predominantly located in the upper region of the biofilm, while the bottom layer of
the biofilm consisted predominantly of non-expressing cells (Gomes et al. 2016). This
production heterogeneity may be caused by inefficient penetration of nutrients or oxygen
(Stewart & Franklin 2008) since it has been shown that IPTG readily penetrates this type
of biofilms (Stewart 2003, Werner et al. 2004). As far as nutrients are concerned, it has
been shown in this reactor system that inefficient mass transfer to the biofilm cells is not
due to external mass transfer limitations (Moreira et al. 2015a, Moreira et al. 2013b). In
the case of oxygen transfer, it has been shown that both external and internal mass transfer
limitations can be important in microbial aggregate systems, depending on the operational
conditions (Wilen et al. 2004). Mass transfer inside biofilms occurs by diffusion, which
in turn is dependent on architectural features like porosity and tortuosity. It has been
shown in this reactor system that the hydrodynamic conditions affect external mass
transfer (Moreira et al. 2013b) and that the biofilm architecture (thickness and density) is
also affected by the hydrodynamic conditions and nutrient load (Teodoésio et al. 2011a).
These findings suggest that by careful optimization of the operational conditions, it may
be possible to increase mass transfer to the bottom layers of the biofilm. With such
optimization, it may be possible to increase the percentage of expressing cells and also to
increase the specific production by low-level producers, attaining a substantial increase
in the production of the target protein. Single-cell analysis allowed the identification of
the production bottleneck in this system. The producing capacity is limited by the low
percentage of expressing cells which represent only 10% of the biofilm population in
steady state. The average difference between high-level producers and low-level
producers was about 50% on day 11, indicating that optimization should be focused in
increasing the percentage of expressing cells rather than in increasing the production
levels of low-producing cells. However, as discussed above, it is likely that optimization
of culture conditions may be beneficial in both aspects.

A variety of methods is available for monitoring the production of recombinant
proteins and fluorescence-based methods have many advantages such as simplicity,
sensitivity and low-cost (Bongaerts et al. 2002, Drees & Wu 2013, Naresh 2014). Bulk
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methods provide crucial information as in most cases the contents of a production reactor
will be pooled for downstream processing. However, analysis at single-cell level can help
to identify cellular bottlenecks in biofilm systems, enabling the design of optimization

strategies to increase the production of heterologous proteins.
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10.

Conclusions and suggestions for future work

10.1. Conclusions

The main goal of this thesis was to assess the effect of biofilm formation on
recombinant protein expression using a model recombinant protein (eGFP) and biofilms
formed by tranformed E. coli JIM109(DE3).

This work started with the characterization of the hydrodynamics inside the wells
of a 96-well microtiter plate under different orbital shaking conditions in order to validate
the use of this platform for biofilm studies, including the screening for cultivation
parameters involved in recombinant protein production in biofilm cells. Numerical
simulations using CFD revealed that the 96-well microtiter plate is a powerful platform
for biofilm simulation in a variety of applications, including biomedical scenarios, if the
operating conditions are carefully set. However, it fails to achieve the same average shear
stress value obtained in the flow cell system operating in turbulent conditions.
Additionally, the combined effects of hydrodynamics and nutrient levels on E. coli
biofilm formation were assessed by the crystal violet assay. The overall results of glucose
experiments indicated that higher glucose concentrations may be beneficial for cell
adhesion in the first 24 hours, independently of the shaking conditions. Neverthless,
variation of peptone and yeast extract concentration had no impact on biofilm formation.

The shear strain rate distribution inside 96-well microtiter plates was then related
to the biofilm localization assessed by SEM. Although the macroscale techniques used
did not reveal any bulk differences on the amount and metabolic state of sessile cells in
different hydrodynamic conditions, SEM analysis showed differences in the spatial

distribution and cell length in biofilms when comparing shaking with static conditions.
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Wall regions subjected to higher shear strain rates (such as those closer to the air-liquid
interface) are associated with the formation of cell aggregates for both hydrodynamic
conditions, while low shear strain rate conditions (such as those found at the wall bottom)
were not favorable for bacterial adhesion and thus single cells were uniformly distributed
throughout the surface. On the other hand, biofilms formed under the shaking condition
had higher number of cells than in the static condition, and the cell length was smaller
than in static. A differential CV staining method was also developed to determine the
location of adherent cells in 96-well microtiter plates. This novel method is quicker, less
expensive and has higher throughput than SEM in determining the spatial location of
biofilms. These results highlight the wealth of information that may be gathered by
complementing macroscale approaches with a microscale analysis of biofilms.

The impact of E. coli biofilm formation on recombinant protein expression was
evaluated in a flow cell system, however the 96-well microtiter plate previously
characterized was used for the screening of cultivation conditions. Biofilm formation was
enhanced for the eGFP-producing strain when compared to the strain harbouring the
PET28A plasmid. Moreover, it was demonstrated that the sessile cells can produce a
model heterologous protein at much higher levels than planktonic cells and that the
cellular densities and volumetric productivities are already within the range of that can be
obtained by conventional HCDC, even without optimization of culture conditions.

Since heterologous protein production is dependent on the composition of the
culture medium, the influence of the concentration of antibiotic used to maintain the
selective pressure and the nutrient medium composition was assessed. Increasing the
kanamycin concentration from 20 to 30 pug ml* had a modest effect on the specific eGFP
production by biofilm cells. Thus, using the lowest antibiotic concentration may be the
best option for recombinant protein, not only due to the cost of antibiotic, but also because
of the dissemination of antibiotic resistance. The specific production values were always
higher in the biofilm when compared to planktonic cells, albeit the highest levels were
obtained in LB medium.

Later on, experiments were performed in order to understand the influence of
IPTG induction in the potential of biofilm cells to produce the heterologous protein. There
were no major effects on the biofilm cell number, viability and EPS composition.
However, with regard to eGFP production, it is possible to conclude that the inducer had
an instantaneous impact on sessile cells, preventing the decrease in the amount of

expressed eGFP. Due to the analysis of heterologous protein transcription and cellular
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metabolic activity, it was also possible to demonstrate that the expression profile was not
related with the gene dosage. Also in inducing conditions, higher specific production
levels were attained with biofilm cells and it seems that while induction of biofilm cells
shifts their metabolism towards the maintenance of heterologous protein concentration,
in planktonic cells the cellular resources are directed towards plasmid replication and
growth. Additionally, it was established that the biofilm environment enhances plasmid
retention.

The final accomplished task within this thesis dealt with the distribution of
expressed eGFP at a single-cell scale during E. coli biofilm formation. The proposed
methodology based on epifluorescence microscopy revealed that, during biofilm growth
in a non-induced culture, the sessile population became increasingly heterogeneous with
regard to eGFP expression. Moreover, confocal microscopy showed spatial
heterogeneity, with the cells actively producing eGFP restricted to the top layer of the
biofilm. Regarding induced cultures, IPTG addition not only increased the specific
production, but also increased the heterogeneity of eGFP production within the biofilms.
The analysis at single-cell level also enabled the identification of the production
bottleneck in this system, consisting in a low percentage of expressing cells in the biofilm
population.

Overall, this thesis demonstrates the potential of E. coli biofilms to be used as cell
factories for the production of recombinant proteins. Among the cultivation conditions
tested in the flow cell system, LB supplemented with 20 pg ml* kanamycin and 2 mM
IPTG is the most advantageous medium to obtain the highest specific eGFP concentration
in biofilm cells. Despite the high specific production yield that has already been achieved
under this condition, single-cell analysis indicated that the producing capacity of the
biofilm system was limited by the low percentage of expressing cells, which represented
only 10% of the bacterial population in steady state. The indentification of this bottleneck
allows the further design of optimization strategies to increase the bulk production of

recombinant protein during process development.
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10.2. Suggestions for future work

The 96-well microtiter plate has been used as a high throughput screening
platform for antimicrobial compounds (Pitts et al. 2003, Quave et al. 2008, Shakeri et al.
2007) and to study cell adhesion and biofilm formation (Simdes et al. 2010a, Stepanovié
et al. 2000). However, these studies have been made with little knowledge about the
influence of hydrodynamic conditions and oxygen transfer on biofilm development in this
system. In this thesis, the hydrodynamic characterization inside the 96-well microtiter
plate was performed and its effect on biofilm formation was evaluated. Different studies
have addressed the oxygen transfer in microtiter plates by numerical simulation (Doig et
al. 2005, Ramirez-Vargas et al. 2014, Zhang et al. 2008) and it is known that oxygen
transfer can affect bacterial growth, being a major factor in microbial processes (Garcia-
Ochoa & Gomez 2009). Therefore, it would be interesting to study the gas-liquid mass
transfer phenomena in a single well by determining the oxygen transfer rates at different
orbital shaking intensities (different shaking frequencies and shaking diameters at
constant filling volume). The simulation results can be further supported by the
experimental determination of volumetric oxygen mass transfer coeficients (k,a) using
the sodium sulfite oxidation method (Hermann et al. 2003).

In this thesis, single-cell analysis of E. coli biofilms revealed that only 10% of the
cells are producing eGFP in the best cultivation condition found. In addition, these
expressing cells are predominantly located in the upper region of the biofilm, while the
bottom layers consist mainly of non-expressing cells. This biofilm heterogeneity may be
due to the lack of oxygen, which is required for eGFP maturation, or to mass transfer
limitation of other nutrients. In the case of oxygen transfer, it has been shown that both
external and internal mass transfer limitations are important in microbial aggregate
systems (Wilen et al. 2004). Mass transfer inside biofilms occurs by diffusion, which is
dependent on architectural features like porosity and tortuosity. Therefore, optimizing the
hydrodynamic conditions for obtaining a more porous biofilm will facilitate the acess of
the bottom layers of biofilm to oxygen and fresh nutrients. With such optimization, it may
be possible to increase the percentage of eGFP-expressing cells, as well as the specific
production of low-level producers, attaining a substantial increase in the global

production of the target protein.
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It is well documented that recombinant protein expression imposes a metabolic
burden on E. coli (Bentley et al. 1990). Nevertheless, it is not understood how the
metabolic burden associated with recombinant protein production disrupts or redirects
gene regulation. E. coli was completely sequenced in 1997 (Haddadin & Harcum 2005),
and this has allowed researchers to use DNA microarrays to globally quantify gene
expression changes in this bacterium under different stress conditions such as biofilm
formation, hydrogen peroxide exposure and high-cell density fermentations (Bolivar et
al. 1977, del Solar & Espinosa 2000, Haddadin & Harcum 2005). Few researchers have
examined the global gene expression in recombinant E. coli (Davies & Geesey 1995,
Ehlers 2000, Haddadin & Harcum 2005, Madsen et al. 2013, Oh & Liao 2000, Ow et al.
2006). Furthermore, to the best of our knowledge, no reports determined the gene
expression profile for biofilms producing a recombinant protein. Thus, it would be
interesting to correlate the response of sessile cells to foreign protein expression with
changes in the transcriptome. Another interesting approach would be to combine the
global transcriptional expression analysis with a proteomic study using two-dimensional
gel electrophoresis in order to determine the changes of synthesis of host cell proteins
during recombinant protein production. Expressing a recombinant protein probably
disturbs global gene expression and leads to significant changes in central metabolic
pathways in the host. Hence further investigation at gene expression level would greatly

contribute to the development of a better E. coli strain for protein production in biofilms.
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