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ABSTRACT
The environmental dimensions of the global health problem of antibiotic resistance have
remained largely uncharted, particularly in regard to biotic interactions of waterborne
bacteria. This thesis studied the effect of phytoplankton and zooplankton on horizontal gene
transfer (HGT) in Enterococcus faecalis strains in experimental microcosms.
HGT was investigated between an E. faecalis donor strain with the plasmid borne
vancomycin resistance gene vanA and rifampicin-resistant recipient strains. Gene transfer
frequency (GTF) of vanA in centrifugation-induced liquid mating assays at 37 oC (10-7)
significantly exceeded GTF at 20 oC or 30 oC (10-8). Enhanced nutrient availability
increased GTF from 10-7 to 10-5 in liquid mating assays, thus documenting the importance
of energy resources to conjugation in E. faecalis.
Active filter feeding increased vanA GTF in Daphnia-bacteria microcosms to a range of
1.5 × 10-8 – 3.3 ×10-7, and ingested enterococci remained viable inside Daphnia for at least
four days. Filter feeding zooplankton may thus facilitate the emergence of multi-resistance
and disseminate transconjugants in aquatic environments.
Microalgae zooplankton feeds on may further enhance HGT. Microcosm experiments
documented that Palmellopsis sp. enhanced vanA GTF by an order of magnitude, indicating
that the algal cell mucilage was a suitable attachment substrate and energy source for
conjugation.
The ciliate Tetrahymena pyriformis also facilitated HGT in E. faecalis. In the presence of
live ciliates vanA GTF was 10-6 – 10-5, an order of magnitude higher than in ciliate-free
controls. GTF was higher within vesicles than in the ambient medium; it increased with
time and peaked after 24 h.
Overall, this thesis highlights the potential effects of interactions between eukaryotic
freshwater organisms and Enterococcus faecalis as a representative of Gram positive
bacteria on the emergence and spread of antibiotic resistance. It also offers a projection of
gene transfer frequencies under environmentally relevant conditions in lakes and
wastewater treatment plants.
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Chapter 1
Introduction
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1.1 Background
The 1940s experienced a major advancement in human medicine with the development of
penicillin and streptomycin, as the first antibiotics of the 20th Century for the treatment of
bacterial infections (Cosgrove, 2006). The development of antibiotic drugs over the years
has witnessed a corresponding increase in drug resistance among bacteria. The World
Health Organisation (WHO) has identified antibiotic resistance (AR) as a global public
health issue due to the increased risk of sickness and death associated with antibiotic
treatment failures in hospitals (WHO, 2014; Berendonk et al., 2015). Antibiotic resistance
in pathogenic bacteria constitutes a major challenge in hospitals all over the world and has
been projected to cause over 10 million deaths per annum globally by 2050 (O’Neill, 2016).
The increased risk of sickness and death associated with failed antibiotic treatment of
hospital acquired infections has been linked to resistance in opportunistic bacterial
pathogens (Berendonk et al., 2015). Antibiotic resistance in bacteria renders the mode of
action of antibiotics, designed to inhibit or destroy them, ineffective (Silbergald et al.,
2008). The frequent and widespread exposure of pathogenic bacteria to subinhibitory doses
of antibiotics in various environmental compartments, such as soil, water, sludge from
anthropogenic sources exerts selective pressures on microbial assemblages. Such exposure
can stimulate the expression or the acquisition of antibiotic resistance genes, which can
also be transferred between bacterial pathogens and non-pathogens in both directions (Hall
and Barrow, 2004).

Hence, both pathogenic and non-pathogenic bacteria become

reservoirs of resistance (Silbergald et al., 2008).
The emergence of antibiotic resistance in clinical bacteria strains over the last 70 years is
regarded as a strong representation of real-time evolution in living organisms (Taylor et
al., 2011). From the early 2000s, an estimated 70% of pathogenic bacteria have shown
resistance to at least one of the antibiotics widely applied for clinical treatment (Mulvey
and Simor, 2009). Several of the clinically relevant bacteria including Enterococcus
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faecalis express multiple resistance to a range of antibiotics (Conwell et al. 2017). While
there appears to be evidence for the existence of links between clinically relevant
pathogenic bacteria and antibiotic resistance in the environment (Yang et al., 2013), the
pathways of ARG transfer still require further identification and quantitative assessment.
1.2 Antibiotic resistance in the aquatic environment
In the natural environment antibiotic resistance has existed long before the development of
antibiotics for human medicine, with environmental microorganisms producing bioactive
molecules as tools in the struggle of survival against competitors (Wright, 2010). In
response, the competing microorganisms have evolved many different mechanisms to
counteract the effects of these molecules (Davies and Davies, 2010). In the recent past, the
proliferation of antibiotic resistance has been intensified by anthropogenic activities
(Davies, 2012). Due to the widespread and often unregulated application of antibiotics in
hospitals, animal care, agriculture and in fish production, antibiotics enter the natural
environment through municipal wastewater, sewage effluent discharges and rainfall runoff
(Baquero et al., 2008; Singer et al., 2016). These antibiotics present in subinhibitory
concentrations, then exert additional selection pressure on specific bacteria, facilitating the
emergence of antibiotic resistant bacteria (ARB) and the rapid spread of antibiotic
resistance genes (ARGs; Bouki et al, 2013). In addition to these chemical micropollutants
sewage effluents also contain high loads of multiresistant bacteria harbouring an array of
resistance genes which are not removed by treatment processes and are eventually
discharged into the aquatic environment (Taylor et al., 2011), where they interact with the
natural microbiome.
Aquatic systems play a significant role in the persistence, emergence and spread of AR as
they are often directly impacted by anthropogenic activities (Marti et al., 2014). Aquatic
habitats sustain a highly diverse microbial community and provide a sink for mixing and
spreading ARB and contaminants (Lupo et al., 2012). The aquatic environment is an ideal
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medium for bacterial life, as there is a plentiful supply of dissolved nutrients along with
protection from ultraviolet (UV) light. Resistance in bacteria can be acquired through
genetic mutation (Martinez and Baquero, 2000) or the horizontal transfer of mobile genetic
elements (Davies, 1994). Mobile genetic elements (MGEs) are presumably the transporters
of antibiotic resistance traits in microbial communities (Aminov, 2011).
1.3 Horizontal gene transfer mechanisms
Horizontal gene transfer (HGT) involves the exchange of genetic material between
neighbouring complementary bacterial cells (Aminov, 2011; Marti et al., 2014).
Metagenomic studies have shown that HGT plays a major role in the exchange of MGEs
and the dissemination of ARGs in soil and water environments (Kristiansson et al., 2011;
Heuer et al. 2011). Transfer of exogenous DNA can be facilitated through three main
processes namely, (a) transformation - acquisition of naked DNA from the environment,
(b) transduction - DNA transfer via bacteriophages, and (c) conjugation - the transfer of
plasmids and integrative and conjugative elements (ICEs) through direct contact between
two bacterial cells (Massoudieh et al. 2007; Partridge et al., 2018).
1.3.1 Transformation
Transformation is a genetic transfer process in bacteria that involves the internalisation of
exogenous naked DNA from the surrounding environment by bacteria (Lorenz and
Wackernagel, 1994). The uptake of free exogenous DNA allows the integration of genetic
traits into the chromosome of recipient bacteria through homologous recombination (Chen
and Dubnau, 2004). The ability to acquire foreign DNA through transformation is
conserved in bacterial species and relies on the achievement of competency (Lorenz and
Wackernagel, 1994). Over 80 species of naturally transformable bacteria are known,
including Bacillus subtilis, Streptococcus pneumoniae, and Vibrio cholerae (Johnston et
al., 2014).
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1.3.2 Transduction
Transduction is a process in which a bacteriophage – a virus that infects bacterial cells injects packaged DNA from a previous host into the bacterial cell during infection (Penades
et al., 2015). Upon infecting the bacterial host, a bacteriophage utilises the host cell’s
metabolic machinery to replicate and package its genetic material (Penades et al., 2015).
Based on the replication strategy, phages can be characterised as either lytic or temperate.
While lytic phages have a host lysis replication cycle only, temperate phages alternate
between a lytic replication cycle and a lysogenic replication cycle. In the lysogeny
replication cycle, the temperate phage integrates its viral DNA into the bacterial host’s
genome using phage associated integrase (Young, 2013). Antibiotic resistance gene
transfer in bacteria through transduction by temperate phage infection has been reported in
laboratory studies (von Wintersdorff et al., 2016). Temperate phage-mediated transduction
of chloramphenicol resistance genes in Staphylococcus aureus and Salmonella enterica
was described by Fillol-Salom et al., (2019). Krahn et al., (2016) also reported phagemediated transfer of blaNDM-1 in E. coli biofilms. Phage fractions bearing ARGs have also
been detected in water samples from aquatic environments and wastewater treatment plants
through metagenomic analyses (Wang et al., 2018; Yang et al., 2018).
1.3.3 Conjugation
Conjugation is presumed to be the most common mechanism for the dissemination of
ARGs in bacterial communities (Wozniak and Waldor, 2010). It involves the transfer of
plasmids and ICEs through a conjugation apparatus which serves as a bridge between a
donor and a recipient cell (Hirt et al., 2018; Partridge et al., 2018). Through conjugation,
bacteria can acquire plasmids with multiple genes that confer resistance to several
antibiotics. For instance, a 121 kbp porcine enterococcal conjugative plasmid, pE035,
carried poxtA, optrA, erm(A), erm(B), aac(A)-aph(D), Inu(G), fex(B), dfrG and dcrABDR
genes (Hao et al., 2019). Conjugation requires direct contact between bacterial cells and
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occurs at a higher frequency in attached cells than in free planktonic cells (Molin and
Tolker-Nielsen, 2003). This thesis will focus extensively on conjugation as a mechanism
of HGT between bacteria in water environments. Further detail on plasmid-mediated HGT
through conjugation in aquatic environment is provided in chapter 2.
Recent evidence suggests membrane vesicles and nanotubes as two further mechanisms of
ARG transfer in aquatic environments, whose potential contribution in natural
environments still awaits quantitative assessment (Abe et al. 2020).
1.3.4 Membrane vesicles
Membrane vesicles (MV) are biological particles of 20-400 nm diameter released by both
Gram positive and Gram negative bacteria (Brown et al., 2015; Toyofuku et al., 2019).
They are enclosed by a lipid bilayer (Toyofuku et al., 2015) and can retain a diverse pool
of exogenous DNA (Biller et al., 2014). MVs are ubiquitous in aquatic environments such
as rivers (Roose-Amsaleg et al., 2017) and coastal marine waters (Biller et al. 2014). MVmediated plasmid transfer in bacteria has been demonstrated through laboratory studies
(Domingues and Nielsen, 2017). Such studies include the intraspecies transfer of a
chloramphenicol resistance gene on a pBBRMCS-1 plasmid in Buttianxella agrestis
(Tashiro et al., 2017), and a bla gene on a pMU125 plasmid in Acinetobacter baylyi
(Fulsundar et al., 2014). Interspecies MV-mediated plasmid transfer has equally been
reported between Aeromonas veronii, Enterobacter cloacae, and Escherichia coli. (Tran
and Boedicker, 2017).
1.3.5 Nanotubes
Nanotubes are elongated intracellular membranous structures that connect bacterial cells in
close proximity (Dubey and Ben-Yehuda, 2011). There is increasing evidence of nanotubemediated intra- and interspecies cytoplasmic sharing among bacteria (Baidya et al., 2018).
It has been established that Bacillus subtilis cells employ nanotubes to achieve cell-to-cell
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contact (Dubey and Ben-Yehuda, 2011; Dubey et al., 2016). The transfer of a pHB201
plasmid bearing erythromycin and chloramphenicol resistance genes in B. subtilis through
nanotubes has been reported (Dubey and Ben-Yehuda, 2011). Other bacteria in which
nanotube-like structures have been described include E. coli, A. baylyi and Clostridium
acetobutylicum (Benomar et al., 2015; Pande et al., 2015; Baidya et al., 2018). However,
there is no current evidence of nanotube-mediated HGT in aquatic environments.
1.4 Antibiotic resistance in Enterococcus sp
The evolution of antibiotic resistance has resulted in multiple complex mechanisms which
make susceptible bacteria express resistance to antibiotics. These include i) intracellular
modification and/or deactivation of the antibiotic, ii) blockage of antibiotic entry by the
cell membrane, iii) alteration of sensitivity of the cellular target site; iv) removal from the
cell through an efflux system; and v) intracellular sequestration. (Taylor et al., 2011).
Antibiotic resistance (AR) can result from genetic mutation or can be acquired via
horizontal gene transfer (HGT) on mobile genetic elements from other bacteria which
encode antibiotic resistance (Hall, 2004).
Enterococci are Gram positive bacteria present in the gastrointestinal tract of humans and
animals in high abundance (Banla et al., 2019; Getachew et al., 2013). While being
commensal bacteria, they can also be highly opportunistic pathogens of humans
(Moellering et al., 1992) The most common pathogenic species of enterococci are
Enterococcus faecium and E. faecalis, which are globally associated with healthcareassociated infections (HAIs) such as endocarditis, urinary tract infection, and bloodstream
infection (Flores-Mireles et al., 2015). Since the 1980s, enterococci have expressed
resistance to multiple antibiotics including erythromycin, rifampicin, and, majorly,
vancomycin (Arias and Murray, 2012; Kristich et al., 2014). Vancomycin belongs to the
class of glycopeptides and has long been regarded as a last-resort antibiotic in the treatment
of multidrug-resistant bacterial infections including methicillin-resistant Staphylococcus
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aureus (MRSA) and ampicillin-resistant enterococci. (Flores-Mireles et al., 2015).
Glygopeptides act on Gram positive bacteria by disrupting cell wall production through the
inhibition of pentapeptide synthesis. This destabilizes the cell wall, causing bacterial cell
lysis (French, 1998). Vancomycin resistance in enterococci is acquired either through a
form of natural mutation as described in E. gallinarum and E. flavescens (Werner et al.,
2008) or through the horizontal transfer of antibiotic resistance genes between enterococci
cells (La Rosa et al., 2016; Conwell et al., 2017).
Horizontal gene transfer in enterococci occurs through a pheromone-responsive
conjugation system (Hirt et al., 2018). This system is further described in chapter 2. The
resistance genes are carried on highly transmissible mobile genetic elements such as
transposons, gene cassettes and integrons (Zhang et al., 2009). The identified resistance
genes that encode vancomycin resistance phenotypes in enterococci and other bacteria
include vanA, vanB, vanC, vanD, vanE, vanG, vanL (Adams et al., 2016; Arias and Murray,
2012). The vanA and vanB genes clusters are the two vancomycin resistance determinants
most frequently encountered in hospital-related enterococcal infections (DiazGranados et
al., 2005). Globally, outbreaks of VRE infections can be genetically linked to hospitalrelated E. faecium (Hegstad et al., 2010). VRE infections are difficult to treat and can exert
a substantial burden on healthcare costs (Nilsson, 2012). As a result, vancomycin-resistant
E. faecium (VRE) was categorised by the World Health Organisation as a high priority
pathogen (WHO, 2017).
1.5 Enterococci in the environment
Enterococci are widely distributed in the natural environment, mainly through faecal
pollution (Layton et al., 2010). Sources through which enterococci get transferred to
surface waters include direct sewage discharge, agricultural and urban runoff, direct animal
input (defecation, bather shedding) (Byappanahalli et al., 2012; Boehm and Sassoubre,
2014). They also occur naturally in extra-enteric environments such including beach sands
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(Byappanahalli et al., 2006; Imamura et al., 2011), surface waters (Boehm and Soller,
2011), sediments (Mote et al., 2012), and submerged vegetation (Badgley et al., 2010;
Müller et al., 2001) which serve as sinks for enterococci populations. While enterococci
are ubiquitous in marine and freshwater environments (Carr et al., 2010), field and
mesocosms studies have reported higher persistence and lower decay rates in freshwater
than in marine environments (Dorsey et al., 2010; Kell et al., 2005).
Enterococci are exposed to environmental stressors which affect their survival. These
include sunlight (Fisher et al., 2012), starvation (Sinclair and Alexander, 1984; Lleo et al.,
2005) and predation (Surbeck et al., 2010). Direct exposure to ultraviolet (UV) radiation
results in reduction of enterococci abundance due to DNA damage and microbial
inactivation (Sinton et al., 2002; Kell et al., 2005; Laureano-Rosario et al., 2017). Seasonal
temperature variation in aquatic environments also affects enterococci abundance. In
oligotrophic freshwater environments, enterococci populations can decline due to nutrient
starvation (Giard et al., 1996). However, the genus Enterococcus is generally well adapted
to survive nutrient limitation, and it has the capacity to respond with resilience to multiple
stressors such as heat, oxidative stress, acids (Giard et al., 1996; Hartke et al., 1998),
thereby enhancing its ability to survive harsh environmental conditions. The observed
resilience of E. faecalis to starvation stress has been attributed to the induction of the
expression of at least 42 proteins under nutrient starvation conditions (Giard et al., 2000).
Predation on enterococci through grazing by bacterivorous protozoa (Pernthaler, 2005) and
infection by enterophages - viruses that infect and lyse various Enterococcus species
(Bonilla et al., 2010) - are also important biotic factors that affect enterococci abundance
in aquatic environments. Grazing by protozoa has a large impact on the abundance of
enterococci in both freshwater and marine environments (Menon et al., 2003; Surbeck et
al., 2010). Predation rates may be further enhanced at higher temperatures (Sherr et al.,
1988; An et al., 2002). However, a common feature in Gram positive bacteria, including
Enterococcus sp, is a lower susceptibility to protozoan grazing when compared with Gram
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negative bacteria such as E. coli. Growth physiology and cell wall morphology of
enterococci are two features that can influence resilience to protozoan digestion (Iriberri et
al., 1994; Hartke et al., 2002). A higher grazing pressure of zooflagellates on E. faecalis
was observed on cells in the exponential growth phase than those in the stationary phase
(Hartke et al., 2002). This was ascribed to a greater difficulty in the digestion of stationary
phase cells. Differential digestion of E. coli and Aeromonas hydrophila over E. faecalis
and Staphylococcus epidermidis have also been attributed to the inability of hydrolytic
digestive enzymes to break down the peptidoglycan cell wall layers in Gram positive
bacteria (Taylor and Berger, 1976).
1.6 Aquatic invertebrates as facilitators of the spread of antibiotic resistance
Aquatic invertebrates may also have the potential to promote the spread of resistant
pathogenic bacteria (Lupo et al., 2012). Zooplankton and filter feeding organisms are well
known to act as intermediaries in driving the ecology and evolution of bacteria within
aquatic systems through their grazing activities (Meibom et al., 2005; Lupo et al., 2012).
Through the work of Eckert et al. (2016), it has become apparent that filter feeding
zooplankton such as Daphnia can be a reservoir for ARGs. Shellfish can accumulate ARGs
on their skin and these can be transmitted to their predators or humans if consumed, and a
comprehensive study on the skin microbiota of freshwater and marine finfish and
crustaceans reported the presence of 37 ARGs conferring resistance to β-lactams,
tetracycline, chloramphenicol and sulphonamides (Hong et al, 2018). The chitin of
molluscs and crustaceans provides a surface for the formation of biofilms and also induces
competence for genetic transformation (Meibom et al., 2005).
Reports of vancomycin-resistant enterococci from Venus clams and marine brown mussels
in studies by Citterio et al. (2017) and Sacramento et al. (2019), respectively, are two of
several documented pieces of evidence for sessile filter-feeding invertebrates as reservoirs
of multidrug-resistant enterococci in anthropogenically impacted coastal waters. Strachan
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(2019) hypothesised that the high filtration efficiency of the Zebra mussel, Dreissena
polymorpha, could facilitate conjugative plasmid transfer between bacteria. E. faecalis
transconjugants were isolated from the visceral mass and pseudofaeces of the same mussel
species when investigating conjugation in Dreissena microcosms. Similarly, protists are
ubiquitous in the aquatic environment and are known to facilitate the exchange of genes
which encode for extended-spectrum beta-lactamases (ESBLs) in E. coli among different
bacteria populations (Oguri et al., 2011). This gives a clear indication that aquatic animals
are not just reservoirs of ARB and ARGs but also hotspots for ARG transfer.
1.7 Project rationale
Due to the global public health threat posed by AR, the development of frameworks for
global surveillance and risk assessment of AR in the aquatic environment is now a priority
(Bengston-Palme et al., 2018). While bacterial infections which originate outside the
clinical settings are increasing, only a few studies have described the rate of gene transfer
and exchange in environmental isolates in comparison to clinical isolates (Taylor et al.,
2011).
With consideration to the use of enterococci as faecal indicators of contamination (Boehm
and Sassoubre, 2014), and their potential to spread antibiotic resistance genes through
horizontal gene transfer (Dunny, 2013), it has become essential to investigate
environmental processes that facilitate the spread of ARG in enterococci. Predation by
bacterivorous biota has a major influence on the fate of enterococci in the environment
(Byappanahalli et al., 2012), and the use of filter feeding invertebrates as bioassessment
tools has provided evidence of efficient filter feeding on the reduction of enterococci
populations (Bighiu et al., 2019; Sacramento et al., 2019). However, a wide gap still exists
in our knowledge regarding the effect of filter feeders on horizontal gene transfer (Marti et
al., 2014). Eckert et al. (2016) established that the Daphnia gut environment could support
the persistence and proliferation of antibiotic resistance genes, with the potential for
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distribution in freshwater ecosystems. In freshwater ecosystems, metazooplankton
organisms of the cladoceran genus Daphnia represent an important component of the food
web as they feed on bacteria, phytoplankton and protists of different sizes with their welldeveloped filtering appendages (Brendelberger, 1991). Considering that Daphnia plays a
major role in shaping the population and species structure of bacteria, it is highly relevant
that the impact of their filter feeding activity on HGT in bacteria is assessed.
The interactions between phytoplankton and bacteria influence recycling of organic and
inorganic nutrient in freshwater ecosystems (Fouilland et al., 2014). Bacteria and algae
exchange micro- and macronutrients through mutualistic interactions (Kim et al., 2014;
Ramanan et al. 2016). However, more attention needs to be given to how algae-bacteria
interactions may promote horizontal gene transfer between bacteria, considering the energy
flux that accompanies these interactions in natural ecosystems (Danger et al., 2007). It has
been suggested that the presence of microalgae could promote the removal of enterococci
in wastewater (Liu et al., 2020). However, it is unknown if such applications could
contribute to the transfer of ARGs. Also, based on the knowledge that phytoplankton
organisms form a major component of the Daphnia diet (Eckert and Pernthaler, 2014), and
that the organic carbon released by Daphnia could be beneficial for bacterial metabolism
(Aalto et al., 2013), ecological studies on algae-bacteria, and zooplankton-algae-bacteria
interactions in relation to HGT are necessary.
Like Daphnia, bacterivorous protozoa such as flagellates and ciliates play a major
ecological role in aquatic food webs as they exert a substantial impact on bacterial
abundance through their grazing pressure (Menon et al., 2003). It has been reported that
vancomycin resistance genes are enriched in urban wastewater treatment plant (UWTP)
effluents of some European countries (Pärnänen et al., 2019) which could persist in the
receiving rivers (Hartke et al, 1998). Ciliates are an important component of the biological
wastewater treatment systems in UWTPs, as their grazing reduces the bacterial load in raw
sewage (Madoni, 2011). It has been reported that ciliate grazing facilitates the transfer of
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antibiotic resistance genes in Gram negative E. coli (Schlimme et al., 1997; Matsuo et al.,
2010). There is, however, no current evidence that such grazing activities in ciliates can
cause a transfer and persistence of vancomycin resistance genes in Gram positive bacteria,
e.g. during wastewater treatment.
A study of the potential horizontal gene transfer in enterococci during their passage through
zooplankton is of relevance due to the long duration of as enterococcal persistence in lakes
and rivers after discharge from sewage treatment plants (Byappanahalli et al., 2012), their
ability to resist digestion and retain viability (King et al., 1988), and their efficiency in the
acquisition of new ARGs (Hirt et al., 2018).
1.8 Thesis structure
The unifying theme of this thesis is the effect of bacteria-plankton interactions on the
emergence and spread of antibiotic resistance in the aquatic environment. Chapter 2 is the
first experimental chapter with a detailed assessment of the effect of environmentally
relevant conditions and variables on the frequency of conjugative antimicrobial resistance
gene (ARG) transfer. These conditions are representative of ecological factors that
influence plasmid transfer in bacteria. In chapter 3, the role of filter feeding freshwater
crustaceans on ARG transfer in E. faecalis was researched. It sought an understanding of
ARG transfer frequencies between E. faecalis strains in consequence of its passage through
the gut of actively filter feeding freshwater zooplankton Daphnia sp. In chapter 4, the
relationship between algae-bacteria interactions and ARG transfer in E. faecalis was
explored. Chapter 5 investigated freshwater protozoa as facilitators of ARG transfer in
Gram positive bacteria.
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1.9 Research aims and objectives
The general aim of this thesis was to assess the impact of the feeding activity of aquatic
bacterivorous animals on the spread of AR in vancomycin-resistant enterococci. The
specific aims of each experimental chapter are presented below.

Chapter 2: The aim of this experimental chapter was the determine the ideal experimental
conditions for investigating conjugative ARG transfer in E. faecalis in microcosms.

The project hypotheses in chapter 2 were:
H1: Conjugation frequency is influenced by incubation temperature
H2: Nutrient can be a limiting factor on conjugation frequency
The main objectives of this chapter were to:
-

Determine the effect of incubation time on the frequency of ARG transfer between
donor and recipient E. faecalis strains in a liquid medium.

-

Investigate the effect of incubation temperature on the gene transfer frequency.

-

Determine the effect of bacterial growth phase on gene transfer.

-

Assess how nutrient and energy resources influence gene transfer frequency.

-

Determine the effect of recipient population on gene transfer frequency.

-

Investigate the effect of recipient genotypic identity on gene transfer frequency.

Chapter 3: The chapter aimed to answer the question, whether the filter feeding freshwater
zooplankton Daphnia sp can facilitate horizontal ARG transfer in antibiotic resistant
bacteria.

The project hypotheses in chapter 3 were:

H3: Daphnia can facilitate horizontal transfer of vanA genes in E. faecalis in its
gut through filter feeding.
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H4: Daphnia can retain and excrete antibiotic resistant E. faecalis into the aquatic
environment.
The main objectives of this chapter were to:
-

Determine the rate of E. faecalis filtration by Daphnia magna and Daphnia pulex.

-

Determine ARG transfer frequency in E. faecalis during Daphnia magna and
Daphnia pulex filtration activities.

-

Assess gene transfer in genotypically different E. faecalis strains after D. magna
and D. pulex gut passage.

-

Assess the effect of gut evacuation on the recovery of transconjugants (recipients
with newly acquired genes).

-

Investigate the duration of persistence of ingested E. faecalis within Daphnia
magna guts.

Chapter 4: The aim of this chapter was to determine if the interaction of E. faecalis with
microalgae had any positive effect on gene transfer frequency.
The project hypotheses in chapter 4 were:

H5: Conjugation frequency will be higher when E. faecalis attach to phytoplankton
cells
H6: Nutrients from phytoplankton-derived exudates can increase conjugation
frequency in E. faecalis.
The main objectives of this chapter were to:
-

Compare the effect of microalgal surface area concentration on gene transfer
between E. faecalis in nutrient-rich liquid medium.

-

Investigate the effect of microalgae on gene transfer in a nutrient-limited liquid
medium.

-

Compare the effect of different microalgae species on gene transfer frequency.
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-

Determine the effect of exposure to ultraviolet radiation on the capacity of
microalgae (chlorococcales) to enhance gene transfer.

-

Investigate the gene transfer frequency after passage of E. faecalis through an
algae-filled Daphnia gut.

Chapter 5: This chapter aimed to investigate the proficiency of freshwater ciliates as
facilitators of ARG transfer in enterococci in wastewater treatment systems.
The project hypotheses in chapter 5 were:
H7: Ciliates increase the transfer frequency of the vanA gene while exerting grazing
pressure on E. faecalis.
H8: Ciliate vesicles promote the persistence of E. faecalis transconjugants and the
vanA gene in wastewater effluent.
The main objectives of this chapter were to:
-

Assess the effect of ciliate and E. faecalis abundance on gene transfer frequency.

-

Investigate the impact of ciliate viability in transconjugant formation.

-

Investigate if ARG transfer in E. faecalis was induced by phagocytic vesicle
formation.

-

Determine the effect of incubation time on gene transfer frequency.

-

Assess the effect of initial bacterial growth phase in experiments on ARG transfer
in the presence of ciliates.

-

Determine how carbohydrate availability influenced gene transfer in ciliatebacteria microcosms.

-

Investigate the potential effect of ciliate waste excretion on ARG transfer.
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Chapter overview
Chapter 1 – This chapter contains a general introduction to the antibiotic resistance (AR)
challenge and vancomycin-resistant enterococci in the environment. It provides a rationale
for this research and describes the potential role of aquatic organisms as facilitators in the
emergence and spread of multiple AR. The knowledge gaps in AR transfers in aquatic
organisms are identified.
Chapter 2 – Effect of environmental factors on antibiotic resistance gene transfer in E.
faecalis.
Chapter 3 - Filter feeding zooplankton as facilitators of antibiotic resistance gene transfer
in E. faecalis.
Chapter 4 - Effect of microalgae interaction with E. faecalis on antibiotic resistance gene
transfer.
Chapter 5 - Bacterivorous protozoa (ciliates) facilitate antibiotic resistance gene transfer in
E. faecalis.
Chapter 6 – Discussion of the significant findings of the experimental chapters, limitations
to the research and environmental implications of the findings.
Chapter 7 – Thesis conclusion and recommendations for future research.
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Chapter 2
Culture conditions for antibiotic
resistance gene transfer in Enterococcus
faecalis
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Abstract
Enterococcus faecalis possesses an efficient pheromone-induced conjugative plasmid
transfer system for antibiotic resistance genes (ARGs). However, there is little information
available on the impact of environmental parameters on the expression of conjugation
functions. This study investigated the effects of incubation temperature, bacterial growth
phase, nutrient resources and bacterial abundance on the frequency of ARG transfer in E.
faecalis. Conjugation studies involved a liquid mating assay with 109 CFU/mL of a vanA
gene carrying donor strain MF06036Van and two rifampicin resistant recipient strains
ST02013Rif and MW01105Rif mixed at a 1:9 donor-to-recipient ratio.
In conjugation assays with pelleted bacteria, gene transfer frequency (transconjugant to
recipient ratio) at an incubation temperature of 37 oC (4 × 10-7) was significantly higher
than at 30 oC (4.8 × 10-8) and 20 oC (1.7× 10-8). Irrespective of incubation temperature,
there was no substantial increase in gene transfer frequency after 3 h. Yet bacterial growth
phase did have a notable effect, as exponential phase E. faecalis cells formed significantly
higher numbers of transconjugants than stationary phase cells.
Conjugation experiments with planktonic bacteria cells, achieved gene transfer frequencies
up to 1 × 10-5 at 37 oC. If liquid media were nutrient rich, transconjugant numbers after 24
h incubation were two orders of magnitude higher than in nutrient-limited media. Glucose
addition to the latter, stimulated incremental increases in gene transfer frequency.
Furthermore, between the two E. faecalis recipient strains gene transfer frequency differed
by up to two orders of magnitude. This study documented the dependence of gene transfer
frequency on all investigated parameters. The findings highlight the need for careful
consideration of the constraints posed by individual or combined environmental parameters
in the design of microcosm experiments for the investigation of conjugative resistance gene
transfer between E. faecalis strains. This is particularly important, if the results are meant
to be representative of conditions encountered in environmental settings.
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2.1 Introduction
Bacterial conjugation is a very efficient mechanism for the transfer of antimicrobial
resistance genes (ARG) among bacteria. It describes a specific process in which genetic
elements, such as plasmids, are transferred between bacteria through cell-to-cell contact
(Von Wintersdorff et al., 2016). Plasmids are self-replicating, circular, extrachromosomal
elements present in bacterial cells (del Solar et al., 1998) and they carry non-essential genes
that encode for virulence (Hirt et al., 2002), pathogenicity (Manning et al., 1986),
metabolism (Frost and Koralmann, 2010), as well as antimicrobial and heavy metal
resistance (Gullberg et al., 2014; Bañuelos-Vazquez et al., 2017). Some plasmids harbour
genes that enable their transfer into new host cells either by self-transmission or
conjugation (Von Wintersdorff et al., 2016). In microbial communities, plasmids therefore
represent a gene pool that confers competence for bacterial adaptation to rapidly changing
environmental conditions (Norman et al., 2009). An important differentiating factor in
conjugation of both Gram positive (G+) and Gram negative (G-) bacteria is how DNA
passes through cell envelopes of mating cells (Grohmann et al., 2003).
2.1.1 Conjugative plasmid transfer in bacteria
Conjugation transfer systems are an evolved subgroup of the Type IV secretion system
(T4SS) with additional capacity for mobilisation/translocation of DNA-protein complexes.
The T4SS confers on host cells the capacity for intercellular transport of protein substrates
(Christie, 2001). These include systems for conjugation transfer, protein secretion, and
natural transformation (Cao and Saier, 2001; Sexton and Vogel., 2002). It is a feature of
conjugation systems that cell-to-cell contact is established between bacterial cells through
a conjugation apparatus, which is a thin appendage known as sex pilus and is formed by
the donor (Zechner et al., 2018). A substantial difference between conjugation in G+ and
G- bacteria lies in the mechanism through which cell-to-cell contact is established between
donor and recipient cells. While conjugative systems in Gram negative bacteria depend on
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sex pili, Gram positive bacteria make contact through the expression of surface adhesins
that facilitate cell aggregation (Kohler et al., 2019). Gram positive bacteria of the
streptococci and enterococci genera carry broad-host-range plasmids that confer a wide
spectrum of antibiotic resistances (Cook and Federle, 2014). Transfer frequency in these
plasmids varies within a range of 10-3 to 10-6 depending on the plasmid type, mating pair
and conjugation medium type (Grohmann et al., 2018). The processes that establish
conjugative cell-to-cell contact and the mechanism through which DNA-protein complexes
get transported through bacterial cell envelopes in Gram positive bacteria, however, remain
to be elucidated (Grohmann et al., 2018). Two well researched conjugative systems in
Gram positive bacteria are the broad-host-range Inc18 incompatibility plasmids (Kohler et
al., 2018) and the enterococcal pheromone-responsive conjugative plasmids (Dunny et al.,
1995). There are also other mobile genetic units, integrative and conjugative elements
(ICEs), which can also carry resistance genes but they are integrated into the bacterial
chromosomes (Burrus, 2017). For instance, transposon Tn916 in E. faecalis carries a
tetracycline resistance gene and is self-transmissible to a broad range of host cells (Clewell
et al., 1995).
2.1.2 Pheromone-responsive plasmid transfer in Enterococcus faecalis
Enterococcus faecalis, a commensal bacterium in the gastrointestinal tract of humans and
animals has been recognized as a frequent cause of healthcare associated infection (HAI)
of the heart tissue, abdomen, pelvis and urinary tract (Bhatty et al., 2017), with high levels
of intrinsic resistance to many antibiotics (Palmer et al., 2010). Healthcare-associated
infections caused by vancomycin-resistant Enterococcus strains remain a global public
health concern (Miller et al., 2014; WHO, 2017). The evolution of E. faecalis in both
clinical and environmental settings has been largely driven by the conjugative acquisition
of multiple mobile genetic elements, including ARG-bearing plasmids (Paulsen et al.,
2003; Breuer et al., 2018). Pheromone-responsive conjugative plasmid transfer in E.
faecalis is mediated by a cellular response of conjugative plasmids to peptide molecules
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known as sex pheromones (Hirt et al., 2018). Pheromone-responsive conjugative plasmids
of enterococci pCF10 and pAD1, remain the best characterised among Gram positive
bacteria, even though over twelve different but related plasmids have since been identified
in enterococci (Clewell and Dunny, 2002; Chen et al., 2017). These plasmids carry genes
that encode multiple antibiotic resistance and bacteriocin production, as well as silent genes
that do not encode detectable phenotypes (Clewell and Weaver, 1989; Wirth et al., 1992;
Table 2.1). Some conjugative plasmid transfer frequencies for E. faecalis reported in the
literature are given in Table. 2.2.
In a pCF10 pheromone-responsive plasmid conjugation system, the pCF10-bearing E.
faecalis donor cell senses the pheromone cCF10, a 7-amino-acid long hydrophobic peptide
secreted by a neighbouring E. faecalis recipient cell (Dunny and Berntsson, 2016; Breuer
et al., 2018; Fig. 2.1). In response to the entry of the cCF10 pheromone into the donor
cells, a 137-kDa cell surface adhesin known as aggregation substance, PrgB, encoded by a
prgB gene on the pCF10 plasmid, is expressed on the donor cell surface. Subsequently
donor and recipient cells aggregate and establish the mating junction through which the
pCF10 plasmid is transferred (Schmitt et al., 2018). Transfer frequency can be as high as
10-1 transconjugants per donor in liquid assays (Hirt et al., 2002). Afterwards, a pCF10encoded peptide, iCF10, counteracts the response of the donor to cCF10 by blocking selfinduction and facilitating a shutdown of the donor response to cCF10 (Chen et al., 2017;
Breuer et al., 2018). While they have been considered as a potential metabolic burden,
plasmids such as the pCF10 may provide plasmid-bearing cells with a selective advantage
in colonisation and adhesion over other bacteria cells, even without antibiotic selection
pressure (Bhatty et al., 2017; Hirt et al., 2018; Schlievert et al., 2010). The expression of
aggregation substance and other gene transfer machinery is tightly regulated in E. faecalis
due to the high energy requirement of the mating process (Hirt et al., 2005).
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Table 2.1: Enterococcal conjugative plasmids
Plasmid

Size
(kb)

Antibiotic
resistance

pAMβ1

26.5 MLS

Host range/
Transfer
induction
Broad/Unknown

Other functions

Reference

pRE25

50.2 CM, MLS

Broad/Unknown

Grohmann et
al., 2003

pAD1

59.3 None

Wardal et al.,
2010

pCF10

65

TC

pPD1

56

None

pAM373

36.7 Van

Enterococcus/Sex Hemolysinpheromone
bacteriocin
production,
immunity
Enterococcus/
Sex pheromone
Enterococcus/
Bacteriocin
Sex pheromone
production,
immunity
Enterococcus/
Sex pheromone

Grohmann et
al., 2003

Hirt et al.,
2018
Kommineni
et al., 2015
De Boever et
al., 2000

CM - chloramphenicol; MLS - macrolide, lincosamide, streptogramin; TC - tetracycline,
Van – vancomycin

Table 2.2: Conjugative gene transfer frequency in Enterococcus faecalis

1
2
3
4
5
6
7
8

Enterococcus
faecalis
strain
MF06036donor
MW01105recipient
OG1SSPdonor
OG1Xrecipient
RE25donor
JH2-2recipient
FA2-2 donor
JH2SSrecipient
JH2SSdonor
FA2-2recipient
DM830068donor
JH2-2recipient
SFV1donor
OG1Xrecipient
FA2-2donor
JH2SSrecipient

Plasmid/
antibiotic
resistance
Van
Van

Mating
medium
Solid
media
Broth

Transfer
frequency,
T:D (1) T:R (2)
7.8 x 10-3 (1)
2.4 × 10-4 (1)

pRE25/
multiresistance
pMG1/Gm

Filter

1.0 × 10-5 (2)

Broth

4.5 × 10-4 (1)

pAM714

Broth

2.0 × 10-2 (1)

pAM830/Van
Erm
pAM830/Van
Gm
pMG1

Filter

1.2 × 10-3 (1)
1.3 × 10-3 (1)
2.1 × 10-4 (1)
3.3 × 10-7 (1)
6.4 × 10-6 (1)
6.0 × 10-3 (1)

Filter
Broth
Filter

Reference

Conwell et
al. (2017)
La Rosa et al.
(2016)
Schwarz et
al., (2001)
Yasuyochi et
al. (1998)

Flannagan et
al. (2003)

Tomita and
Ike (2008)

Van - vancomycin, Erm - erythromycin, Gm - gentamicin
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Plasmid

Chromosome
Donor cell

Recipient cell
a.

I

C

-

+
Conjugation
c

Donor cell

Recipient cell
b.

Donor cell

Transconjugant
c.

Figure 2.1: Pheromone-responsive conjugation in E. faecalis. (a) Donor and recipient cells
come in close contact (b) The recipient chromosome produces the cCF10 peptide
pheromone (C) which induces the transfer of the pCF10 plasmid. A pCF10-encoded
peptide, iCF10 (I) counters spontaneous self-induction and stops the donor response to
cCF10. (c) Donor and recipient (transconjugant) cells both carry the pCF10 plasmid. Figure
adapted from Breuer et al. (2018).
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2.1.3 Environmental factors affecting conjugative gene transfer
Natural habitats with high levels of conjugative plasmid exchange are also characterised
by the presence of environmental factors that support bacterial colonisation (Normander et
al., 1998), and high metabolic activity such as found in biofilms (Smets et al., 1993). Such
conducive environments are termed as ‘hot spots’ for horizontal gene transfer. Aquatic
systems can be classified into various compartments or sub-habitats such as free or bulk
water phase, suspended matter, sewage or sediment, epilithon – biofilm-bearing stones or
other abiotic surfaces (Hill et al., 1996), epiphyton – algae growing on macrophytes
(Verhougstraete et al., 2010), and aquatic animals (van Elsas et al., 2000). Successful
conjugation processes in these environments depend on the ability of bacterial cells to
overcome selective, mechanistic and physiological barriers. Conditions that directly affect
bacterial physiology and metabolism will therefore have significant limiting effects on gene
transfer (Thomas and Nielsen, 2005).
The frequency of gene transfer in these aquatic sub-habitats may be impacted by a
combination of several individual local factors or by a dominant factor overriding the
putative impact of other factors (van Veen et al., 1994). While selection pressure from
antibiotics is widely considered to increase conjugation frequency (Zhang et al., 2013; Liu
et al., 2019), studies have established that bacterial conjugation in natural systems is a
process that is driven by complex interactions and a combination of biotic and abiotic
environmental factors (Lopatkin et al., 2016, van Elsas and Bailey, 2002). The extent to
which these individual factors influence gene transfer is difficult to quantify, as their effects
vary spatially and temporally in different aquatic habitats (van Elsas and Bailey, 2002).
Investigations, which aim to gain a better understanding, would therefore require separate
studies of individual ecological factors and their impact on conjugation in enterococci, and
studies on combinations of these factors.
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2.1.4 Abiotic factors affecting bacteria conjugation in aquatic environments
The availability of nutrients and colonisable surface area are two important abiotic factors
in aquatic systems, as such environments are often characterised by the presence of high
densities of metabolically active bacteria (Hill et al., 1994). The free water phase of aquatic
ecosystems tends to be relatively nutrient poor, while suspended particles of different sizes
can simultaneously provide nutrient-rich and colonisable microhabitats (Hill et al., 1996).
While bacterial abundance in the free (bulk) water phase can be relatively low, frequent
mixing of bacteria cells in these environments increases the likelihood of conjugative cellto-cell contact (Stalder and Top, 2016). Plasmid transfer rates in E. coli strains in water
appears to be strongly correlated with total organic carbon (TOC) content (FernandezAstorga et al., 1992). Plasmid-bearing donor cells are often more affected by nutrient-poor
conditions than recipients due to the fitness cost associated with bearing conjugative
plasmids (Haft et al., 2009). In experiments with river water Muela et al. (1994) showed
that donor cell metabolism was crucial for conjugation as starved E. coli cells lost their
capacity for transferring conjugative plasmids to recipients. They also suggested that
recipient growth was not equally as important for conjugation events to occur.
Where colonisable suspended matter is present, particularly if it is rich in clay-organic
matter, it tends to contain bacteria in much higher abundance than equal volumes of free
water (van Elsas and Bailey, 2002; De la Crux Barrόn et al., 2018). Gene transfer
frequencies on such particle surfaces can be as high as 10-3 – 10-1 transconjugants per donor
(van Elsas and Bailey, 2002). River epilithon consists of highly active microbial
communities held together by a polysaccharide matrix through which microbes absorb
dissolved organic matter from the free water phase (Lock et al., 1984). The proximity of
metabolically active bacteria in biofilms at high-nutrient sites can thus also lead to the
formation of mating aggregates with consequently high gene transfer frequency (Hill et al.,
1994).
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Temperature is another important ecological factor that affects metabolic activity of aquatic
organism (Brown et al. 2004). The growth rates of bacteria respond to temperature (Jackson
et al., 2005), as do predation and digestion rates by their predators such as protozoa (An et
al., 2002). ARG transfer tends to vary with water temperature. The relationship is typically
hump-shaped with an optimum at warm temperatures (Fry and Day, 1990). Similarly,
temperature can also influence antibiotic resistance at a population level. In an ecological
study on antibiotic resistance in aquatic environments, McFadden et al. (2018) observed
that the percentage of antibiotic resistant E. coli, Staphylococcus aureus, Klebsiella
pneumoniae increased by at least 2.2 % with a 10 oC increase in local temperatures. In a
laboratory study, Jackson et al. (2005) showed that varying incubation temperatures
between 37 oC and 45 oC influenced the diversity and abundance of enterococci species
isolates from environmental samples. The expression of antibiotic resistance phenotypes in
E. faecalis isolates also varied with temperature. For instance, the colony counts of
bacitracin-resistant E. faecalis was statistically higher at 37 oC than at 42 oC or 45 oC, more
gentamicin-resistant E. faecalis were isolated at 42 oC than at 37 oC or 45 oC, while
streptomycin- resistant E. faecalis strains occurred at higher frequencies at 42 oC and 45 oC
than at 37 oC.
Bacterial biofilms are well-structured heterogeneous communities of associated but
functionally differentiated bacterial cells growing on a surface and embedded in an
extracellular polymeric substance matrix (Stalder and Top, 2016). Biofilm density and
maturity are also important factors in conjugative gene transfer. Biofilms contain high
densities of both dormant and metabolically active cells (van Elsas and Bailey, 2002).
Conjugation in mature biofilms may then be largely dependent on parent cell physiology,
the mobility of conjugative plasmids and cellular response of bacteria to local signals in
the environments that support conjugation, such as sex pheromones (Clewell, 2011). In
conjugation experiments with Vibrio sp over a 24 h period under stagnant conditions, only
the more mature biofilm produced transconjugants, with transfer frequency reaching 7.2 ×
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10-5 CFU per recipient (Thomas, 2000). Savage et al. (2013) reported a significantly higher
transfer frequency of 1.9 × 10-4 CFU per donor in surface-associated biofilms than in
planktonic cultures (2.7 × 10-8) and suggested that planktonic bacteria growth was not ideal
for conjugation. Higher conjugation rates in biofilms have been attributed to the nature of
cellular interactions among bacterial cells, especially in plasmid-bearing cells (Ghigo,
2001), When studying the plasmid transfer in mature biofilms, Christensen et al. (1998)
reported that conjugative gene transfers only occurred in the outer biofilm region with
metabolically active cells, but not at the biofilm centre or between its basal cells, if nutrient
provision from colonised surfaces was poor. Energy sources are typically more easily
accessible from cells on the outer edges of colonies (Stalder and Top, 2016).
2.1.5 Biotic Factors affecting bacterial conjugation
Biotic compartments and processes with effects on conjugative plasmid transfer rates
include plant roots, predation by grazers, and guts of soil/aquatic animals. In a similar way
to suspended particles, aquatic macrophytes provide a colonisable nutrient-rich surface for
bacteria. The rhizosphere of plants is particularly well colonised by bacteria due to the
exudation of growth-stimulating compounds (Mølbak et al., 2007). This microenvironment
is characterised by highly metabolically active microorganisms and thus ideal for plasmid
transfer between cells in close contact (Caldwell and Caldwell, 1978). In aquatic
environments, cyanobacteria and green algae secrete mucilaginous envelopes (Kuehn et
al., 2014) as a matrix which is prone to colonisation by bacteria, which may ultimately
degrade it to labile organic matter (Kumar et al., 2018).
Grazing pressure from competing microflora reduces bacterial abundance and can thus
decrease the frequency of conjugation events, e.g. in epilithon (Bale et al., 1987).
According to Hill et al., (1994), gene transfer frequencies between Pseudomonas
aeruginosa strains on sterile stones (i.e. with negligible microbial predation) in river water
at 20 oC (7.5 × 10-3) were higher than those on stones covered by mature epilithon (nil).
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Interactions with animals living in soil and aquatic environments can facilitate conjugative
plasmid transfer through the latters’ activity. This is evidenced in a study of burrowing and
feeding activities of earthworms which facilitated conjugative plasmid transfer from
Pseudomonas fluorescens to soil bacteria (Daane, 1996). Grazing animals may also provide
extra colonisable surfaces in their nutrient-rich gut environment for bacterial colonisation
(Shterzer and Mizrahi, 2015). The gut environment has been described as ‘melting pot’ for
conjugative gene transfer, as it harbours a community of commensal microbiota in high
abundance and diversity and is thus an ideal environment for bacteria propagation (Kim et
al., 2007) and conjugative gene transfer (Frazäo et al., 2019). Intraspecies plasmidmediated conjugative transfer of ARG between bacteria has been reported from several
studies of invertebrates, e.g. for E. coli in the soil microarthropod Folsomia candida
(Hoffman et al., 1998), house fly (Petridis et al., 2006) and black cockroach (Anacarso et
al., 2016), and for Bacillus thuringiensis in insect larvae (Thomas et al., 2002).
Conjugative transfer of plasmids between bacteria in aquatic environments has been widely
studied with laboratory-based microcosms. This method allows the control of individual
experimental parameters for consistent quantification of gene transfer frequencies
(Ashelford et al., 1997). Microcosms can mimic environmental conditions through the
manipulation of factors such as temperature, presence of colonisable surfaces, nutrient
sources, and micrograzers (van Elsas et al., 2000). While microcosms offer the possibility
of controlled test conditions, measured gene transfer frequencies were often found to be
consistent with in situ studies and thus appear to be a reliable predictor for the probability
of conjugation events in the environment (Ashelford et al., 1997). The quantitative
assessment of transfer frequency of ARG-bearing plasmids involves determination of
plasmid fertility as ratios between different combinations of donor (D), recipient (R),
transconjugant (T) and total bacterial abundance (N). Some of these include T:D, T:R,
T:RD (Simonsen, 1990; Pinedo and Smets, 2005; Sørensen et al., 2005; Zhong et al., 2012).
Two widely used fertility estimates are T:R and T:D (Simonsen et al., 1990; Conwell et al.,
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2017) and the effects of donors and recipients on fertility estimation can vary due to the
metabolic and replicative costs associated with hosting a plasmid (Koraimann and Wagner,
2014; Bañuelos-Vazquez et al., 2017) and environmental factors including nutrient
limitation (Young et al., 2019).
2.1.6 Aim and objectives
The aim of this chapter was to investigate the effect of abiotic factors – temperature and
nutrient availability – on the transfer frequency of a plasmid bearing a vancomycin
resistance gene between donor and recipient strains of E. faecalis. This would test method
constraints for subsequent investigations of interactions with predators as a biotic factor
that may facilitate conjugative plasmid transfer.
To achieve this aim, the following objectives were set:
- To determine the effect of temperature and bacterial growth phase on gene transfer
frequency in E. faecalis in liquid media.
- To determine the effect of nutrient and energy resource limitation on gene transfer
frequency.
- To assess the effect of donor-recipient ratio on gene transfer frequency.
- To determine and compare gene transfer frequency between different recipient E.
faecalis strains.
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2.2 Materials and Methods
2.2.1 Bacterial strains and reagents
Three environmental E. faecalis strains used in this conjugation study were obtained from
the Ulster University Biomedical Sciences Research Institute. The isolates were obtained
from animal faeces and stormwater run-off in an agrarian environment (Daniels, 2011).
These strains were selected from a collection of enterococci isolates previously
characterised by Daniels (2011) and Conwell et al. (2017). Bacterial strains were preserved
in 50% glycerol in 1.8 mL cryotubes (Thermo Fisher Scientific, UK), at -80 oC for the
duration of the experiment. Overnight bacterial cultures used for conjugation experiments
were grown in Tryptone Soy Broth (TSB, Oxoid CM0129, Basingstoke, England) at 37 ˚C.
Vancomycin and rifampicin used for the experiments were obtained from Sigma-Aldrich
(St. Louis, USA).
2.2.2 Generation of rifampicin-resistant recipient strain
Rifampicin-resistant E. faecalis recipient strains were generated by Conwell (2018) and
were obtained from the Ulster University Biomedical Sciences Research Institute. Counterselection of vancomycin resistance genes transferred from a donor to a recipient was
facilitated by introducing rifampicin resistance into a vancomycin sensitive, pheromoneproducing E. faecalis strain MW01105Rif. The procedure for the creation of the rifampicin
mutant as described by Conwell (2018) involved growing a pheromone-producing recipient
in tryptone soya broth (TSB) in sub-minimum inhibitory concentrations of rifampicin
which were eventually scaled up to 512 mg/L. At the end of antibiotic exposure treatments,
recipients were resistant to 512 mg/L rifampicin (denoted as MW01105Rif) while the donor
was susceptible to rifampicin and resistant to vancomycin (denoted as MF06036Van). A
second rifampicin-resistant mutant recipient strain used in this study was generated by PhD
researcher Mary McCarron at the Ulster University Biomedical Sciences Research Institute
using the same procedure and designated ST02103Rif.
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2.2.3 Antimicrobial disk diffusion assay
Enterococcal isolates MF06036Van, ST02103Rif and MW01105Rif were tested by Mary
McCarron at the Ulster University Biomedical Research Institute for the presence of
antimicrobial resistance phenotypes using the disk diffusion assay. Results were interpreted
according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
guidelines (EUCAST 2018) and CLSI (Clinical & Laboratory Standards Institute)
guidelines (CLSI, 2018). A 16-hour culture of bacteria grown in TSA was re-suspended in
PBS to the MacFarland 0.5 standard (1.5 × 108 CFU/mL). A sterile swab was used to spread
the suspension on the surface of a dried Muller Hinton agar (MHA) plate. Antibiotic disks
(Oxoid) were stamped on the plates using a disk dispenser (Oxoid). The antibiotics used
were; ciprofloxacin (5µg), imipenem (10µg), linezolid (10µg), rifampicin (5µg),
streptomycin (300µg), trimethoprim (5µg), teicoplanin (30µg), and vancomycin (30µg).
Plates were incubated for 24 h at 37 oC. Zones were measured (mm) and compared to
EUCAST and CLSI guidelines. E. faecalis ATCC 29212 was used as a susceptibility
control.
2.2.4 Determination of growth rate
An overnight culture of E. faecalis strains MW01105Rif was grown in a 30 mL universal
tube at 37 oC in Tryptone Soya Broth (TSB). Batch cultures were then prepared by adding
3 mL of the overnight culture into 27 mL of TSB in a 50 mL centrifuge tube. The culture
was grown in an incubator for 6 h at 37 oC. TSB was the blank for auto-zero calibration of
the spectrophotometer. At inception (time, t = 0) and at 30-minute intervals, a 2.2 mL
aliquot was sampled from the culture. A 2 mL undiluted sample was transferred to a 10
mm cuvette for the measurement of optical density (OD600) in a spectrophotometer (UV1800, Shimadzu, Japan) at 600 nm wavelength. The growth rate and generation time were
determined with the equations (Widdel, 2007):
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Growth rate =

2.303 (log OD2 −log OD1 )
𝑡2 −𝑡1

Equation 2.1

where OD1 is the optical density reading at time, t1 = 0 min, and OD2 is the optical
density reading at time t2 = 180 min
Generation time, td =

1
µ

Equation 2.2

Colony counts were also determined by the viable colony count method. At the start of the
experiment and at every 30-minute interval, 10 µL of culture was taken from the 2.2 mL
aliquot and subjected to a series of six ten-fold dilutions. Samples from dilutions were
plated and incubated (24 h, 37 oC). Colonies were counted and the bacterial cell
concentration was determined for each sampling interval.
2.2.5 Conjugation assay - Effect of incubation temperature on gene transfer frequency
Overnight bacterial cultures of MF06036Van (donor) and MW01105Rif (recipient) were
cultivated in Tryptone Soya Broth (TSB) (Oxoid) (30g/L of de-ionised water) separately in
30 mL universal bottles for 90 min to the mid-exponential growth phase. 1 mL of
MF06036Van was added to 9 mL of MW01105Rif and gently shaken to get an even mix
(Conwell et al., 2017). Aliquots (1 mL) of the mix were then put in 1.5 mL Eppendorf tubes
(Sarstedt, Nümbrecht, DE) and centrifuged for 10 min at 2000 × g (Biofuge Fresco,
Heraeus, DE) at 4 OC. The supernatant with the donor-recipient bacteria pellets were then
incubated at 20 oC, 30 oC and 37 oC respectively for different durations between 3 - 24 h.
Samples were prepared three times in triplicates for each sampling time. Bacterial pellets
were resuspended by low-speed vortexing and 100 µL resuspension samples were plated
on double selection Tryptone soya agar (TSA) (Oxoid) plates (vancomycin 10 µg/mL;
rifampicin 100 µg/mL) and incubated at 37 oC for 24 – 48 h. The experimental procedure
is illustrated in Fig. 2.2. Parent and transconjugant counts at each sampling interval were
determined by direct viable colony count. As a control, 100 µL of resuspension liquid from
each incubation temperature was plated on TSA and incubated at 37 oC for 24 h.
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Figure 2.2. Protocol for centrifugation-induced conjugation assay described in Subsection 2.2.6

TSA with 10 µg/mL
vancomycin for donor
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TSA with 100 µg/mL
rifampicin for recipient
confirmation
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viability after the experiment. Parent counts (MF06036Van and MW01105Rif) at 0 h were
determined by a series of six ten-fold dilutions and six drops of 20 µL were plated and
incubated at 37 oC for 24 – 48 h. Samples from parent strain cultures were also streaked
onto double selection TSA as a negative control to check for contamination and confirm
the effectiveness of the antibiotic concentrations in the selection plates. Experiments were
conducted three times in triplicates and thus a total of nine replicate results was obtained.
The gene transfer frequency was determined as;

Gene transfer frequency =

Number of transconjugants (CFU/mL)
Number of donors (CFU/mL)

Equation 2.3

or
Number of transconjugants (CFU/mL)
Number of recipients (CFU/mL)

Equation 2.4

2.2.6 Effect of bacterial growth phase on gene transfer frequency
The effect of the bacterial growth phase of E. faecalis on the number of recovered
transconjugants was investigated. Experiments were conducted as described in Section
2.2.5. Bacteria were grown to the mid-exponential growth phase (90 min culture) and
stationary phase (6 h culture) in TSB. A treatment containing 1:9 ratio of donor and
recipient (1mL donor in 9 mL recipient) was prepared. Aliquots (1 mL) were transferred to
1.5 mL Eppendorf tubes and centrifuged at 4000 rpm for 10 min at 4 oC. The pellets were
incubated at 37 oC for 24 h before gentle resuspension. Aliquots of 100 µL resuspension
were plated on double selection TSA plates for transconjugant counts. Recipient counts
were obtained on single selection rifampicin selection plates after a series of six ten-fold
dilutions and six drops of 20 µl were plated and incubated at 37 oC for 24 – 48 h. Parent
and transconjugant counts were determined as described in Section 2.2.6. The effect of
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mid-exponential growth was also investigated at lower temperatures of 20 oC and 30 oC to
determine the bacterial response to temperature at different starting growth phases. All
experiments were conducted three times and in triplicates.
2.2.7 Effect of nutrient availability on gene transfer frequency
Conjugation experiments were conducted in both nutrient-rich and nutrient-limited liquid
media to determine how the availability of nutrients influenced gene transfer rates. The
experiments with nutrient-rich medium were conducted in TSB and the nutrient-limited
conjugation experiments were carried out using sterile reconstituted artificial Daphnia
medium (DM) (OECD, 2004) and sterile Page’s Amoeba Saline solution (Page,
1976;1988). The two selected media are representative culture media for Daphnia sp and
freshwater ciliate, Tetrahymena pyriformis, respectively. Conjugation experiments were
conducted at 20 oC, 30 oC and 37 oC and followed the conjugation method protocol
described in Section 2.2.5 to determine the combined effect of temperature and nutrient
limitation on gene transfer frequency. All experiments were conducted three times and in
triplicates.
2.2.8 Determination of gene transfer frequencies for different Enterococcus faecalis
recipient strains in liquid mating assays
A comparison between the recipient strains MW01105Rif and ST02103Rif was conducted.
In experiments conducted simultaneously, 90 min cultures of donor and recipient were
prepared from overnight cultures. 3 mL treatments containing 1:9 ratio mix (0.3 mL donor
in 2.7 mL recipient culture) of mid-exponential phase E. faecalis were prepared in 15 mL
falcon tubes. Bacteria cells were kept in the planktonic phase by incubating tubes in a water
bath (OLS200, Grant Instrument Ltd, UK) at 37 oC while shaking at 180 rpm for 6 h. 100
µL of the sample was plated on vancomycin-rifampicin selection plates to isolate
transconjugants. Also, 100 µL of treatment underwent tenfold serial dilution in six steps
and was plated on rifampicin-selection and vancomycin-selection plates to isolate recipient
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and donor respectively. All experiments were conducted three times and in triplicates. The
experimental procedure is illustrated in Fig. 2.3.
2.2.9 Effect of carbohydrate addition on gene transfer frequency in liquid mating assays
To assess the effect of varying levels of energy resource on the frequency of gene transfer,
conjugation experiments were conducted in Phosphate Buffer Saline (PBS) spiked with
glucose at concentrations of 50, 100, 200, 500 and 1000 µg/mL. A 10 mg/mL stock glucose
concentration (D-Glucose, BHD Chemicals Ltd, England UK) was prepared and diluted to
the required concentrations. Using a 109 CFU/mL concentration of the E. faecalis recipient
strain ST02103Rif, the growth rate was determined as described in Section 2.2.4 at each
glucose concentration in triplicates. Conjugation experiments were conducted as described
in Section 2.2.8 using 5 mL treatment of 109 CFU/mL donor and recipient mixed at 1:9
ratio. All experiments were conducted three times and in triplicates.
2.2.10 Effect of donor-recipient ratio on gene transfer frequency in liquid mating assay
The effect of varying the relative abundance of E. faecalis donor and recipient cells was
investigated in regard to the frequency of gene transfers. Conjugation experiments were
conducted as described in Section 2.2.8 at donor-recipient ratios of 1:1, 1:5, 1:9 and 1:20
respectively. The initial total cell abundance (i.e. sum of donor and recipient) was
maintained at 109 CFU/mL in TSB for all experiments. All transconjugant counts were
carried out in triplicates and in three separate experiments.
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2.2.11 Statistical analysis
All experiments were conducted in three independent experiments with triplicates.
Statistical analysis of data was conducted using the GraphPad Prism 7.00. Differences
between transconjugant numbers in experimental treatments and controls were determined
by non-parametric t-test (Mann-Whitney), one-way analysis of variance (Kruskal-Wallis
test) and two-way analysis of variance after a test of normal distribution using the
Kolmogorov Smirnov test.

2.3 Results
2.3.1 Antibiotic resistance profile of enterococci strains
The isolates selected for this study were tested for resistance to eight antibiotics. The donor
strain MF06036Van was resistant to three antibiotics, the recipient strains MW01105Rif and
was resistant to two antibiotics and the recipient strain ST02103Rif was also resistant to
three antibiotics (Table 2.3). The antibiotic susceptibility test confirmed respective
resistance or susceptibility to vancomycin for the donor and recipients.
Table 2.3: Disk diffusion antimicrobial resistance profiles of selected Enterococcus
faecalis strains (Source: Mary McCarron, Ulster University, Biomedical Science Research
Institute).
Enterococcus
faecalis
isolate

Antibiotic Resistance
CIP

IMP

LIN

*RD

S

TEI

TRI

VAN

MF06036Van
MW01105Rif
ST02103Rif

S
S
S

S
S
S

S
S
S

S
R
R

R
R
R

R
S
R

I
I
I

R
S
S

CIP – Ciprofloxacin, IMP – Imipenem, LIN – Linezolid, RD – Rifampicin, S –
Streptomycin, TEI – Teicoplanin, TRI – Trimethoprim, VAN – Vancomycin, R – Resistant,
I – Intermediate, S – Susceptible
EUCAST ECOFF breakpoint values were used as guidelines for all susceptibility
interpretations except rifampicin (RD)
*Rifampicin (RD) resistance/susceptibility was determined in accordance with CLSI
breakpoint values.
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2.3.2 Determination of bacterial growth rate
The growth rate of E. faecalis was determined over a period of 6 h (Fig. 2.4). Growth in
the lag phase was for a duration of 30 min before bacteria entered exponential growth (log
phase) for 120 min. The mid-exponential phase occurred at 90 min growth and the
stationary growth phase resumed at 180 min. The determined specific growth rate was 1.1
h-1 and the generation (doubling) time was 45 min. Correlation of OD600 values with viable
colony count (R2 = 0.9677) revealed cell density at the start of the stationary phase (OD600
= 1.6) was in the range of 3 - 5 × 109 CFU/mL.
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Figure 2.4. Semi-logarithmic plot of E. faecalis MW01105Rif growth over a 6-h
incubation period.

2.3.3 Conjugation assay - Effect of incubation temperature on antibiotic resistance gene
transfer frequency
Gene transfer frequency between E. faecalis donor MF06036Van and recipient MW01105Rif
was determined in relation to incubation temperature and duration of incubation (Fig. 2.5).
Results revealed that incubation temperature had an effect on gene transfer frequency
(GTF). GTF decreased with time at 20 oC and 30 oC respectively. At 20 oC and incubation
temperatures, the highest GTF was recorded after 2 h incubation as 2.4 × 10 -8 ± 1.3 × 10-9
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and 2 × 10-8 ± 3.1 × 10-9 transconjugants per recipient respectively. At 37 oC, GTF
significantly increased with time (H = 12.21, df = 4, p =0.0159) with the highest GTF of
3.4 × 10-7 ± 4.6 × 10-8 transconjugants per recipient obtained after 15 h incubation and an
observed decrease to 2.1 × 10-7 ± 4.7 × 10-8 transconjugants per recipient after 24 h. GTF
at 37 oC was also higher than at 20 oC and 30 oC incubation at 24 h (H = 18.40, df = 2, n
= 9, p =0.0001).

Figure 2.5. Transfer frequency of the vanA gene in exponential phase E. faecalis strain
MW01105Rif at different time intervals throughout a 24 h experiment.

2.3.4 Effect of starting bacterial growth phase on gene transfer frequency
Conjugation experiments were conducted with E. faecalis donor MF06036Van and recipient
MW01105Rif strains grown to mid-exponential or stationary phase. A two-way ANOVA
showed a significant difference in GTF (T:R) between mid-exponential and stationary
starting phase treatments (F = 121.3, n1 = 9, n2 = 9, df = 1, p < 0.0001) at 20 oC, 30 oC and
37 oC. Interaction between temperature and growth phase resulted in significant differences
in GTF (F = 90.13, n1 = 9, n2 = 9, df = 1, p < 0.0001). This indicates that growth phase and
temperature were dependent as GTF at 20 oC, 30 oC and 37 oC were higher in treatments
with bacteria harvested in the mid-exponential phase than in the treatments with bacteria
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in the stationary growth phase (Fig. 2.6). GTF was highest at 37 oC and was one order of
magnitude higher in the mid-exponential starting phase treatments (4.7 × 10-7 ± 3.6 × 10-8)
than in stationary starting phase treatments (6.3 × 10-8 ± 1.1 × 10-9) at this temperature
(Table 2.4). Within growth phases, Tukey’s HSD test showed no significant difference in
GTF between 20 oC and 30 oC incubation temperatures in both mid-exponential phase
treatments (q = 1.443, df = 24) and stationary phase treatments (q = 0.8312, df = 24).
However, GTF was significantly higher at 37 oC than at 20 oC and 30 oC incubation in
treatments with exponential phase experiments (Kruskal-Wallis: H = 21.13, n1 = 9, n2 = 9,
df = 2, p < 0.0001) or stationary phase experiments (H = 21.14, n1 = 9, n2 = 9, df = 2, p <
0.0001). These results show that GTF was dependent on temperature and bacterial growth
phase at the start of conjugation experiments. There was a significant difference in GTF
between 37 oC and lower temperatures. Mid-exponential starting phase treatments
produced more transconjugants in all tested incubation temperatures than stationary phase
treatments.

Figure 2.6. vanA gene transfer frequency for E. faecalis incubated at 20 oC, 30 oC and 37
o
C. Donor and recipient strains were harvested at the exponential or stationary phase and
incubated for 24 h after centrifugation. Bar = standard error of the mean; Column =
arithmetic means of nine replicates, * p < 0.05, **** p < 0.0001.
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2.3.5 Gene transfer frequency in different E. faecalis recipient strains in liquid mating
assays
The frequency of vanA gene transfer from the E. faecalis donor strain to two recipient
strains MF06036Rif and ST02103Rif was determined and compared in a nutrient-rich liquid
medium. Results showed that the gene transfer frequency was two orders of magnitude
higher for ST02103Rif than for MW01105Rif (Table 2.5). At 24 h, there was a more than
five-fold decline in donor counts from an initial 1.1 × 109 to 2.0 × 108 CFU/mL. This was
not the case with the recipient, as the final recipient counts exceeded that of the donor by
an order of magnitude.
Table 2.4: Effect of incubation temperature and bacteria growth phase on vancomycin
resistance transfer in Enterococcus faecalis MW01105Rif recipient after 24 incubation
Growth phase at 0
h
Exponential phase

Stationary phase

Incubation
temperature
(oC)
20

Recipient
count
(CFU/mL)
1.5 × 109

TC
number
(CFU/mL)
24 ± 3

Transfer frequency
(T:R)
1.7 × 10-8 ± 6.4 × 10-9

30

1.1 × 109

52 ± 3

4.8 × 10-8 ± 8.0 × 10-9

37

1.1 × 109

503 ± 12

4.7 × 10-7 ± 3.6 × 10-8

20

2.6 × 109

1

4.2 × 10-10 ± 4.2 × 10-10

30

1.8 × 109

10 ± 1

5.7 × 10-9 ± 1.7 × 10-9

37

8.2 × 108

51 ± 2

6.3 × 10-8 ± 1.1 × 10-8

Table 2.5. Comparison of conjugative frequency of two strains of Enterococcus faecalis
after 24 h incubation at 37 oC

Recipient
strain

Recipient
count
(CFU/mL)

Donor
count
(CFU/mL)

Transconjugant
number
(CFU/mL)

Transfer
frequency
(T:R)

Transfer
frequency
(T:D)

MW01105Rif

2.0 × 109

2 × 108

2.9 × 104 ± 3.8 × 103

1.0 × 10-5

1.0 × 10-4

ST02103Rif

2.1 × 109

2 × 108

3.4 × 106 ± 5.4 × 105

1.6 × 10-3

1.6 × 10-2
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2.3.6 Effect of nutrient availability on gene transfer frequency in liquid mating assays
Conjugation experiments were conducted using exponential phase E. faecalis donor and
recipient strains in nutrient-rich and nutrient-limited media to investigate the effect of
nutrient availability on gene transfer frequency. GTF varied between nutrient-rich and
nutrient-limited media by two orders of magnitude (Table 2.6). Gene transfer frequency
(T:R) was significantly higher in tryptone soya broth than Daphnia medium (DM) and
Page’s Amoeba Saline (PAS) solution (Kruskal-Wallis: H = 21, n1 = 9, n2 = 9, df = 2, p <
0.0001). GTF in DM and PAS was comparable as these two nutrient-limited media had
similar numbers of transconjugants. The rate of parent decline also varied with culture
medium. Again, the donor count was about an order of magnitude lower than the recipient
count in both nutrient-rich and nutrient-limited media. Therefore, the T:R and T:D varied
by one order of magnitude among treatments, owing to an observed higher decline in donor
abundance after 24 h. However, donor and recipient abundance in nutrient-rich TSB was
about an order of magnitude higher than in nutrient-limited media. These results are
suggestive of the frequency of gene transfer in E. faecalis strains when oligotrophic
conditions are replicated in microcosms using nutrient-limited liquid media.

Table 2.6. Effect of nutrient provision on vancomycin resistance gene transfer in
Enterococcus faecalis. Conjugation experiment conducted in nutrient-rich tryptone soya
broth (TSB) and nutrient-limited Daphnia medium (DM) and Page’s Amoeba Saline (PAS)
after 24 h incubation at 37 oC
Donor count
(CFU/mL)

Recipient
count
(CFU/mL)

TC
number
(CFU/mL)

Transfer
frequency
(T:D)

Transfer
frequency
(T:R)

TSB

1 × 108

8.8 × 108

32111 ± 5272

3.2 × 10-4

3.9 × 10-5

DM

2 × 107

7 × 107

52 ± 12

2.6 ×10-6

7.5 × 10-7

PAS

4.1 × 107

1.3 × 108

50 ± 5

1.2 × 10-6

3.8 × 10-7

Media
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2.3.7 Effect of glucose concentration on gene transfer frequency in liquid mating assays
The effect of bio-available organic carbon limitation on gene transfer frequency was
investigated by growing a 1:9 donor-recipient conjugation culture in phosphate buffer
saline (PBS) as a carbon-limited salt medium. The PBS was also spiked with varying
glucose concentrations (Table 2.7). Results showed a stepwise increase in transconjugant
number and gene transfer frequency as glucose concentrations were doubled, indicating an
increase of conjugation events with carbon availability in the treatments. A one-way
ANOVA showed a significant difference in GTF with concentration of available carbon
(Kruskal-Wallis: H = 20.13, df = 5, p =0.0012). Each increase in glucose concentration by
one order of magnitude resulted in a corresponding increase in gene transfer frequency.
Also, the T:R and T:D in treatments varied by an order of magnitude.

Table 2.7. Effect of glucose addition on gene transfer frequency in Enterococcus faecalis
after 6 h incubation at 37 oC
Glucose
(µg/mL)
0

Donor
Recipient Transconjugant Transfer
Transfer Recipient
count
count
number
frequency frequency growth
(CFU/mL) (CFU/mL)
(CFU/mL)
(T:R)
(T:D)
rate (h-1)
3.8 × 107

3.8 × 108

1.5 ×103

3.8 × 10-6

3.9 × 10-5

-1.02

7

8

3

-6

-5

-0.76

50

4.1 × 10

4.0 × 10

100

3.8 × 107

5.5 x 108

2.7 × 103

4.9 × 10-6

9.7 × 10-5

-0.52

200

2.7 × 107

6.6 ×108

4.1 × 103

6.3 × 10-6

1.6 × 10-4

-0.17

500

3.2 × 10

7

8

1.6 ×10

4

-5

-4

-0.04

1000

5.3 × 107

7.6 × 108

3 × 104

5.7 × 10-4

0.012

7.1 × 10

2.1 × 10

5.3 × 10

2.3 × 10

4.1 × 10-5

5.2 × 10

5.1 × 10

Bacterial population declined at a lower rate as glucose concentration was increased. There
was no significant difference in OD600 between 0 h and 20 h at 500 µg/mL (Tukey’s HSD:
q = 0.2229, df = 156, p > 0.05,) and 1000 µg/mL (q = 0.1114, df = 156, p > 0.05,). Overall,
the results showed that growth rate increased significantly with carbon addition (H = 16.58,
df = 6, p =0.0054). However, the growth rate and gene transfer frequency were not very
strongly correlated (R2 = 0.5393).
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Figure 2.7. Growth curves showing the effect of different glucose concentrations ranging
from 50 to 1000 µg/mL in PBS on the abundance of E. faecalis strain ST02103Rif over a
20 h incubation period in a water bath at 37 oC.

2.3.8 Effect of donor-recipient ratio on gene transfer frequency in liquid mating assays
The effect of different donor-recipient ratios on gene transfer frequency was determined by
using 109 CFU/mL donor MF06036Van and varying abundance of recipient ST02103Rif.
Gene transfer frequency was affected by donor: recipient ratio (Table 2.8). GTF was lowest
at a 1:1 donor to recipient ratio and highest at a 1:9 ratio. GTF was also one-magnitude
lower at a 1:20 ratio than at a 1:9 ratio. This showed that a higher recipient abundance did
not directly result in higher GTF. For example, in the treatment with a 1:9 ratio the donor
count at the end of experiments was an order of magnitude lower than the recipient count,
even though they had been the same at the start. As a result, T:R and T:D varied for each
donor to recipient ratio among treatments.
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Table 2.8. Comparison of gene transfer frequency between Enterococcus faecalis donor
MF06036Rif and recipient ST02103Rif strains in treatments with different recipient
abundance after 24 h incubation
Final
recipient
count
(CFU/mL)

Final donor
count
(CFU/mL)

Transconjugant
number
(CFU/mL)

Transfer
frequency
(T:R)

Transfer
frequency
(T:D)

1:1

9.8 x 108

1.1 x 109

3.2 x 104

3.3 x 10-5

2.8 x 10-5

1:5

1.0 x 109

2.0 x 108

1.4 x 105

1.4 x 10-4

7.2 x 10-4

1:9

1.0 x 109

3.3 x 108

3.3 x 106

3.3 x 10-3

1.0 x 10-2

1:20

1.3 x 109

1.7 x 108

9.6 x 105

7.2 x 10-4

5.7 x 10-3

Donorrecipient
ratio

2.4 Discussion
The successful transfer of antimicrobial resistance plasmids in aquatic systems is strongly
linked to cellular activities within microbial communities (van Elsas and Bailey, 2002). In
this chapter, the effect of environmental abiotic factors such as temperature and nutrient
availability on antimicrobial resistance gene (ARG) transfer in E. faecalis strains was
assessed. This study was necessary both in elucidating the effect of culture condition on
gene transfer frequency in the selected E. faecalis strains and in informing the experimental
design of subsequent studies investigating the interactions of E. faecalis with aquatic
organisms and their impact on ARG transfer. The findings of this chapter provide important
baseline data for assessing potential trade-offs in microcosm studies where the selection of
temperatures and nutrient concentrations may have to represent a level of compromise with
conditions that are suboptimal for enterococcal metabolism but ideal for a cocultured
zooplankton grazer or phytoplankton strain.
This study’s conjugation experiments were conducted in liquid media. The documented
frequency of gene transfer between the E. faecalis donor strain MF06036Van and recipient
strain MW01105Rif was three orders of magnitude lower than results reported for solid
media assays by Conwell et al. (2017) for the same strains. The type of medium used for a
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conjugation assay has a significant effect on gene transfer rates in bacteria irrespective of
host or plasmid identity (Sheppard et al., 2020). Higher transfer rates on plates in solid
media than in liquid media may be attributed to a more efficient aggregation of the bacteria
cell population (Zhong et al., 2012). The pCF10 conjugative plasmid in enterococci is more
efficiently transferred in filter mating assays, where donor cells are in close contact with
recipients and can thus perceive and respond to peptide pheromone from recipient cells in
their vicinity (Dunny, 2013).
2.4.1 Effect of temperature on gene transfer frequency in Enterococcus faecalis
Temperature has a significant effect on plasmid transfer rates in both Gram positive and
Gram negative bacteria (Sheppard et al., 2020). Several studies conducted in microcosms
and in situ have shown that plasmid transfer frequency changes with water temperature,
i.e. a decrease in temperature typically results in reduced metabolic activity of bacteria
(Livkin and Regendre, 2001). In this study, centrifugation-induced conjugation assays
were carried out with environmental isolates of E. faecalis under three different
temperatures, 20 oC, 30 oC and 37 oC. When gene transfer frequencies were measured at 3
h intervals from 0 - 24 h period, transconjugants were detected after 3 h irrespective of
temperature. According to Dunny et al., 2007, conjugative gene transfer in E. faecalis
occurs within the first few hours of donor-recipient contact and this was confirmed by Hirt
et al. (2018) who reported that conjugative transfer in E. faecalis occurred within 5 h in the
gut of germ free mice. This study recorded no significant increase in frequency after 3 h
for experiments conducted at 20 oC and 30 oC, while transfer frequency increased from 1 ×
10-7 to 4 × 10-7 between 3 h and 15 h incubation at 37 oC. Gene transfer frequency in
conjugation microcosms can be highly sensitive to sampling time, as it also depends on the
morphological state of donors and recipients (Simonsen et al., 1990a; Zhong et al.,
2012). Enterococcus cells are metabolically active in a wide range of temperatures
between 10 oC and 45 oC (Ramsey et al., 2014) and have diverse physiological pathways
for adapting to thermal stress (Huyckes et al., 2002). The results suggest that experiments
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conducted at 20 oC and 30 oC should not exceed 6 h due to a decline in the bacterial
abundance. When the effect of temperature was assessed in nutrient-rich media, gene
transfer frequency (T:R) was 10-7 at 37 oC, and an order of magnitude lower at 30 oC and
20 oC, in spite of nutrient availability. This agrees with findings by Cartwright (2018) in a
similar study who investigated the optimal temperature for conjugation of E. faecalis
strains MF06036Van and MW01105Rif for experiments with the freshwater sponge
Ephydatia fluviatilis. Although a solid agar mating method was used for these tests, the
reported gene transfer frequency at 37 oC (2.3 × 10-5) was also an order of magnitude higher
than at 20 oC (2.7 × 10-6).
The current study selected experimental temperatures to reflect temperature optima for
specific filter-feeding predators as well as algae-bacteria interactions and not as a reflection
of the most frequently encountered environmental temperatures. For instance, E. faecalis
grows optimally at 37 oC, but will also grow at lower temperatures (Byappanahalli et al.,
2012). Phytoplankton growth and metabolism is equally influenced by temperature
(Sherman et al., 2016). On the other hand, species of freshwater fleas, Daphnia have a wide
range of temperature tolerance but temperature-sensitive feeding rates which is optimal in
the range of 18-22 oC (Burns, 1968). Likewise, the freshwater ciliate Tetrahymena sp, a
model test organism for investigating protozoan grazing, feeds optimally at 30 oC (Matsuo
et al., 2010). While more transconjugants were recovered at 30 oC than at 20 oC, gene
transfer frequency was not significantly different between these two temperatures. This
reduces the likelihood of temperature-related bias in future comparisons between
subsequent conjugation experiments conducted at 20 oC and 30 oC with Daphnia sp and
ciliate Tetrahymena pyriformis respectively.
This study also observed that the number of donor cells decreased by one order of
magnitude at the end of the conjugation experiment. This confirms observations by Kajiura
et al. (2006) who reported a decrease of E. faecalis donor colony counts in biofilms which
ranged from two to four orders of magnitude, while the abundance of recipient cells
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remained constant. The burden of bearing the resistance plasmid may have caused that
noticeable decline in the donor cell abundance. Similarly, Young et al. (2019) suggested
that the presence of a large vancomycin resistance plasmid (200 kb) in Enterococcus
faecium donor cells was the reason for significantly higher decay rates in comparison to
plasmid-free variants of the donor.
2.4.2 Effect of nutrient and carbohydrate limitation on gene transfer frequency
Sex pheromone-induced plasmid transfer in E. faecalis is an energy-consuming process
(Hirt et al., 2018) and like all conjugation processes, it is influenced by nutrient availability
(Fox et al., 2008), and the type of available nutrient (Jackson et al., 2005). Verma et al.,
2002 observed a decline in the number of enterococcal transconjugants in sterile
wastewater samples with a decrease in total organic carbon content. In the experiments
reported in this chapter, gene transfer frequencies in Daphnia medium and Page’s Amoeba
Saline solution were two orders of magnitude lower than in nutrient-rich TSB. In the
current study, the gene transfer frequency (T:D) in recipient ST02103Rif (10-4 – 10-3) was
within a similar range as values reported by La Rosa et al (2016) and Yasoyuchi et al (1998)
for E. faecalis in broth assays. While transfer frequency was two orders of magnitudes
lower in both Daphnia and ciliate media, their results nevertheless suggest that E. faecalis
was still capable of sufficient metabolic activity to enable gene transfer.
The effect of carbohydrate limitation was also explored in a liquid medium without organic
carbon source. The addition of glucose in increments of 50 µg/mL, helped to avoid
decreases in E. faecalis abundance and eventually led to net growth. At glucose
concentrations of 500 – 1000 µg/mL, higher growth rates and large increases in gene
transfer frequency were recorded. This agrees with previous findings by Seoane et al.
(2011) in which bacterial conjugation rates increased in response to carbon enrichment.
There was no strong correlation between the bacterial growth rate and gene transfer
frequency, suggesting that E. faecalis remained metabolically active under nutrient-
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limiting conditions, especially as the bacterial cells were not pre-starved before the
experiments.
Energy source deprivation does not always constitute a direct hindrance to plasmid transfer
as starved cells are still able to express conjugation functions (Dahlberg et al., 1998). The
observed gene transfer in nutrient-limited PBS could be attributed to the resilient nature of
enterococci under energy limiting conditions. Enterococci cells are highly adapted to
survive carbon starvation through the synthesis of starvation polypeptides which sustain
the cells (Hartke et al., 1998; Giard et al., 2000). The cells may also enter a
stationary/dormant phase, altering their morphology to cope with prolonged periods of
nutrient unavailability (Hartke et al., 1998). However, low nutrient conditions may weaken
biofilms by causing detachment of recipient cells and lowering conjugation rates due to
reduced contact between donor and recipient cells (Hausner and Wuertz, 1999). As plasmid
transfer is largely dependent on donor metabolism (Johnson and Kroer, 2006), a lack of
energy resources would further exacerbate the high fitness cost to plasmid-bearing donor
cells (Young et al., 2019), which may cause the observed increase in decay rates and
decrease in transfer frequencies. In the current study, this appears to have resulted in a one
order of magnitude difference between donor and recipient abundance between the
sampling time points (6-24 h) and the start of the experiment. This finding highlights the
importance of carbon availability in meeting the energy demand of gene transfer in E.
faecalis.
2.4.3 Effect of bacterial growth phase on gene transfer frequency
The growth physiology of bacterial cells can influence the rate of antibiotic resistance gene
transfer (Ramsey et al., 2014). Therefore, this study assessed the effect of E. faecalis
growth phase on gene transfer frequency. Experiments starting with bacteria in the midexponential growth phase achieved a higher gene transfer frequency (GTF) than those
started with bacteria in the stationary phase. Interaction effects as shown by a two-way
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ANOVA suggest that GTF was dependent on both temperature and growth phase. GTF
was significantly higher at an incubation temperature of 37 oC, which is optimal for E.
faecalis growth experimental temperatures but only in bacteria harvested in the exponential
phase and not in the stationary phase. Dunny (2013) and Hirt et al. (2018) emphasised the
importance of bacterial growth to high bacterial densities on pheromone-induced
conjugation in E. faecalis. Gene transfer frequency tends to be higher in metabolically
active bacterial cells (van Elsas and Bailey, 2002), as plasmid transfer rates increase with
an increase in growth rate (Simonsen et al., 1990). Temperature affects bacterial growth
and can modulate the transfer of ARG (Walsh et al., 2011). The results indicate that at
lower temperatures, cells in the exponential growth phase may acquire ARGs at a lower
frequency. Conjugation frequencies at ecologically relevant temperatures below 37 oC
would produce fewer transconjugants unless other factors increase the chance of
conjugative contact between high densities of donor and recipient cells. Evidence of an
interdependent relationship between temperature and growth phase enabled an informed
decision on the selection of 20 oC and 30 oC as experimental temperatures in subsequent
experiments where lower temperatures were more relevant for investigating the effect of
predation on horizontal gene transfer.
This result agrees with the observation by Muela et al. (1994) that the physiological state
of the bacteria, especially the donor, affected gene transfer frequency with higher
transconjugant formation in the late exponential growth stage. Similar observations have
been made for other biofilm-forming bacteria. Seoane et al. (2011) investigated conjugative
gene transfer in Pseudomonas putida and found that conjugation rates were higher in the
mid to late exponential growth phase, while bacterial cells in the stationary phase were
conjugatively inactive, even in the presence of high nutrient concentrations.
In E. faecalis, reported values for the gene transfer in biofilms exceed those for planktonic
cells by several orders of magnitude (Kajiura et al., 2006). The growth rate of bacteria can
have a direct effect on conjugation frequency (Simonsen et al, 1990a; Haagensen et al.,
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2002). Conjugative gene transfer in bacteria has a high metabolic demand, occurs more
frequently in metabolically active cells (Christensen et al., 1998), and therefore the
frequency of conjugation tends to be higher in the exponential growth phase than in the
stationary growth phase (Glick, 1995). This may favour conjugation as it occurs at
interfaces between a plasmid-bearing donor and a recipient cell, and the rate of conjugation
is dependent on how broad the interfaces between donors and recipients are (Krone et al.,
2007).
2.4.4 Effect of donor-recipient ratio on gene transfer frequency
The relative abundance of donor and recipient cells influenced gene transfer frequency in
E. faecalis in liquid broth assays. When the experiments were conducted at a 1:1 donor to
recipient ratio, transfer frequency was 2.8 × 10-5 T:D and 3.3 × 10-5 T:R. At the similar 1:1
donor-to-recipient ratio, La Rosa et al., (2016) recorded pAMβ1 plasmid transfer between
OG1RFdonor and OG1SSprecipient E. faecalis cells in broth assays at a frequency of 2.4 × 104

. A more comparable frequency to that of that study, 7 × 10-4, was observed in this study

at 1:5 donor-to-recipient ratio, and significantly increased to 1 × 10-2 at a 1:9 ratio. At a
1:20 ratio, the transfer frequency decreased to 5.7 × 10-3. Conwell et al. (2017) reported
optimal conjugative gene transfer between the E. faecalis MF06036Van donor and
MW01105Rif recipient strains at a 1:9 donor-recipient ratio. In broth mating assays
performed by Price et al., (2019), there was no significant difference in E. faecalis
transconjugant numbers between treatments with OGISSpdonor-T11RFrecipient ratios of 1:1
and 1:9. It has been suggested that donor-recipient populations exceeding an optimal
abundance ratio can result in reduced plasmid transfer events in E. coli (Johnsen and Kroer,
2007). Bandyopadhyay et al. (2016) argued that the abundance of donor E. faecalis cells
can have an influence on quorum sensing, as the inhibitory peptide encoded on the
conjugative plasmid can reduce the donor response to peptide pheromones produced by
recipient E. faecalis cells. Reduction in conjugation frequencies have also been observed
at high donor abundances, a likely cause being a decrease in the induction of the
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conjugation operon (Bandyopadhyay et al., 2016). In the current study, conjugation
frequency was lowest when the donor abundance was high relative to the recipient
abundance. The increase in transfer frequency with increase in recipient counts indicated
that the donor strains had a high conjugation efficiency as previously characterised by
Conwell et al. (2017).
2.4.5 Variation in gene transfer frequency in recipient E. faecalis strains
Genetically diverse but closely related recipient strains of the same bacteria species may
receive plasmids and form transconjugants at different rates. This could either be due to
differences in the level of pheromone secretion by individual recipient strains (Clewell,
2011; Dunny, 2007), adhesin type (Kohler et al., 2018), subtle differences in genetic
proximity to the donor (Dimitriu et al., 2016), or fitness cost of plasmid transfer to recipient
cells (Haft et al., 2009). The transfer frequencies of the vanA gene from an E. faecalis
donor strain to two different recipient strains were assessed in this study. Observed gene
transfer frequencies varied by two orders of magnitude regarding the ability of recipient
strains to receive the vanA gene-bearing plasmid. The observed difference in
transconjugant numbers between the two different recipients further affirms recipient
identity as a strong predictor of conjugative plasmid transfer frequency. A meta-analysis
of the role of plasmid hosts on conjugation rates showed that, when host and plasmid
identities were considered, the recipient identity was most significant, as it accounted for
30% of the variations in reported transfer rates (Sheppard et al., 2020). The wide range of
gene transfer frequencies between recipient strains could also be attributed to the
differences in aggregation functions of donor and recipients in relation to pheromone
secretion (Clewell, 2011; Dunny, 2013; Vickerman and Mansfied, 2019), the use
of functional restriction systems by recipient cells to regulate the entry of conjugative
plasmids, thereby reducing the cost of plasmid acquisition (Koraimann and Wagner, 2014;
Kohler et al., 2019), or the unsuccessful establishment of the conjugative plasmid in the
recipient (Dimitriu et al., 2019).
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This study documented the general observation across conjugation experiments conducted
at 37 oC that GTF (T:R) in the centrifugation-induced conjugation assays with donor and
recipient incubated as pellets was at least four orders of magnitude lower than in liquid
assays with planktonic bacterial cells (10-3). The lower conjugation frequency may have
been due to the physiological stress associated with tight packing of bacterial cells in
pellets. Cell-to-cell mechanics of donor and recipient cells in biofilms may affect plasmid
transfer (Król et al., 2011). The spatial interference by neighbouring cells due to
centrifugation may have hindered the cell elongation process during bacterial growth,
which is necessary for conjugative gene transfer (Licht et al., 1999). Compaction in pellets
most likely represented a particularly severe constraint to cells at the centre of the pellet in
regard to nutrient access from the ambient medium, as nutrient may only have been
available to the more exterior cells for providing the required resources for conjugation
(Merkey et al., 2011). Bacterial cell surface damage due to centrifugation and compaction
of cells into pellets could also have affected surface-sensitive processes like adhesin
expression, because centrifugation generates a shear force which acts directly on those
points, where bacterial cells are in contact (Peterson et al., 2012).
2.5 Conclusion
This chapter assessed the effects of temperature, nutrient availability of media, bioavailable organic carbon sources, recipient type and donor to recipient ratio on conjugative
plasmid transfer in E. faecalis. Gene transfer frequency was highest at an optimum
incubation temperature of 37 oC for E. faecalis after 24 h, although transfer frequencies at
20 oC and 30 oC were also relatively high. A shorter duration of experiments conducted at
20 oC and 30 oC would be more ideal for an accurate detection of conjugation events.
Higher gene transfer frequency of E. faecalis cells in mid-exponential phase than in
stationary phase highlighted the effect of the bacterial physiology on conjugation events.
This was further emphasised by reduced GTF under nutrient- and carbon-limited
conditions. Two E. faecalis recipient strains showed a two-order of magnitude difference
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in GTF. It can be concluded that the conjugation frequency is as much a function of the
individual recipient strain’s conjugation capacity as it is affected by environmental factors
in the experiments in which conjugation is been investigated. The findings of this chapter
are relevant for the setting of environmental parameters in microcosm studies to investigate
the impact of biotic factors on conjugative gene transfer in E. faecalis, such as grazing by
bacterivorous zooplankton and surface interactions with phytoplankton.
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Chapter 3
Filter feeding zooplankton as facilitators
of antibiotic resistance gene transfer in
Enterococcus faecalis
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Abstract
Antibiotic resistant bacteria from faecal pollution sources are pervasive in aquatic
environments. A facilitating role for the emergence of waterborne, multi-drug resistant
bacterial pathogens has been attributed to biofiltration but had not yet been substantiated.
This study investigated the effect of filtration and gut passage in Daphnia sp. on conjugal
transfer of antibiotic resistance genes in Enterococcus faecalis. In vivo conjugation
experiments involved a vancomycin-resistant donor strain bearing a plasmid-borne vanA
resistance gene, and two vancomycin-susceptible and rifampicin-resistant recipient strains
in the presence of Daphnia magna or Daphnia pulex. Results showed successful transfer
of the vanA resistance gene from donor to recipient; plasmid identity was confirmed by
PCR and DNA sequencing. There was no significant difference in the number of
transconjugants recovered from D. magna and D. pulex. However, transconjugant numbers
differed by one order of magnitude between recipient strains. The gene transfer frequency
calculated from excreted transconjugants was within a range of 1.5 × 10-8 – 3.3 ×10-7, an
order of magnitude higher than Daphnia-free controls. Transconjugant numbers
significantly increased with increase in Daphnia size. Enterococci persisted in the daphnid
gut for up to four days. This study on the facilitation of horizontal gene transfer by a filter
feeding organism provides evidence that Daphnia can facilitate antibiotic resistance
transfer and can disseminate antibiotic resistant transconjugants in freshwater
environments.

Keywords
Daphnia, antibiotic resistance, vanA gene, conjugation, bacteria, Enterococcus faecalis
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3.1 Introduction
The emergence of antibiotic resistance has been designated as a global health threat of
major clinical and environmental relevance (WHO, 2014). Opportunistic bacterial
pathogens are the leading cause of healthcare-associated infections (HAIs), and the
frequent failure of antibiotic treatments is the result of multiple resistance genes expressed
by these pathogens (Berendonk et al., 2015). Aquatic environments appear as suitable
conduits for such microorganisms (Taylor et al. 2011), because bacteria with antibiotic
resistance and their genes can persist in lakes (Czekalski et al., 2015), rivers (Pruden et al.,
2012; Proia et al., 2016) and estuaries (Chen et al., 2013) that are impacted by
anthropogenic activities such as effluent discharge from wastewater treatment plants.
Although it is to be expected that antibiotic residues released into aquatic ecosystems can
generate a selection pressure that allows antibiotic-resistant bacteria to thrive and spread
(Bouki et al., 2013), inherent system complexity poses an immense challenge for any test
of the hypothesis that these environments play a role in the spread and emergence of such
resistance. Even wastewater treatment facilities with their tight technical controls have
remained black boxes in this respect (Manaia et al., 2018).
The increased frequency with which multi-resistant bacteria are identified in hospitals has
motivated concerted efforts to understand the environmental processes facilitating the
emergence and rapid spread of antibiotic resistance (Berendonk et al., 2015). There have
been repeated suggestions that filter-feeding aquatic invertebrates have the potential to
drive the ecology and evolution of antibiotic resistance in aquatic ecosystems (Marti et al.,
2014; Lupo et al., 2012). Freshwater cladoceran zooplankton species of the genus Daphnia
are filter feeders that play a central role in the food webs of lakes and ponds both as
consumers of bacterioplankton and phytoplankton and as prey of invertebrate and fish
predators. Bacteria form a significant component in Daphnia nutrition (Hadas et al., 1982)
and those present in the gastrointestinal tract can have a symbiotic effect on Daphnia
growth, survival and reproduction (Sison-Mangus et al., 2015).
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Horizontal transfer of mobile genetic elements (MGEs) such as plasmids and transposons,
which encode virulence and antibiotic resistance in microbial populations, is a widely
occurring phenomenon (Hall and Barrow, 2004). Between environmental bacteria, such a
genetic exchange is often accomplished through conjugation (Yin and Stotzky, 1997). If it
occurs in the intestine of a host organism (Santagati et al., 2012; Fu et al., 2017), bacteria
with newly acquired MGEs can be spread in the environment through faecal deposition
(Huddleston, 2014), which can thus facilitate the dissemination of newly emerging
bacterial pathogens with multiple antibiotic resistance genes.
Enterococci are Gram positive, facultative anaerobic bacteria that form an essential
component of the gut microbiota of animals (Deller et al. 2006; Byappanahalli et al., 2012).
They support digestion and other metabolic processes and can boost immunity in hosts
(Franz et al., 2011). They are also opportunistic pathogens known to cause HAIs on a global
scale (Guzman et al., 2016). Due to their widespread occurrence in both terrestrial and
aquatic ecosystems, mainly through human and animal faeces, they are widely utilised as
indicators of environmental faecal contamination (Wade et al., 2006). Enterococcus strains
increasingly express multiple resistance to antibiotics (Mannu et al., 2003). A pheromoneinduced conjugal transfer of resistance genes has been identified within the Enterococcus
genus (Clewell, 1990). In E. faecalis, conjugation can transfer plasmids that carry genes
encoding for vancomycin resistance from donor cells to pheromone-secreting recipients
from the same bacterial species (Conwell et al., 2017). Recently the potential for this
genetic exchange to occur in living organisms has been reported for a murine model (Hirt,
2018). However, very little is known about conjugative gene transfer rates within living
organisms that experience episodic or periodic exposure to E. faecalis, particularly in
aquatic environments.
Aquatic ecosystems are important reservoirs of antibiotic resistant bacteria (ARB) and
genes (ARG) from anthropogenic sources (Marti et al., 2014), and aquatic animals living
therein have potential to disseminate these ARB and ARGs (Lupo et al., 2012). Predation
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by zooplankton often drives the fate of faecal bacterioplankton in the aquatic environment
(Boehm et al., 2005). However, there is no evidence that filter feeding activities of
zooplankton can promote the spread of ARGs. Freshwater zooplankton species of the genus
Daphnia are filter feeders belonging to the order Cladocera (Arthropoda: Crustacea). They
represent a group of zooplankton organisms that are ubiquitous in lakes and ponds all over
the world (Adamowicz et al., 2009). Daphnia reproduces mainly by asexual reproduction,
which can achieve fast population growth and results in a large abundance of genetically
identical clones (Simon et al., 2011). Due to the ease of growing Daphnia clones in the
laboratory, they are widely used in modern toxicology and genomics studies as a tool for
assessing ecological responses to environmental stressors (Miner et al., 2012). Daphnia
can also enter a sexual reproduction mode which produces ‘ephippia’ as diapausing eggs
that are well suited to survival of harsh environmental conditions (Hairston et al., 1995).
Daphnia is a pelagic generalist filter feeder that efficiently ingests heterotrophic bacteria,
phytoplankton and protozoa over a wide range of sizes (Gophen and Geller, 1984;
Brendelberger, 1991; Langenheder and Jürgens, 2001). Daphnia is also preyed upon by
bacterivorous fishes and predatory invertebrates as a nutritional food source due to its high
phosphorus content (Lampert, 2011). As a result, several studies have suggested that the
dynamic position Daphnia occupies in pelagic food-web interactions and primary
production has keystone status (Ives et al., 1999).
Filter feeding activities of Daphnia can control phytoplankton populations in freshwater
ecosystems (Martin-Creuzberg et al., 2011; Miner et al., 2012). Seasonal changes in water
transparency in lakes are often linked to phytoplankton abundance, Daphnia abundance,
and the species of Daphnia present (Hairston et al., 2005). Also, differences in Daphnia
body size can have an effect on phytoplankton filtering rates, as large-sized daphnids tend
to ingest more and larger particle sizes than small bodied daphnids (Compte et al., 2009).
When feeding on bacteria, filtering rates of Daphnia are more a function of the mesh size
of filter appendages than Daphnia body size (Bednarska and Dawidowicz, 2007). The
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Daphnia mesh morphology is species-specific (Gophen and Geller, 1984) but can also vary
between clones of the same species, all of which lead to variations in bacteria filtering rates
(Gophen and Geller, 1984; Bednarska and Dawidowicz, 2007). While Daphnia can ingest
and digest bacterial cells, thereby altering their viability (Connelly et al., 2005), some
bacteria can resist digestion and will persist in the Daphnia gastrointestinal tract (gut),
which thus may even represent a refuge for them (Lin et al., 2016; Eckert et al., 2016).
The gut environment is naturally colonised by a highly diverse and complex microbial
community. The high bacterial abundance and physical proximity of neighbouring cells
within the gut microbiome creates a highly conducive environment for cell-to-cell
horizontal transfer of genetic information (Flint, 1994; Kim et al., 2007; Shterzer and
Mizrahi, 2015). Conjugative gene transfers within gut environments enable microbes to
evolve through the exchange of genes conferring virulence and antibiotic resistance
properties (Capozzi and Spano, 2009). The gut of Daphnia sp has been shown to harbour
antibiotic resistant bacteria which can persist for a few days (Eckert et al., 2016). There has
however not been any previous knowledge about the potential for the horizontal transfer of
antibiotic resistance gene bearing plasmids between bacteria during passage through the
Daphnia gut. The aim of this study was to determine if pheromone-induced conjugation
between E. faecalis strains occurred within the gastrointestinal tract of Daphnia species.
The main objectives of this study were:
-

To determine the rate of E. faecalis filtration by Daphnia magna and Daphnia
pulex.

-

To determine ARG transfer frequency in E. faecalis during Daphnia magna and
Daphnia pulex filtration activities.

-

To assess antibiotic resistance gene transfer in genotypically different E. faecalis
strains after D. magna and D. pulex gut passage.
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-

To assess the effect of gut evacuation on the recovery of transconjugants (recipients
with newly acquired genes).

-

To investigate the duration of persistence of ingested E. faecalis within Daphnia
magna guts.

Figure 3.1: Study hypothesis showing that contact between E. faecalis donor and
recipient cells through biofiltration by Daphnia sp may facilitate the transfer of
vancomycin resistance gene
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3.2 Materials and Methods
3.2.1 Bacterial strains and reagents
The E. faecalis strains used in this conjugation study have been previously identified and
described (Conwell et al., 2017; Daniels, 2011). Bacterial cultures were maintained on
Tryptone Soya Agar (TSA, Oxoid, CM0131, Basingstoke, England) at 4 ˚C for the duration
of the experiment. Overnight bacterial cultures used for conjugation experiments were
grown in Tryptone Soy Broth (TSB, Oxoid CM0129, Basingstoke, England) at 37 ˚C.
Vancomycin and rifampicin used for the experiments were obtained from Sigma-Aldrich
(St. Louis, USA). A donor E. faecalis strain, MF06036Van, carries a plasmid bearing a vanA
vancomycin resistance gene. Recipient strains MW01105Rif and ST02103Rif are susceptible
to vancomycin and possess a mutation conferring resistance to rifampicin.
3.2.2 Preparation of fluorescence-labelled Enterococcus faecalis
Preparation of a stock solution of red fluorescence dye, Cell Tracker Red CMTPX (Thermo
Fisher Scientific Inc., Massachusetts, USA) involved warming a dye vial containing 50 µg
of red fluorescence dye from its -20 oC storage temperature to room temperature and
dissolving the dye in approximately 7 µL of Dimethyl Sulfoxide (DMSO) to achieve a 10
mM concentration. A working solution of 25 µM concentration was prepared by adding 5
µL of stock solution to 2 mL of cell-free spent E. faecalis broth culture and incubating at
37 oC. A 5 mL of 90-min E. faecalis culture grown to a density of 109 CFU/mL was diluted
by down to 108 CFU/mL in tryptone soya broth and centrifuged at 2000 × g for 10 min
after which the supernatant was discarded. The bacterial pellet was resuspended in 2 mL
of the prewarmed working dye solution and incubated at 37 oC for 45 min. After another
centrifugation step, the supernatant was discarded, and the cell pellets were washed four
times in PBS before resuspension in TSB.
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3.2.3 Test organisms
Daphnia magna and Daphnia pulex clones were acquired commercially from Sciento
Scientific Ltd, Manchester, UK, and Blades Biological Ltd, Kent, UK respectively. Batches
of adult daphnids (2.2 - 2.5 mm) were then cultured continuously in filtered and autoclaved
river water in 5 L containers at 20 oC in 12 h:12 h light-dark cycles. Daphnids were fed
with green algae (Desmodesmus subspicatus) purchased from the SAG culture collection
at the University of Göettingen Germany, strain numbers: SAG 86.81 and 52.90
respectively); algal cultures were maintained at room temperature (21 ± 2 ˚C). The river
water was renewed twice a week, and neonates were recovered and used to start new
cultures during each renewal. The concentration of algal cells was determined with a
haemocytometer at 40× magnification under a light microscope. Before application in
feeding the daphnids, algal suspensions were diluted to a concentration of 2.0 x 106 N/mL.
Clones of adult daphnids from each batch were collected and sorted according to size for
use in conjugation experiments.
3.2.4 Determination of Daphnia length
Before the conjugation experiments, large Daphnia specimens were collected from the
culture by filtration through a nylon mesh (aperture size 730 x 1520 µm) and were
transferred to microcosms with disposable pipettes. Standard length from the eye to the
base of the apical spine (Culver et al. 1985) was determined on digital images for each
daphnid using an OLYMPUS microscope and imaging suite (optical microscope SZX16
with a DP72 camera and imaging software cellSens 1.3, all by OLYMPUS Co, Japan).
3.2.5 Clearance of Daphnia gut content
Before exposure to the test bacteria, the gut contents of selected daphnids were cleared by
starvation treatment for 2 days (Figs. 3.2 & 3.3). Afterwards, daphnids were fed with 300
µL of sterile Sephadex G-25 (cross-linked dextran gel) medium (GE HealthCare, UK) three
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times a day for a further 72 h to achieve gut clearance (Dukić et al., 2016). A Sephadex
stock mixture was prepared by adding approximately 0.5 g of powder per 100 mL of
autoclaved Daphnia medium.

Figure 3.2. Light microscopy image of Daphnia magna before (a) and after gut clearance
(b) Daphnids were grown on a Desmodesmus subspicatus diet. Gut clearance was achieved
by 24 h starvation and 72 h filtration on Sephadex gel beads (mg = midgut; hg = hindgut).
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500 µm

Figure 3.3. Light microscopy image showing gut-cleared Daphnia pulex

3.2.6 Determination of Daphnia filtration rate for bacteria
Bacteria grazing experiments were conducted with adult Daphnia magna (mean body
length 1.8 mm, n = 10) and adult D. pulex (mean body length 1.9 mm, n = 10). The
coefficient of variation in daphnid length was kept below 4%. Prior to the grazing
experiment, daphnids were placed in sterile reconstituted artificial Daphnia medium (DM)
prepared as ISO test water according to OECD, 2004, Annex 3 (OECD, 2004) and starved
for 3 d at 20 ˚C. DM was renewed daily, and the daphnids were checked for mortality. To
determine the filtration rate of the two Daphnia species, samples of 10 daphnids in 10 mL
DM were inoculated with 1.5 x 109 CFU/mL of E. faecalis for 24 h in the dark.
Concentrations of bacteria were determined through counts of colony-forming units (CFU);
filtration rates were calculated with the equation (Peterson, 1978):
1

v

Filtration rate (mL animal−1 h−1 ) = t × ln(C0 ⁄Ct ) × N

Equation 3.1

Where t = duration of feeding, Co is the concentration of bacteria at time, t = 0 h, Ct is the
concentration of bacteria at the time t, t =24 h, v = volume of treatment, N = number of daphnids
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3.2.7 Effect of ambient bacterial cell abundance on the accumulation in the Daphnia gut
For the investigation of a potential effect of initial bacterial cell abundance in ambient
medium on bacteria accumulation in the Daphnia gut, and resulting conjugation rates,
daphnids were exposed to fluorescence-labelled E. faecalis at concentrations ranging from
10 to 109 CFU/mL for 4 h. Subsequent preservation in 2% formaldehyde for 24 h prepared
daphnids for fluorescence microscopy. Fluorescence-stained E. faecalis in the Daphnia gut
region (Fig. 2) were viewed with a 40× objective on a Nikon Eclipse E400 fitted with a
Nikon DS-Fi1C using a G2-A (green excitation) filter set (excitation/emission
wavelengths: 577/602 nm). Fluorescence images were captured with a NIS-elements
software and processed using Image J software (Image J 1.52, NIH).
3.2.8 Determination of Fluorescence Intensity
Fluorescence microscopy images were processed in ImageJ software (ImageJ 1.52, NIH)
for the determination of bacterial fluorescence intensity in the daphnid gut. Images were
converted to 16-bit before selecting a gut region for the measurement of fluorescence
intensity. Three background intensity readings were taken for a correction for background
noise. The fluorescence intensity was measured using a protocol by Fitzpatrick (2014) and
determined by the equation:

Corrected Total Cell Fluorescence =

Integrated density −(area of selected gut region)
mean background fluorescence

Equation 3.2
3.2.9 Conjugal transfer of vancomycin resistance genes during filter feeding by Daphnia
To investigate the effect of filtration on the transfer of vancomycin resistance, replicate
treatment samples with 10 adult daphnids (1.8 – 2.0 mm) each were used for the
conjugation experiments. These were placed in 30 mL universal tubes (Greiner bio-one
Inc., Austria) and incubated in 10 mL DM at 20 ˚C for 24 h in the dark to acclimatise with
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the experimental conditions. All daphnids were starved during this period to ensure that
they fed at a higher rate during the main experiment.
Aliquots of 1 mL overnight culture of E. faecalis recipient strain (MW01105Rif or
ST02103Rif) and donor strain MF06036Van were each diluted with 9 mL TSB and cultivated
in 15 mL centrifuge tubes for 90 min at 37 ˚C to enter the mid-exponential growth phase.
The bacterial cells were harvested by centrifugation for 30 min at 2300 × g at 4 ˚C. The
supernatant was discarded, and the bacterial pellet resuspended in 10 mL DM. 500 µL of
resuspended 90 min culture was added to 4.5 mL of sterile DM in 30 mL universal tubes
for a final bacteria concentration of 108 CFU/mL. For initial acclimatisation to the bacteria
diet, seven samples of 10 adult daphnids in 108 CFU/mL E. faecalis (ST02103Rif)
treatments were incubated for 1 h at 20 ˚C in the dark. Afterwards, daphnids were removed
with a transfer pipette, washed twice in 5 mL DM and then transferred to new 30 mL tubes
containing sterile 4.5 mL DM for the feeding-conjugation experiment. Control samples of
Daphnia in DM without bacterial inoculation were also set up to ensure that no enterococci
were introduced by the daphnids. At the end of this phase, antibiotic selection TSA plates
were inoculated with 500 µL of the treatment and controls and incubated at 37 ˚C for 48 h.
Antibiotic selection TSA plates were prepared with 10 µg/mL vancomycin and 100 µg/mL
rifampicin (Conwell et al., 2017). A 1 mL volume of wash water from each wash step was
also plated on TSA plates and antibiotic selection plates to check for transconjugants on
Daphnia carapace.
For feeding-conjugation experiments, 1 mL of MF06036Van was added to 9 mL of recipient
strain (MW01105Rif or ST02103Rif), all in the mid-exponential phase, and gently mixed
(Conwell et al., 2017). A 500 µL aliquot of the mix was then added to 4.5 mL DM in the
30 mL tubes containing the washed daphnids to a final concentration of 108 CFU/mL and
incubated at 20 ˚C for a further 4 h in the dark to allow filtration. The bacterial concentration
was kept the same as it had been during the acclimatisation step. Daphnids were then
removed from the feeding treatment, washed twice in 5 mL DM and then transferred to 30
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mL universal tubes containing 4.5 mL DM and 500 µL of mid-exponential recipient strain.
The treatment was then incubated at 20 ˚C for another 2 h to allow for the clearance of the
gut content from the previous 4h feeding step. Seven samples of treatments and controls
were prepared for the feeding and gut clearance steps. Double selection TSA plates were
inoculated with 500 µL of the treatment and controls and incubated at 37 ˚C for 48 h. As a
negative control, double selection TSA plates were inoculated with parent strains to
confirm the effect of the antibiotic concentrations. After the 48-h incubation period, the
transconjugants (TC) excreted by daphnids were counted as CFU numbers, and the
vancomycin transfer frequency was calculated as the number of transconjugants per
recipient. The concentration of donor and recipient strain fed to the daphnids was
determined by direct plate count after a 6-fold serial dilution. The emergence of E. faecalis
from the Daphnia gut during the 4 h feeding phase was examined by red fluorescence
labelling of the recipient ST02103Rif. An initial pilot study was conducted with eleven
replicates to determine the number of replicate samples statistically representative of the
difference in conjugation frequency between treatments and controls. Results of two repeat
experiments, each with seven replicates, were used for data analysis. An illustration of the
conjugation protocol is given in Fig. 3.4.
3.2.10 Recovery of transconjugants from Daphnia after 24 hours
The excretion of transconjugants from the Daphnia gut over an extended 24 h period was
investigated through bacterial counts in the ambient medium after periods of gut clearance.
Following the method described in Section 3.2.9, three 5 mL replicate treatment samples,
each containing 10 adult daphnids (2.3 – 2.9 mm) were incubated at 20 oC for 4 h for
feeding. After this feeding phase, daphnids underwent a two-step wash in PBS before
further incubation in universal tubes containing 5 mL DM, but this time without bacteria,
to enable gut clearance. After 2 h incubation, 100 µL samples were collected and plated
on antibiotic selection plates, while the daphnids were transferred into new 5 mL DM.
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E. faecalis
recipient
strain
MW01105
or ST02103

E. faecalis
donor
strain
MF06036

1. 10 mL of 10 %
overnight culture
grown for 90 min
to mid-exponential
phase in 30 mL
universal tubes

5. 100 µL of the
suspension is plated
on double selection
TSA. Daphnids are
removed, washed and
placed in 5 mL DM
for gut clearance.

2. 10 mL of 1:9
ratio donor-torecipient mix

3. 500 µL of mix is
added to 4.5 mL of
Daphnia medium
(DM)

4. 10 gut-cleared
adult Daphnia are
added to the 5 mL
suspension and
O
incubated at 20 C
for 4 h

TSA with 100
µg/mL rifampicin
for recipient
confirmation

TSA with 100 µg/mL rifampicin
+ 10 µg/mL vancomycin for
transconjugant confirmation

Figure 3.4. Protocol for liquid conjugation assay described in Section 3.2.9
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Sampling 100 µL volumes from treatments and subsequent transfers of daphnids to fresh 5
mL DM were repeated at 6 h, 16 h and 24 h post-feeding. For the quantification of
transconjugants remaining in daphnids at this point, after 24 h, all Daphnia specimens in
replicate samples were individually washed and crushed in 1.5 mL Eppendorf tubes with
Eppendorf micropestles. Each crushed Daphnia was resuspended in 1 mL PBS and plated
on antibiotic selection agar plates. Three separate experiments were conducted in
triplicates.
3.2.11 Persistence of Enterococcus faecalis in the Daphnia gut
The assessment of duration and dynamics of E. faecalis retention in the Daphnia gut
required feeding phase experiments as reported above with 108 CFU/mL fluorescence
labelled bacteria of recipient strain ST02103Rif but with extended gut clearance times. After
the initial 4 h feeding phase, 50 daphnids underwent a three-step wash in PBS and were
placed in 200 mL Daphnia medium for 24 h, before renewing the PBS solution to minimise
re-ingestion of excreted E. faecalis. After the feeding phase, random sampling of six
daphnids per day continued in 24 h intervals until 96 h post-feeding as a safe limit for
keeping the test organisms alive without provision of food. These samples were fixed in
2% formaldehyde for fluorescence microscopy.
3.2.12 PCR amplification of vancomycin resistance genes in donor and transconjugants
The vancomycin resistance gene target sequence was amplified using a TC-5000 Techne
Thermal Cycler gradient PCR instrument (GMI, Inc, USA) following a previously
described method (Conwell et al., 2017). Briefly, 120 ng/µL of Enterococcus DNA was
mixed with 49 µL of master mix, with a final concentration of 1.5 mM MgCl2, 0.2 mM
(each) deoxynucleoside triphosphate, 0.5 µm of vanA forward (5’-CTACTCCCGCCTTT
TGGCTT-3’) and vanA reverse (5’-TTCACACCGAAGGATGAGCC-3’) primer
sequences and 2.5 U of Taq DNA polymerase (Invitrogen Corp., California, USA). An
initial denaturation step at 95 ˚C for 5 min was followed by 30 cycles of denaturation at 94
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˚C, annealing of PCR primers at 58 ˚C for 30 s, DNA extension at 72 ˚C for 90 s and a final
incubation step at 72 ˚C for 10 min. Afterwards, the PCR fragments were held continuously
at 4 ˚C. They were analysed by electrophoresis in a 1.5% (wt/vol) agarose gel stained with
5 µL SYBR Safe in TBE buffer (1% Tris-Borate EDTA) at 100 volts. Gels were visualized
on an Alpha Imager (Cell Biosciences, Heidelberg, Germany).
3.2.13 DNA sequencing and analysis
Sanger sequencing of the amplified vanA sequence was performed by Eurofins Genomics
GmbH (Germany). Nucleotide sequences of both forward and reverse strands of PCR
products were determined using the vanA forward and reverse primers, respectively. The
nucleotide sequence data were aligned and edited using the BioEdit software alignment
editor. The Basic Local Alignment Search Tool (BLAST) program was used to carry out a
similarity search on sequence data held on the National Centre for Biotechnology
Information website. For generating an identity similarity matrix, donor and transconjugant
nucleotide sequence similarity was determined in public databases with the BLAST
program (http://www.ncbi.nlm.nih.gov /blast/) and T-COFFEE multiple sequence
alignment program (http: www.ebi.ac.uk/Tools/msa/tcoffee/).
3.2.14 Statistical analysis
Statistical differences between transconjugant numbers in experimental treatments and
controls were determined by non-parametric tests. Non-parametric Mann-Whitney t-test
and Kruskal-Wallis one-way and two-way analysis of variance (ANOVA) was conducted
using the GraphPad Prism 7.00 software. To determine the effective sample size for this
study, a power analysis was conducted with data from an initial pilot experiment with 11
samples. It revealed that six samples were sufficient to detect a significant difference of up
to 20% of the means between treatments and controls at alpha = 0.05 and power = 0.8.
3.3 Results
3.3.1 Bacteria filtration rate
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The filtration rates of D. magna and D. pulex for the recipient E. faecalis strains were
individually assessed after gut clearance (Table 3.1). Figure 3.2 showed an adult Daphnia
magna before and after the gut evacuation phase, and before the determination of bacterial
filtration rates. The loss of green colour indicates clearance of algal food from the gut. Nonparametric Mann-Whitney U t-test for independent samples showed no significant
difference between the mean filtration rates for two different E. faecalis strains,
MW01105Rif and ST02103Rif by D. magna (Mann-Whitney: U = 4, df = 4, n =3, p =0.9000)
and by D. pulex (U = 2.5, df = 4, n = 3, p =0.5000). When the filtration rates were compared
between the two Daphnia species, results showed no significant differences between D.
magna and D. pulex in their filtration of MW01105Rif (U = 0, n = 3, df = 4, p =0.1000)

Table 3.1. Arithmetic means, standard deviations and estimates for 95% confidence
intervals for filtration rates in different Daphnia – E. faecalis microcosms (strains
MW01105Rif, ST02103Rif)
95% CI for
Mean
Difference

M

SEM

n

MW01105Rif

0.030

0.0014

3

0.0239, 0.0357

ST02103Rif

0.030

0.0005

3

0.0288, 0.0314

MW01105Rif

0.026

0.0008

3

0.0219, 0.0289

ST02103Rif

0.027

0.0005

3

0.0256, 0.0281

Filtration rate of D. magna (mL ind-1 h-1)

Filtration rate of D. pulex (mL ind-1 h-1)

M = arithmetic mean; SEM = Standard error of the mean; C.I. = confidence interval

3.3.2 Bacterial cell abundance in the ambient medium and its effect on the accumulation
in the Daphnia gut
The assessment of filtration and accumulation of fluorescence-labelled E. faecalis in the
Daphnia gut required observations on exposure to a wide range of initial bacteria
concentrations. Fluorescence intensity (FI) was used to determine the bacterial
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concentration at which the FI reached a plateau in the Daphnia gut. FI was also assessed
as a useful tool to quantify bacterial aggregation in the Daphnia gut. Analysis of Daphnia
fluorescence images allowed quantification of E. faecalis abundance within individual gut
regions by proxy (Figs. 3.5 & 3.6). For fluorescence intensities (FI) due to bacterial
accumulation, results of a two-way ANOVA of FI with varying initial bacterial abundance
(BA) in two Daphnia gut regions revealed a significant interaction between initial BA and
gut region (F = 3.792, n = 3, df = 8, p =0.0026). To understand interaction effects, the
initial BA was divided into two groups: high initial BA (105 - 109 CFU/mL) and low initial
BA (10 – 104 CFU/mL). In this case, the observed interaction effect on FI was not
significant at both low BA (F = 1.289, n = 3, df = 3, p =0.3122) and high BA (F = 2.395,
n = 3, df = 3, p =0.1064). Gut region effect on FI was significant at high bacterial abundance
(F = 8.695, n = 3, df = 1, p =0.1064), but not at low BA (F = 1.866, n = 3, df = 1, p =0.1908),
with the hindgut recording higher FI than the foregut. This observation might explain the
initially observed significant interaction effect. The results show that effect of initial
bacterial abundance on FI was highly significant (F = 116.1, n = 3, df = 8, p < 0.0001). The
significant difference observed between gut regions at high BA may not necessarily
represent a true effect of gut regions on FI. As the aim of this experiment was to assess the
effect of bacterial abundance on retention of bacteria in Daphnia gut, the result suggests
that grazing of Daphnia on high E. faecalis concentrations could result in the bacterial
aggregation in the hindgut region before excretion into the ambient environment. This
result highlights the importance of high bacterial abundance in the occurrence of horizontal
gene transfer in the Daphnia gut.
A separate assessment of the two gut regions for the effect of initial bacterial abundance
on accumulation was done by comparison of FI between different bacterial abundance
(Table 3.2). In the foregut, an initial abundance of 105 CFU/mL had significantly higher FI
than lower concentrations (Kruskal-Wallis: H = 12.90, df = 4, p < 0.0001). Within a
bacterial abundance range from 10 to 107 CFU/mL, differences of two or more orders of
magnitude in initial bacteria abundance resulted in significant differences for FI (H = 18.98,
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df = 6, p =0.0042). However, there was no significant difference for FI at cell abundance
107 CFU/mL and 109 CFU/mL (H = 1.156, df = 2, p =0.6286). Results for the hindgut
were quite similar to those for the foregut, where initial bacterial abundance up to 107
CFU/mL resulted in significantly higher FI values than a lower initial abundance (H =
19.46, df = 6, p =0.0035). Again, differences between FI at 107 CFU/mL and 109 CFU/mL
E. faecalis were not significant (H = 1.689, df = 2, p =0.5107).

Figure 3.5. Fluorescence intensities (in arbitrary units) of the red fluorescence dye-stained
E. faecalis in the Daphnia gut after 4 h feeding. Initial E. faecalis abundance varied from
10 to 109 CFU/mL. Error bars = Standard error of the mean (n = 3).
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a.

b.

c.

d.

e.

f.

g.

h.

i.

Figure 3.6. Fluorescence microscopy image of Daphnia gut after a 4-h period of grazing on E. faecalis stained with red fluorescent dye at initial
concentrations of (a) 10 CFU/mL (b) 100 CFU/mL (c) 103 CFU/mL (d) 104 CFU/mL (e) 105 CFU/mL (f) 106 CFU/mL (g) 107 CFU/mL (h) 108
CFU/mL and (i) 109 CFU/mL E. faecalis. Fluorescence viewed with green excitation filter set at excitation/emission wavelength of 577/602 nm.
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Table 3.2. Pairwise comparison of fluorescence intensity (AU) of different initial bacterial
abundance in the Daphnia foregut and hindgut regions (Sidak’s multiple comparison test).
Data show only pairings with a significant difference in fluorescence intensity between the
foregut and hindgut.
Foregut

Hindgut

Bacterial
abundance
pair
(CFU/mL)
10 × 105
10 × 106
10 × 107
10 × 108
10 x 109

t value

p-value

Summary

4.245
4.065
8.959
10.97
11.04

p < 0.01
p < 0.01
p < 0.0001
p < 0.0001
p < 0.0001

**
**
****
****
****

102 × 105
102 × 106
102 × 107

4.095
3.915
8.810

p < 0.01
p < 0.05
p < 0.0001

102 × 108
102 × 109

10.82
10.89

103 × 105

3.954

103

Bacterial
abundance
pair
(CFU/mL)
10 × 106
10 × 107
10 × 108
10 x 109

t value

p-value

Summary

3.658
14.03
13.57
12.56

p < 0.05
p < 0.0001
p < 0.0001
p < 0.0001

*
****
****
****

**
*
****

102 × 106
102 × 107
102 × 108

3.506
13.88
13.42

p < 0.05
p < 0.0001
p < 0.0001

*
****
****

p < 0.0001

****

102 × 109

12.40

p < 0.0001

****

p < 0.05

*

103 × 105

2.956

p < 0.05

*

106

106

×
103 × 107
103 × 108
103 × 109

3.775
8.669
10.68
10.75

p < 0.05
p < 0.0001
p < 0.0001
p < 0.0001

*
****
****
****

103

×
103 × 107
103 × 108
103 × 109

3.568
13.94
13.48
12.46

p < 0.05
p < 0.0001
p < 0.0001
p < 0.0001

*
****
****
****

104 × 107
104 × 108
104 × 109

7.991
10.00
10.07

p < 0.0001
p < 0.0001
p < 0.0001

****
****
****

104 × 107
104 × 108
104 × 109

13.05
12.59
11.57

p < 0.0001
p < 0.0001
p < 0.0001

****
****
****

105 × 107
105 × 108
105 × 109

4.715
6.728
6.798

p < 0.01
p < 0.0001
p < 0.0001

**
****
****

105 × 107
105 × 108
105 × 109

10.98
10.52
9.5

p < 0.0001
p < 0.0001
p < 0.0001

****
****
****

106 × 107
106 × 108
106 × 109

4.894
6.905
6.977

p < 0.001
p < 0.0001
p < 0.0001

***
****
****

106 × 107
106 × 108
106 × 109

10.38
9.915
8.897

p < 0.0001
p < 0.0001
p < 0.0001

****
****
****

Degree of freedom, df = 36, n = 3
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3.3.3 Determination of vancomycin resistance transfer within the Daphnia gut
The concentrations of the E. faecalis donor MF06036Van and recipient strains MW01105Rif
and ST02103Rif (hereafter referred to as parent strains) used in the D. magna and D. pulex
conjugation experiments (Table 3.3) were not significantly different (Kruskal-Wallis, H =
4.244, df = 5, p =0.1189). This was a prerequisite for ensuring comparability of gene
transfer rates for the different Daphnia species and recipient E. faecalis strains used in this
study. A one-way ANOVA test showed that there was no significant difference between
transconjugant numbers obtained from treatments with D. magna and D. pulex (F = 1.606,
df = 1, n = 14, 14, p =0.2107). However, there was a significant difference of transconjugant
counts between recipient strains (F = 145.8, df = 1, n = 14, p < 0.0001) with the
transconjugant counts obtained from ST02103Rif being fifteen times higher than the
transconjugant counts from MW01105Rif. In experiments carried out with both Daphnia
species (Table 3.3), the frequency of vancomycin resistance transfers in ST02103Rif
consistently exceeded that in MW01105Rif by one order of magnitude (10-7 to 10-8), and
differences in transconjugant counts obtained from Daphnia species were not significant
(Sidak’s test: t = 0.5031, n1 = 14, n2 = 14, df = 52 for MW01105Rif ; t = 2.295, n1 = 14, n2 =
14, df = 52 for ST02103Rif).
The reported transconjugant counts in Table 3.3 represent the totals from the 4 h feeding
phase and subsequent 2 h gut clearance phase. The confidence in these numbers being an
adequate representation of obtainable TC from the Daphnia stems from more than 90% of
TC emerging in the feeding phase of the experiments. TSA plate culture showed growth of
bacteria from Daphnia wash water, indicating potential transfer of bacteria into the gut
clearance phase. However, no transconjugants were detected on TSA plates inoculated with
antibiotics (Fig. 3.7).

79

Table 3.3. Mean transfer frequency of vancomycin resistance to recipient Enterococcus
faecalis strains MW01105Rif and ST02103Rif within the gut of two Daphnia species
(n = 14)

Recipient
strains

Recipient
count
(CFU/mL)

Transconjugant
number
(CFU/mL)
FP (GCP)

Transfer frequency
(T:R)

D. magna

MW01105Rif
ST02103Rif

1.5 × 108
1.3 × 108

2 ± 1 (3)
47 ± 5 (4)

1.5 × 10-8 ± 7.7 × 10-9
3.7 × 10-7 ± 5.1 × 10-8

D. pulex

MW01105Rif
ST02103Rif

1.7 × 108
1.1 × 108

4 ± 1 (1)
37± 3 (3)

2.3 × 10-8 ± 8.1 × 10-9
3.3 × 10-7 ± 2.6 × 10-8

A much lower number obtained during the gut clearance phase showed that most of the
excretion of the filtered and ingested bacteria from the Daphnia gut had already happened
within the initial 4 h feeding phase before the daphnids were transferred into gut clearance
containers and suggested a steep decline in excretion of transconjugants after feeding
stopped. Re-ingestion of enterococci after excretion appeared unlikely, as faecal pellets
remained physically intact at the base of the container. Controls with bacterial parent
strains, but without Daphnia, produced no transconjugants in the periods of the feeding
phase and the gut clearance phase. Also, no growth was found on plates inoculated with
control treatments containing only daphnids but no bacteria. TC colonies were further
subcultured onto double selection TSA plates and single selection TSA plates with
vancomycin (10 µg/mL) to confirm the acquisition of vancomycin resistance. After 24 h
incubation at 37 ˚C transconjugant and parent recipient growths were observed on the
double selection plate and single selection plates, respectively, as expected.
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Figure 3.7. Plating of wash water (WW) from two-step Daphnia wash after a 4 h feeding phase. (A-C) TSA plates + Van+Rif with first WW (D-F),
TSA plates + Van+Rif with second WW (A1-C1) TSA plates with first WW and (D1-F1) TSA plates with second WW.
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The aggregation of E. faecalis in the Daphnia gut during the 4 h feeding phase was
investigated with the sole use of fluorescence labelled recipients. Fluorescence images of
daphnids showed fluorescence intensities in the fore, mid and hindgut regions over 1 h, 3
h and 4 h incubation periods (Fig. 3.9). After 1 h, fluorescent bacteria were visible in the
Daphnia gut. The fluorescence intensity was not significantly different between the
foregut, midgut and hindgut regions (Kruskal-Wallis, H = 5.6, df = 2, p =0.05). After 3 h,
results were similar for all three gut regions (H = 5.422, df = 2, p =0.0714). However, lower
FI values were obtained from the foregut and midgut, respectively. At 4 h, a decrease in FI
was observed in the foregut regions, while the midgut FI remained relatively unchanged.
The hindgut region, however, had higher FI values at 4 h than was recorded at 3 h,
suggesting the more bacteria had accumulated there. This is evidence for continuous gut
passage causing increased bacterial accumulation in the hindgut and for the subsequent
emergence of bacteria from the daphnia gut about 4 h post-feeding.

Figure 3.8. Fluorescence intensity (in arbitrary units) of the red fluorescence dye-stained
E. faecalis at initial 108 CFU/mL in Daphnia gut within a 4 h feeding period. Error bars =
standard error of the mean (n = 6).
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b.
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Figure 3.9. Fluorescence images of the Daphnia gut during a 4 h feeding phase on E.
faecalis of 108 CFU/mL initial concentration stained with red fluorescent dye; after (a) 1 h
(b) 3 h (c) 4 h incubation periods. Fluorescence viewed with green excitation filter set at
excitation/emission wavelength of 577/602 nm.
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3.3.4 Recovery of transconjugants in Daphnia after 24 hours
Conjugation experiments described in Section 3.3.3 were conducted for a longer duration
to allow a more extended gut clearance period. The number of transconjugants in daphnids
was determined at different intervals in the 24 h period following the initial 4 h feeding
phase. There was no significant difference (Kruskal-Wallis: H = 3.380, df = 8, p =0.9083)
between the cumulative totals of transconjugants obtained from triplicates in three separate
experiments after 24 h gut clearance (Table 3.4). The results showed that 72% of
transconjugants recovered from all treatments were obtained during the initial 4 h feeding
phase. Transconjugant recovery during the following gut evacuation periods of 2 h, 6 h, 16
h and 24 h were 9%, 10%, 12 % and 1% respectively. Transconjugants were not obtained
from all treatments at every sampling point. This may be due to individual differences
between daphnids regarding residence times of the transconjugants within the gut or to the
uncertainty associated with the detection of transconjugants at low concentrations.
Transconjugant numbers obtained in the 4 h feeding phase in this study were significantly
higher than those recorded in Section 3.3 for Daphnia magna The size of daphnids (2.3 –
2.9 mm) was also considerably larger than of those test organisms in the previous section
(1.8 – 2.0mm) (Mann-Whitney: U = 58, n1 = 30, n2 = 30, p < 0.0001).
There was considerable variation in the number of transconjugants obtained from crushing
and plating individual daphnids in the first two sets of triplicate treatments (T1 – T6; Table
3.5). As mentioned previously, each treatment contained 10 daphnids. Across treatments,
at least three out of ten daphnids had no transconjugants in their guts, while there were
other individual daphnids accounting for up to 50 % of transconjugants in their treatment
groups. These results show that transconjugants emerged at different rates from the guts of
daphnids, which had been bred asexually from a single clone.
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Table 3.4. Total number of transconjugants obtained from Daphnia culture after feeding
and up to 24 h gut clearance in triplicates from three separate experiments
Replicate
treatment
T1
T2
T3
T4
T5
T6
T7
T8
T9
Total
Mean
SEM

Transconjugant count, treatment
(CFU/mL)
2 h GCP
6 h GCP
16 h GCP
11
0
0
2
26
12
7
8
80
23
43
15
9
16
52
32
5
2
48
21
1
12
28
0
0
17
46
144
164
208
21
22
19
7
5
10

4h FP
160
132
151
121
107
148
93
81
143
1136
115
11

24 h GCP
0
2
2
4
5
0
1
0
8
22
3
1

Total
171
174
248
206
189
187
164
121
214
1674

Table 3.5. Total number of transconjugants obtained from individually crushed Daphnia
specimens in six treatment samples. Each treatment contained 10 adult daphnids.

Daphnia 1
Daphnia 2
Daphnia 3
Daphnia 4
Daphnia 5
Daphnia 6
Daphnia 7
Daphnia 8
Daphnia 9
Daphnia 10
Total

T1
37
6
12
0
0
7
19
41
1
0
123

T2
10
114
0
1
167
0
12
0
1
0
305

Treatment
T3
22
19
0
149
2
183
0
0
0
0
375

T4
0
8
23
2
0
5
0
38
3
46
125

T5
14
7
5
45
1
0
29
93
0
0
194

T6
0
0
17
4
36
0
4
23
31
7
122

3.3.5 Clearance of Enterococcus faecalis from Daphnia gut
Long-term retention of E. faecalis in the Daphnia gut was assessed using fluorescence
labelled bacteria of the recipient strain ST02103Rif. Analysis of daphnids sampled after 4 h
and in 24 h for four days showed a decrease in fluorescence intensity (FI) with time (Figs.
3.10 & 3.11). Between 4 h and 24 h post-feeding phase, there was a mean FI decrease from
7 × 106 to 2 × 106 AU. A one-order-of-magnitude FI decrease was observed after 48 h, and
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another such decrease occurred between 48 h and 96 h. The results showed that E. faecalis
persisted in the Daphnia gut for up to four days.

Figure 3.10. Fluorescence intensity of the red fluorescence dye-stained E. faecalis at initial
108 CFU/mL in the Daphnia gut after a 96-h gut clearance period. Error bars = standard
error of the mean (n = 6).

3.3.6 PCR detection of vancomycin resistance genes in donor and transconjugants
The identification of a known vancomycin resistance gene by PCR was used to confirm the
transfer of vancomycin resistance between the donor and recipient strains during grazing
by D. magna and D. pulex. The phenotypical expression of vancomycin resistance was
observed from transconjugant growth on double selection TSA plates. The presence of a
vanA gene was tested for in the donor MF06036Van, recipient strains MW01105Rif and
ST02103Rif and transconjugants recovered from D. magna and D. pulex respectively. The
vanA resistance gene was amplified in the donor strain and all transconjugants but not in
the two parental recipient strains (Fig. 3.12).
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a.

b.

d.

c.

e.

Figure 3.11. Clearance of fluorescence labelled E. faecalis from Daphnia gut after (a) 4 h (b) 24 h (c) 48 h (d) 72 h and (e) 96 h starvation period.
Selected images show fluorescence in the midgut and hindgut regions of the Daphnia gut. Fluorescence viewed with green excitation filter set at
excitation/emission wavelength 577/602 nm.
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Figure 3.12. Agarose gel electrophoresis of the PCR amplification of a vanA gene in
parent E. faecalis strains and transconjugants obtained from conjugation experiments
with (A) recipient strain MW01105Rif and (B) recipient strain ST02013Rif. Lane 1: 100 bp
molecular size marker; Lane 2: vanA gene (size: 106 bp ) in donor MF06036Van; Lane 3:
vanA gene not detected in recipient strain MW01105Rif; Lane 4-5: vanA gene in
transconjugants of MW01105Rif obtained from Daphnia magna; Lane 6-7: vanA gene in
transconjugants obtained from Daphnia pulex; Lane 8: 100 bp molecular size marker ;
Lane 9: vanA gene not detected in recipient ST02013Rif; Lane 10: vanA gene in donor
MF06036Van; Lane 11-12: vanA gene in transconjugants obtained from Daphnia magna;
Lane 13-14: vanA gene in transconjugants obtained from Daphnia pulex.
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3.3.8 DNA sequencing and analysis
The PCR amplified vanA for the donor MF06036Van, and transconjugants recovered from
MW01105Rif were sequenced and subjected to a sequence similarity search with BLAST
(Fig. 3.13). The vanA gene sequence similarity search gave a 100 % match to a vanA gene
in E. faecalis strain CU709 (GenBank Accession number MG460317). The multiple
alignment of the donor and transconjugant vanA gene sequence data was used to produce
a percent identity matrix.

The donor gene sequence had a 100% similarity to all

transconjugant nucleotide sequences. There was also a 100% identity similarity in vanA
gene sequence of transconjugants recovered from MW01105Rif and ST02103Rif in both D.
magna and D. pulex experiments. This piece of direct evidence confirmed that the
vancomycin resistance expressed by the recipient E. faecalis strains was due to the
acquisition of the vanA gene as daphnids actively filtered bacteria.

a.MF06036:
-GCTACGTTTACCTATCCTGTTTTTGTTAAGCCGGCGCGTTCAGGCTCATCCT---b.MW01105trans:
AGCTACGTTTACCTATCCTGTTTTTGTTAAGCCGGCGCGTTCAGGCTCATCCTTCGG
c.ST02103trans:
----------------------------AAGCCGGCGCGTTCAGGCTCATCCTTCG-

Figure 3.13. CLUSTAL W (1.83) multiple sequence alignment for vanA gene in (a)
MF06036Van (b) MW01105Rif transconjugant and (c) ST02103Rif transconjugant from a
Daphnia magna conjugation experiment.
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3.4 Discussion

The study was based on the hypothesis that freshwater zooplankton may facilitate the
transfer of antibiotic resistance genes in pathogenic bacteria through their filter-feeding.
This required initial tests of Daphnia filtration rates in microcosms for comparisons
between the two species involved and with results from previous studies. Although algae
are the primary food for daphnids (Eckert and Pernthaler, 2014), bacteria are an essential
component of their diet in natural ecosystems. They may even be preferentially ingested
compared to algae (Hadas et al., 1982). In this study, the Daphnia filtration of E. faecalis
in a laboratory system was successfully demonstrated. Filtration rates were comparable to
results reported for D. magna and D. pulex (Brendelberger, 1991). Still, they were lower
than rates reported in another study for D. pulex (Peterson, 1978), and for D. galeata (Urabe
and Watanabe, 1991). Such differences could be due to the type and size of the bacterial
cells, the experimental conditions, e.g. inclusion or exclusion of dead and viable but nonculturable cells, and the size of the daphnids in the experiments undertaken by the different
researchers (Burns, 1968). Bacterial filtration rate in Daphnia is generally proportional to
body size, with a larger filter mesh size of the filtering appendages of adult daphnids
resulting in lower retention of bacteria than by juvenile specimens (Brendelberger,1991;
Burns, 1968; Gophen and Geller, 1984). In this study, body size and bacteria filtration rates
of the two Daphnia species were not significantly different. Therefore, species or size
difference did not affect the acceptance of Enterococcus for ingestion.
In experiments involving exposure to both parent strains, filtration by Daphnia and
subsequent intestinal passage resulted in the transfer of vancomycin resistance from donor
to recipient strains of E. faecalis. Both Daphnia species were fed with a vancomycinresistant donor and two different vancomycin-susceptible recipients. Successful
conjugation was detected within a 4 h feeding period with transconjugants expressing
resistance to vancomycin and rifampicin. The one order of magnitude difference in transfer
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frequency between recipient strains showed that individual strains of E. faecalis varied in
their levels of competence for the acquisition of foreign resistance-gene-carrying plasmids,
which may be due to differences in the pheromone-induced conjugation function of
recipient strains observed in other studies (Conwell et al. 2017, Dunny, 2013). There was
no difference in the number of transconjugants recovered from treatments with Daphnia
magna and Daphnia pulex, even though these two species exhibit differences in bacterial
filtration rates at specific temperatures (Burns, 1968). The observed similarity in filtration
rate and also gene transfer frequency may be due to similar culture and acclimatisation
conditions, to which they were subjected prior to conjugation experiments.
A 2-h gut clearance phase was introduced in the absence of the donor strain to confirm the
emergence of transconjugants from the Daphnia gut and to obtain any remaining
transconjugants within the gut after the initial 4-h feeding. In this period, no
transconjugants were obtained from both D. magna and D. pulex for MW01105Rif. In
contrast, transconjugant numbers from ST02103Rif were about 4 % of the number recovered
from the 4-h feeding phase in both Daphnia species. As all experimental conditions were
the same in trials with individual recipient strains and considering that most excretion of
transconjugants had occurred during the feeding phase, the most likely cause for the
significantly higher transconjugant numbers obtained from the ST02103Rif strain could be
its more enhanced pheromone-induced genetic function. Yet, it should also be noted that
it can be challenging to determine if the transconjugant numbers were the product of several
transfer events or a single event followed by multiple cell division. Prolonged experimental
periods can affect the accurate determination of transfer frequency due to bacterial cell
death, and the transconjugants can also act as donors of vancomycin resistance plasmids as
soon as they emerge in the water (Werner et al., 2011). In an attempt to at least constrain
the frequency of occurrence for the latter event type, the length of experiments in this study
was limited to a previously recommended 4-h period for the detection of early conjugation
events (Werner et al., 2011).
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For MW01105Rif, the only strain for which published data was available for comparison,
vancomycin resistance transfer frequency (10-8) in Daphnia without recent phytoplankton
ingestion were five orders of magnitude lower than values reported for transconjugants
obtained from a solid-plate mating study (Conwell et al., 2017). In vitro conjugation is
usually studied under optimised conditions. The intestinal environment of Daphnia differs
significantly from the latter in several respects, e.g. with a far lower ambient water
temperature, exposure of parent strains and transconjugants to digestive enzymes from
Daphnia and a relatively short gut residence time for ingested bacteria. Therefore, in vivo
within Daphnia, lower transfer frequencies can be expected. Nevertheless, experiments
with Daphnia on diets of different phytoplankton species demonstrated that conjugal
transfer frequency in filter feeders might increase by orders of magnitude depending on the
type of food particles ingested in addition to bacteria. Successful ARG transfer through
conjugation requires a high bacterial abundance (Werner et al. 2011, Laffite et al., 2019),
and so conjugation experiments were conducted with a bacteria abundance of 108 CFU/mL.
Fluorescence microscopy images enabled visualisation of bacteria in the Daphnia gut when
fed with E. faecalis concentrations of 107 - 109 CFU/mL.
The conjugation study was further investigated over a 24 h period to recover all
transconjugant in the Daphnia gut post-feeding phase. In this study, the emergence of
transconjugants through daphnid grazing activities was assessed within a 4-h feeding phase
and a subsequent 24-h gut clearance phase. Transconjugants obtained from all 9 treatments
across three separate experiments were comparable in number. However, results showed
that about 72% of transconjugants were obtained during the initial feeding phase. This
showed that the emergence of transconjugants was dependent on the active grazing of
Daphnia on bacteria. Donor and recipient E. faecalis were introduced to previously
acclimatised daphnids in their mid-exponential growth phase. In vivo bacterial conjugation
occurs within the early hours of exponentially growing donor-recipient cell contact (Dunny
et al., 2013; Breuer et al., 2018) with a peak of gene transfer in the late exponential phase
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(Muela et al., 1994). Data from Chapter 1 suggest that the lack of nutrients for bacterial
metabolic activity in the treatment may result in a rapid entry into the stationary growth
phase, and so early entry into the Daphnia gut could be crucial for gene transfer. The
continuous uptake of bacteria at a rate of 0.03 mL ind-1 h-1 may have enabled aggregation
of cells in the entire gut. As Gram positive bacteria tend to be more resistant to digestion
by grazers due to their cell wall morphology (Iriberri et al., 1994), slow digestion of
ingested E. faecalis in the Daphnia gut within the short residence time may have resulted
in the egestion of intact transconjugants in faecal pellets within the first three hours. Also,
sloppy feeding behaviour of Daphnia could result in the loss of bacteria aggregates in the
process of gathering cells with their filtering appendages into the food groove (Ebert,
2005).
An extension of the gut clearance period from an initial 2 h duration to 24 h (Section 2.9.1)
enabled the recovery of five times more transconjugants than were obtained in the shorter
study (Section 2.9). This could be attributed to the significantly larger body size of the
daphnids used in the more extended study, which in theory is proportional to a higher
filtering rate under similar experimental conditions (McMahon, 1962). In both studies, a
common observation, however, was the lower transconjugant numbers obtained in the gut
clearance phase, where bacteria were excluded from the culture medium. It was expected
that transconjugants would emerge in the culture medium from Daphnia through faecal
defecation. Evidence from plate cultures inoculated with Daphnia wash water after an
initial feeding phase suggested that E. faecalis colonised the Daphnia outer body surface,
but no transconjugants were detectable. Unlike the feeding phase, where strong peristaltic
gut contraction and pressure from newly ingested bacteria would help force bacteria down
the tubular Daphnia gut (Ebert, 2005), the absence of such pressure in the gut clearance
phase may have caused the observed intermittent excretion of low transconjugant numbers.
Although the daphnids used in this study were asexual descendants of single animals
(clones), transconjugant numbers obtained from crushed daphnids after 24 h gut clearance
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showed substantial variation within and among treatments, ranging from no
transconjugants to one daphnid accounting for one-third of total transconjugant number.
This variation showed that transconjugant detection might be directly influenced by
different activity patterns of individual daphnids regarding their rate of bacteria filtration
and aggregation within their gut, and their early excretion of transconjugants. Genetic
variation in daphnids has a direct effect on feeding behaviour and gut microbiome.
Mushegian et al. (2019) reported strong variations in the sediment browsing behaviour of
genetically different D. magna clones. Diel vertical migration – a feeding/predator-evasion
strategy in which Daphnia swim to the surface of water bodies at night and downward at
daytime – is a phototactic behaviour that varies strongly in Daphnia clones (Ebert, 2005).
All experiments were conducted in the dark to minimise the effect of such behavioural bias.
Daphnids were fed with varying bacterial abundance between 10 CFU/mL and 109
CFU/mL, and the aggregation of bacteria in the gut was assessed by measuring
fluorescence intensity as a proxy for bacterial abundance. FI intensity was dependent on
largely dependent on bacterial abundance as highest FI was observed at bacterial abundance
between 107 and 109 CFU/mL. Between gut regions, the hindgut region had significantly
higher FI than the foregut region. However, this observation was only made when bacterial
concentrations ranging between 107 and 109 CFU/mL were used in the experiments. The
effect of gut region on FI would require further assessment as the small sample size (n = 3)
used in this study to determine the effect of bacterial abundance on bacterial aggregation
may not be the effective sample size for statistical significance between FI in hindgut and
foregut. The differences in FI intensity in the gut regions could simply reflect the passage
of bacteria through the Daphnia gut through peristaltic movement and could vary with
time.

These findings align with the requirement of a high bacterial abundance for

conjugative gene transfer (Breuer et al., 2018), and also suggest the hindgut to be an active
region of bacterial aggregation, and potentially horizontal gene transfer.
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Fluorescence images of the Daphnia gut showed higher intensities in the foregut region of
the Daphnia gut after 1 h and 3 h feeding. As ingested bacteria get forced down the midgut,
there is a potential for antibiotic resistance gene exchange through aggregation. The total
transconjugant numbers obtained upon sampling the treatment after 4 h would largely
depend on how quickly the bacteria aggregate and emerge in the hindgut region. Higher
fluorescence intensities in the hindgut after 4 h of grazing on 108 CFU/mL bacteria
indicated that by this time, the bacteria were more concentrated in this region and were
possibly already being excreted into the treatment. However, observed fluorescence
intensities in the hindgut region after 1 h suggest the early emergence of bacteria, including
transconjugants.
Research on other water organisms has suggested the hindgut as the most active
compartment for bacterial aggregation. A study of Karaköylü et al., 2009 monitored
fluorescence of pigments in copepod guts and reported increased aggregation in the
posterior midgut regions than the anterior mid-gut regions characterised by intermittent
feeding and higher variability in gut content. Fu et al. (2017), investigating conjugative
ARG transfer in the zebrafish gut, reported conjugative gene transfer in all three gut
regions, with the hindgut being the most active. The Daphnia model in this study did not
seek to compartmentalise conjugation frequency in the different Daphnia gut regions;
results support established knowledge on the gut environment as a hotspot for conjugative
ARG transfer.
This study investigated the transfer of vancomycin resistance genes to E. faecalis strains
resistant to rifampicin but susceptible to vancomycin.

Transconjugants with newly

acquired vanA genes were detectable for up to 24 h. However, results showed that the
recipient ST02103Rif persisted in the Daphnia intestine for up to 96 h. This aligns with
findings by Eckert et al. (2016) who reported that a tetA gene-bearing microbial community
was still detectable in the Daphnia gut after a 3-day incubation period. The acquisition of
plasmid-borne vancomycin resistance gene in E. faecalis has been linked with plasmid95

mediated vanA-type phenotypes isolated from dairy products (Toğay et al., 2014).
Intraspecies transfer of vanA plasmids in Enterococcus has a much higher success rate than
interspecies transfer (Werner et al., 2011; Conwell et al., 2017). However, the possibility
of interspecies transfer of conjugative plasmids cannot be dismissed, as there is evidence
of such transfers between E. coli and E. faecalis (Trieu-Cuot et al., 1988).
Transfers of vanA genes from animal to human enterococci isolates have been observed in
a murine model (Moubareck et al., 2003), while authors of an in vitro conjugation study
reported the transfer of vanA genes from clinical vancomycin-resistant Enterococcus to
Staphylococcus aureus (de Niederhäusern et al., 2011). The propensity of emerging
bacterial pathogens like enterococci to acquire new antibiotic resistance genes (Anacarso
et al., 2016) should be motivation for technical upgrades of wastewater treatment facilities,
to minimize the discharge of such bacteria, e.g. through UV treatment of effluents. The
donor strain used in this study has been previously characterised (Conwell et al., 2017) and
carried the vanA gene whose presence was also confirmed in all transconjugants by DNA
amplification. Much as the referenced laboratory study had investigated conjugative
transfer of resistance genes between our parental strains on solid-plate media; the current
research has gone a step further to show that in ecologically relevant systems, such
conjugative gene transfer events can also occur within filter-feeding organisms.
The few investigations of the horizontal transfer of resistance genes within the gut of nonmammals have usually been carried out with Gram negative bacteria, e.g. the conjugative
gene transfer of multi-resistance carrying RP-4 plasmids in E. coli within the gut of
cockroaches (Anacarso et al., 2016), and an RP-4 plasmid-mediated conjugation in the
intestinal tract of zebrafish (Fu et al., 2017). There is evidence for an accumulation of
antibiotic resistance genes in filter feeders. In a stable environment, such accumulation in
marine mussels quickly appears to reach a low-level steady state (Suzuki et al., 2018).
Daphnia, presumably through filter-feeding, can harbour antibiotic resistance genes within
its microbiome (Eckert et al., 2016). But previous research has not provided any evidence
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of conjugative resistance gene transfer occurring within the intestinal environment of
Daphnia or any other crustaceans.
In this study, however, it was shown that transconjugants from the rifampicin-resistant
recipient E. faecalis strains received the vanA gene as they passed through the Daphnia
gut. The absence of transconjugants from the controls and significant numbers of
transconjugants in treatments with actively filter-feeding Daphnia confirmed the effect of
filtration and gut intestinal passage with its compaction increasing the likelihood of
conjugal cell contact between donor and recipient strains. Identical vanA gene nucleotide
sequences from donor cells and transconjugants are evidence that a plasmid-mediated
resistance gene transfer was responsible for the expression of vancomycin resistance
phenotypes in the rifampicin-resistant E. faecalis strains. Ingested enterococci may acquire
multiple resistance in Daphnia, as this filter-feeding organism has already been identified
as a potential reservoir of resistance genes (Eckert et al., 2016). As enterococci are
sufficiently hardy to leave the gut environment unharmed (van Tyne and Gilmore, 2014),
there is the possibility of the wide dissemination by Daphnia of Enterococcus
transconjugants with newly acquired resistance genes. There is also the potential for the
transfer of antibiotic resistance genes within the highly diverse Daphnia gut microbiome.
Eckert et al. (2016) suggested that the persistence of the tetA gene in the Daphnia for 3
days may have either been due to proliferation or horizontal gene transfer within the
Daphnia gut microbiome. Whereas there is currently no evidence to support the latter
assumption, the spread of broad-host plasmids within diverse microbial communities has
been reported from soil environment (Klümper et al., 2015).
Zooplankton organisms occupy central positions in aquatic food webs, where they can
achieve densities of more than hundred individuals per litre (Vijverberg and Richter, 1982),
concentrate bacteria through filtration and are prey for higher-order consumers. Their
ubiquity, large abundance and migratory frequency in aquatic environments coupled with
their uniqueness as bacterial microhabitats make zooplankton potential facilitators of ARG
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dissemination. With this proof of concept of the facilitation of antibiotic resistance transfer
by aquatic filter feeders, potential health risks may apply to other aquatic food chains,
where humans are end consumers of filter feeders or their predators.
3.5 Conclusion
This research has provided the first direct evidence that filter-feeding Daphnia can facilitate
the horizontal transfer of antibiotic resistance genes in pathogenic bacteria of clinical
relevance. The Daphnia gut proved to be a suitable mating environment for pheromoneinduced intraspecies conjugal transfer of vancomycin resistance genes in E. faecalis. The
facilitating role of Daphnia for bacterial conjugation was not species-specific, as transfer
frequencies in D. magna and D. pulex were comparable and may thus apply to many other
Daphnia species. The evidence, that horizontal transfer of antibiotic resistance within
Daphnia can be successful, holds important implications for aquatic environments with
large Daphnia populations, which are directly impacted by faecal pollution sources.
Exposure of Daphnia species as ‘mobile incubators’ for enterococci from anthropogenic
sources increases the likelihood of further acquisition of new resistance genes by these
emerging pathogens. The dissemination of enterococci in the aquatic environment is a
major public health concern as E. faecalis bacteria are highly efficient at transferring
conjugative plasmids bearing antibiotic resistance genes to other enterococci cells in
aquatic environments receiving high faecal contamination.

Proactive wastewater

management should, therefore, consider the implementation of technical measures to
minimize the presence of antibiotic-resistant bacteria in wastewater treatment effluents
which are discharged into the natural environment.

3.6 Study limitations
The design of Daphnia conjugation assays did not allow much flexibility with the volume
of treatment, and the concentration of bacteria as detection of transconjugants then became
a challenge. Studies were conducted using high bacteria abundance (108 CFU/mL) in 5 mL
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treatments containing ten daphnids. Using higher treatment volumes required more
daphnids in each replicate sample and still posed the risk of dilution effects when isolating
transconjugants. The culture dependent method used in this research did not enable the
isolation of transconjugants from Daphnia experiments conducted with bacteria
concentrations below 108 CFU/mL. Culture independent methods such as quantitative
polymerase chain reaction (qPCR) would help to detect transconjugants in daphnid guts
and those excreted in treatment samples at low bacteria concentrations.
The persistence of enterococci in the Daphnia gut could not be assessed for more than four
days as the safe limit for gut clearance without feeding daphnids would have been
exceeded. Improvement may be possible, if this method was modified by not starving
daphnids but extracting Daphnia DNA daily and determining the copies of vanA gene in
the gut using qPCR for up to two weeks.
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Chapter 4
Microalgae and antibiotic resistance gene
transfer in Enterococcus faecalis
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Abstract
In aquatic environments, microalgae and bacteria often coexist interdependently,
exchanging metabolites that are vital to their cellular functions. However, little is known
about how interactions with microalgae can promote energy-dependent evolutionary
processes such as horizontal gene transfer in bacteria. Conjugation assays in this study
involved the vancomycin-resistant Enterococcus faecalis donor strain MF06036Van and
rifampicin-recipient strains ST02103Rif or MW01105Rif to investigate the potential effect
of microalgae on vanA gene transfer through conjugation. These experiments were
conducted in microcosms with 3 mL algae-bacteria cocultures containing 109 CFU/mL E.
faecalis donor and recipient (1:9 ratio) and microalga Palmellopsis with a surface area
concentration of 1 × 106 mm2/L. Gene transfer frequency (GTF) in algae-bacteria
cocultures (1.3 × 10-7) was an order of magnitude higher than in bacteria monocultures set
up as controls (3.1 × 10-8). Cocultures of E. faecalis donor and recipient strains and algae
with or without a mucilaginous sheath varied in bacterial gene transfer frequency (GTF).
In liquid and solid mating assays with samples from bacteria-algae cocultures GTF was
only significantly elevated in the presence of the mucilaginous alga Palmellopsis. The latter
released more carbohydrates into ambient media than any other microalgae in the test.
Ultraviolet radiation (UV-C) exposure further increased carbohydrate release by
Palmellopsis, and E. faecalis cocultures with UV-C-exposed Palmellopsis produced twice
as many transconjugants than those with untreated Palmellopsis. When the different
microalgae were fed to Daphnia before assays of these zooplankton organisms with E.
faecalis, GTF significantly increased in Palmellopsis-fed daphnids only. The enhancing
effect of Palmellopsis on vanA gene transfer was consistent for two E. faecalis recipient
strains, MW01105Rif and ST02103Rif, with widely varying conjugation proficiencies. These
findings indicate that mucilaginous microalgae can facilitate horizontal gene transfer in
bacteria by providing suitable surfaces for bacterial attachment and carbohydrate exudates
as a source of chemical energy.
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4.1 Introduction
Microalgae are primary producers of organic carbon and energy in aquatic environments.
In marine and freshwater environments, healthy photoautotrophic phytoplankton
organisms utilise light and carbon dioxide (CO2) for the anabolic process of photosynthesis
to produce organic carbon compounds. Algae-derived organic carbon mainly consists of
polysaccharides (Myklestad, 1995; Underwood et al., 2010); it varies in composition due
to seasonal changes in algal communities (Teeling et al., 2012) and under different
environmental conditions (Kirchman et al., 2001; Sperling et al., 2017). Microalgae exude
some of these organic synthesis products into ambient water where oxidation by
heterotrophic bacteria eventually releases their components as inorganic molecules (Jones
and Cannon, 1986). This microbial nutrient recycling is an important element of the
biogeochemical carbon cycle (Azam et al., 1983; Christie-Oleza et al. 2017). At the base
of the aquatic food web, algae and bacteria together regulate pelagic energy flux (Daufresne
and Loreau, 2001; Danger et al., 2007) through their interdependence in regard to organic
and inorganic carbon – a phenomenon known as direct carbon coupling (Fouilland et al.,
2014). Mechanisms of positive interaction between algae and bacteria range from the
release of extracellular exudates (Gonçalves et al., 2017; Kuehn et al., 2014), bioactive
substances such as vitamins (Pearl et al., 2015) and phytohormones (Krivosheeva et al.,
2015). Exudates are made up of monosaccharides such as glucose, mannose, arabinose,
xylose and glucose (Grossart et al., 2007; Engel and Händel, 2011), with the most dominant
monomers differing between algae species.
The microenvironment of microalgae cells, where associations with bacteria occur, has
been coined as the ‘Phycosphere’ (Seymour et al., 2017). Bacteria utilise microalgal
organic matter mainly by assimilating the labile dissolved organic carbon exuded into the
ambient water (Kuehn et al., 2014), and can also degrade extracellular polymeric
substances such as polysaccharides and mucilage (Piontek et al., 2011). Microalgae
chemically modify the ambient environment in their immediate vicinity through the
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exudation of a wide range of organic compounds, which can be used by bacteria if detected
(Azam and Malfatti, 2007). Chemotactic responses in marine bacteria toward exudates in
the phycosphere can facilitate colonisation of algal surfaces (Seymour et al., 2010). The
type of exudate released into the phycosphere would depend on the health of the
microalgae. In their early growth stage healthy microalgal cells release soluble low
molecular weight molecules such as carbohydrates, amino acids and organic acids, which
can stimulate chemotaxis in bacteria (Buchan et al., 2014; Miller et al., 2004). Senescent
microalgae, however, exude high molecular weight molecules such as polysaccharides,
lipids, proteins and nucleic acids (Biddanda et al., 1997; Buchan et al., 2014; Fukao et al,
2010). The rate of diffusion of these metabolites through algal cell membranes into ambient
water depends on the size and polarity of the molecules. Hydrophilic molecules such as
polar sugars and amino acids diffuse faster than hydrophobic molecules (Seymour et al.,
2017). Similarly, the larger organic molecules such as proteins and carbohydrate diffuse
more slowly and help to stabilise the phycosphere. Thus the size of the phycosphere
depends on the size of the microalgal cells, metabolite exudation rate and the metabolite
diffusion rate into the surrounding water (Seymour et al., 2017).
Environmental factors such as carbon and nutrient limitation (Gurerrini et al., 1998), high
temperature (Rier and Stevenson, 2002; Rossi and De Philippis, 2016), intense light
exposure (Rastogi et al., 2015), predation (Cole, 1982; Aalto et al., 2013) and exposure to
bacteria (Gärdes et al., 2012) can all induce the release of algal exudates. Just as the release
of algal exudates can stimulate bacterial growth and increase bacterial abundance
(Daufresne and Loreau, 2001), bacterial presence can also stimulate higher DOC release
by algae. This is evidence for strong mutualistic interactions between algae and bacteria
due to the bacterial dependence on algal exudates as an organic carbon source (Daufresne
and Loreau, 2001) and the algal dependence on inorganic nutrients from bacterial
decomposition. High rates of algal release of DOC and extracellular polymeric substances
(EPS) are often associated with membrane leakage due to stress or, at its most extreme, cell
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lysis (Daft and Stewart, 1973). Hence, algal detritus can be associated with higher bacterial
abundance than living algal cells (Jones, 1976; Sell and Overbeck, 1992), and microbial
activity maxima in lake ecosystems do not only coincide with peak primary production but
also with the collapse of algal blooms (Cole, 1982)
Algal EPS are comprised mainly of carbohydrates (Stal and de Brouwer, 2003) as well as
proteins (Staats et al. 1999), glycoproteins (Pitcher et al., 2012) and uronic acids (Chiovitti
et al., 2003). EPS composition varies among different microalgae and can thus also affect
cellular activities of bacteria in many different ways (Underwood et al., 2010). For
instance, EPS from Amphidinium carterae, a toxic dinoflagllete, can stimulate the growth
of Bacillus pumilus (Mandal et al., 2011). EPS produced by microalgae can serve several
functions including algal colony formation, energy storage, water retention, and protection
from intense solar radiation (Chen et al., 2009; Rastogi et al., 2014; Inoue-Sakamoto et al.,
2018).
Byappananhalli et al. (2012) have reviewed much evidence for continued existence and
survival of faecal indicator bacteria (FIB) in diverse aquatic environments independent of
frequent faecal contamination. Several studies have shown that extracellular products of
algae can support rapid growth of FIB. McFeters et al., (1978) observed high coliform
abundance in association with an algal bloom, which mainly consisted of Chlorella sp. in
an apparently unpolluted stream. Field and laboratory studies showed that supernatant from
Chlorella cultures supported an increase of faecal and non-faecal coliform numbers by up
to three orders of magnitude. In freshwater and marine environments, the macrophytic
green alga Cladophora is frequently associated with FIB (E. coli and enterococci) at
abundances exceeding 105 CFU/g by dry weight. Enterococci have been reported to survive
in Cladophora mats for over 6 months in Lake Michigan, growing to an abundance of 108
CFU/g upon rehydration (Verhougstraete et al., 2010). Undiluted leachate from
Cladophora was able to sustain 100-fold growth of enterococci, which is further evidence
that algal exudates can supply sufficient nutrients to sustain in situ bacterial growth, even
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of FIB, which conventionally had been considered to be dependent on intestinal
environments and unable to propagate outside of their host organisms, e.g. in natural water
bodies (Whitman et al., 2003).
Algal exudates can also enhance bacterial biofilm formation through the bacterial
colonisation of algal surfaces (Rier and Steveneson, 2001; Carr et al., 2005). Mucilage is a
gelatinous aggregate of colloidal extracellular polymeric substances that are released into
aquatic environments (Leppard, 1995) through processes such as exudation of large
amounts of exopolysaccharides by phytoplankton under nutrient limitation (Saad et al.,
2016) or through the release of high molecular weight (HMW) polysaccharides from dead
or lysed diatoms (Posedel and Faganeli, 1991). The potential scale of the importance of
algal mucilage for aquatic environments is exemplified by the episodic occurrence of large
accumulations of mucilage in near surface waters of the Adriatic Sea over the last three
centuries (Fonda et al., 2005). These episodic accumulation events have become more
frequent in recent decades (Precali et al., 2005). Across the Adriatic Sea, aggregates of
mucilage form a microniche that supports the colonisation and survival of a unique
assemblage of bacteria, including pathogenic species, and viruses, which do not have a
large presence in the surrounding aquatic environment (Danovaro et al., 2005). This
Adriatic mucilage supports a high abundance of photosynthetic prokaryotes and microalgae
as a source of organic compounds which are degraded and utilised by colonising
microorganisms (Danovaro et al., 2005).
In addition to soluble extracellular polymeric substances (EPS), which are complex
mixtures of carbohydrates, proteins, nucleic acids and lipids (Flemming and Wingender,
2001), some aquatic microalgae release extracellular polysaccharides in the form of a
mucilaginous sheath (Watanabe et al., 2006). This mucilage layer is hygroscopic and serves
as a modified cell wall exhibiting a high capacity for water retention thereby protecting the
algal cell from desiccation (Flemming and Wingender, 2010). The surface chemistry of
microalgae is characterised by the composition of the surface polysaccharides (Myklestad,
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1995), the pH and the ionic composition and ionic strength of the ambient water
(Underwood et al., 2004). It can change with algal life cycle stage and varies between
species. The affinity of microalgal cell surfaces for positively and negatively charged
particles depends on the ambient pH, as that affects the protonation status of their numerous
functional groups including carboxylic acids, and hydroxyl groups which influence the
surface interactions with ions in their surrounding (Crist et al., 1990; Xaio and Zheng,
2016). The zeta potential of algal cells is typically negative in a range from pH 4 to pH 10
and algal EPS appears to be predominantly hydrophilic (Branyikova et al., 2018). Yet
hydrophilicity and hydrophobicity vary among different algal surfaces based on the
presence of functional groups and the composition of EPS (Gonçalves et al. 2015).
The attachment of bacteria to surfaces depends on bacterial surface properties, particularly
electrostatic surface charge and hydrophobicity (Krasowska and Sigler, 2014). In addition,
many bacteria have adhesins, as specific proteins to enhance attachment, which are often
located on extracellular organelles, whose morphology further contributes to facilitating
bacterial attachment to other surfaces (Tuhson and Weibel, 2013). Electrostatic repulsion
between negative surface charges of bacteria and algal cells can hinder surface interaction
between them; however, the presence of cations such as calcium can neutralise this
repulsive force, thereby making the algal surface more hydrophobic (Hermansson, 1999).
Also, the presence of heterogenous binding sites with positively and negatively charged
functional groups on surface mucilage can enable the binding of metal ions as well as
epiphytic organisms such as bacteria and viruses by the physical process of adsorption
(Sigee, 2004).
Matsui et al., (2003) found evidence that at least some microalgae have the potential to
promote horizontal gene transfer in bacteria. When they cocultured E. coli with Euglena
gracilis or Chlamydomonas neglecta, the amount of extracellular plasmid DNA detected
was significantly higher than in E. coli monocultures. Although the mechanism or process
responsible for the observed increase in algal presence could not be identified, the study
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highlighted the potential for microalgal exudates to promote transformation-mediated
horizontal gene transfer by stimulating plasmid DNA release in bacteria. Mucilage
microhabitats are known to support a high abundance of metabolically active bacteria
(Heuer and Smalla, 2007), which can either be symbionts within the mucilage (Danovaro
et al., 2009) or attached bacteria receiving nutrients from the mucilage surface (Grossart et
al., 2006). The abundance of bacteria in the mucilage can be several orders of magnitudes
higher than in the surrounding water due to the adhesive nature of the surface (FlanderPutrle and Malej, 2008). While this algal surface environment meets the criteria for a
potential hotspot of conjugative gene transfer – high nutrient availability, large bacterial
abundance and a substrate for attachment (Costa et al., 2006), there still is a dearth of
evidence of conjugal gene transfer between bacteria in the presence of mucilaginous
microalgae.
The gut intestinal environment of aquatic filter feeders represents another microniche for
potential close interaction between these two groups of organisms. It aggregates and mixes
the formerly waterborne and widely dispersed cells from the bacterioplankton and
phytoplankton, after these have become strained from the water and ingested by the filter
feeding organisms. In freshwater ecosystems, filter-feeding invertebrates graze on algae
and bacteria. This feeding activity drives the pelagic carbon assimilation at ecosystem level,
thereby influencing biogeochemical processes that maintain ecosystem functioning and
sustain a heterotroph-phototroph population balance (Legendre and Rassoulzadegan, 1995;
Atwood et al., 2013). Algae-bacteria carbon coupling and added impact of grazing pressure
may influence the bacterioplankton and phytoplankton community structures (Samuelsson
et al., 2002) by altering species composition and biomass (Bratbak and Thingstad, 1985;
Schmitz et al., 2000; Degans et al., 2002), bacterial degradation of organic matter (Grossart
et al., 2006), energy flux (Jones et al., 1997) and nutrient cycling (McIntyre et al., 2008) at
multiple trophic levels (Duffy, 2002).
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As a model aquatic grazer, the freshwater zooplankton organism Daphnia has been shown
to affect the algae and bacteria community structure through direct and indirect effects of
grazing pressure on nutrient cycling (Elser and Urabe, 1999), phytoplankton abundance
and diversity (Sarnelle, 2005), bacterial size distribution (Kamjunke and Zehrer, 1999) and
atmospheric carbon exchange (Jones et al., 1997). Daphnia is known to feed mainly on
algae (Eckert and Pernthaler, 2014), although a combined diet of bacteria and algae has
proven to be beneficial for its growth (Freese and Martin-Creuzberg, 2013). While chapter
3 has investigated the potential role of Daphnia in facilitating the conjugative transfer of
resistance genes between strains of E. faecalis, the effect of microalgae on gene transfer
frequency in the gut of this filter feeding zooplankton organism still remains to be assessed.

Therefore, this study aimed to investigate whether interactions between microalgae and
bacteria may enhance the frequency of sex-pheromone induced conjugation and antibiotic
resistance gene transfer in E. faecalis and to assess the potential contribution of ingested
microalgae to gene transfer frequency between these bacteria within the Daphnia gut.
The main objectives of this chapter were to:
-

Compare the effect of microalgal surface area concentration on gene transfer
between E. faecalis in a nutrient-rich liquid medium.

-

Investigate the effect of microalgae on gene transfer in a nutrient-limited liquid
medium.

-

Compare the effect of different microalgae species on gene transfer frequency.

-

Determine the effect of exposure to ultraviolet radiation on the capacity of green
microalgae to enhance gene transfer.

-

Investigate the gene transfer frequency after passage of E. faecalis through an
algae-filled Daphnia gut.
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Figure 4.1: Study hypothesis showing that contact between E. faecalis cells and microalgae could facilitate bacterial aggregation
on algal surfaces resulting in conjugative vanA gene transfer
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4.2 Materials and Methods
4.2.1 Test organisms
The Daphnia magna used in this study was commercially acquired from Sciento Scientific
Ltd. Adult clones were continuously subcultured in autoclaved river water and neonates
were used to begin new cultures daily. The river water was renewed twice a week, during
each renewal. Daphnia culture were maintained on an algal diet of 2.0 x 106 N/mL
Desmodesmus subspicatus (SAG culture collection; University of Göttingen Germany,
strain number: SAG 86.81) every three days.
4.2.2 Bacterial strains and reagents
Donor and recipient strains of E. faecalis in this study have been described previously
(Conwell et al., 2017). Overnight cultures were maintained on Tryptone Soya Agar (Oxoid
CM0131, Basingstoke, England) at 4 oC and grown to the mid-exponential phase for
conjugation studies in Tryptone Soy Broth (TSB, Oxoid CM0129, Basingstoke, England)
at 37 oC.
4.2.3 Algae
The microalgae species used in this study were axenic strains purchased from the Culture
Collection of Algae at the University of Göttingen, Germany (SAG). Table 4.1 shows the
algae strains used in this study. The algal culture assemblages were maintained in sterile
oxygenated basal medium with peptone (Esp Ag, SAG, Germany) under ambient
conditions at room temperature (22 ± 2 ºC) in a 14:10 h light-dark regime.
4.2.4 Determination of algal cell surface area
The surface area of microalgal cells was determined for comparison between microalgae
of different sizes and shapes based on surface area concentration. Linear dimensions such
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as diameter and height of 20 microalgal cells were measured on an inverted microscope
(Nikon Eclipse TE2000-U, Nikon Corp., Japan). To determine algal cell count, 1 mL of
algal culture was collected under axenic conditions into 1.5 mL Eppendorf tubes. The
samples were fixed with 10 µL Lugol’s Iodine overnight. The microalgal cell count was
determined using a haemocytometer under a light microscope (Olympus BH2, Olympus
Corp, Japan). Table 4.2 lists the surface area concentration of the microalgal cells
determined from the geometric shape and cell count of the microalgal cells used.

Geometric shapes and equations for the calculation of algal surface area (Hillebrand et al.,
1999);
Rotational ellipsoid, A =

𝜋.𝑑
2

· (𝑑 +

ℎ2
√ℎ 2 − 𝑑 2

Sphere, A = 4 · π · r2 = π · d2
𝜋

Cone, A = == 4 (𝑑22 + 𝑑12 + 2𝑙 [𝑑2 + 𝑑1 ])

𝑠𝑖𝑛−1

√ℎ 2 − 𝑑2
)
ℎ

Equation 4.1
Equation 4.2
Equation 4.3

where A = Surface area (µm2); d = diameter (µm); h = height (µm), r = radius (µm), l =
length of one side (µm)

The surface area concentration was then determined using the equation (4) and given in
Table 3:
Surface area concentration (mm2/L) =

Surface area (µm2 ) × Cell count(N/mL)
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Equation 4.4
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Table 4.1. Characteristics of microalgae used in this study. Cell diameter and surface area are given as arithmetic means of 20 algal cells.
Microalgae
(Strain No.)

Geometric
Shape

Classification
Phylum: Chlorophyta (Green algae)
Class: Chlorophyceae
Desmodesmus subspicatus
Ellipsoid
SAG86.81
Order: Sphaeropleales
Family: Scenedesmaceae
Palmellopsis sp
SAG52.90

Spherical/e
llipsoid

Order: Chlamydomonadales
Family: Palmellopsidaceae

Vitreochlamys nekrassovii
SAG 11-10

Spherical

Morphology

Cell
diameter
[µm]

Surface
area
[µm2]

Description

Reference(s)

Unicells/chain
(4-8 cell
coenobia)

3 – 11 (5)
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Cells with rigid cell wall and a
long spine on the inner cells of the
coenobia. Occur naturally in fresh
continental water. Algal strain
isolated in Germany

Hegewald, 2000;
Olenina et al., 2006

Unicells/
colony (2-8
cells)

4 – 10 (5)
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Cells with smooth cell wall.
Clustered colonies within a
mucilaginous envelope.
Freshwater alga found in pristine
to mildly eutrophic streams. Algal
strain isolated in the USA
Cells with two anterior flagella.
Cell wall with gelatinous layer.
Occur naturally in soil and
freshwater lakes. Algal strain
isolated in Czech Republic

Massjuk and Lilitska,
2011

Flagellated
unicells

8 - 20
(10)

395

Family: Chlamydomonadales
Order: Chlamydomonadaceae
Chlorococcum sp
SAG 2075
Order: Chlorococcales
Family: Chlorococcaceae

Spherical

Unicells/clump
of cells

20

341

Cells wall with thin mucilage.
High lipid and fatty acid content.
Occur naturally in both terrestrial
and aquatic environments. Algal
strain isolated in Peru

Hoffmann et al., 2007

Batko, (1970);
Nakazawa et
al., 2001
Hillebrand et al.,
1999
Sabeela and
Sukumaran, 2014
Hillebrand et al.,
1999
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Table 4.1. Characteristics of microalgae used in this study (continued)
Microalgae
(Strain No.)

Geometric
Shape

Classification
Phylum: Chlorophyta (Green algae)
Class: Trebouxiophyceae
Chlorella vulgaris
Spherical
SAG 30.80

Morphology

Cell
diameter
(Average)
[µm]

Mean
Surface
area
[µm2]

Unicells

2 – 10 (4)

49

Order: Chlorellales
Family: Chlorellaceae
Phylum: Ochrophyta
Class: Eustigmatophyceae
Spherical/oval
Nannochloropsis limnetica
SAG 18.99

Unicells

2 - 3 (2.5)

19

Order: Eustigmatales
Family: Eustigmataceae
Assymetrical
Monodopsis subterranea
SAG 848.1
Order: Eustigmatales
Family: Monodopsidaceae

Unicells

2 - 5 (3)

62

Description

Reference(s)

Cells with thick and rigid cell wall.
Occur in diverse terrestrial and
aquatic (freshwater and marine)
environments.

Suda et al., 2002

Cell with thick and rigid cell wall.
High polyunsaturated fatty acid
content. Freshwater alga in ponds.
Algal strain isolated in Germany

Knothe, 2008; Görs et
al., 2010

Cell with thick and rigid cell wall.
High polyunsaturated fatty acid
content. Freshwater alga. Epiphytic
and metaphytic in dystrophic ponds
on sphagnum, typha and sedges.
Algal strain isolated in the USA

Hibberd, 1981

Hillebrand et al.,1999

Krientiz et al., 2000

Hoffmann et al., 2007
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Table 4.2. Determination of volume of algae required for an equivalent surface area
concentration of 1 × 106 mm2/L.

Algae

D. subspicatus
Palmellopsis sp

Surface area
(µm2)
µ ± SEM,
n = 20

Algae concentration
in culture (N/mL)
µ ± SEM
n=3

Surface area
concentration (mm2/L)

Volume of
algal culture =
1 × 106 mm2/L
concentration
(µL)

99 ± 4.2

4.4 × 107 ± 9.1 × 105

4.4 × 106 ± 8.9 × 104

920 ± 19

102.6 ± 3.9

5.7 ×

107 ±

9.8 ×

105

5.6 ×

106

± 1.0 ×

105

710 ± 13

V. nekrassovii

395 ± 57

4.6 × 107 ± 1.2 × 106

1.8 × 107 ± 4.6 × 105

223 ± 6

Chlorococcum sp

341 ± 40

7.2 × 107 ± 9.5 × 105

2.4 × 107 ± 2.2 × 105

163 ± 2

N. limnetica
M. subterranea
C. vulgaris

19 ± 8
62 ± 8
48.6 ± 6.1

8.7 ×

107

9.1 ×

107

± 7.2 ×

105

± 1.2 ×

106

5.2 × 107 ± 8.2 × 105

1.7 ×

106

5.6 ×

106

± 1.3 ×

104

2398 ± 20

± 7.3 ×

104

712 ± 9

2.5 × 106 ± 3.9 × 104

1573 ± 24

µ = mean, SEM = standard error of the mean, n = number of replicates

4.2.5. Effect of microalgae on antibiotic resistance gene transfer in nutrient rich medium
Overnight cultures of E. faecalis donor MF06036Van and recipient ST02103Rif strains were
grown to the mid-exponential phase for 90 min by incubating 1 mL of overnight culture in
9 mL Tryptone soya broth (TSB) for 90 min at 37 oC. Cultures were harvested by
centrifugation and the bacterial pellets were resuspended in TSB to make a concentration
of 1.1 x 109 CFU/mL. A 3 mL conjugation mix was then prepared by adding 300 µL of
donor to 2.7 mL of recipient in a 5 mL Bijou tube. Afterwards, a 1 × 106 mm2/L
Palmellopsis sp concentration in a 700 µL volume was added to the tube. The mix was
incubated on a tube roller shaker (Stuart SRT6D, UK) at room temperature in the dark at
50 revolutions per minute (rpm) for 4-24 h. Conjugation treatments contained donorrecipient bacteria mix with one alga strain, while controls consisted only of the bacteria
mix. Transconjugants and parents were then selected by plating 100 µL of the treatment
and controls on TSA selection plates containing 10 μg/mL vancomycin and 100 μg/mL
rifampicin to isolate transconjugants, and rifampicin selective TSA plates for recipients.
The gene transfer frequency was determined as the number of transconjugants per recipient.
Treatments and controls were set up in triplicates and all experiments were conducted three
times. Subsequent conjugation experiments were then conducted using the best-performing
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algal concentration to compare the effect of light and dark conditions on gene transfer
frequency (Fig. 4.2). Similarly, the effect of Palmellopsis on gene transfer frequency was
assessed at lower initial bacteria abundance of 108 CFU/mL and 107 CFU/mL respectively.
4.2.6 Effect of algal surface area concentration on antibiotic resistance gene transfer
To test the effect of algal surface area concentration on gene transfer, Palmellopsis sp
cultures containing algal concentrations of 5 × 105, 1 × 106, 2 × 106, 3 × 106 and 5 × 106
mm2/L in a 1 mL volume. Conjugation experiments were performed as previously
described under Section 4.2.5. However, conjugation treatments and controls were
prepared in nutrient-limited Daphnia medium and not tryptone soya broth. Treatments and
controls were set up in triplicates and all experiments were conducted three times.
4.2.7 Effect of different microalgal species on antibiotic resistance gene transfer
Following the method described in Section 4.2.5, conjugation experiments were conducted
with the algal surface area concentration that had been most effective at enhancing
conjugative gene transfer in coculture with Palmellopsis sp. Conjugation treatments
contained a 1:9 ratio of donor-recipient 109 CFU/mL E. faecalis and 1 mL of algal culture
with 2 × 106 mm2/L surface area concentration (Desmodesmus subspicatus, Vitreochlamys
nekrassovii, Chlorococcum sp, Nannochloropsis limnetica, Palmellopsis sp, Monodopsis
subterranea, or Chlorella vulgaris) in nutrient-limited media. Treatments and controls
were set up in triplicates and all experiments were conducted three times.

4.2.8 Effect of ultraviolet radiation-exposed microalgae on antibiotic resistance gene
transfer.
Palmellopsis cells were treated with a dose of ultraviolet radiation (UV-C) in a general
purpose PCR UV-C cabinet (Grant bio UV-C/T-M-AR, Grant Instrument Ltd, UK). 3 mL
of Palmellopsis or Chlorella vulgaris cultures in 5 mL Bijou tubes were placed on their
sides and 47 cm away from a low pressure UV lamp (253.7 nm, 25W). Algal cells were
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B
Figure 4.2. Experimental set-up to study the effect of algae-bacteria interaction on conjugative gene transfer under (a) light condition and (b) dark condition.
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exposed for one hour to a calculated UV-C dose of 13.8 kJ/m2. Also, heat-killed Palmellopsis
were prepared by incubation at 80 oC for 40 min. Conjugation experiments were conducted
with the UV-C-exposed, heat-killed and untreated Palmellopsis sp as previously described in
Section 4.2.5 in nutrient-limited media. Treatments and controls were set up in triplicates and
all experiments were conducted three times.
4.2.9 Effect of microalgae on antibiotic resistance gene--solid plate mating assay
Overnight bacterial cultures of MF06036Van (donor) and ST02103Rif (recipient) were cultivated
in 30g/L Oxoid Tryptone Soya Broth (TSB) separately in 30 mL universal bottles for 90 min
to the mid-exponential growth phase. 1 mL of MF06036Van was added to 9 mL of ST02013Rif
and vortexed to get an even mix (Conwell et al., 2017). 1 mL of microalgal culture containing
1000 mm2/L was spread on tryptone soya agar (TSA) plates. 800 µL of the bacterial mix was
added to the plates and incubated for 24 h. After 24 h, 1 mL of phosphate buffer saline (PBS)
solution was added to the plates and the bacteria were scraped off the agar into 1.5 mL
Eppendorf tubes. The bacterial suspension was given a 1:500 ratio dilution and 100 µL of the
dilution was plated on TSA selection plates containing 10 μg/mL vancomycin and 100 μg/mL
rifampicin to isolate transconjugants. Recipient concentration was also determined by plating
100 µL of the dilution on rifampicin selective TSA plates. The gene transfer frequency was
determined as the number of transconjugant per recipient.

4.2.10 Carbohydrate production in microalgal cultures
A 500 mL algal culture containing 108 cell/mL algae was grown for 8 weeks to determine
carbohydrate production. Six 2 mL subsamples were collected from each algal culture in 2.5
mL Eppendorf tubes and analysed for carbohydrate content. Carbohydrate analysis was carried
out following the Phenol Assay protocol (Dubois et al., 1956). Briefly, carbohydrate
concentration was determined by adding 200 µL 5% phenol and 1 mL 98% sulphuric acid
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consecutively to a 200 µL subsample of the treatment in a 2 mL Eppendorf tube. After a 30
min incubation at 30 oC the carbohydrate concentration (in µg/cm3) was determined with a
spectrophotometer (UV-1800, Shimadzu, Japan) through absorbance measurements at
wavelength 488 nm (Lubarsky et al., 2010).
4.2.11 Carbohydrate exudation by microalgae
The exudation of carbohydrates by algal cells was investigated in Palmellopsis sp and
Chlorella vulgaris. A 1 mL volume of sterile deionised water containing 1 × 107 N/mL of
Palmellopsis sp or C. vulgaris was incubated at room temperature on a roller shaker at 50 rpm.
At 0 h, 4 h and 24 h intervals, 200 µL samples were collected for carbohydrate analysis.
Controls consisted of algae-free deionised water. Experiments were conducted in triplicates
and repeated three times.

4.2.12 Effect of microalgal carbohydrate exudation on Enterococcus faecalis abundance
The effect of algal carbohydrate exudation on E. faecalis abundance was determined. 10 mL
algal cultures were diluted down to an algal abundance of 1 × 107 N/mL and centrifuged at
2000 × g for 10 min in 15 mL centrifuge tubes. The supernatant was transferred to a new tube,
and the centrifugation was repeated twice to ensure complete removal of algal cells from the
supernatant. The carbohydrate concentration of the supernatant was determined as described
above in Section 4.2.11 and then diluted down to 100 µg/mL and 1 µg/mL. 1 mL of midexponential phase E. faecalis was added to 9 mL of the 100 µg/mL and 1 µg/mL carbohydrate
supernatants respectively and incubated for 24 h at 37 oC. As control, 1 mL of bacteria was
added to 9 mL of PBS, and 9 mL of 100 µg/mL glucose solution for comparison. Optical
density measurement of bacterial density after 24 h was determined at a wavelength of 600 nm
using a spectrophotometer (UV-1800, Shimadzu, Japan).
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4.2.13 Effect of Daphnia algal gut content on antibiotic resistance gene transfer

The effect of the gut content on conjugation within the Daphnia gut was investigated using
methods previously described in chapter 3. Briefly, an overnight culture of E. faecalis donor
strain MF06036Van and recipient strain ST02103Rif or MW01105Rif were incubated in TSB in
a 15 mL centrifuge tube for 90 min at 37 oC to a mid-exponential growth phase. The bacteria
were harvested by centrifugation for 30 min at 2300 × g and 10 oC. The supernatant was
discarded after which the pellet was resuspended in 10 mL DM. 1 mL of donor strain
suspension was then added to 9 mL of recipient strain suspension and mixed to a final
concentration of 5 × 108 CFU/mL. Daphnids (1.7-2.1 mm) were collected from cultures and
gut-cleared for 48 h with 300 µL of sterile Sephadex G-25, a cross-linked dextran gel (GE
HealthCare, UK).
The animals were then separately fed with 2.0 × 106 N/mL microalgae for 24 h. Some gutcleared daphnids were left unfed to serve as a control. Without the introduction of an
acclimatisation phase, 10 algae-fed daphnids were placed in 30 mL universal tubes (Greiner
bio-one Inc., Austria) containing 4.5 mL DM. 500 µL of bacterial mix was then introduced
into each of these replicates. Replicates of treatments without Daphnia were set up as
experimental controls. A second set of controls contained only Daphnia in DM to confirm that
daphnids themselves did not introduce enterococci into the microcosms.
Treatments and controls were incubated at 20 oC for 4 h in the dark to allow filtration of
bacteria. At the end of the feeding phase, double antibiotic selection TSA plates (10 µg/mL
vancomycin; 100 µg/mL rifampicin) were inoculated with 500 µL samples from controls or
treatments and incubated at 37 ˚C for 48 h. Daphnids were then recovered to undergo a twostep wash in 5 mL PBS before being transferred to new 30 mL universal tubes with 4.5 mL
DM and 500 µL suspension of recipient strain in mid-exponential growth to aid gut clearance.
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After incubation at 20 ˚C for a further 2 h, 500 µL of treatments were added onto double
antibiotic selection TSA plates and incubated at 37 ˚C for 48 h. Transconjugants observed on
the agar plates were then counted as colony forming units (CFU), and the vancomycin
resistance transfer frequency was calculated as number of transconjugants per donor and
number of transconjugants per recipient. All experiments were conducted three times in
triplicates.
4.2.14 Effect of ultraviolet radiation-exposed microalgae in Daphnia gut on antibiotic
resistance gene transfer
Daphnids were fed with UV radiation-exposed, heat-killed or untreated Palmellopsis for 24 h
before conjugation experiments. Gut-cleared daphnids were used as controls. Conjugation
treatments were set up as described in Section 4.2.13.
4.2.15 Statistical analysis
Statistical analysis of data was conducted using the GraphPad Prism 7.00 software. Statistical
assessment of differences between gene transfer frequency of controls and treatments and
among treatments involved the Mann-Whitney test or the t-test for independent samples
depending on data distribution. The Kruskal-Wallis test was used to assess differences in the
effect of algal strains on gene transfer frequency. The effect of algal surface area concentration
on gene transfer frequency was compared with a Kruskal-Wallis one-way ANOVA.
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4.3 Results
4.3.1 Effect of microalgae on antibiotic resistance gene transfer in nutrient-rich medium
Broth conjugation mating experiments between 109 CFU/mL donor and recipient E. faecalis
were conducted with 1 × 106 mm2/L Palmellopsis. After 12 h incubation, gene transfer
efficiency was significantly higher (Mann-Whitney: U = 0, n = 9, df = 16, p < 0.0001) in algal
treatments than controls (Fig. 4.3a). At 24 h, transconjugant numbers (7570 ± 1084 CFU/mL)
were two orders of magnitude higher than in controls (35 ± 2 CFU/mL; Fig. 4.3b). The
presence of Palmellopsis sp in the treatments enhanced gene transfer. The observed one-orderof-magnitude increase of transconjugant numbers in this treatment between 12 h and 24 h may
be attributed to the aggregation surface provided to the bacteria by the algal cells.
4.3.2 Effect of microalgae on gene transfer efficiency: Palmellopsis with a range of bacterial
abundance in nutrient-rich medium
Broth mating experiments assessed the effect of variation in bacterial abundance on gene
transfer in the presence of Palmellopsis. Donor and recipient concentrations of 107, 108 and
109 CFU/mL were incubated with Palmellopsis equivalent to a surface area concentration of
2 × 106 mm2/L. Transconjugant counts were determined at 4 h, 12 h and 24 h in controls and
treatments (Fig. 4.4). In controls, transconjugant counts were significantly higher at 109
CFU/mL donor-recipient (D-R) abundance than in treatments with 108 or 107 CFU/mL donorrecipient abundance (H = 6.5, n = 9, p =0.0388, df = 2). At 12 h, transconjugant counts had
increased by one order of magnitude, rising from 2 ± 1 CFU/mL to 92 ± 26 CFU/mL, and then
declined to 49 ± 6 CFU/mL by 24 h. In conjugation treatments with a bacterial abundance of
109 CFU/mL, transconjugant counts were one order of magnitude higher than in controls after
4 h. After 12 h, transconjugant counts in treatments with 109 CFU/mL had significantly
increased from 71 ± 8 CFU/mL to 514 ± 71 CFU/mL, reaching 6205 ± 876 after 24 h.
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Figure 4.3. Broth mating assays to determine the effect of Palmellopsis on horizontal gene transfer in E. faecalis (a) Gene transfer frequency (b)
transconjugant number in control and treatment. Column = arithmetic mean of nine replicates. Bar = standard error of the mean. Asterisks indicate
the level of significance at 95% confidence interval, **** p < 0.0001.
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Figure 4.4. Variation in transconjugant number with E. faecalis donor-recipient abundance
in the presence of Palmellopsis sp. Columns represent the arithmetic means of nine
replicates. Bar = standard error of the mean.

When comparisons were made between cocultures with bacterial abundance ranging from
107 to 109 CFU/mL, transconjugant numbers were significantly higher at 109 CFU/mL than
at 107 CFU/mL and at 108 CFU/mL when incubated for 4 h (H = 22.45, p < 0.0001), 12 h
(H = 23.56, p < 0.0001) and 24 h (H = 23.14, p < 0.0001). Thus, bacterial abundance
directly affected the transconjugant formation, with a similar response of transconjugant
numbers in controls and treatments to one order of magnitude differences in E. faecalis
concentrations at 4 h and 12 h. Then there was no further increase in controls, while
treatments with Palmellopsis recorded an increase of two orders of magnitude increase in
transconjugant numbers after 24 h. Results from conjugation assays with 2 × 106 mm2/L
Palmellopsis after 24 h incubation under light and dark conditions is shown in Table 4.3.
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Table 4.3. Effect of Palmellopsis sp of 2 × 106 mm2/L concentration on gene transfer
frequency between Enterococcus faecalis strains in experimental treatments with light
exposure or in darkness
Operating
condition

Recipient count
(CFU/mL)
µ ± SEM, n = 9

Transconjugant
number
(CFU/mL)
µ ± SEM, n = 9

Transfer frequency
(T:R)

Control

2.0 × 109 ± 1.0 × 107

23 ± 7

3.1 × 10-8 ± 1.0 × 10-8

Treatment

1.5 × 109 ± 6.7 × 107

81 ± 8

1.1 × 10-7 ± 1.0 × 10-8

Control

2.0 × 109 ± 1.0 × 107

31 ± 6

3.5 × 10-8 ± 6.5 × 10-9

Treatment

1.5 × 109 ± 6.7 × 107

94 ± 9

1.3 × 10-7 ± 1.2 × 10-8

Light

Dark

4.3.3 Conjugation assay - effect of microalgal surface area on gene transfer frequency
These assays investigated the relationship between the conjugation frequency in E. faecalis
and algal surface in nutrient-limited media. Algal surface area ranged from 5 × 105 mm2/L
to 5 × 106 mm2/L (Fig. 4.5). Gene transfer frequencies (T:R) in treatments were normalised
with the controls for comparison between treatments with different algal surface areas.
Transfer frequency of the vanA gene was significantly higher in algal treatments than in
controls at 24 h (Kruskal Wallis: H = 85.23, n1= 9, n2 = 9, df = 9, p < 0.0001). A
corresponding increase in gene transfer frequency with algal surface area was observed for
conjugation treatments inoculated with Palmellopsis sp equivalent to surface area
concentrations between 5 × 105 mm2/L and 2 × 106 mm2/L. However, there was no
significant difference in gene transfer frequency between treatments with 2 × 106 mm2/L
and 3 × 106 mm2/L algae (Mann-Whitney: U = 20.50, n = 9, df = 16, p =0.0783). Between
3 × 106 mm2/L and 5 × 106 mm2/L, gene transfer frequency decreased from 2.3 × 10-7 ± 4.1
× 10-8 to 5.7 ×10-8 ± 8.1 × 10-9 (U = 0, n = 9, df = 16, p < 0.0001).
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Figure 4.5. vanA gene transfer frequency in E. faecalis-Palmellopsis cocultures. In a range
of concentrations expressed as algal surface area concentrations. Column = arithmetic
mean of nine replicates. Error bar = standard error of the mean.

4.3.4 Conjugation assay - effect of algal species on antibiotic resistance gene transfer
Conjugation studies were conducted to determine the effect of different microalgae on gene
transfer in nutrient-limited liquid media. Previous results in Section 4.3.3 showed that
Palmellopsis sp enhanced gene transfer most efficiently at a surface area concentration
between 2 × 106 mm2/L and 3 × 106 mm2/L. Conjugation treatments containing 109
CFU/mL with a 1:9 donor-to-recipient ratio was inoculated with 2 × 106 mm2/L
Palmellopsis, Desmodesmus, Chlorococcum, Monodopsis, Vitreochlamys, or Chlorella.
After 4 h incubation, results showed no significant difference in gene transfer frequency
between control and conjugation treatments (Kruskal-Wallis: H = 7.616, p =0.1787, df =
4), except in Palmellopsis treatments (Fig. 4.6a). Palmellopsis treatments recorded
significantly higher transfer frequencies than controls (Mann-Whitney: U = 10, n1 = 9, n2
= 9, p =0.0053) and other algal treatments (Kruskal-Wallis: H = 18.90, n = 6, p =0.0020,
df = 5). Among the other algal treatments, gene transfer frequency (T:R) was not
significantly different (Kruskal-Wallis: H = 7.425, p =0.1150, df =4) with values in a range
of 1.5 × 10-6 ± 4.4 × 10-7 and 2.3 × 10-6 ± 2.1 × 10-7. After 24 h, transconjugants were
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obtained only in Palmellopsis treatments but neither in controls nor in other algal
treatments. The gene transfer frequency in Palmellopsis treatments had reduced by one
order of magnitude to 2.1 × 10-7 ± 4.2 × 10-8 (Fig. 4.6b). Recipient concentrations were
seen to decline in both controls and treatments after 4 h (Fig. 4.7). However, treatments
had significantly lower recipient concentrations than controls across all algae species
Kruskal Wallis: H = 36.75, n = 9, df = 6, p < 0.0001). After 24 h, recipient concentrations
had decreased by two orders of magnitude in controls and treatments, with recipient
concentration in controls twice the number in treatments. Between algal treatments,
recipient concentrations were not significantly different (Kruskal-Wallis: H = 6.909, df =
5, p =0.1102).
When the conjugation experiments were repeated with a lower initial parent concentration,
i.e. 108 CFU/mL instead of 109 CFU/mL, no transconjugants were obtained in all algal
treatments at both 4 h and 24 h. This showed the effect of bacterial abundance on
conjugation frequency. While recipient concentrations did not change in controls after 4 h
(Fig. 4.8), their concentrations in algal treatments had decreased. Palmellopsis sp and
Chlorella sp treatments had no significant difference between them in regard to recipient
numbers (Mann-Whitney: U = 33, n = 9, df =3, p =0.5348) and both had significantly
higher recipient concentrations than other algal treatments (Palmellopsis: H = 22.08, n = 9,
df = 4, p =0.0002; Chlorella: H = 22.58, n = 9, df = 4, p =0.0002). After 24 h, recipient
concentrations decreased in controls and treatments by more than half. While recipient
concentrations remained lower in treatments than in controls, Palmellopsis sp and
Chlorella sp treatments still had higher recipient concentrations than other algal treatments
respectively Palmellopsis: H = 32.22, n = 9, df = 4, p < 0.0001; Chlorella: H = 32.53, n =
9, df = 4, p < 0.0001).
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a.

b.

Figure 4.6. Effect of algae on conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipient ST02103Rif in nutrient
limited Daphnia medium after (a) 4 h and (b) 24 incubation at room temperature (23 ± 2 ºC). ‘a’ = no significant difference, ‘b’ = significant
difference (p < 0.01).
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Figure 4.7. Effect of algae on conjugative vanA gene transfer between 109 CFU/mL E.
faecalis donor MF06036Van and recipient ST02103Rif in nutrient limited Daphnia medium
after (a) 4 h (b) 24 incubation at room temperature (23 ± 2 ºC).

Figure 4.8. Effect of algae on conjugative vanA gene transfer between 108 CFU/mL E.
faecalis donor MF06036Van and recipient ST02103Rif in nutrient-limited medium after (a) 4 h
and (b) 24 incubation at room temperature (23 ± 2 ºC).
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4.3.5 Effect of algae species on gene transfer - solid plate mating assay
Solid media conjugation assays investigated the effect of algae on antimicrobial resistance
gene transfer frequency. There was evidence for vanA gene transfers from donor to recipients
during the mating assay in both conjugation plates without algae and with algae. Mean gene
transfer frequency (T:R) in plates without algae (1.57 × 10-5 ± 3.6 × 10-6) was not significantly
different from plates with Chlorella vulgaris, Desmodesmus subspicatus, Vitreochlamys
nekrassovii, Nannochloropsis limnetica, and Monodopsis subterranea treatments (1.49 × 10-5
± 1.99 × 10-6 – 3.58 × 10-5 ± 1.36 × 10-5; Kruskal Wallis: H = 2.142, n = 9, df = 5, p =0.3403,)
except for Palmellopsis sp. (Fig. 4.9a). Gene transfer frequency on plates with Palmellopsis
sp. (1.43 × 10-3 ± 1.61 × 10-4 transconjugant per recipient) was significantly higher than for
other algal strains (H = 30.73, n = 9, df = 5, p < 0.0001); transconjugant counts in Palmellopsis
treatments exceeded those of other microalgae by one order of magnitude (Fig. 4.9b).
4.3.6 Ultraviolet radiation-exposed microalgae enhance gene transfer frequency
Palmellopsis cells were exposed to ultraviolet radiation or a fatal heat level to investigate the
effect of these environmental stressors on gene transfer frequency. Transconjugant and
recipient concentrations were determined at 4 h and 24 h of incubation. Results showed a
significant difference in transconjugant numbers between Palmellopsis-free controls and
Palmellopsis treatments. Among Palmellopsis conjugation treatments, transconjugant
numbers were significantly different (Kruskal-Wallis: H = 44.92, df = 2, p < 0.0001) in the
order of UV-C-exposed algae > Untreated algae > heat-killed algae (Table 4.4). A similar
result was observed after 24 h with transconjugant numbers about 4 - 5 times higher than those
obtained after 4 h. At 24 h, the highest gene transfer frequency of 6.9 × 10-7 ± 6.8 × 10-8
transconjugants per recipient was recorded for conjugation treatments with UV-C-exposed
Palmellopsis.
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a.

b.

Figure 4.9. Solid plate conjugation assays to determine the effect of algae on horizontal gene transfer in E. faecalis. (a) Gene transfer frequency; box length
represents the interquartile range of transfer frequency from nine replicates. Whiskers represent the minimum and maximum gene transfer frequency. Asterisks
indicate the level of significance at 95% confidence interval (b) transconjugant number in control and algal treatments. Columns = arithmetic mean of nine
replicates. Bar = standard error of the mean. ‘a’ = no significant difference, ‘b’ = significant difference (p < 0.01).
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Table 4.4. Frequency of gene transfer between Enterococcus faecalis strains in the
presence of heat-killed, ultraviolet radiation-exposed and untreated Palmellopsis

Incubation time

Recipient count
(CFU/mL)
µ ± SEM, n = 9

Transconjugant
number

Transfer frequency

(CFU/mL)

(T:R)

µ ± SEM, n = 9
4h
Control

2.0 × 109 ± 1.0 × 107

17 ± 3

1.4 × 10-8 ± 6.8 × 10-9

Untreated algae

1.5 × 109 ± 6.7 × 107

101 ± 6

6.7 × 10-8 ± 4.0 × 10-9

Heat-killed algae

1.4 × 109 ± 6.6 × 107

15 ± 5

3.5 × 10-8 ± 3.5 × 10-9

UV-C-exposed algae

1.2 × 109 ± 8.5 × 107

232 ± 33

1.9 × 10-7 ± 2.7 × 10-8

Control

8.6 × 108 ± 7.0 × 107

28 ± 7

9.6 × 10-8 ± 2.3 × 10-8

Untreated algae

2.3 × 108 ± 5.7 × 107

119 ± 19

5.1 × 10-7 ± 3.2 × 10-6

Heat-killed algae

1.4 × 108 ± 3.5 × 107

37 ± 5

2.6 × 10-7 ± 3.6 × 10-8

UV-C-exposed algae

3.0 × 108 ± 5.2 × 107

206 ± 21

6.9 × 10-7 ± 6.8 × 10-8

24 h

µ = arithmetic mean; SEM = Standard error of the mean; n = number of replicates

4.3.7 Comparison of carbohydrate production in algal cultures
Cell-free liquid from algae cultures was collected and analysed with the modified Lowry
procedure. Fig .4.10 shows the analysis results for carbohydrate contents. Glucose content
of cell-free media was lowest in samples from Desmodesmus, Monodopsis and
Nannochloropsis cultures (34 – 39 µg/mL), while Vitreochlamys and Chlorococcum had
higher carbohydrate concentrations at 57 µg/mL and 61 µg/mL respectively. The highest
glucose concentrations of 133 µg/mL and 217 µg/mL were obtained from Chlorella and
Palmellopsis cultures. Palmellopsis and Chlorella are thus characterised by high
carbohydrate release, hence making these two microalgae likely sources of nutrients for E.
faecalis metabolism and growth. This would account for the higher parent concentrations
observed in Palmellopsis and Chlorella conjugation treatments in comparison to the other
algal strains with lower carbohydrate exudation.
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Figure 4.10. Carbohydrate concentration of microalgal cultures grown for 8 weeks to 108
N/mL abundance. Column = arithmetic mean of six replicates. Error bar = standard error
of the mean, ‘a’ = no significant difference. ‘b’ = significant difference (p < 0.001).

4.3.8 Carbohydrate exudation by microalgae
The release of glucose exudates during conjugation experiments was assessed with
treatments made of 1 × 108 N/mL. Palmellopsis and Chlorella in 5 mL sterile deionised
water. Experiments were conducted with microalgae treated by exposure to ultraviolet
radiation (UV-C) and untreated algae as well as algae-free controls. Results showed that
after 4 h, UV-C-exposed and untreated Palmellopsis treatments had exuded 4.5 µg/mL
carbohydrate, while there was no carbohydrate in controls. Chlorella treatments had 6
µg/mL carbohydrate exuded for both UV-C-exposed and untreated algae (Fig. 4.11). After
24 h, UV-C-exposed Palmellopsis treatments had significantly higher carbohydrate
concentrations than unexposed Palmellopsis treatments (Mann-Whitney: U = 0, n1 = 6, n2
= 6, df = 3, p =0.0022). This did not apply to Chlorella treatments where carbohydrate
concentrations were not significantly different between algae treatments with or without
UV-C exposure (Mann-Whitney: U = 8, n1 = 6, n2 = 6, df = 3, p =0.1472). This result
confirms carbohydrate exudation as a potential contributing factor in conjugation
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treatments, where this carbon source may support the energy demand of E. faecalis for
growth and metabolism.

Figure 4.11. Determination of the concentration of carbohydrate exuded by microalgae
during conjugation experiments. Column = arithmetic mean of six replicates. Error bar =
standard error of the mean. ‘a’ = no significant difference. ‘b’ = significant difference (p
< 0.01).

A comparison of algal abundance in Palmellopsis treatments with and without UV-C
exposure after 24 h incubation revealed that UV-C exposure did not cause a rapid increase
in algal abundance (Table 4.5). However, there is a possibility that UV-C treatment
stimulated an elevated carbohydrate release in Palmellopsis.

Table 4.5. Effect of ultraviolet radiation treatment on algal abundance after 24 incubation
Algae

Initial abundance
(N/mL)

Final abundance
(N/mL)
µ ± SEM, n = 9

Untreated algae

1.02 × 108

1.20 × 108 ± 4.00 × 106

UV-C-exposed algae

1.02 × 108

1.32 × 108 ± 2.20 × 106

Untreated algae

1.30 × 108

1.53 × 108 ± 2.60 × 106

UV-C-exposed algae

1.30 × 108

1.65 × 108 ± 2.68 × 106

Palmellopsis sp

Chlorella vulgaris

µ = arithmetic mean; SEM = Standard error of the mean; n = number of replicates
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4.3.9 Effect of carbohydrate release in Palmellopsis culture on Enterococcus faecalis
abundance
Recipient E. faecalis strain ST02103Rif was incubated in cell-free Palmellopsis culture
medium containing 1 µg/mL or 100 µg/mL of exuded carbohydrate. PBS solution and 100
µg/ml D-glucose solution were also inoculated with E. faecalis as controls. Optical density
readings (OD600nm) taken as proxy for bacterial abundance after a 24 h incubation period
showed that bacterial abundance in 100 µg/mL D-glucose solution was significantly higher
than in the algal culture with 100 µg/mL exuded carbohydrate (U = 3.5, n = 9, df = 3, p
=0.0004; Fig. 4.12). However, bacterial abundance was significantly higher in algal
cultures containing 100 µg/mL exuded carbohydrate than in those with 1 µg/mL exuded
carbohydrate (U = 0, n = 9, df = 3, p < 0.0001). There was also a significantly higher
bacterial abundance in algal cultures containing 1 µg/mL exuded carbohydrate than in the
PBS solution (U = 0, n = 9, df = 3, p < 0.0001). This result suggests that E. faecalis
abundance increased in Palmellopsis culture medium with an increase in the concentration
of exuded carbohydrate.

Figure 4.12. Optical density (600 nm) measurement as proxy of E. faecalis abundance in
extracellular products of Palmellopsis sp after 24 at room temperature (23 ± 2 ºC).
Column = arithmetic mean of nine replicates. Error bar = standard error of the mean.
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4.3.11 Daphnia algal gut content enhances gene transfer frequency
Conjugation studies assessed the effect of microalgae within the Daphnia magna gut on
gene transfer frequency after bacterial filtration. Gene transfer frequency in all Daphnia
treatments (both gut-cleared daphnids and algae-fed daphnids) was significantly higher (H
= 43.72, n = 9, df = 7, p < 0.0001) than in control 1 (No Daphnia). Among Daphnia
treatments, gene transfer frequency in gut-cleared daphnids was significantly lower than in
treatments with algae-fed Daphnia (H = 31.78, n = 9, df = 7, p < 0.0001). Among all
treatments Palmellopsis-fed daphnids had a higher gene transfer frequency than daphnids
fed with any other algae in the test.
There was also a significant difference in gene transfer frequency between treatments
containing daphnids fed with D. subspicatus, Nannochloropsis sp, Monodopsis, V.
nekrasovii, C. vulgaris or Chlorococcum sp (H = 12.78, n = 9, df = 5, p =0.0258). After a
much sharper decrease in Daphnia treatments when compared to controls recipient
concentrations significantly different (H = 25.75, df = 8, p =0.0012; Fig. 4.13b). There was
no significant difference in recipient concentrations between gut-cleared Daphnia and
treatments with Daphnia fed on microalgae (H = 7.464, df = 7, p =0.3822). A second
recipient E. faecalis strain MW01105Rif was tested in Daphnia microcosms to confirm
elevated conjugation frequency when daphnids had Palmellopsis in their guts. Gene
transfer frequency in treatments with Palmellopsis-fed daphnids was at least one order of
magnitude higher than the Daphnia-free controls and treatments with Desmodesmus-fed
daphnids (Table 4.6).
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a.

b.

Figure 4.13. Conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipient ST02103Rif after a 4 h grazing period by gut-cleared
Daphnia and those fed on microalgae. (a) Gene transfer frequency (b) Recipient concentration. Control 1 = treatment without Daphnia.
Control 2 = Treatment with gut-cleared Daphnia. Column = arithmetic mean of nine replicates. Error bar = standard error of the mean.
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Table 4.6. Effect of the algal gut content of Daphnia magna on vanA gene transfer
frequency between E. faecalis donor MF06036Van and recipient MW01105Rif after 4 h
grazing

Gut content

Recipient
count
(CFU/mL)
n=9

Transconjugant
number
Transfer frequency
(CFU/mL)
(T:R)
µ ± SEM,
n=9

No algae

5.4 × 107

3±1

5.3 × 10-8 ± 1.0 × 10-8

Desmodesmus subspicatus

4.9 × 107

10 ± 4

2.1 × 10-7 ± 7.5 × 10-8

Palmellopsis sp

5.3 × 107

83 ± 25

1.6 × 10-6 ± 4.8 × 10-7

µ = arithmetic mean; SEM = Standard error of the mean; n = number of replicates

4.3.12 Effect of ultraviolet radiation-exposed microalgae in Daphnia gut on antibiotic
resistance transfer
Daphnids were fed with UV-C-exposed (UV), heat-killed (HK) and untreated Palmellopsis
to assess the effect of the algal cells in the daphnia gut on gene transfer (Fig. 4.14). The
gene transfer frequency (T:R) of 1.03 × 10-5 ± 4.2 × 10-6 transconjugants per recipient in
gut-cleared Daphnia was significantly higher than in Daphnia fed with untreated algae (3.6
× 10-5 ± 1.5 × 10-5; U = 5, n1 = 9, n2 = 9, p =0.0411). In comparison to the latter group,
daphnids that had been fed with heat-killed algae produced lower numbers of
transconjugants per recipient (2.5 × 10-5 ± 1.1 × 10-5). Transconjugant counts obtained from
daphnids fed with UV-C-exposed Palmellopsis were twice as high as in daphnids fed with
untreated algae or heat-killed algae respectively.
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Figure 4.14. Effect of UV-exposed Palmellopsis on gene transfer between E. faecalis
strains within the Daphnia gut. Column = arithmetic mean of nine replicates. Error bar =
standard error of the mean.

Figure 4.15. Light microscopy image showing Daphnia magna excreting algae in clumps
from the hindgut.

138

4.4 Discussion
This chapter aimed to investigate interactions between unicellular microalgae and
heterotrophic bacteria in relation to conjugative transfer of antibiotic resistance genes. It
was hypothesised that the exchange of a vanA gene between donor and recipient strains of
E. faecalis could be enhanced by coculturing E. faecalis with microalgal cells. The
hypothesis was informed by previous research, which has shown that access to available
organic carbon and an attachment surface enhances the chance for successful bacterial
conjugation (Pukall et al., 1996; Heuer and Smalla, 2007).
4.4.1 Effect of microalgae on antibiotic resistance gene transfer
Conjugation experiments were conducted with cocultures containing a high abundance of
E. faecalis (109 CFU/mL) donor strains MF06036Van and ST02103Rif and the mucilaginous
green microalgae Palmellopsis sp at a surface area (SA) concentration of 1 × 106 mm2/L in
nutrient-rich media. The presence of Palmellopsis in treatments promoted an increase of
vanA gene transfer in E. faecalis by an order of magnitude in comparison to algae-free
controls. The potential of microalgae to facilitate horizontal gene transfer had been
previously suggested in the study by Matsui et al., (2003) in which transformable plasmid
DNA in E. coli release was stimulated when E. coli was cocultured with microalgae of
different groups including Chlamydomonas neglecta (Chlorophyta) and Euglena gracilis
(Euglenophyta).
The higher gene transfer frequency observed in algal treatments in comparison to controls
suggested that mucilaginous Palmellopsis cells facilitated the conjugal contact between
donor and recipient E. faecalis. It has been suggested that surface colonisation by bacteria
can support high bacterial abundance (Armstrong, 2000; Rao et al., 2006), and is more
likely to enhance the horizontal gene transfer between attached cells in close contact than
in suspended planktonic cells (Madsen et al., 2012). The availability of nutrients in the
culture media may have been supplemented by access to organic carbon from the algal
139

mucilage layer. The colonisation of the algal surface and mucilage is known to be one of
several ways through which bacteria benefit from algae-bacteria interactions (Kuehn et al.,
2014), and mucilage has been shown to enhance adsorption of bacteria (Rossi and De
Philippis, 2016).
4.4.2 Effect of microalgal surface area on antibiotic resistance gene transfer
The influence of available Palmellopsis surface area for bacterial attachment on gene
transfer frequency was further investigated by varying surface area concentrations between
5 × 105 mm2/L and 5 × 106 mm2/L under nutrient-deficient conditions. Gene transfer
frequency rose with an increase in algal SA concentration up to a SA concentration of 2 ×
106 mm2/L. The formation of transconjugants was dependent on the extent of interaction
between bacteria and microalgae. The high abundance of bacteria (109 CFU/mL) and
microalgae (107 - 108 N/mL) in the treatments provides good chances for a random
encounter between them (Seymour et al., 2017). The frequency of gene transfer observed
could be a reflection of the extent of contact between donor and recipient E. faecalis cells
as they have become attached to Palmellopsis cells. Frequent encounters between donor
and recipient cells through attachment to the microalgae cells would induce the expression
of the pCF10 aggregation substance, PrgB, by the donor in response to the sex pheromone
cCF10, whose secretion by the recipient appears to be enhanced by recipient abundance
(Olmsted et al., 1991; Breuer et al. 2018). This interaction initiates bacterial cell
aggregation, with the E. faecalis aggregates creating new attachment sites for other
bacterial cells or reducing the effect of antagonistic binding sites on the attachment
substratum (Waar et al., 2002). Waar et al. (2002) emphasised the role of the E. faecalis
aggregation substance in the attachment of E. faecalis bearing pheromone-responsive
plasmids to biomaterials. Observed high levels of attachment by plasmid-bearing E.
faecalis to the surface of fluoro-ethylene propylene was due to the cell-to-cell attachment
enabled by the aggregation substance, and not by an interaction between the enterococcal
surface protein Esp and the substratum, as observed in plasmid-free E. faecalis cells. The
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extent of E. faecalis cell aggregation and gene transfer frequency in the current study would
depend on the abundance of recipients surrounding the plasmid-bearing donors on the algal
cell surface when attached. It was observed in this study that gene transfer frequency was
lower at algal SA concentrations above 2 × 106 mm2/L. An increase in the available algal
surface area likely facilitated conjugative contact up until a point where conjugation was
hampered by a large excess of attachment sites. Such an excess supply could have increased
the probability that donor and recipient E. faecalis will land further apart. This would
decrease the frequency of pheromone-responsive conjugative gene transfer, a process
which requires close contact between donor and recipient cells (Dunny and Berntsson,
2016; Sterling et al., 2020).
It was also observed that bacterial abundance declined more rapidly in algal treatments than
in controls, which sustained twice the number of bacteria in treatments at 4 h and 24 h. This
could be a consequence of potentially lower oxygen levels in treatments with high algal
biomass than in controls due to the oxygen demand for respiration. This may have been
compounded by low aeration of treatments as experiments were conducted under a low
vibrational acceleration of 50 revolutions per minute. Rigorous shaking would have
increased the rates of oxygen diffusion into the treatments (Somerville and Proctor, 2013).
Yet it would also most likely impact conjugation frequency through increasing probability
of bacterial collisions with other cells or with the container walls, thus compromising the
experiment, as these effects could overshadow any impact of microalgae on conjugation.
4.4.3 Effect of microalgae species on gene transfer frequency
This study showed that the mucilaginous algae Palmellopsis enhanced conjugative gene
transfer in E. faecalis (109 CFU/mL) under nutrient-limited conditions. The investigation
was extended to include other mucilaginous algae (Vitreochlamys nekrassovii and
Chlorococcum sp) and non-mucilaginous algae (Desmodesmus subspicatus, Monodopsis
subterranea, Nannochloropsis limnetica, Chlorella vulgaris). When algae of equal SA
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concentration were exposed to E. faecalis donor MF06036Van and recipient ST02103Rif, a
significant effect of algae on gene transfer was observed only in Palmellopsis treatments.
The degree of adhesion by E. faecalis to each microalga may have contributed to lower
conjugation frequencies. While the physicochemical surface properties of the microalgae
in this study were not determined, it can be expected that differences in the functional
groups on their surface would influence the level of electrostatic interaction between E.
faecalis and the microalgae. The mucilage envelope of Palmellopsis is adhesive with
heterogeneous sites (Sigee, 2004) to which E. faecalis can be adsorbed. The expression of
adhesin such as enterococcal surface protein, Esp, and the aggregation substance by E.
faecalis cells in contact (Willem et al., 2005; Kohler et al., 2019) could also have increased
bacterial attachment to the algal surfaces.
In mucilaginous algae used in this study, Palmellopsis cells with an average surface area
of 103 µm2, about one-third of Chlorococcum sp (341 µm2) and Vitreochlamys nekrassovii
(395 µm2) had a more positive effect on ARG transfer when algal SA concentrations were
equal. This suggests that there could be variations in the degree of bacterial attachment due
to differences in surface-to-volume ratio and cellular carbon content of the microalgae. The
microalgal surface area geometry can affect surface interaction with bacteria as it
influences the rate of carbon diffusion in and out of the microalgal cell (Popp et al., 1998).
Mølbak et al., (2007) in a study of bacterial growth on plant roots observed that root surface
area and pattern of carbon release affected the abundance of attached bacteria. The surfacearea-to-volume (SA/V) ratios of mucilaginous algae Palmellopsis, Chlorococcum and
Vitreochlamys, were 1:1, 1:2 and 1:2 respectively. The lower SA/V ratio of Chlorococcum
and Vitreochlamys in comparison to Palmellopsis could cause lower diffusion of organic
carbon to the surface where attached E. faecalis can utilise it.
When conjugation experiments were conducted at a lower abundance of 108 CFU/mL, no
transconjugants were recovered. However, despite the decline of bacterial abundance in all
treatments, Palmellopsis and C. vulgaris treatments had a higher bacterial concentration
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than the other algal treatments. This observation was ascribed to the higher quantity of
carbohydrate released by Palmellopsis and C. vulgaris in comparison to the other
microalgae. Such effect of Palmellopsis and Chlorella on bacterial abundance was not
observed when experiments were conducted with a bacterial abundance of 109 CFU/mL,
suggesting that the sufficiency of carbohydrate released by the microalgae was limited by
bacterial abundance. It is also probable that some of the microalgae produced bioactive
compounds that would have inhibited E. faecalis activity. For instance, extracts from
Chlorococcum humicola have been reported to show high antibiotic activity against a wide
range of pathogenic bacteria, including Staphylococcus aureus (Bhagavathy et al., 2011).
Najdenski et al. (2014) also observed that Chlorella vulgaris extracts had some antibiotic
properties that suppressed the growth of S. aureus and Streptococcus pyogenes. This may
have contributed to the lower detection of transconjugants in Chlorella and Chlorococcum
treatments at high bacterial abundance.
4.4.4 Effect of exuded carbohydrate on antibiotic resistance gene transfer
Extracellular polymeric substances (EPS) produced by microalgae are mainly comprised
of carbohydrates but also include proteins, lipids nucleic acids and humic acids (Flemming
and Wingender, 2001). The exudation of carbohydrate by the microalgae used in this study
was determined by quantifying the carbohydrate concentration in eight-week-old cultures.
The quantity of carbohydrate produced by microalgae was in the order of Palmellopsis >
Chlorella > Vitreochlamys > Chlorococcum > Nannochloropsis > Monodopsis >
Desmodesmus. Massjuk and Lilitska (2011) had provided earlier evidence for high
carbohydrate release by mucilaginous microalgae Palmellopsis. Carbohydrate exudates s
are mainly trapped within the mucilage envelope and diffuse slowly into the ambient
medium (Sigee, 2004). The presence of bacteria in treatments with low nutrient supply,
such as in this study, can also stimulate the release of carbohydrates by microalgae (Danger
et al., 2007).
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Heterotrophic bacteria grow efficiently on algal extracellular organic carbon (Boschker and
Middleburg, 2002), and the extent of their growth depends on the quality and the quantity
of the released organic carbon compounds (Jones and Cannon, 1986; Danger et al., 2007;
Barofsky et al., 2009). Using optical density as a proxy for bacterial abundance, a larger
abundance of E. faecalis was observed when grown in cell-free spent Palmellopsis culture.
It has been previously reported that exudates leached by the macro-algae Cladophora
glomerata readily increased enterococci population growth, suggesting the presence of
growth-stimulating compounds in the leachate (Byappanahalli et al., 2003). It can also be
assumed that the quantity of organic carbon released by microalgae was a determinant in
the documented enterococcal gene transfer frequency. Sufficient access to algal resources
to supply the energy demand of bacterial metabolism is crucial for conjugation in E.
faecalis. The availability of high carbohydrate concentrations has also been linked to the
maintenance and transfer of plasmids in bacteria of terrestrial systems. According to Powell
et al. (2013), some bacteria colonising the sugar beet phytosphere carried plasmids, which
were able to mobilise non-self-transferrable IncQ plasmids (Kobayashi and Bailey, 1994).
In this study, it appeared that E. faecalis metabolised carbohydrate released by Chlorella
and Palmellopsis. E. faecalis is capable of readily utilising plant-derived carbohydrates as
a carbon source (Chassard et al., 2010).
4.4.5 Effect of ultraviolet radiation exposure on carbohydrate release
Ultraviolet radiation at 253.7 nm (UV-C) is commonly used for germicidal purposes as its
high energy short wavelength can destroy DNA in microorganisms by targeting protein
structures and impairing activities of essential enzymes such as ATP synthase and Rubisco
(Nawkar et al., 2013). Exposure to UV-C radiation can thus disrupt metabolic functions in
microalgae, ultimately causing cell death (Gao et al., 2009). In this study, Palmellopsis sp
and Chlorella vulgaris cells were exposed to a UV-C radiation to assess the potentially
resulting increase in carbohydrate release.
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A UV-C dose of 13.8 kJ/m2 was used to stimulate a higher carbohydrate yield in
Palmellopsis and C. vulgaris. Pfendler et al. (2018a) observed that exposure of C. vulgaris
cells to a UV-C dose of ≤ 10 kJ/m2 did not affect cell viability while a higher dose directly
resulted in cell death. Exposure to a UV-C dose ≤ 10 kJ/m2, however, inhibited respiration
and had damaging effects such as chlorophyll degradation. Temporary growth suppression
has been documented in C. vulgaris for a UV-C dose of 0.5-2 kJ/m2 but without loss of cell
integrity (Tao et al., 2010). At the exposition site the UV-C dose in this study was thus well
within the range that could kill or stress the algal cells. However, it could not be ascertained
that the UV-C dose actually killed the microalgae, because they were not exposed as a
monolayer on a Petri dish as e.g. adopted by Pfender et al. (2018b) but were contained in
Bijou tubes of approximately 1 cm diameter. Absorbance and reflection by the relatively
high concentration of algal cells (107 N/mL) and reflection by the tube surface are likely
causes of substantial UV attenuation (Navarro et al., 2014), so that algal cells may have
retained their viability.
The mucilage layer of Palmellopsis could also offer protection from UV radiation as
microalgae with dense and stable EPS layers tend to be more resistant to ultraviolet
radiation (Chen et al., 2009; Rastogi et al., 2019). The EPS layer in cyanobacteria and green
microalgae accumulates UV-absorbing or UV-screening compounds such as mycosporinelike amino acids that protect the algal cells from oxidative damage (Sinha et al., 2007; Ha
et al., 2018). Carotenoids in algae also act as antioxidants, reducing photodamage by
absorbing the high energy from UV radiation (Pick et al., 2019; Takahashi et al., 2018).
Increased carbohydrate production due to damaging but sublethal UV exposure can also
elicit a temporary response of short duration. Singh et al., (2019) observed a significant
increase in intracellular carbohydrate and lipid content of C. vulgaris and Chlorococcum
humicola within the first hour of exposure to 30 kJ/m2, but this declined as the exposure
was sustained for 4 h. It has been suggested that algae can adopt a protective mechanism
of increased EPS exudation in response to UV radiation stress (Thornton et al., 2014; Saad
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et al., 2016). This stress response has been harnessed in large-scale lipid synthesis in
Tetraselmis sp (Sharma et al., 2014).
This study’s results did not directly confirm that the Palmellopsis cells were stressed by
UV-C exposure, although the UV-C dose at exposition point was sufficient to cause stress
to the algal cells (Pfendler et al., 2018a). However, elevated carbohydrate release in UVC-exposed Palmellopsis suggests either a stress response or a stimulation of photosynthetic
carbon production, e.g. through wavelength shift (Burak et al., 2019) by protective
pigments and exudation over a 24 h period post-exposure.
UV radiation may also indirectly alter the nature of organic carbon in microalgae by
causing chemical changes towards more labile forms which are more easily metabolised
by bacteria (Nelson et al., 2013). It was observed in this study that conjugation treatments
containing UV-C-exposed Palmellopsis produced twice as many transconjugants as those
with untreated Palmellopsis. This further suggests that an elevated carbohydrate release
from UV-C-exposed algae enhanced E. faecalis metabolism., which in turn resulted in a
higher conjugation frequency.
4.4.6 Assessment of the effect of microalgae in Daphnia gut on gene transfer frequency
The role of Daphnia in facilitating horizontal gene transfer in E. faecalis has been
previously reported in chapter 3. This phenomenon is believed to be characterised by the
aggregation of bacterial cells within the gut region of the grazer. In this chapter, the effect
of microalgal cells in the Daphnia gut on vanA gene transfer in E. faecalis was assessed.
Gene transfer frequency was significantly higher in treatments with algae-fed Daphnia than
in Daphnia-free controls. However, among algae-fed daphnids, only treatments with
Palmellopsis-fed daphnids produced significantly higher gene transfer frequencies than
with gut-cleared daphnids. This would suggest that the Palmellopsis cells in the Daphnia
gut may have enhanced aggregation more than in gut-cleared daphnids. One explanation
for this would be the excretion of algal clumps just as the daphnids transferred filtered
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bacteria into their gut. The attachment of E. faecalis to aggregated masses of microalgae
inside the Daphnia gut and excreted algal clumps would, in theory, provide ideal conditions
in support of conjugative gene transfer (Stock and Ward, 2011). Besides Palmellopsis,
other algae within the Daphnia gut produced significantly different transfer efficiencies,
suggesting varying interactions with the bacteria. This may also be due to differences in
the feeding rate of the daphnids.
Mucilaginous algae tend to be more resistant to digestion in the Daphnia gut due to
protection conferred by their gelatinous sheath, thereby enabling viable gut passage with
up to 90% of cells intact (Porter, 1975). The positive effect of Palmellopsis contained in
the Daphnia gut on gene transfer frequency was consistent for two recipient E. faecalis
strains ST02103Rif and MW01105Rif. When daphnids were fed with UV-exposed
Palmellopsis, the observed gene transfer frequency was significantly higher than for
daphnids fed with untreated Palmellopsis. In a study by Zellmer et al. (2006), it was
observed that the passage of UV-C-exposed microalgae through the gut of Daphnia pulex
was slower than that of untreated microalgae. If this were to be the case with UV-C-treated
Palmellopsis in this study, it would translate to a longer residence time for simultaneously
present bacteria in the Daphnia gut, which could also promote conjugation.
Filter feeding of microalgae by zooplankton has a significant impact on fundamental
ecological processes, mainly through nutrient recycling. The balance of nutrient and energy
flux in the aquatic microbial loop is strongly influenced by the nitrogen-phosphorus ratio
of algae (Christie-Oleza et al., 2017) and grazers (Hessen and Andersen, 1992; Elser and
Urabe, 1999) as well as heterotrophic nutrient remineralisation (Danger et al., 2007;
Marcarelli et al., 2011). This holds relevance as periods of algal bloom due to
eutrophication of aquatic habitats can potentially result in higher bacterial abundance in the
environment (White et al. 1991; Cotner and Biddanda, 2002). Increasing algal biomass due
to such nutrient input could also result in increased grazing by filter feeders like Daphnia
(Aalto et al., 2013), thus increasing bacterial access to recycled carbon exceeded
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discharged from zooplankton (Van den Meersche et al., 2011). In this study, vanA gene
transfer in liquid assays and Daphnia microcosms suggest that these interactions between
zooplankton grazers, algae and bacteria have the potential to promote the spread of
antimicrobial resistance determinants within microbial communities. In natural
environments, bacteria only form a small component of the Daphnia diet as, unlike algae,
they do not contain essential compounds such as like sterols and polyunsaturated fatty acids
that are essential for Daphnia growth (Martin-Creuzburg et al., 2008). However, they can
account for the required high phosphorus intake that daphnids usually cannot obtain from
algae. It is, therefore, not unlikely for Daphnia to ingest both algae and bacteria in aquatic
ecosystems (Freese and Martin-Creuzberg, 2013).
4.5 Conclusion
This chapter studied the effect of mucilaginous and non-mucilaginous microalgae on vanA
gene transfer between donor and recipient E. faecalis in cocultures. Gene transfer frequency
was significantly higher in cocultures with Palmellopsis than any other microalgae in the
test. Algal surface area and organic carbon release influenced gene transfer frequency,
emphasising the importance of nutrient and attachment substrates for successful bacterial
conjugation. The impact of Palmellopsis could be linked to the presence of a mucilage
envelope which favoured the release of carbohydrates and the attachment of E. faecalis.
Carbohydrate release by Palmellopsis was stimulated by exposure to ultraviolet radiation,
indicating that radiation stress could contribute to the release of high amounts of exudates
in the environment.
This study also assessed the effect of microalgae in the Daphnia gut on conjugation in E.
faecalis. The frequency of vanA gene transfer due to filter feeding in Daphnia was more
elevated by the presence of Palmellopsis in the Daphnia gut than by any other microalgae.
Ultraviolet exposure further elevated the observed positive effect of Palmellopsis on gene
transfer frequency. This study provides further evidence of Daphnia as a mobile
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microniche for antibiotic resistance gene transfer in clinically relevant bacteria previously
established in Chapter 3. It also highlights the potential impact of microalgae, the primary
diet of Daphnia in the aquatic environment, in enhancing gene transfer frequency through
increased bacterial aggregation and supply of organic carbon resources necessary for
conjugation in E. faecalis.
The findings in this study are important from an ecological viewpoint as freshwater filterfeeders such as Daphnia represent one of the biological factors that control the community
structure of bacterioplankton and phytoplankton as well as the flux of nutrient and energy
resources between them. The Daphnia gut may, therefore, be a nutrient-rich micro-niche
in aquatic environments where horizontal resistance gene transfer can be rapid and
effective. This study suggests that horizontal gene transfer can occur in congruence with
biogeochemical interactions between zooplankton, phytoplankton and heterotrophic
bacteria which drive energy flow in aquatic ecosystems.

4.6 Study limitations
One of the challenges in this work was the maintenance of stable liquid algal cultures, as
there were several incidences of crashes which impeded progress and constrained the extent
of experimental investigations. Bactericidal properties of microalgae in this study were not
determined, although, the release of bioactive compounds in the treatments could not be
ruled out. There is also a need for more detailed characterisation of microalgal surface
properties with physical methods and through biochemical analysis. The effect of
ultraviolet (UV) radiation dose on selected sugar-producing microalgae was explored to
assess possible stimulation of carbohydrate production. Due to time constraint, the UV dose
could not be varied over a wider range; neither could all microalgae species be tested for
the effect of UV exposure. The study would also benefit from the application of qPCR to
quantify vanA gene abundance in treatments. Detection of transconjugants was solely based
on culturable colony counts on selective media. Therefore, not all transconjugants may
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have been accounted for in the experiments. These limitations outline the scope of future
work that could further advance this study.
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Chapter 5
Bacterivorous protozoa facilitate
antibiotic resistance gene transfer in
Enterococcus faecalis
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Abstract

Urban wastewater treatment plants (UWTPs) are regarded as hot spots for the emergence
and spread of antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB).
UWTP influents harbour significant amounts of vancomycin-resistant enterococci (VRE)
from domestic, hospital and industrial wastewaters. In activated sludge treatment systems,
grazing by bacterivorous protozoa is an essential part of the biological treatment processes;
however, there has been little research on this predation pressure’s impact on genetic traits
of prey organisms. This study investigated whether the bacterivorous ciliate, Tetrahymena
pyriformis, could facilitate the conjugative vanA gene transfer between Enterococcus
faecalis strains. Conjugation assays were performed with 109 CFU/mL of a vanA genecarrying donor MF06036Van and two rifampicin-resistant recipients ST02103Rif and
MW01105Rif. In the presence of ciliates, the conjugation frequency was 10-5
transconjugants per recipient, which was an order of magnitude higher than in their
absence. Ten times more E. faecalis transconjugants formed in ciliate vesicles than in the
supernatant. Transconjugant formation was most elevated at 2 h incubation when
experiments were conducted with E. faecalis in the exponential growth phase, and at 24 h
incubation with stationary phase E. faecalis. However, the transconjugant-to-recipient ratio
was highest at 24 h. E. faecalis cells transitioned between growth phases as ciliate waste
built up in the ambient medium. Gene transfer frequency in treatments with ciliates that
had been previously fed was significantly higher than in treatments with unfed ciliates. This
study provides the first evidence of ciliates promoting ARG transfer in Gram positive
enteric bacteria. Its experimental results suggest that ciliate grazing facilitated the transfer
of a vanA gene between E. faecalis strains in digestive vesicles, where bacteria cells can
come in close proximity to each other. Ciliate excretion influenced E. faecalis metabolism,
thereby causing a shift from low to high gene transfer frequency with time. Ciliate grazing
may thus be a process that can contribute to the persistence of the vanA gene in UWTP
effluents. Additionally, this study provides the first evidence of ciliates promoting ARG
transfer in Gram positive enteric bacteria.
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5.1 Introduction
Municipal sewage arriving at urban wastewater treatment plants (UWTPs) not only
contains high loads of human waste products and residues of chemicals and antibiotics
(Larsson et al., 2014) but also antibiotic-resistant bacteria (ARB), antibiotic resistance
genes (ARGs) and mobile genetic elements (MGEs), which collectively mirror antibiotic
resistance in the microbiome of the human population within the served catchment area
(Rodriguez-Mozaz et al., 2015). Therefore, UWTPs have been considered as likely hot
spots and reservoirs for the spread of antibiotic resistance into the environment (Li et al.,
2018).
Activated-sludge treatment systems support high microbial growth rates, and the
abundance of a diverse array of microorganisms helps to achieve a fast biodegradation of
organic substances in wastewater. In combination with exposure of microorganisms with a
diverse array of ARGs to a mix of antibiotics and their metabolites (Bielen et al., 2017;
Bengston-Palme et al., 2018), the intense biological activity of activated sludge may thus
facilitate the emergence and spread of antibiotic multi-resistance (Berendonk et al., 2015;
Guo et al., 2017)
A recent integrated surveillance study involving seven European countries investigated the
correlation of ARG abundance in UWTPs to the detection frequency of antibiotic resistance
in clinical isolates (Pärnänen et al., 2019). The majority of detected ARGs in UWTPs
influents were found to encode resistance to first-generation antibiotics. The prevalence of
ARGs in the influents of each individual UWTP was a reflection of the local antibiotic
consumption in each country, and it was on this basis that the countries were classified into
high antibiotic consumption countries, HAC, (Portugal, Spain, Cyprus) and low antibiotic
consumption countries, LAC, (Germany, Finland, Norway). One of the main conclusions of
the study, which is of interest to this chapter, was that while the relative abundance of all
clinically relevant ARG classes in effluents decreased after treatment in both HAC and LAC
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countries, the vanA gene was significantly enriched in final effluents in all countries. More
importantly, only the vanA gene was detected in both influents and effluents of UWTPs in
all countries. However, in the final effluent, there was no correlation between the relative
abundance of ARGs and local antibiotic consumption (Pärnänen et al., 2019), suggesting
that other factors than consumption patterns may have contributed to the enrichment of
vanA genes in wastewater treatment (Lopatkin et al., 2016).
UWTPs play a significant role in the dissemination and persistence of vancomycinresistance enterococci (VRE) in wastewater, surface water upon discharge, and the
subsequent spread into different aquatic habitats by water organisms (Iversen et al., 2004).
The prevalence of vancomycin-resistance genes and vancomycin-resistant bacteria in
aquatic environments can be linked to the persistence of VRE enterococci in wastewater
effluents (Nakipoğlu et al., 2017). In a study by da Costa et al. (2006) on Enterococcus sp
isolated from various compartments of a municipal sewage treatment plant, 49% of
enterococci exhibited multidrug resistance, and after treatment their abundance in the
effluent was found to decrease by 0.5 – 4 logs. However, the treatment plant still discharged
effluents with an enterococci abundance higher than 4.4 × 105 CFU/mL. This group of
bacteria represents a known reservoir of ARGs due to inherently high promiscuity in the
acquisition and expression of foreign genes (Hirt et al., 2018). There is evidence for
horizontal transfer of enterococcal MGEs under standard operating conditions in UWTPs
(Marcinek et al., 1998). The potential for intra- and interspecies transfer of vanA genes
transfer between UWTP enterococci isolates has been demonstrated at frequencies ranging
from 10-4 to 10-7 through filter and broth mating assays (Oravcova et al., 2017).
Biological wastewater treatment systems benefit from a natural self-purification process
that depends on the activity of a biocoenosis of microorganisms, dominated mainly by
heterotrophic bacteria and protozoa. On the one hand, bacteria help mineralise organic
nutrients in sewage (Pauli et al., 2001). On the other hand, protozoa represent the second
largest component of the microbial biomass in UWTPs (Madoni, 1994) and they contribute
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to the mineralisation process through the excretion of nutrients that enhance carbon
utilisation by bacteria for proliferation and metabolism (Tezuka, 1990).
Modern treatment systems are often characterised by a low sewage load and rather long
sewage retention time; both of these factors encourage a high diversity of protozoa
including amoeba, ciliates and flagellates (Madoni, 2011). Protozoan diversity has been
characterised in different wastewater treatment systems, such as percolating filters (Mistri
et al., 1994), rotational biological contactors (Madoni, 1994) and activated sludge (Chen et
al., 2004). A characteristic feature of the protozoan community in these different treatment
systems is the dominance of protozoa species belonging to the phylum Ciliophora (ciliates).
In an analysis of activated sludge systems, ciliates accounted for 160 of the 226 protozoa
species identified (Madoni, 2011); thus, they contribute to the improvement of effluent
quality, mostly through grazing on suspended/dispersed bacteria and other organic particles
(Madoni, 2003).
Ciliate communities in activated sludge treatment systems are comprised of the freeswimming ciliates, predominantly in the liquor phase, crawling ciliates that graze on
bacterial biofilms that heavily colonise the surface of sludge flocs, and the firmly attached
sessile ciliates (Madoni, 2011). The diversity of ciliate species is reflective of the operating
phase of the wastewater treatment process. The free-swimming ciliates and heterotrophic
flagellates are the dominant species in the raw sewage phase and are replaced by crawling
and attached ciliates, as sludge flocs begin to stabilise (Madoni, 1982). Bacterivorous
ciliates in the mixed liquor of sludge treatment systems can reach an abundance of 3-20 ×
106 cells/mL (Madoni, 1994) with clearance rates ranging between 4 ×10-7 and 1 × 10-6 mL
of medium ind-1 hour-1 in active sludge (Bloem et al., 1989).
There is growing evidence linking the grazing activity of ciliates in biological treatment
processes to the spread of antibiotic resistance genes. Schlimme et al. (1997) tested this
hypothesis by incubating the model test ciliate, Tetrahymena pyriformis, in a mixed culture
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containing RP4 plasmid-bearing E. coli donor and recipient E. coli cells. It was observed
that through bacterial ingestion by a process known as phagocytosis, i.e. engulfment of
bacteria cells into digestive vacuoles or vesicles, ciliates egested vesicles containing RP4
transconjugants. While ciliate vesicles provide protection for pathogenic microbes from
harsh conditions (Baker and Brown, 1994), the study also established that ciliate vesicles
represent an important ecological microniche that supports the conjugative transfer of
antibiotic resistance and pathogenicity traits in invasive bacteria (Schlimme et al., 1997).
Subsequent studies on bacterial conjugation in ciliate vesicles have expanded the
knowledge on this research area: Matsuo et al. (2010) reported the transfer of kanamycinresistance genes between E. coli in Tetrahymena pyriformis vesicles. It was noted that
conjugation occurred by the accumulation of bacteria in vesicles and that conjugative gene
transfer frequency depended on the incubation temperature (Barcina et al., 1990) and the
protozoan grazing rate, which is typically in the range of 200-5000 bacteria ciliate-1 h-1 and
9-266 bacteria flagellate-1 h-1 (Bott, 1995). Another study by the same research group
reported the successful transfer of a gene encoding extended-spectrum β-lactamase
resistance in E. coli within ciliate vesicles at a frequency of 10-6 transconjugants per
recipient, four orders of magnitude higher than without ciliates (Oguri et al., 2011). In a
similar study by Balcázar (2015), the ciliate Tetrahymena thermophila was shown to have
induced a conjugative transfer of plasmid-mediated quinolone-resistance genes between
Klebsiella oxytoca (donor) and E. coli at a frequency of 10-6 transconjugants per recipient,
an order of magnitude higher than when ciliates were absent. A common observation in
these studies was the emergence of phagocytic vesicles containing transconjugants as early
as 2 h after incubation. This coincides with the observed duration of the digestion cycle of
Tetrahymena sp (Nilsson, 1984). Following rapid engulfment of bacteria, the vesicles
become egested in the order of their formation within the ciliate (Ricketts and Rappit,
1976). Beside ARGs, the transfer of prophages between bacterial cells in ciliate vesicles
has also been reported, with lysogen formation in vesicles being about 6-fold higher than
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in bulk treatments (Aijaz and Koudelka, 2017). However, other studies have shown that
bacteriophages can be digested and inactivated inside the vesicle (Pinheiro et al., 2007).
The substantial amount of research on bacterial conjugation in ciliate vesicles has solely
focused on Gram negative (G-) bacteria. While these studies have provided a great depth
of understanding in regard to conjugation rates in G- bacteria and the ideal experimental
conditions for investigating ciliates as facilitators of gene transfer, the frequency of gene
transfer in Gram positive bacteria (G+) under similar ecological conditions remains
unknown. This should also be of interest, particularly under the consideration that ciliates
have been observed to exhibit contrasting grazing effects on G+ and G- bacteria (Iriberri et
al., 1994b). It had already been established, that within the 2 h digestion cycle in ciliates,
not all engulfed bacteria in vesicles are likely to be killed (Gonzalez et al., 1990). There is
also evidence that bacterial survival rates in ciliate vesicles can differ significantly between
G- and G+ bacteria.
Ciliates preferentially digest G- bacteria over G+ bacteria, which may translate into a higher
persistence of G+ bacteria over G- bacteria in aquatic systems or wastewater (Gonzalez et
al., 1990). In a long-term study by Iriberri et al., (1994b) on the differential elimination of
enteric bacteria, G- bacteria were observed to disappear at a higher rate than G+ bacteria,
although there was no evidence for selective ingestion of G+ and G- bacteria by ciliates.
The reported disappearance rate was highest in Aeromonas hydrophila (86%) and E. coli
(45%) and lowest in Staphylococcus epidermidis (29%) and E. faecalis (15%). The lower
disappearance rate of G+ bacteria was explained as the consequence of a lower digestion
than ingestion rate. The higher digestion rate for G- bacteria appears to be caused by the
ability of hydrolytic enzymes within ciliate vesicles to break down thin bacterial cell walls
unlike the more complex peptidoglycan cell wall of G+ bacteria (Taylor and Berger, 1976).
Therefore, it can be assumed that under optimal experimental conditions, E. faecalis, due
to its frequent usage in experiments fast becoming to be regarded as the ‘E. coli’ of G+
bacteria (Marcinek et al., 1998), would be able to persist much better in ciliate vesicles due
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to its stronger ability to survive, and could thus potentially also transfer ARGs for much
longer than G- bacteria. There is currently no evidence to support the latter assumption, as
conjugation of G+ bacteria within ciliate vesicles had not yet been reported and the same
lack of data had also prevented comparison of transfer frequencies between G+ and Gbacteria so far.
A common behavioural feature of ciliates is the capacity to graze on highly abundant
bacteria (Iriberri et al., 1994b), which is not only ideal for conjugation but also enhances
bacterial survival in vesicles (Schlimme et al., 1997). On this basis, conjugation studies in
G- bacteria within ciliate vesicles have been conducted at a high bacterial abundance in the
range of 108 - 109 CFU/mL (Schlimme et al., 1997; Matsuo et al., 2010). However, the
conjugation frequency at these concentrations in highly conjugative G+ bacteria remains
unknown. Furthermore, studies have revealed that T. pyriformis tends to stop grazing on
bacteria at levels lower than 105 cells/mL (Watson et al., 1981), This suggests that a
bacteria population would be able to recover even in the presence of ciliates, if nutrients
and growth-stimulating metabolites became available. It is of interest to know if this
grazing behaviour would also translate into lower ARG transfer frequencies in G+ bacteria,
as lower ciliate grazing rates have been reported in G- bacteria at low bacterial abundance
by Watson et al., 1981.
Bacterial conjugation assays are conducted mainly with bacteria in the exponential growth
phase, and it was established that ciliate grazing favoured rapidly dividing cells over
dormant cells (Hartke et al., 2002). However, the gene transfer frequency between the
stationary phase of enteric G+ pathogenic bacteria like enterococci within ciliate vesicles
is also of interest, as enterococci can persist in this state for an extended time in this state
within a natural low-nutrient environments (Byappanahalli et al., 2012). This ability might
account for the significant abundance of enterococci in UWTP final effluents, even at
relatively low nutrient availability (Pauli et al., 2001). It is therefore of interest to determine
any positive effects of ciliate grazing activities on the persistence of enterococci.
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In chapter 3 of this thesis, it was established that filter feeding in freshwater zooplankton
could facilitate the spread of vancomycin resistance genes. In this chapter, the focus has
shifted to ciliates, a highly diverse group of protists, considered to be the most important
grazers of bacteria in aquatic environments (Finlay and Esteban, 1998). Therefore, the aim
of this chapter was to investigate the proficiency of the free-swimming ciliate Tetrahymena
pyriformis in facilitating the horizontal transfer of a vanA gene between a plasmid-bearing
donor and a recipient strain of E. faecalis. The hypothesis was that the grazing activities of
ciliates would elevate the abundance of ARG-bearing E. faecalis cells through the
conjugative transfer of ARGs within the ciliate vesicle. To test this hypothesis, the
objectives of this study were:
-

To investigate the significance of ciliate viability in transconjugant formation

-

To confirm that vanA gene transfer in E. faecalis was facilitated by phagocytic
vesicle formation

-

To determine the effect of incubation duration on vanA gene transfer frequency

-

To assess the effect of bacterial growth phase at the start of experiments on vanA
gene transfer

-

To determine how carbon availability influenced vanA gene transfer during ciliate
grazing

-

To investigate the potential effect of ciliate excretion on vanA gene transfer
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Figure 5.1: Study hypothesis showing that the aggregation of donor and recipient E.
faecalis cells in ciliate digestive vacuoles could facilitate conjugative vanA gene transfer
(Image of T. pyriformis by Guerrier et al., 2017)
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5.2 Materials and Methods
5.2.1 Protozoa
Tetrahymena sp is are a free-living ciliated protozoan found in freshwater lakes and ponds.
Tetrahymena sp are typically pear to ovoid shaped with a size range of 30-50 µm (Ruehle
et al., 2016). Axenic Tetrahymena pyriformis strains were acquired from the Culture
Collection of Algae and Protozoa (1630/1W; CCAP, Oban, Scotland). Ciliates were
statically cultured in proteose peptone yeast (PPY) extract media (Composition per litre:
Proteose peptone: 20 g (Oxoid L85, Oxoid, Basingstoke, England); yeast extract: 2.5 g
(Oxoid L21, Oxoid, Basingstoke, England) in universal tubes and incubated at 10oC. For
rapid growth, cultures were subcultured in 12 mL volumes of PPY and incubated at 20˚C
under low lighting on a 12h L: 12h D cycle. T. pyriformis cultures were grown to a cell
concentration of approximately 105 cells/mL for 7 days. Ciliates were collected by
centrifugation (300 × g, 3 min, 20˚C) and resuspended in Prescott’s and James’ (PJ)
solution (Stock composition per 100 mL: (1) 0.43 g CaCl2.2H20, 0.16 g KCl; (2) 0.51 g
K2HPO4 (3) 0.28 g MgSO4. 7H2O; 1 mL of stocks 1-3 made up to 1000 mL with deionised
water and autoclaved at 121oC for 15 min). Ciliates were incubated at 20˚C overnight in PJ
solution without feeding to increase the rate of food uptake during the experiment.
5.2.2 Bacteria
Enterococcus faecalis strains in this study have been previously described (Conwell et al.,
2017; Olanrewaju et al., 2019). The investigation of a conjugative transfer of resistance
genes involved E. faecalis donor strain MF06036Van carrying a vancomycin resistance
gene-bearing plasmid, and recipient strains MW01105Rif or ST02103Rif, resistant to
rifampicin. The antimicrobial resistance profile of the strains has also been previously
described (Olanrewaju et al., 2019). Static overnight bacteria cultures were grown in
Tryptone Soya Broth (TSB, Oxoid CM0129, Basingstoke, England) at 37˚C, streaked unto
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Tryptone Soya Agar (TSA, Oxoid, CM0131, Basingstoke, England) and maintained at 4˚C
for the entire duration of the study.
5.2.3 Reagents
Vancomycin and rifampicin were purchased from Sigma-Aldrich (St. Louis, USA). Final
concentrations of 10 µg/mL vancomycin and 100 µg/mL rifampicin were used for the
selection of transconjugants. Cycloheximide, for the inhibition of protein synthesis, was
purchased from EMD Millipore Corp (Burlington, USA). Latrunculin B, an actin
polymerisation inhibitor, was acquired from Sigma-Aldrich (St. Louis, USA).
5.2.4 Effect of ciliate viability on antibiotic resistance gene transfer
Conjugation experiments to assess the frequency of antimicrobial resistance gene transfer
between E. faecalis strains in the presence of the ciliate Tetrahymena pyriformis were
carried out using methods previously described by Matsuo et al. (2010). Equal
concentrations of 109 CFU/mL E. faecalis donor strain MF06036Van and recipient strain
ST02103Rif were cultured in TSB at 37 ˚C for 90 min to mid-exponential growth phase.
Bacterial cultures were individually centrifuged at 2500 × g for 10 min. Supernatants were
discarded, and pellets were washed by resuspension and centrifugation in Page’s amoeba
saline (PAS; Composition per litre: KH2PO4 0.136 g, Na2HPO4 0.142 g, MgSO4.H2O, NaCl
0.12 g, CaCl2.6H2O 0.4 mg, pH 6.8; Page, 1988). Bacteria concentrations in the conjugation
treatment were adjusted before incubation according to optical density, while ciliate
abundance was determined using the trypan blue dye exclusion method (Trypan blue
solution from Sigma, St. Louis, USA). A 105 CFU/mL ciliate culture was centrifuged at
250 × g for 3 min before resuspension in PAS. Conjugation treatments samples were
prepared by mixing 0.5 mL each of donor and recipient E. faecalis with 1 mL ciliate culture
in 2.5 mL Eppendorf tubes, and conjugation treatments and controls (without ciliates) were
then incubated at 30˚C for 24 h. Transconjugant counts were determined at 0 h, 2 h, 8 h
and 24 h. For this, 100 µL of samples were transferred to 1.5 mL Eppendorf tubes, subjected
162

to bead-beating following Matsuo et al. (2010) and then plated onto selective TSA (Fig.
5.2). Transconjugants were isolated on selective TSA containing 10 μg/mL vancomycin
and 100 μg/mL rifampicin. At each sampling time recipient concentrations were also
determined by selection on TSA plates containing only 100 μg/mL rifampicin. Gene
transfer frequency was defined as the ratio of the number of transconjugants to recipient
abundance.
Experiments were performed using live ciliates and heat-killed ciliates to confirm that
antimicrobial resistance gene transfer between E. faecalis strains occurred through active
grazing by ciliates and not just by attachment to ciliate surfaces. Heat-killed ciliates were
prepared by 10 min incubation in a water bath at 90˚C for. Experiments were conducted
with six replicates and repeated twice with five replicates each to make a total of 16
replicates.
5.2.5 Effect of grazing inhibition on gene transfer frequency
Conjugation experiments were conducted as described under Section 5.2.4. Bacteria
engulfment and vesicle production by ciliates were suppressed using 5 µg/mL latrunculin
B and 1 µg/mL cycloheximide to assess the effect of grazing inhibition, respectively.
Experiments were conducted with six replicates and repeated twice with five replicates
each to make a total of 16 replicates.
5.2.6 Effect of ciliate and bacteria abundance on gene transfer frequency
The effect of ciliate abundance on conjugation frequency compared results from treatments
with concentrations of 10, 102, 103, 104 and 105 cells/mL T. pyriformis. The ciliate
population was determined using a Sedgewick Rafter counting chamber (Pyser Optics,
Edenbridge, UK). Conjugation experiments were at first conducted as described under
Section 5.2.4. For optimisation, subsequent conjugation experiments were conducted with
the ciliate abundance yielding the highest number of transconjugants.
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Donor E. faecalis
MF06036
grown in TSB
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Figure 5.2. Graphical representation of the conjugation experiment method (Image
adapted from Matsuo et al., 2010).
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Conjugation experiments were repeated with high bacteria abundance (109 CFU/mL) and
low bacteria abundance (105 CFU/mL). Experiments were conducted three times and in
triplicates.
5.2.7 Temporal change in gene transfer frequency in Enterococcus faecalis recipient strains
Using the best performing ciliate abundance, conjugation experiments were repeated with
109 CFU/mL concentration of the E. faecalis donor strain MF06036Van and two recipient
strains, MW01105Rif and ST02103Rif, grown to mid-exponential growth phase. Treatments
and controls were incubated for 24 h and 100 µL of samples collected for bead-beating and
plating at 0, 2, 8 and 24 h incubation intervals as described under Section 5.2.4.
Experiments were conducted with six replicates and repeated twice with five replicates
each to make a total of 16 replicates.
5.2.8 Confirmation of conjugation in ciliate vesicles
Conjugation experiments were conducted to confirm both the occurrence and increased
frequency of conjugation in ciliate vesicles. A 1 mL volume of conjugation treatment in
PAS was prepared using the method described under Section 5.2.4. Aliquots of 200 µL
sample were collected after 1 h, 2 h, 3 h, and 4 h and subjected to 3 min bead beating.
Microscopic observation confirmed the successful destruction of ciliates and the release of
vesicles. Purification of ciliate vesicles involved density gradient centrifugation following
a method previously described by Pinheiro et al. (2007). Briefly, 400 µL of Histopaque1119 (Sigma, USA) was layered on the collected sample (200 µl) in a 1 mL Eppendorf
tube. The tube was then centrifuged at a low speed of 400 × g for 10 min at room
temperature. After centrifugation, 100 µL of the Histopaque-1119 phase (bottom) and
supernatant were sampled and plated on transconjugant selection TSA plates. After
incubation at 37 oC for 24 h, transconjugant numbers were determined by plate colony
counts. The same procedure applied to control samples without T. pyriformis obtained at
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the same sampling intervals for comparison of transconjugant background levels.
Experiments were conducted three times and in triplicates.
5.2.9 Effect of bacteria growth phase at the start of the experiment on gene transfer
Conjugation experiments conducted in Section 5.2.4 with bacteria in mid-exponential
phase were repeated with stationary phase E. faecalis following the same method to assess
how the growth phase may affect gene transfer frequency. Overnight donor and recipient
strains were grown for 6 h to the stationary growth phase and harvested for conjugation
experiments. Experiments were conducted with six replicates and repeated twice with five
replicates each to make a total of 16 replicates.
5.2.10 Effect of ciliate excretion on gene transfer
The effect of ciliate excreted waste on bacteria growth and on gene transfer frequency was
assessed using unfed and fed ciliates. Fed ciliates were grown in proteose peptone yeast
(PPY) medium while unfed ciliates were prepared by recovering ciliates from PPY through
centrifugation and subsequent incubation in Prescott and James (PJ) solution for 48 h.
Afterwards, PJ solution with ciliates was centrifuged at 250 × g for 3 min and ciliates were
resuspended in an equal volume of PAS. Conjugation experiments were conducted as
previously described under Section 5.2.5. Also, to assess the ciliate input effect across a
range of bacterial abundance, 105 cells/mL T. pyriformis was incubated with 105 CFU/mL
and 109 CFU/mL E faecalis recipients respectively. Bacterial colony counts from the
treatment and control samples were taken after 2 h and 24 h. Experiments were conducted
three times and in triplicates.
To determine the potential effect of ciliate waste on E. faecalis growth, 40 mL of a ciliate
culture grown in PPY in a 50 mL centrifuge tube was centrifuged at 4500 × g at 4˚C for 10
min. The supernatant was decanted into another 50 mL centrifuge tube. Centrifugation and
decanting were repeated until no ciliate pellets were observed at the base of the tube. Light
microscope inspection of a 1 mL supernatant sample (hereafter referred to as ciliate-free
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spent PPY) in a Sedgewick Rafter counting chamber after a filtration step using a 0.2 µm
sterile filter confirmed the complete removal of ciliates. A mid-exponential phase E.
faecalis culture was prepared, and 9 mL of ciliate-free PPY was inoculated with 1 mL
bacteria to make a 10 % treatment. As controls, 10% bacteria cultures were prepared in
fresh PPY and TSB. All treatments were incubated for 24 h. Optical density was determined
at 600 nm using a spectrophotometer (UV-1800, Shimadzu, Japan). The effect of energy
availability on conjugation frequency was further tested by spiking ciliate conjugation
treatments with a 0.01% w/v final glucose concentration. Ciliate conjugation treatments
and controls without glucose served as negative controls. All experiments were conducted
three times and in triplicates.
5.2.11 Statistical analysis
Statistical analysis of data was performed using the GraphPad Prism 7.00. Differences
between transconjugant numbers in experimental treatments and controls were determined
by non-parametric Mann-Whitney U test, and Kruskal-Wallis one-way analysis of variance
(ANOVA).
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5.3 Results
5.3.1 The effect of ciliate viability on gene transfer in E. faecalis
The effect of active ciliate grazing on gene transfer in E. faecalis was investigated between
a donor strain MF06036Van and recipients ST02103Rif harvested in the mid-exponential
phase using both live and heat-killed ciliates (Figs. 5.3 & 5.4). Results showed that after 2
h incubation, transconjugant counts (TC) were significantly higher in treatments with live
ciliates than in heat-killed treatment and control samples (Kruskal Wallis: H = 32.81, n1=
16, n2 = 16, df = 15, p < 0.0001). TC in heat-killed ciliate treatments and control samples
were not different (Mann-Whitney: U = 62.50, n = 16, df = 30, p =0.0762). TC were also
higher in live ciliate treatment than in heat-killed ciliate treatments and controls at 8 h (H
= 32.49, n1= 16, n2 = 16, df = 15 p < 0.0001) but lower than TC at 2 h. There was no
difference between heat-killed ciliate treatments and controls at 8 h (U = 80, n = 16, df =
30, p =0.0715). At 24 h, TC were significantly higher in treatments than controls (H =
30.89, df = 15, n1= 16, n2 = 16, p < 0.0001), although this was two orders of magnitude
lower than at 2 h, and there was no difference between heat-killed ciliate treatments and
controls (U = 79, n = 16, df = 30, p =0.0651).
When recipient concentrations were determined, results showed lower counts in live ciliate
treatments than in treatments with heat-killed ciliates and controls at all four incubation
time points (2 h: H = 21.72, p < 0.0001; 8 h: H = 19.60, p < 0.0001; 24 h: H = 17.90, p <
0.0001, df = 15, n = 16; Fig. 5.3b). The mean gene transfer frequency at 2 h in live ciliate
treatments was 9.3 × 10-7, about one order of magnitude higher than in heat-killed ciliate
treatments (1.2 × 10-7) and controls (8.0 × 10-8). This confirmed that conjugative vanA gene
transfer between donor and recipient E. faecalis strains was influenced by the presence of
active ciliates. Fluorescence microscopy images showed the accumulation of bacteria
within ciliate cells as early as 30 min into the experiment (Fig. 5.5).
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a.

b.

c.

Figure 5.3. Conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipient ST02103Rif in the mid-exponential growth phase at 0, 2, 8
and 24 h post-incubation in the presence of live and heat-killed ciliates. (a) Frequency of gene transfer (b) Number of transconjugants formed, and (c) Final
recipient concentration due to ciliate grazing. Columns = arithmetic mean of sixteen replicates. Bar = standard error of the mean. (c). In box and whisker plot,
centre line indicates the median transfer frequency. Box length represents the interquartile range of transfer frequency from 16 treatment and control samples.
Whiskers represent the minimum and maximum gene transfer frequency at each sampling time point. Asterisks indicate the level of significance at 95%
confidence interval, * p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5.4. Tryptone soya agar antibiotic selective plates with transconjugant growth in (a) ciliate treatment and (b) control after 0 h, 2 h, 8 h and 24 h
incubation at 30 oC
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Vesicle

Figure 5.5. Images of fluorescence labelled Enterococcus faecalis inside Tetrahymena
pyriformis after incubation periods of (a) 0.5 h (b) 1 h (c) 2 h and (d) 4 h in Page’s amoeba
saline solution. Ciliate vesicles with fluorescent E. faecalis shown in the background. 109
CFU/mL E. faecalis was incubated with 105 CFU/mL T. pyriformis at 30 oC for 4 h.
Fluorescence viewed with green excitation filter set at excitation/emission wavelength of
577/602 nm.
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5.3.2 Inhibition of ciliate grazing
With the more conjugation-efficient recipient strain ST02103Rif, the effect of inhibiting
vesicle formation and phagocytosis on the formation of transconjugants was assessed using
cycloheximide and latrunculin B, respectively (Fig. 5.6). Results showed a significantly
higher number of transconjugants in drug-free live ciliate treatments than in drug-treated
treatments (Kruskal-Wallis: H = 53.62, df = 15, n1= 16, n2 = 16, df = 15 p < 0.0001) There
was no significant difference between latrunculin B-treatments and cycloheximidetreatments (Mann-Whitney: U = 96.5, n = 16, df = 30, p =0.2420). This showed that the
suppression of bacterial engulfment and vesicle formation resulted in equally decreased
transconjugant formation.

Figure 5.6. Effect of drugs (cycloheximide or latrunculin B) on transconjugant formation
in E. faecalis after 2 h incubation. Column = arithmetic mean of sixteen replicates. Bar =
standard error of the mean. Asterisks indicate the level of significance at 95% confidence
interval, **p < 0.01, *** p < 0.001, **** p < 0.0001. ‘+’indicates the presence of a test
organism/reagent, ‘-’ indicates the absence of a test organism/reagent.
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5.3.3 Effect of ciliate abundance on gene transfer frequency
Conjugation experiments were conducted with varying ciliate abundance between 101 - 106
N/mL. Results showed a significant difference between controls without ciliates and the
lowest ciliate abundance of 102 N/mL (Mann-Whitney: U = 16, n = 9, df = 16, p =0.0304).
Gene transfer frequencies ranged between 8.2 × 10-7 at 102 N/mL and 1.8 × 10-5 at 105
N/mL (Fig. 5.7a). The observed increase in gene transfer frequency as ciliate abundance
increased from 103 to 105 N/mL exceeded one order of magnitude (Kruskal-Wallis: H =
32.04, n = 9, df = 8, p < 0.0001). There was no significant difference between transfer
frequencies at 105 N/mL and 106 N/mL (Mann-Whitney: U = 28, p =0.2930) with average
transconjugant counts of 3512 CFU/mL and 4156 CFU/mL, respectively (Fig. 5.7b).
Increased exposure to ciliates had a direct effect on bacterial abundance, as seen in the
reduction in recipient concentration (Fig. 5.7c). As a result, a 105 N/mL T. pyriformis
abundance was used for subsequent conjugation assays.
5.3.4 Effect of ciliate grazing on bacteria abundance
The effect of ciliates on bacteria abundance was further assessed by incubating 105 N/mL
T. pyriformis with 105 CFU/mL or 109 CFU/mL E. faecalis ST02103Rif, respectively (Fig.
5.8). Results shows that after 2 h, bacteria abundance in ciliate treatments inoculated with
109 CFU/mL E. faecalis was significantly lower than in controls (Mann-Whitney: U = 0,
n1 = 9, n2 = 9, df = 16, p < 0.0001). In ciliate treatments inoculated with 105 CFU/mL E.
faecalis, bacteria concentrations were also significantly different (U = 0, n 1 = 9, n2 = 9, df
= 16, p < 0.0001). After 24 h incubation, bacteria populations in 109 CFU/mL E. faecalisinoculated treatments and controls were not significantly different (U = 33, n1 = 9, n2 = 9,
df = 16, p =0.5455) and had decreased by 4 logs. Bacteria abundance in the 105 CFU/mL
E. faecalis-inoculated treatments were, however, significantly higher than in the controls,
i.e. by an order of magnitude (U = 0, n1 = 9, n2 = 9, df = 16, p < 0.0001). While a decrease
in bacterial abundance was observed in controls between 2 h and 24 h, bacteria abundance
in ciliate treatments was similar.
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Figure 5.7. Effect of initial ciliate abundance on conjugative gene transfer in Enterococcus faecalis showing (a) gene transfer frequency (b) transconjugant
abundance after 24 h incubation at 30oC, and (c) final recipient concentration. Column = arithmetic mean of nine replicates. Bar = standard error of the mean.
Asterisks indicate the level of significance at 95% confidence interval, **p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5.8. Effect of ciliate grazing on low and high E. faecalis abundance. Ciliate
treatments inoculated with 105 and 109 CFU/mL E. faecalis ST02013Rif. Column =
arithmetic mean of nine replicates. Bar = standard error of the mean. Asterisks indicate
the level of significance at 95% confidence interval, **** p < 0.0001. The downward red
arrow indicates a decrease in recipient concentration in controls at 24 h.

5.3.5 Temporal change in gene transfer frequency in different Enterococcus faecalis
recipient strains
Temporal dynamics of the vanA gene transfer in E. faecalis was investigated between a
donor strain MF06036Van and two recipients MW01105Rif and ST02103Rif harvested in the
mid-exponential phase. Any residual transconjugants in treatments and controls at 0 h had
most likely been induced by the centrifugation steps before incubation (Table 5.1; Fig.
5.9a). For MW01105Rif, the average gene transfer frequency (T:R) in the ciliate treatments
over the 24 h period was 2.2 × 10-8. Gene transfer frequency did not increase between 0 h
(3.23 × 10-8) and 2 h (2.72 × 10-8). Also, there was a decrease in transfer frequency to 6.4
× 10-9 after 8 h (Fig. 5.9a). At 2 h, transconjugant counts (TC) in treatments were higher
than controls (U = 8, n = 16, df = 30, p < 0.0001). At 8 h, TC were also higher in treatments
than controls (U = 39, n = 16, df = 30, p =0.0004), although TC in treatments were lower
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than at 2 h post incubation (Fig. 5.9a). After 24 h incubation, no TC were obtained from
the treatments, while controls had TC of 13 ± 17 CFU/mL. Recipient abundance (RA) at
the four sampling times was recorded as evidence for the ciliate grazing pressure through
phagocytosis. RA in treatment samples was found to be lower than controls at 2 h (U = 49,
n = 16, df = 30, p =0.0021) and 8 h (U = 0 n = 16, df = 30, p < 0.0001; Fig. 5.9c). Average
RA in treatments had decreased from 2.61 × 109 CFU/mL at 2 h to 1.3 × 109 CFU/mL at 8
h. At 24 h, RA had decreased by two orders of magnitude from 109 CFU/mL at 0 h to 107
CFU/mL. However, there was no significant difference in RA between treatments and
controls at 24 h (U = 90.50, n = 16, df = 30, p =0.1869).

Table 5.1. Mean vancomycin resistance gene transfer frequency between the donor and
recipient Enterococcus faecalis strains in the presence of 105 N/mL Tetrahymena
pyriformis
Enterococcus
faecalis
recipient strain

Incubation
time
(h)

Recipient count
(CFU/mL)

Transconjugant
count
(CFU/mL)
µ ± SEM, n = 16

Transfer
frequency
(T:R)

MW01105Rif

0

1.1 × 109

39 ± 5

3.8 × 10-8

2

2.7 × 109

66 ± 9

2.4 × 10-8

8

1.3 × 109

10 ± 2

7.4 × 10-9

24

6.0 × 106

0

0

0

1.3 × 109

256 ± 14

2.0 × 10-7

2

2.0 × 109

2002 ± 49

9.7 × 10-7

8

1.3 × 109

1198 ± 28

8.9 × 10-7

24

8.3 × 106

118 ± 11

1.8 × 10-5

ST02103Rif

µ = mean, SEM = Standard error of the mean, n = number of replicates
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b.
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Figure 5.9. Conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipients MW01105Rif and ST02103Rif after 24 h at 30 oC. (a) Frequency
of gene transfer (b) Number of transconjugants formed, and (c) Final recipient concentration. Column = arithmetic mean of sixteen replicates. Bar = standard
error of the mean. Asterisks indicate the level of significance at 95% confidence interval, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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There were similar observations for the second recipient strain ST02103Rif regarding
transconjugant formation with time (Table 5.1). For ST02103Rif, the average gene transfer
frequency (T:R) in the ciliate treatments over the 24 h period was 1.2 × 10-6. At 2 h, gene
transfer frequency in the presence (absence) of ciliates was 9.7 × 10-7 (6.9 × 10-8) and 8.9
× 10-7 (5.9 × 10-8) after 8 h. Again, the highest number of transconjugants was obtained at
2 h, suggesting that gene transfer occurred at a lower frequency after this time point. Due
to a two-fold decrease in recipient concentration at 24 h, mean transfer frequencies were
1.7 × 10-5 and 1.2 × 10-5 in treatments and controls respectively. The TC were significantly
higher in treatments than in controls after 2 h incubation (U = 0, df = 30, n = 16, p < 0.0001;
Fig. 8b). At 8 h, TC had decreased from 2032 ± 302 CFU/mL to 1238 ± 212 CFU/mL.
However, this was higher than in controls (U = 0, df = 30, n = 16, p < 0.0001). At 24 h
post-incubation, the TC in treatments 129 ± 40 CFU/mL were five times higher than in
controls.
Despite initially high recipient abundance (RA), the grazing pressure by ciliates became
more apparent at 2 h into the experiment. However, post 8 h incubation, there was a sharp
two-fold decrease in RA in both treatments and controls, and at 24 h, RA in controls (7.2
× 106 CFU/mL) was only just over twice as high as the treatment (3.1 × 106 CFU/mL; Fig.
8c).
While transconjugant numbers obtained from the two recipients were highest at 2 h of
ciliate grazing, results showed that ST02103Rif was more efficient in receiving the vanA
gene than the MW01105Rif with up to 50 times higher transconjugant numbers at 2 h
incubation and up to 100 times higher numbers at 8 h and 24 h incubation respectively. In
controls, residual TC in samples with ST02103Rif were about ten times higher than counts
in samples with MW01105Rif between 0 h and 8 h, as further evidence for a different
frequency of conjugation when comparing the two recipient E. faecalis strains.
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5.3.6 Determination of gene transfer frequency in stationary phase Enterococcus faecalis
For comparative assessment of the effect of the initial bacteria growth phase on
conjugation, the experiments described under 3.5 with E. faecalis from cultures in midexponential growth phase were also conducted with E. faecalis harvested in the stationary
growth phase after 6 h incubation at 37 oC. Experiments involved treatments with live and
heat-killed ciliates and controls without ciliates.

Results from the stationary phase

experiments showed that the gene transfer frequency (Fig. 5.10a) obtained at 24 h was 5.2
× 10-5, two orders of magnitude higher than the treatment with heat-killed ciliates (2.2 ×
10-7) and ciliate-free controls (3 × 10-7). This was because transconjugant numbers were
significantly higher in live ciliate treatments at 2 h (H = 7.667, df = 15, n1= 16, n2 = 16, p
=0.0216), 8 h (H = 9.527, df = 15, n1= 16, n2 = 16, p =0.0098) and 24 h (H = 24.97, df =
15, n1= 16, n2 = 16, p < 0.0001) respectively (Fig. 5.10b). There was no difference between
TC at 2 h and 8 h. The highest TC were obtained at 24 h, contrary to the mid-exponential
starting phase experiments with pronounced TC maxima at 2 h. In a comparison of results
from all sampling times, TC at 24 h (938 ± 429 CFU/mL) in stationary starting phase were
comparable to TC at 8 h in the exponential starting phase (1141 ± 140 CFU/mL).
In the stationary starting phase, there was also no significant difference in recipient
concentration in both treatments and controls at 2 h (H = 23.42, df = 15, n1= 16, n2 = 16, p
< 0.0001; Fig. 5.10c). This was in contrast to previous observations in the exponential
starting phase experiments where ciliate grazing pressure had already been detectable in
live ciliate treatments at 2 h. For the stationary phase recipient concentrations at 8 h and
24 h incubation was lower in live ciliate treatments (8h: H = 18.35, df = 15, n1= 16, n2 =
16, p < 0.0001; 24 h: H = 31.47, df = 15, n1= 16, n2 = 16, p < 0.0001). At 24 h, recipient
concentration in treatments with heat-killed ciliates and controls (108 CFU/mL) was one
order of magnitude lower than in similar treatments in mid-exponential starting phase
bacteria (107 CFU/mL). The lower gene transfer frequency could be the result of a lower
grazing pressure of ciliates on stationary phase bacteria.
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a.

b.

c.

Figure 5.10. Conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipient ST02103Rif in the stationary growth phase (6 h) at 0, 2, 8
and 24 h post-incubation in the presence of live and heat-killed ciliates. (a) Frequency of gene transfer (b) Number of transconjugants formed and (c) Final
recipient concentration after ciliate grazing. In box and whisker plot, centre line indicates the median transfer frequency. Box length represents the
interquartile range of transfer frequency from 16 treatment and control samples. Whiskers represent the minimum and maximum gene transfer frequency at
each sampling time point. Column = arithmetic mean of sixteen replicates. Bar = standard error of the mean. Asterisks indicate the level of significance at
95% confidence interval, * p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.
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5.3.7 Determination of conjugation frequency in ciliate vesicles
The investigation of the ciliate vesicle as a hotspot for ARG transfer in ciliates relied upon
a comparison of occurrence and frequency of antimicrobial resistance gene transfer within
and outside ciliate vesicles. This study compared transconjugant counts from purified
vesicles and supernatant with transconjugant counts in control samples without ciliates
over a 4 h incubation period (Table 5.2). T. pyriformis can complete a digestion cycle
within 2 h (Nilsson, 1987). After the first hour of incubation in this study, transconjugant
numbers within vesicles were 4-fold higher than background levels, and this increased to
10-fold after 2 h incubation. Furthermore, between the first and second hour of incubation,
transconjugant numbers within the vesicle increased by a factor of 2.5 but decreased by a
factor of 1.1 every hour after that.

Table 5.2. Number of transconjugants produced inside and outside Tetrahymena
pyriformis vesicles
Time (h) TC (CFU/mL)

SEM

CV (%)

Conjugation outside vesicles

1

163

14

22.8

(supernatant)

2

203

12

15.3

3

167

17

26.5

4

180

15

21.9

1

712

71

26.3

2

1853

194

27.8

3

1388

126

23.9

4

1264

143

30

Conjugation inside vesicles

TC = Transconjugant count (mean of nine replicate samples)
SEM. = Standard error of the mean
CV = coefficient of variation (S.D./Mean ×100)
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5.3.8 Effect of organic excretion from ciliates on gene transfer frequency
The potential effect of ciliate excretion of organic waste on bacterial gene transfer
frequency was investigated through experiments with starved and fed ciliates.

The

hypothesis was that fed ciliates would excrete more nitrogenous waste into the treatment,
which could be beneficial for E. faecalis growth. Results (Fig.5.11a) showed significantly
higher gene transfer frequency in treatments with fed ciliates than in treatments with unfed
ciliates after 2 h (U = 0, n1 = 9, n2 = 9, df = 30, p < 0.0001) and 24 h (U = 0, df = 16, p <
0.0001). Higher transconjugant counts in the treatments with fed ciliates at 2 h and 24 h
(Fig. 5.11b) suggest a stronger growth response of the bacteria to higher nutrient
availability than in treatments with starved ciliates. However, recipient concentrations
were significantly higher for treatments with fed ciliates at 2 h (U = 17.5, df = 16, p
=0.0405) but not at 24 h (U = 31, df = 16, p =0.4229; Fig. 5.11c).
5.3.9 Bacteria abundance in cell-free ciliate culture medium
Optical density measurements as proxy for bacterial abundance were significantly higher
in ciliate-free PPY medium than in unused PPY (Mann-Whitney: U = 0, n = 9, df = 16, p
< 0.0001). However, bacterial abundance was lower in ciliate-free spent PPY than in TSB
(U = 0, n = 9, df = 16, p < 0.0001; Fig. 5.12). An increase in bacterial abundance was
suggestive of a response of E. faecalis to available nutrient in ciliate-free PPY. This
observed difference between the ciliate-free and unused PPY may be attributed to a buildup of ciliate organic wastes in the ciliate culture medium, which could serve as an
additional nutrient source, in comparison to the nutrient limitation in Page’s amoeba saline
solution used in conjugation experiments.
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a.

b.

c.

Figure 5.11. Conjugative vanA gene transfer between E. faecalis donor MF06036Van and recipient ST02103Rif at 2 h and 24 h post-incubation in the presence
of unfed and fed ciliates. (a) Frequency of gene transfer due to ciliate grazing (b) Number of transconjugants formed (c). Final recipient concentration after
ciliate grazing determined from 16 replicate control and ciliate treatment samples. Column = arithmetic mean of nine replicates. Bar = standard error of the
mean. Asterisks indicate the level of significance at 95% confidence interval, * p < 0.05, **** p < 0.0001.
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Figure 5.12. Optical density (600 nm) measurement of E. faecalis abundance in unused
PPY, ciliate-free spent PPY prepared and tryptone soya broth after 24 h. Column =
arithmetic mean of nine replicates. Bar = standard error of the mean. Asterisks indicate
the level of significance at 95% confidence interval, **** p < 0.0001.

5.3.10 Energy availability enhances transconjugant formation
The effect of energy availability on conjugation frequency was assessed by spiking
conjugation treatments with 0.01% final glucose concentration (w/v) as an organic carbon
enrichment for additional bacteria growth. As expected, gene transfer frequencies at 2 h
and 24 h were significantly higher in ciliate treatments (both glucose-spiked and glucosefree) than in controls (U = 0, n = 9, df = 16, p < 0.0001; Fig. 5.13a). The addition of glucose
to ciliate treatments had a positive effect on gene transfer, as transfer frequency was higher
in glucose-spiked treatment than in glucose-free treatments at 2 h (U = 2, n = 9, df = 16, p
=0.0002) and 24 h (U = 7, n = 9, df = 16, p =0.0019). While the transconjugant count
decreased by one order of magnitude between 2 h and 24 h in both glucose and glucosefree treatments, transconjugant numbers in glucose-spiked treatments at 24 h (1943
CFU/mL) were approximately twice as high as those of glucose-free treatments (1017
CFU/mL; Fig. 5.13b). In controls, no transconjugants were recovered from glucose-free
media, while the glucose-spiked media had an average count of 10 CFU/mL.
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Recipient concentrations were lower in ciliate treatments (with or without glucose) than in
controls at 24 h (U = 15.5, n = 9, df = 16, p =0.0257; Fig. 5.13c). At 2 h incubation,
recipient concentration was higher in glucose-spiked ciliate treatments than in glucose-free
treatments (U = 4, n = 9, df = 16, p =0.0004). However, after 24 h, there was no difference
between both treatments (U = 30.5, n = 9, df = 16, p =0.3988). Between the controls,
glucose-spiked media had significantly higher recipient counts than glucose-free media at
2 h (U = 7, n = 9, df = 16, p < 0.0015). Contrary to observations in ciliate treatments,
glucose availability resulted in more recipients in glucose-spiked controls than in glucose
free controls after 24 h (U = 0, n = 9, df = 16, p < 0.0001).
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a.

b.

Figure 5.13. Effect of glucose availability on
conjugative vanA gene transfer between E.
faecalis donor MF06036Van and recipient
ST02103Rif at 2 h and 24 h post-incubation (a)
Frequency of gene transfer (b) Number of
transconjugants formed, and (c) Final recipient
concentration after ciliate grazing. Column =
arithmetic mean of nine replicates. Bar = standard
error of the mean. Asterisks indicate the level of
significance at 95% confidence interval, * p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

c.
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5.4 Discussion
Municipal wastewater treatment plants are a highly suitable environment to gene transfer
as they host a diverse mix of bacteria, antimicrobial agents and nutrients (Baquero et al.,
2013, Lindberg et al., 2004, Bouki et al., 2013). In biological wastewater treatment
systems, bacterivorous ciliates play a prominent role in grazing on dispersed bacteria,
reducing bacterial biomass and decreasing biological oxygen demand (BOD) of wastewater
effluent (Cruds and Fey, 1969). E. faecalis can conjugatively acquire antibiotic resistance
genes (ARGs) in municipal sewage treatment plants under natural conditions (Marcinek et
al., 1998). This chapter examined the effect of ciliate grazing on the spread of vanA genes
in E. faecalis. It was hypothesised that exchange of vanA between strains of E. faecalis in
ciliate vesicles might result in the increase and persistence of vanA genes.
5.4.1 The effect of ciliate viability on gene transfer in E. faecalis.
Tetrahymena pyriformis engulfs planktonic bacteria, digesting them within food vacuoles
in stepwise bursts (Nilsson, 1987). Research on Gram negative bacteria has shown that
conjugative transfer of ARGs occurred between bacteria due to active engulfment in food
vacuoles (Balcázar, 2015; Matsuo et al., 2010). In this study, the effect of viable ciliates on
gene transfer was assessed. Cocultures with live ciliates produced more transconjugants
than heat-killed ciliates. Transconjugant counts obtained from heat-killed ciliate treatments
were not significantly different from those in ciliate-free controls. This agreed with findings
reported by Oguri et al. (2010) and Matsuo et al. (2010) for E. coli. At 24 h, E. faecalis
transconjugant counts in controls remained close to those obtained at 0 h, while
transconjugant counts in live-ciliate treatments were one order of magnitude higher. This
suggested that conjugation in E. faecalis occurred at a significantly higher frequency in the
presence of live ciliates.
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5.4.2 Inhibition of ciliate grazing
Phagocytosis has been identified as the primary process by which ciliates feed on bacteria
(Nilsson, 1987; Iriberri et al., 1994a). Suppression of phagocytic activities by ciliates
through exposure to inhibitory drugs can cause a significant decrease of gene transfer
frequency in cocultures with Gram negative bacteria (Matsuo et al., 2010). Two widely
used drugs are cycloheximide as a eukaryote-specific protein synthesis inhibitor and
Latrunculin B, an actin polymerisation inhibitor. This study applied referenced
concentrations of these two drugs for the inhibition of bacterial engulfment and vesicle
formation in ciliates (Matsuo et al., 2010). Results showed decreased transconjugant counts
at all experimental time points in cocultures with inhibition by drugs, while drug-free
cocultures had more transconjugants. However, the transconjugant counts from drugtreated cocultures remained slightly higher than in controls without ciliates, indicating that
despite the drug application, grazing activities still induced gene exchange albeit at a lower
rate than in drug-free ciliate treatments. As reported by Matsuo et al. (2010) drug
suppression of bacterial engulfment and vesicle formation in E. coli appeared to hinder
conjugation for E. faecalis. This result confirmed that T. pyriformis grazed on E. faecalis
by a mechanism of bacterial engulfment or phagocytosis.
5.4.3 Confirmation of conjugation in ciliate vesicles
The relevance of vesicle formation for transconjugant formation was assessed by isolating
ciliate vesicles from the ciliate treatments. Transconjugant counts obtained from vesicles
exceeded those from the supernatant by factor 5 after 1 h, and up to factor 10 after 2 h. This
finding confirmed that conjugation occurred at a higher frequency inside ciliate vesicles
than in the ambient medium. Hence, vesicle formation by ciliates is a determining factor in
facilitating conjugation in E. faecalis. The elevated level of gene transfer in ciliate vesicles
was similar to findings by Schimme et al. (1997) who reported a more than 200-fold
exceedance of E. coli transconjugant abundance in supernatant by counts from vesicles
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after 2 h. This study’s one order of magnitude difference in transfer frequency could depend
on the conjugation efficiency of the recipient strains (Dunny, 2013). The result, however,
confirms that conjugation activity was higher in ciliate vesicles than in the supernatant.
5.4.4 Effect of ciliate abundance on gene transfer frequency
It has been previously demonstrated that the selection of experimental conditions can have
a large impact on results from the investigation of conjugation between bacteria in the
presence of ciliates (Matsuo et al., 2010). This study assessed the effect of ciliate
abundance on gene transfer frequency to determine the optimal ciliate abundance for
investigating conjugation in exponentially growing E. faecalis. Ciliate abundance in
conjugation treatments was varied between 101 – 106 ciliates/mL. Gene transfer frequency
increased with every one-order-of-magnitude rise in the ciliate abundance until
105 ciliates/mL, and not beyond. This suggested that an abundance of 105 ciliates/mL was
sufficient for successful quantification of gene transfer in E. faecalis. This agrees with the
suggestion of Matsuo et al. (2010) that an abundance of 105 ciliates/mL was optimal for
the investigation of bacterial conjugation. It is also representative of conditions in UWTPs,
where ciliate abundance can reach up to 3-20 × 106 cells/mL in mixed liquor (Madoni,
1994). Gene transfer frequency in cocultures with 105 ciliates/mL was over an order of
magnitude higher than in the absence of ciliates.
Higher ciliate and E. faecalis abundance resulted in a better quantification of conjugation
frequency as ciliate grazing was positively influenced by prey density (Iriberri et al.,
1994b). The high bacterial abundance may however not reflect typical conjugation
frequencies in wastewater, where the abundance of enterococci is generally within the
range of 2-3 log CFU/mL (Leclercq et al., 2013; Lépesová et al., 2019). Ciliate grazing on
bacteria can cause interactions between enterococci and other permissive bacteria inside
ciliate vesicles, because Tetrahymena sp has a high capacity for grazing planktonic
bacteria, estimated at a rate of 100 cells per hour (Gonzalez et al., 1990). This would lead
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to a high turnover of vesicles as Tetrahymena egest up to 80% of their vesicles within the
2-hour cycle at an average of 12-13 vesicles per ciliate (Schlimme et al., 1997). It can
therefore be inferred within reason that innocuous bacteria engulfment and vesicle
formation in wastewater influent compartments could foster conjugative plasmid
dissemination between opportunistic pathogens such as enterococci, resulting in further
dissemination of the vanA gene in more conducive wastewater treatment effluent
compartments and ultimately in the aquatic environment (Douidah et al., 2014
; Devarajan et al., 2015).
5.4.5 Effect of ciliate grazing on bacterial abundance
The effect of bacterial abundance on gene transfer frequency was assessed by exposing
ciliates to high bacterial abundance (109 CFU/mL) and low bacterial abundance
(105 CFU/mL) under nutrient-limited conditions to detect conjugation frequency. Ciliate
grazing significantly reduced bacteria concentration in treatments with low and high
bacterial abundance at 2 h. However, a marked difference in grazing pressure was observed
at 24 h in treatments with low bacterial abundance, as colony counts were found to be an
order of magnitude higher in the ciliate treatments than the ciliate-free controls. This was
not the case in the treatment with high bacterial abundance. T. pyriformis tends to exhibit
low grazing pressure whenever bacterial abundance is lower than 105 cells/mL (Watson et
al., 1981). The digestion of bacteria during ciliate grazing is a known source of organic
matter (Mitchell et al., 2003). The higher bacterial abundance at 24 h in ciliate treatments
with initially low bacteria numbers suggested that ciliate grazing pressures decreased after
bacterial abundance fell below a threshold value (King et al., 1988), and accumulated
ciliate wastes may then have provided the required growth-stimulants for bacterial
metabolism, which may then have led to the subsequent increase in bacteria numbers.
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5.4.6 Temporal change in gene transfer frequency in different Enterococcus
faecalis recipient strains
Gene transfer frequency in ciliates was assessed at four sampling time points between 0 h
and 24 h in conjugation assays. Transconjugant counts (TC) for the exponentially growing
recipient strain MW01105Rif in treatments were significantly higher than in ciliate-free
controls; maximum numbers were achieved after only 2 h and subsequently decreased, as
the experiment progressed for 24 h. This result is in accordance with previous studies on E.
coli, where transconjugant numbers peaked at 2 h incubation (Matsuo et al., 2010; Oguri et
al., 2011). Furthermore, there was also a larger decrease in recipient counts of ciliate
treatments than in ciliate-free controls. A similar trend was observed in experiments with
a second recipient strain ST02103Rif was used. However, transconjugant counts obtained
from ST02103Rif in ciliate treatments at all sampling time points were two orders of
magnitude higher than those from MW01105Rif. The higher TC obtained from
ST02103Rif than from MW01105Rif reinforce previous results reported in Chapter 1 on
differences in the conjugation function of the two recipient strains. However, in the ciliate
study that would apply to conjugation within vesicles. Early conjugation events are likely
to be due to the initial rapid ingestion of planktonic bacteria by ciliates, as they have shown
a higher capacity for clearing higher population densities of enteric bacteria than lower
densities (Nilsson, 1987).
A common observation in conjugation studies with the two E. faecalis strains was that gene
transfer frequency was one order of magnitude higher in ciliate treatments than in ciliatefree controls. This result agrees with findings by Matsuo et al. (2010) who also reported a
one order of magnitude difference in the frequency of kanamycin resistance gene transfer
between E. coli strains in ciliate treatments and ciliate-free controls. Balcazar (2015)
reported a similar difference in the frequency of quinolone resistance gene transfer when
comparing treatments with the presence or absence of ciliates. Schlimme et al. (1997),
however, demonstrated that T. pyriformis could enhance gene transfer in E. coli by up to 3
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orders of magnitude. The differences in the magnitude of observed conjugation frequencies
with ciliates could be due to the type of resistance gene selected for (Tomita and Yasoyuchi,
2008), variations in conjugation function of recipient strains as seen in this study, or
perhaps the bacteria cell wall structure as characterised by gram-staining.
Studies of protozoan grazing pressure on enteric bacteria have shown that ciliates can
preferentially digest Gram negative over Gram positive bacteria (Iriberri et al., 1994a,
1994b). Reported rates of decline for faecal coliforms in the presence of protozoa were
three to five orders of magnitude higher than for faecal streptococci (Davies et al., 1995).
This difference was ascribed to varying susceptibility to protozoan grazing, and differential
digestion rates within protozoan vesicles (Iriberri et al., 1994a; 1994b). Digestion rates of
ciliates for Gram positive cocci appear to be substantially lower than for Gram negative
rods (Sherr et al., 1988; Gonzalez et al., 1990). The cell wall complexity has been
speculated to be a determining factor in the slow digestion of Gram positive coccoid
bacteria by hydrolytic enzymes in ciliates vesicles (King et al., 1988; Iriberri et al., 1994b).
5.4.7 The Effect of bacterial growth phase on transconjugant formation
It was hypothesised that the high transconjugant numbers observed after 2 h in ciliate
treatment were influenced by the E. faecalis growth phase. To test this hypothesis,
conjugation experiments were conducted with E. faecalis in the stationary cells (hereafter
referred to as stationary-at-inception), and results were compared with findings from
exponential cells (hereafter referred to as exponential-at-inception) under nutrient-limiting
conditions. Between 2 h and 8 h incubation, the transconjugant numbers obtained from the
exponential-at-inception recipients were about 20 times the number of transconjugants
from stationary-at-inception recipient cells. This suggested that the ciliates exhibited a
higher grazing pressure on E. faecalis in the exponential phase between 0 and 2 h. The
results align well with observations by Matsuo et al. (2010) and Oguri et al. (2011) on
transfer frequency peaks at 2 h, which were ascribed to rapid engulfment of bacteria. The
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2 h period represents the duration of the digestion cycle in Tetrahymena sp (Nilsson, 1987)
which concludes with the egestion of vesicles containing high densities of intact or partially
digested bacteria cells (King et al., 1988). While the growth phase of the bacteria was not
stated in those studies, it can be inferred that they were metabolically active E. coli cells,
as the reported transfer frequency were comparable with results from this study on
enterococci. Higher metabolic activity is central to high gene transfer rates, which tends to
favour bacteria in the state of exponential growth (Muela et al., 1994). This implies that
the metabolic state of the bacterial cells within the first 8 h of contact with ciliates may
influence the grazing pressure exhibited by T. pyriformis and consequently the chance of
conjugation occurring. Gonzalez et al. (1990) reported selective grazing by ciliates on
bacteria, with a higher preference for bigger, metabolically active bacteria cells There was
evidence to suggest metabolic activity in stationary phase cells in vesicles after 2 h as gene
transfer frequency was significantly higher when they were exposed to live ciliates than
when exposed to heat-killed ciliates. The persistence of the same transconjugant numbers
between 2 h and 8 h in stationary-at-inception experiments suggested low metabolic
activity. There have been reports of successful persistence of stationary phase E. faecalis
in the presence of protozoa in aquatic environments. Hartke et al. (2002) obtained a 100 %
recovery of intact stationary phase E. faecalis after a 7-day incubation period, while
exponential phase E. faecalis could not be detected anymore after 4 days. After expulsion
from ciliate vesicles, morphological adaptations and development of stress resistance in
stationary-phase E. faecalis under oligotrophic conditions can enable survival for long
periods in aquatic environments (Hartke et al., 1998).
In stationary-at-inception experiments, bacterial abundance in ciliate treatments and
controls remained unchanged for the first 2 h. This was not the case with the exponentialat-inception bacteria cells, as their abundance was significantly lower in treatments than in
controls at that time. This suggested that ciliate grazing pressure was higher on exponential
cells than stationary cells. It has been previously reported that E. faecalis in the exponential
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growth phase are more easily digestible than those in the stationary phase (Hartke et al.,
2002). In the current study, the effect of ciliate grazing on stationary-at-inception E.
faecalis abundance only became apparent at 24 h, with a corresponding one-order-ofmagnitude increase in transconjugant number compared to ciliate-free controls. In fact, at
24 h, transconjugant counts obtained from the stationary-at-inception treatments were
about ten times higher than those obtained from exponential-at-inception treatments. It was
also observed that the abundance of stationary-at-inception recipient cells in ciliate
treatments at 24 h was one order of magnitude higher than it was in exponential-atinception treatments.
While transconjugant numbers at 2 h in stationary-at-inception treatments were 100-fold
lower than in the exponential-at-inception treatments, the trend reversed after 24 h, with
the stationary-at-inception treatment having ten times more transconjugants. Stationary
phase E. faecalis produced low numbers of transconjugants as previously shown in chapter
3, and also in ciliate-free controls in this study. However, the observation was different in
the presence of ciliates. It suggests that the stationary-at-inception E. faecalis cells may
have resumed exponential growth at some point after 8 h incubation, which might have
resulted in higher bacterial abundance and elevated ciliate grazing pressure. Enterococci
possess the capacity for transitioning between growth phases, and this is dependent on the
introduction of nutrient sources (Himeoka and Kaneko, 2017). A possible explanation for
the re-entry of E. faecalis into the exponential growth phase could be that substantial
amounts of ciliate organic waste may have accumulated in the medium of stationary-atinception treatments, thus stimulating bacterial metabolism and growth.
5.4.8 Effect of ciliate excretion on gene transfer frequency
The transitioning of enterococci between growth phases in ciliate treatments was
speculated from previous experiments in this study. It was hypothesised that ciliates, which
had been well fed in proteose peptone yeast medium before conjugation experiments,
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would excrete large amounts of wastes, which would stimulate bacterial growth. To
investigate this, conjugation experiments were performed with fed and unfed ciliates. It
should be emphasised again at this point that all previous experiments had been conducted
with fed ciliates. The results revealed significantly higher transconjugant formation in
treatments with fed ciliates than with unfed ciliates, even though both groups of ciliates
exhibited the same grazing pressure on E. faecalis. The observed increased conjugation
frequency with fed ciliates in this study could be due to the excretion of growth-stimulating
compounds by protozoa (Nisbet, 1984, Horan, 1990). This could well explain the observed
variation in transconjugant numbers obtained after 24 h in exponential-at-inception and
stationery-at-inception treatments. Higher initial activity by fed ciliates may also explain
the elevated conjugation frequency. However, from the recipient counts after 2 h, results
showed that both fed and unfed ciliates exerted similar grazing pressures on E. faecalis.
Arregui et al. (2007) reported that Tetrahymena thermophila excretes capsular mucous
materials that are rich in carbohydrates and nucleic acids. These exopolymeric residues
facilitate the formation of floc and bioaggregates during wastewater treatment processes
(Ding et al., 2015).

The hypothesis was further tested by assessing the biomass of E. faecalis grown in a 2month-old ciliate-free culture extract. Optical density measurements used as a proxy for
bacterial abundance in ciliate-free spent culture medium compared to unused culture
medium suggested a positive response of E. faecalis to substrates in the ciliate-free spent
culture. The excretion of organic nutrients such as amino acids by ciliates can contribute to
the dissolved organic carbon, directly affecting the bacterial cell physiology and growth
(Jürgens and Matz, 2002; Pouge and Gilbride, 2007). This was assumed to be the case with
E. faecalis when ciliate grazing pressure decreased and ciliate organic waste was
introduced.
The effect of energy resources on conjugation frequency in E. faecalis with ciliate grazing
was further investigated by spiking ciliate treatments with 0.01% glucose which
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represented a 100 mg/L BOD (Pauli et al., 2001). This additional carbon source doubled
the number of transconjugants in ciliate treatments. Improved energy availability by
glucose addition also sustained bacterial abundance as evidenced by higher bacterial
biomass in glucose-spiked controls than in glucose-free controls. The presence of ciliates
and a carbon source in the treatment may have had a synergistic effect on conjugation
frequency. The role of protozoa in enhancing the carbon mineralisation activity of bacteria
in UWTPs can be linked to the excretion of mineral nutrients that increases carbon
utilisation by bacteria (Ratsak et al., 1996; Tezuka, 1990). High organic content is a typical
characteristic of wastewater in the UWTP influent compartments, which are also
characterised by high abundance of ciliates and bacteria (Dröge et al., 2000; Madoni, 2003;
Schlüter et al., 2007). This study, therefore, highlights the possibility that high metabolic
activity within ciliate vesicles may result in elevated gene transfer frequencies in E.
faecalis, particularly within UWTP compartments which house the secondary treatment
processes.
Despite the removal of enterococci during wastewater treatment, residual bacteria persist
in effluents after treatment (Lépesová et al., 2019). Da Costa et al. (2006) reported residual
enterococci concentrations of 4.4 x 105 CFU/mL in UWTP effluent inspite of up to 4 log
reduction during treatment. Results from this research suggest that ciliate vesicles may not
only provide an environment for conjugative gene transfer in enterococci but also
contribute to the persistence of enterococci in effluent samples. For instance, while
transconjugant numbers were highest after 2 h of incubation, gene transfer frequency as the
transconjugant-to-donor ratio was highest at 24 h for both exponential-at-inception and
stationery-at-inception treatments despite a 1-2 log decline in bacterial abundance. It is also
likely that vesicles containing both culturable and viable, but non-culturable (VBNC)
enterococci with newly acquired vanA genes may have been released into the treatment.
This could explain the non-detection of clinical isolates with a vancomycin resistance
phenotype reported by Pärnänen et al. (2019), notwithstanding the vanA prevalence in
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effluents. More so, due to slow digestion rate of E. faecalis in ciliate vesicles (Taylor and
Berger, 1976), a higher percentage of enterococci egested enwrapped in vesicles after the
initial 2 h digestion cycle may be VBNC (Grimes et al., 1986). This implies that the
transconjugant numbers detected by selective media may lead to an underestimation of
vanA gene transfer frequency, as not all present transconjugants would have grown on the
selective media.
In another study, Luczkiewicz et al., (2010) estimated that multidrug-resistant (MDR)
enterococci constituted about 29 % of treated wastewater effluent isolates. Notably
enterococci in that study were detected by culture-dependent selective media methods,
which relied on expression of resistance phenotypes. However, this method is prone to
underestimating the quantity of ARB and ARGs in samples as non-culturable forms of
bacteria would have gone undetected. Hence, the quantification of total DNA recovered
from UWTP samples and amplification of specific target genes could be a more reliable
method (Pazda et al., 2019). In a study relating ARG abundance in UWTPs to clinical
isolates in Germany, Alexander et al. (2015) reported a decline in enterococci abundance
in UWTP effluents while vanA genes abundance increased by several orders of magnitude.
This observation aligns with the mentioned findings by Pärnänen et al., (2019) in European
UWTPs that the vanA gene detection frequency increased post-treatment without detection
of enterococci.
The enrichment of vanA genes in effluents could imply a conjugative spread of vanA genes
among both related and broadly phylogenetically diverse groups of recipient bacteria in
wastewater effluent compartments. Oravcova et al. (2017) detected the vanA gene in
isolates of Enterococcus faecium from wastewater effluents in a study conducted in the
Czech Republic. In the same survey, E. gallinarum and E. casseliflavus isolates from the
same

UWTP

samples

which

hosted

the

intrinsic vanC gene

also

acquired

a vanA gene. Jacquoid et al. (2017) provided insights into the transmission of conjugative
plasmids in wastewater treatments and highlighted the critical role of plasmid shuttles.
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Keystone groups of ubiquitous bacteria were not only permissive in the conjugative
acquisition of plasmids in UWTP influents, but they could also shuttle plasmids through
treatment compartments and enable the secondary transfer of resistance plasmids to the
phylogenetically diverse and permissive microbial community in wastewater treatment.
However, gene transfer frequency was higher in influent samples than in effluent samples
of that study. Arcobacter sp and its related species have been placed under the spotlight as
potential keystone bacteria in the UWTPs (Jacquoid et al. 2017). Arcobacter species are
ubiquitous in animal hosts, and in the environment (Douidah et al., 2014), and also
abundant in wastewater treatment plants (Shrestha et al., 2018). They are considered to be
emerging clinically relevant pathogens and zoonotic agents (Collado and Figueras, 2011),
with human infections linked to the consumption of minimally processed dairy products
(Douidah et al., 2014; Yesilmen et al., 2014). Cairns et al. (2017) established that
conjugative plasmid transfer was central to the persistence of ARGs as bacteria with
conjugative -transfer defective plasmids did not survive ciliate predation. The interaction
of vancomycin-resistant enterococci with closely related bacteria and keystone bacteria
inside ciliate vesicles in UWTP compartments could, therefore, be a contributing factor to
the persistence of vanA gene in treated effluents, even when the detected enterococci
abundance is low. It should also be noted that beyond conjugative interactions within ciliate
vesicles, ciliate grazing could cause the leakage of genetic determinants from partially
digested bacteria into ambient liquids (Bien et al., 2017). A build-up of extracellular ARGs
is a recipe for horizontal ARG transfer by transformation (Lorenz and Wackernagel, 1994).
Therefore, such leakage could also result in the detection of high ARG copy numbers in
effluents even when the host bacteria abundance is low.
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5.5 Conclusion
This study has provided the first direct evidence that the facilitation of ARG transfer by
bacterivorous ciliates previously reported in Gram negative bacteria also extends to Gram
positive bacteria. It was hypothesised that ciliate grazing could be implicit in the
dissemination of vancomycin-resistance genes among enterococci in UWPTs. Results
showed that Tetrahymena pyriformis formed vesicles containing viable enterococci with
newly acquired vanA genes between 2-24 h. Transconjugant formation was highest after 2
h in exponentially growing E. faecalis, an observation which aligned with findings from
extensive research on conjugation in E. coli in ciliate vesicles. The physiological condition
of enterococci was a function of the growth phase at the inception of experiments
influenced transconjugant abundance at different time points, and the experimental
evidence suggested a transitioning between growth phases in E. faecalis as nutrient
availability increased due to excretion of organic wastes by ciliates. This implies that
conjugative transfer of mobile genetic elements between enterococci within ciliate vesicles
could occur in loops as environmental conditions within UWTP compartments vary. The
substantial interaction of bacterivorous ciliates with bacteria in UWTP influents could
result in the egestion of vesicles which may also provide a conducive environment for
vanA gene transfer from donor E. faecalis to closely related or permissive bacteria. Ciliate
vesicles as hotspots of ARG transfer may, therefore, be implicit in the vanA gene
prevalence reported in wastewater treatment effluents.
The grazing activity of protozoa in conventional wastewater treatment could pose a risk in
the emergence of multidrug-resistant bacteria in aquatic environments. ARGs can be
maintained along the passage through various wastewater treatment plant (WWTP)
compartments in through bacterial shuttles that are transcriptionally active (Jacquoid et al.,
2017). In WWTPs, ARB and ARG abundance can increase through selective enrichment
or horizontal gene transfer. Findings from this chapter reveal the potential role protozoa
may play in facilitating the horizontal transfer of vanA in WWTPs. It furthers the
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knowledge on the effect of ciliate in the transfer of broad-host-range plasmids in gramnegative E.coli and Klebsiella oxytoca (Matsuo et al., 2010; Oguri et al., 2011). Public
health risk associated with the acquisition of ARGs by permissive bacteria and their
subsequent release into the environment mainly involves the mobilisation and transfer of
resistance genes to human pathogens (Gullberg et al., 2014; Bengston-Palme et al., 2018).
Jacquoid et al. (2017) identified the presence of permissive bacteria linked to
Enterobacteriaceae, Pseudomonadaceae and Acinetobacter lineages as the major
transconjugants, most of which represent a threat in the transfer of pathogenicity traits in
addition to maintaining ARG-bearing plasmids. Hultman et al. (2018) provide some
evidence for spread of resistance genes to different bacterial genera in Finnish WWTPs,
although the authors noted that mechanistic proof of such transfers should be sought, and
they also suggest a likely involvement of genera such as Arcobacter. Similarly, Alexander
et al. (2015) found that vanA, blaVIM-1 and ampC gene abundance increased by several
magnitudes while enterococci and abundance decreased by up to 99 % after treatment. In
contrast, the abundance of Pseudomonas aeruginosa and Enterobacteriaceae significantly
increased after treatment. These findings suggest the broad-host-range plasmids carrying
the vanA gene can be widely disseminated during treatment processes.
Aeromonas hydrophila and Arcobacter cryaerophilus, two keystone ARG shuttlers in
WWTPs (Jacquoid et al., 2017) are known opportunistic fish pathogens involved in the
spread of pathogenicity traits (Stratev and Odeyemi, 2016). Aeromonas sp, a dominant
member of the gut microbiome of Zebrafish, was the principal recipient of the broad-hostrange RP4 plasmid from E. coli among the natural gut microbiota (Fu et al., 2017).
According to Jacobs and Chenia (2007), Aeromonas strains obtained from aquaculture
readily acquired plasmids and integrons containing multiple ARGs and subsequently
expressed resistance to antibiotics. The transfer of resistance genes from Aeromonas to
human pathogens poses a risk to aquatic environments and human health. Kruse and Sørum
(1994) reported the conjugative transfer of R plasmids from Aeromonas salmonicida to
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human pathogenic E. coli strains with frequencies as high 8 × 10-3 transconjugants per
donor. Neela et al. (2009) also observed the transfer of tetracycline resistance genes from
fish pathogens Vibrio sp and Lactococcus lactis to E. coli and E. faecalis of human origin.
Aeromonas and other zoonotic fish bacteria such as Salmonella sp and Mycobacterium sp
are also capable of infecting humans (Pruden et al., 2013).
Freshwater environments receiving wastewater effluents provide a short route of ARG
dispersal to human society, either through the consumption of fish resources, recreational
use, bathing or direct ingestion of contaminated water (Pruden et al., 2013; Larsson et al.,
2014). Hong et al. (2018) reported the occurrence of high abundance of medically relevant
ARGs conferring resistance to sulphonamide, tetracycline and chloramphenicol on the skin
microbiota of fish harvested from freshwater aquaculture environments. The high
abundance of ARGs in the absence of antibiotic selection indicates the impact of ARGs
and antibiotic residues from sewage (Hong et al., 2018). Therefore, the pollution of the
aquatic environment with highly permissive bacterial pathogens carrying ARGs is a direct
threat to public health as novel resistance genes may be acquired, maintained and
disseminated to other pathogens of diverse phylogenetic origins.
Wastewater treatment plants are critical control points in the mitigation of the global spread
of antibiotic resistance. Conventional wastewater treatment processes do not have a high
efficacy in the removal of antibiotics and ARGs as they are not designed for this specific
task. (Pruden et al., 2013). It is, therefore, crucial that are upgraded by incorporating
advanced treatment processes into existing wastewater treatment systems. This could
include the use of membrane separation to collect bacterial cells and ARG (Riquelme
Breazeal et al., 2013). Disinfection of wastewater is done using UV radiation and
chlorination. These have been shown to reduce bacterial load, but not that of the recalcitrant
ARGs (Mckinney and Pruden, 2012). Krzeminski et al. (2020) present a way to eliminate
of cell-free ARG which would, however, require a lot of energy for effluent treatment
combining membrane separation with UV-treatment, but this still has to be tested with real201

world samples. Ozonation can also efficiently reduce the concentration of a broad range of
antibiotics in wastewater, and also destroy ARGs (Dodd, 2012). Thermophilic anaerobic
sludge digestion methods have also shown promise in ARG removal (Ma et al., 2011).
However, there is still a challenge in achieving significant reductions of the ARG load in
the final effluent. It would seem prudent to reduce ARG and ARB loads of known hotspots
like hospitals or pharmaceutical manufacturing at source before they converge in municipal
sewage treatment plants(Kovalova et al., 2012). The application of membrane bioreactors
as pre-treatment systems in hospitals can partially reduce ARBs and remove antibiotics
from the effluent before they arrive in WWTPs (Kovalova et al., 2012).
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Chapter 6
General Discussion
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This thesis investigated the effects of biotic and abiotic factors on conjugative gene transfer
in E. faecalis. The aim was to gain insight into interactions between herbivores,
bacterivores, phytoplankton and heterotrophic bacteria at the lower levels of the aquatic
food chain under a range of trophic conditions. The effects these biological elements have
on conjugation in aquatic environments are complex, and they vary with time and space,
thus creating a challenge for the accurate prediction of the frequencies of antibiotic
resistance gene transfers in natural environments (Lopatkin et al., 2016; van Elsas and
Bailey, 2002). This thesis aimed to provide an understanding of the influence exerted by
temperature, nutrient availability and predation on the spread of the vancomycin resistance
gene, vanA, in E. faecalis in aquatic environments. Chapter 1 introduced the topic of
antibiotic resistance (AR) in the environment and made a case for the relevance of this
thesis. Temperature and nutrient availability are two essential parameters that influence
bacterial growth and metabolism, as well as associated processes such as horizontal gene
transfer (van Elsas et al., 2002). Their effects on the frequency of vanA gene transfer in E.
faecalis were assessed (chapter 2). They had a significant positive effect on successful
conjugation between donor E. faecalis strain MF06036Van and two different recipient
strains MW01105Rif and ST02103Rif. Reductions in temperature from the optimum of 37
o

C to 20 oC caused a reduction of up to an order of magnitude in conjugation frequency.

Gene transfer frequency at 20 oC (2.4 × 10-8 ± 1.3 × 10-9), albeit lower than at 37 oC (3.4 ×
10-7 ± 4.6 × 10-8), was comparable to conjugation frequencies of 10-9 – 10-7 presented by
Marcinek et al. (1998) for E. faecalis at temperatures (8–25 oC), which are considered more
representative of the operating conditions in urban wastewater treatment plants (UWTPs).
Temperature affected conjugation frequency as documented in chapter 2, and further
experiments in chapters 3, 4 and 5 were conducted at temperatures relevant to the
individual focus of each study. In aquatic environments, temperature is an important
ecological factor that directly affects the persistence and spread of antibiotic resistance in
wastewater treatment plants and natural waters (Pärnänen et al., 2019). In lakes,
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temperature drives the life cycles of animals, including the zooplankton Daphnia sp
(chapter 3), influencing energy uptake and assimilation as well as respiration losses
(Yurista, 1999). Daphnia populations typically reach a peak in the summer reproductive
seasons and decline to low numbers during winter, when food concentrations are lower
(Rellstab and Spaak, 2009). The Daphnia diet varies seasonally between bacteria and algae,
and the gut content would reflect a seasonal shift between bacterial and algal abundance
(Taipale et al., 2008). The conjugation frequency due to ciliate grazing described in
chapter 5 was investigated at an optimal feeding temperature of 30 oC. In UWTPs, the
frequency of ARG transfer due to ciliate grazing will vary widely depending on prevailing
environmental conditions, as also the frequency of ARG removal in wastewater treatments
systems has been found to differ between winter and summer months (Sui et al., 2017).
The extent to which nutrient availability enables high gene transfer frequencies in
enterococci is shown in chapter 2. This appears to be particularly important for the donor
strains as a significant decline in their abundance compared to recipient counts was
observed in conjugation assays conducted under nutrient limitation. Gene transfer
frequency was at least two orders of magnitude higher in nutrient-rich assays than in
nutrient-limited assays, even at suboptimal growth temperatures. Conjugation in E. faecalis
was synergistically influenced by suboptimal temperature (20 oC) and high nutrient
availability, two characteristics features of wastewater treatment systems (Li et al., 2018).
However, the evidence of conjugation in nutrient-limited media may be more
representative of the lake ecosystems, where nutrient-deprived cells are still capable of
exchanging ARGs through conjugation (Dahlberg et al., 1998). With the assumption that
nutrient availability affected the predominant growth phase and hence the level of
metabolic activity, (Muela et al., 1994), separate conjugation assays were conducted with
bacteria in the exponential and stationary growth phase, respectively, in nutrient-rich
media. The two-order-of-magnitude increase in gene transfer frequency in exponentially
growing bacteria emphasised the importance of the growth state of E. faecalis on
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conjugation frequency. Nutrient-rich environments such as wastewater influent
compartments can support the transfer of ARGs between closely related bacteria and also
the acquisition of foreign plasmids by permissive bacteria (Jacquiod et al., 2017; Li et al.,
2018).
Freshwater ecosystems are the receiving ends of faecal contamination from agricultural
runoff, direct sewage discharge, and direct and indirect faecal transfers from farm animals
and wildlife (Boehm and Sassoubre, 2014; Nnadozie and Odume, 2019; Dolejska and
Literak, 2019). Evidence to support the hypothesis that freshwater filter-feeding
zooplankton Daphnia can facilitate vanA gene transfer in bacteria through gut passage was
provided in chapter 3. Gut-cleared Daphnia efficiently filtered E. faecalis when fed with
a high bacteria concentration of 108 CFU/mL. This agreed with reports of a 1000-fold
decline in E. coli abundance due to Daphnia grazing (Burnet et al., 2017). Two different
Daphnia species, D. magna and D. pulex, within the same size range, had comparable
bacteria filtration rates and influenced the same frequency of gene transfer. This was an
astonishing result considering the genetic plasticity and variation associated with filterfeeding activities between different Daphnia species (Langenheder and Jürgen, 2001). It
might have been brought about by the similarities in acclimatisation and experimental
conditions to which the two species were subjected. As investigated for Daphnia magna,
size differences affected transconjugant formation, with larger sized specimens (2.3 - 2.9
mm) yielding three times the number of transconjugants as were generated by smaller sized
individuals (1.8 - 2.0 mm body length). This difference can be linked to the competitive
advantage of the higher grazing rates associated with larger body size (Kreutzer and
Lampert, 1999). However, for successful filtration of ultrafine particles such as bacteria,
success is also dependent on the mesh size of the filtering apparatus, which varies widely
within the Daphnia genus (Gophen and Geller, 1984; Brendelberger, 1991).
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With the application of fluorescence staining, the persistence of E. faecalis in the Daphnia
gut could be detected for up to four days. This reveals the potential of conjugation to occur
in the Daphnia gut for an extended period. This finding is ecologically relevant when
assessing the role of filter feeding zooplankton as dispersers of ARB and ARG in lakes. A
conveyor belt mechanism by Grossart et al. (2010) has shown that Daphnia can disperse
hitchhiking bacteria during a migratory feeding cycle between surface and deep lake
waters. Daphnia occupies a central position in freshwater pelagic ecosystems, as grazers
of bacteria and microalgae and are equally preyed upon by predatory invertebrates and
planktivorous fishes (Carpenter and Kitchell, 1993). The results of chapter 3 also imply
the potential transfer of antibiotic-resistant bacteria and antibiotic resistance genes from
Daphnia to its predators in freshwater ecosystems. Any potential risk of freshwater
zooplankton such as Daphnia promoting ARG transfer in pelagic ecosystems would be
elevated during peak summer population density, a period in which the grazing pressure on
faecal bacteria by Daphnia would be higher (Burnet et al., 2017). The results in chapter 3
represent the first direct evidence of horizontal gene transfer during filter feeding in
zooplankton, contributing to the limited body of knowledge on the role of aquatic filter
feeders in the emergence and spread of antibiotic resistance.
In aquatic ecosystems, interactions between phytoplankton and heterotrophic bacteria are
central to nutrient cycling and the flow of energy resources (Christie-Oleza et al., 2017).
Bacteria are reliant on phytoplankton-derived exudation products for metabolic activity,
while they also use algal surfaces as attachment substrates (Fouilland et al., 2014). Chapter
4 describes the effect of mucilaginous and non-mucilaginous algae on gene transfer
frequency in E. faecalis. Among the seven microalgae tested in nutrient-limited assays,
only the mucilaginous green microalgae Palmellopsis significantly increased gene transfer
frequency. This taxon of microalgae also showed the highest release of carbohydrates. The
algal mucilage, which constitutes the phycosphere (Seymour et al., 2017), is as a
specialised microhabitat where interactions with highly diverse and abundant bacterial
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communities occur (Del Negro et al., 2005). A deep understanding of such interactions
between E. faecalis and the microalgal phycosphere would require a more detailed
characterisation of algal and bacterial surface properties, the composition of algal exudates
and bacterial metabolic responses. An important finding of this chapter was that exposure
to ultraviolet radiation (UV-C) enhanced carbohydrate release in mucilaginous microalgae,
which in turn increased the observed frequency of gene transfer. This holds relevance as
the episodic emergence of large masses of mucilage in the vast coastal regions of the
Adriatic Sea has been linked to seasonal changes in sea temperatures and climate change.
These mucilage masses can harbour a high load of genetically diverse pathogens that pose
a public health risk (Danovaro et al., 2009). The role of mucilage masses in the spread of
antibiotic resistance in aquatic environments should, therefore, be further investigated.
When consumed by zooplankton, mucilaginous algae can also increase gene transfer
frequency, as observed in chapter 4. By collecting larger algal cells with their filtering
apparatus, also the uptake of bacteria by adult Daphnia can be enhanced through a process
known as ‘Piggybacking’ (Porter et al., 1983), where bacteria attach to algal cells on the
Daphnia filtering appendages. Mucilaginous algae tend to be more resistant to digestion in
the Daphnia gut due to protection conferred by their gelatinous sheath, thereby enabling
viable gut passage with up to 90% of cells remaining intact (Porter, 1975). It has also been
suggested that UV-exposed microalgae have a longer residence time in the Daphnia gut
(Zellmer et al., 2006). When this observation was tested in chapter 4, the frequency of
gene transfer was twice as high when the zooplankton gut contained UV-exposed algae as
when it contained untreated algae. Thus, it can be concluded that conjugating bacteria
inside Daphnia might have benefitted from aggregation through attachment to microalgae
in the Daphnia gut. After their discharge from the Daphnia gut, these bacteria-bearing algal
masses may then sink to the bottom of lakes, which are often high nutrient environments
where ARGs and ARB are known to persist for more extended periods than in the overlying
water column (Calero-Cáceres et al., 2017).
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Urban wastewater treatment plants (UWTPs) constitute a significant reservoir of antibioticresistant bacteria and mobile genetic elements that confer antibiotic resistance to bacteria
(Allen, 2010). UWTPs are harsh environments with high accumulations of organic waste,
heavy metals and antibiotic residues (Bengston-Palme et al., 2018). In chapter 5, the effect
of ciliate grazing on the conjugative transfer of the vanA gene in Gram positive enterococci
was assessed. It was hypothesised that the vesicle formation in ciliates could facilitate the
spread and persistence of vanA genes in UWTPs. An investigation of the impact of ciliate
abundance revealed that ciliates grazed on E. faecalis by the process of phagocytosis. The
frequency of transconjugant formation in ciliate vesicles which exceeded that in the water
column by one order of magnitude showed that the ciliate vesicle could be a microniche
for gene exchange. Conjugation frequency peaked at a ciliate density of 105 ciliates/mL,
and successful conjugation was reliant on high bacterial abundance. The temporal scale of
transconjugant formation was assessed and was found to peak after just 2 hours of ciliates
grazing on E. faecalis cells in the exponential growth phase. Muela et al. (1994)
emphasised that conjugation in bacteria was more successful in the exponential growth
phase, and the subsequent decline in transconjugant formation was ascribed to changes in
cell metabolism under nutrient-limited conditions.
Interestingly, experiments with E. faecalis cells in the stationary growth phase did not yield
transconjugants in the first eight hours but did so after 24 hours, when transconjugant
numbers increased by up to two orders of magnitude. This increase may be the result of a
recovery of metabolic functions as ciliate organic wastes accumulated in the ambient
medium. Supporting evidence is provided by the observed increase in E faecalis abundance
in ciliate culture extracts, and in treatments with ciliates previously fed before conjugation
assays. The availability of additional carbon increased gene transfer frequency by up to a
factor of 3. This opens our understanding to potential gene transfer that could happen in
ciliate vesicles between vanA gene-bearing enterococci and permissive bacteria in UWTPs
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where protozoan abundance and nutrient levels are both very high (Bengtsson-Palme et al.,
2017; Madoni, 2011).
The most important observation in this chapter 5 was that conjugation frequency was
highest after 24 hours of conjugation assays irrespective of the bacterial growth phase at
the beginning. The high transconjugant-to-recipient ratio suggested that the transconjugant
populations were well protected within ciliate vesicles, even as the recipient bacteria
concentration declined by up to two orders of magnitude after 24 h of ciliate grazing.
Jacquoid et al. (2017) showed in a study on plasmid transfer in wastewater microbial
communities that a group of transconjugant and permissive bacteria, dominated by
Gammaproteobacteria, could be highly proficient spreaders of ARGs in UWTPs. This
study’s documentation of the persistence of vanA gene transconjugants in vesicles
highlights an important biological process that could contribute to the enrichment of vanA
genes in UWTPs effluents across Europe (Pärnänen et al., 2019). The vesicles produced by
high protozoan biomass in wastewater influent compartments (Madoni, 1994) collectively
represent a microenvironment in which such gene transfer events take place with a high
frequency. It can also be expected that conjugation would not only occur in the liquid phase
but also on the surface of activated sludge flocs, where crawling ciliates graze bacteria
biofilm (Madoni, 2011). Evidence from a study by Li et al. (2018) showed that conjugation
could occur at a frequency of 10-5 - 10-4 transconjugants per donor in permissive microbial
communities within activated sludge. The findings presented in chapter 5 will require
further studies using raw influent and treated effluent wastewater samples to improve our
understanding of the topic area.
After assessing the potential for aquatic zooplankton and phytoplankton to interact with E.
faecalis in this thesis, it can be concluded that the extent to which freshwater organisms
contribute to the evolution and spread of AR in the environment would be dependent on
the number of ARB and ARGs they encounter, be it in sewage works or in lakes and rivers.
Throughout the thesis, transconjugants were only detectable when E. faecalis abundance
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was high, and not below 107 CFU/mL. With the use of fluorescence markers and cultureindependent molecular techniques, it may be possible to detect transconjugants aggregated
in the gut of filter feeders and grazers even at much lower levels of bacterial abundance.
The evidence presented in this thesis, however, shows that in natural settings, the frequency
of encounter between pathogenic ARB and environmental bacteria can be increased when
they are concentrated in the guts of filter feeders and grazers. Through a worldwide survey
by Yang et al., 2019, there is now evidence showing the varying levels of ARG abundance
from anthropogenic sources in freshwater and marine environments. Considering that there
are existing links between the healthcare-associated vancomycin-resistant enterococci and
environmental bacteria, there is a risk of emergence of known and novel antibiotic
resistance in human society through the consumption of fish from aquaculture or natural
fish stocks (Marti et al., 2014; Miller and Harbottle, 2018). This thesis therefore lends its
‘voice’ to the need for improved efficacy of wastewater treatment processes to reduce
nutrient, ARG and ARB concentrations in final wastewater effluents entering into the
aquatic environment (O’Neill, 2016; Barancheshme and Munir, 2018; Fouz et al., 2020).
This thesis investigated environmental factors that could influence the dissemination of
ARGs in natural environments and wastewater treatment systems through proof-of-concept
studies. The effects of nutrient supply, temperature, phytoplankton, predation by
zooplankton on vanA gene transfer were assessed under environmentally relevant
conditions. The experimental results offer baseline data to inform models of antibiotic
resistance gene transfer in pathogenic bacteria. However, ARG transfer in a natural
environment is a complex phenomenon with the combined effect of multiple environmental
factors, operating at different trophic levels (Birkegaard et al., 2018). Modelling ARG
dissemination in the natural environment would first require studies on the effect of
individual factors, and then multiparameter studies of their combined effects. An example
of such an approach to the study by Cairns et al. (2018) on the effect of ecology on
antibiotic resistance transfer in natural environments. The authors established that the
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effects of subinhibitory concentrations of antibiotics on microbial communities were
significantly modified in the presence of natural predators and spatial structures. Data from
this study can be fitted into models to predict the effect of these environmental variables
on ARG dissemination in spatially and temporally variable natural environment. Hiltunen
and Laasko (2013) previously reported the effect of resource availability and predation on
bacterial community dynamics and composition. In this thesis, it was established that
nutrient availability enhanced gene transfer in the presence of grazers.
An important next step towards increasing impact of this research would be to incorporate
these variables (temperature, light conditions, nutrient, phytoplankton, predation) into
models to predict gene transfer rates during complex ecological interactions. Mathematical
models are important tools for predicting the fate of ARBs and ARGs, and effectively
assess the risk of ARG dissemination in non-clinical environments (Berendonk et al.,
2015). Hellweger et al. (2011) have developed a simple model of tetracycline resistance
in the Poudre River. This model was validated using empirical data from the literature on
state variables, including concentrations of tetracycline, resistant bacteria, susceptible
bacteria, particulate and dissolved organic matter from agricultural sources. The model
accurately predicted the transfer of resistance from exogenous resistant bacteria to
endogenous bacteria when the growth of endogenous bacteria was factored into the model.
The effect of metal selection on these models has also been assessed (Hellweger et al.,
2013). Future work incorporating biotic processes, including predation, into risk
assessment models could further expand such models to predict the effect of potential
grazing on gene transfer.
Statistical determination of significance between treatment and controls in the ecological
studies in this thesis was conducted using non-parametric Mann-Whitney U test and
Kruskal-Wallis one-way ANOVA. These do not reflect the interactions between variables
in experimental chapters 2, 3 and 4. Mixed modelling approaches such as generalised linear
models (GLM) or generalised additive models (GAM) may be utilised in future work to
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analyse the data for the effect of temperature and experimental duration on gene transfer
frequency in Chapter 2, as well as the effect of different algal species in Chapter 4. The
effect of algae on gene transfer was subject to light conditions, absence of nutrients,
available algal surface and differences between algae species. The combined effect of these
factors could be better represented using GAM. However, experimental conditions such as
temperature and bacterial abundance must be well controlled to avoid introducing any bias
to the data. The use of mixed models would highlight and discuss any combined effects of
the bacterial growth phase, ciliate viability and abundance, time, and vesicle formation on
gene transfer frequency and final recipient abundance in Chapter 5. These approaches will
be further explored as higher competence is acquired in data analysis.
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Chapter 7
Conclusion
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7.0 Conclusion

This thesis explored the potential effects of natural interactions between bacteria and
phytoplankton or zooplankton organisms on the conjugative transfer of antimicrobial
resistance genes in aquatic environments. The main hypothesis was that such interactions
can facilitate energy-dependent processes such as horizontal gene transfer through
conjugation. Experimental evidence shows that the presence of some species of microalgae
can indeed increase the transfer frequency of the vanA gene among strains of E. faecalis.
This increase can be stimulated by exudation of carbohydrates from photosynthesis, and
bacterial attachment to algal mucilage can further facilitate conjugation. It would therefore
appear that water bodies with blooms or benthic biofilms of such algae would provide
suitable substrates for the transfer of antibiotic resistance genes. The worldwide
phenomenon of eutrophication is thus likely to contribute to the spread of antibiotic
resistance in aquatic environments, and with the documented increased transfer frequency
at elevated temperatures climate change may further increase such risks.
Aquatic filter feeders often feed on a mixed diet of phytoplankton and bacteria and
concentrate these formerly dispersed waterborne cells in their digestive systems.
Aggregation of bacteria in the gut of cladoceran filter feeders Daphnia can facilitate
antibiotic resistance transfer among E. faecalis. This becomes even more likely, where the
diet of these filter feeders also contains algae, which are themselves conducive to increase
resistance gene transfer frequency. The evidence from this thesis suggests that zooplankton
filter feeders can discharge viable transconjugants into the ambient environment.
Considering the number of pelagic and benthic filter feeders and their documented filtration
frequency in many water bodies, these findings should provide incentives for further efforts
to limit the discharge from faecal pollution sources into aquatic environments.
That matter becomes even more urgent, as biological processes in conventional wastewater
treatment plants themselves are also likely to contribute to the horizontal transfer of
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antibiotic resistance. This thesis provides such evidence for vanA gene transfer among E.
faecalis in vesicles of ciliates, which are an important element of the bacterivorous
microfauna, e.g. in the activated sludge treatment step and its very nutrient-rich
environment. E. faecalis transconjugants can survive the digestive cycle in ciliates and can
thus get released into ambient water. These experimental results have environmental
relevance, because the observed phenomenon may be a part of the explanation for the
recently documented increase in the frequency of vancomycin resistance genes in effluents
of European urban wastewater treatment plants, which thus contribute to the proliferation
of such resistance traits in the receiving aquatic ecosystems.
7.1 Scope for future work
This thesis provided evidence that zooplankton can facilitate the spread of antimicrobial
resistance genes in opportunistic pathogenic bacteria in chapter 3. However, there is a need
for further work in this area of research. Fluorescence staining of enterococci allowed the
observation of the bacterial passage through the Daphnia gut within the duration of
experiments. However, the temporal scale of transconjugant emergence is unclear; the time
points when transconjugant began to form in the Daphnia gut and were excreted into
ambient media remain of interest.
The marking of conjugative plasmids in the donor E. faecalis strains with a genetic tag that
encodes the expression of green fluorescence proteins only in recipients can be used to
achieve this. This technique has been used by Klümper et al. (2015) to assess plasmid
invasion of soil microbial communities. With this method, the Daphnia gut region with the
highest conjugation frequency can be identified and compared with results from studies on
bacteria aggregation in gut regions of invertebrates of different sizes such as copepods
(Karaköylü et al., 2009) and zebrafish (Fu et al., 2017). Also, the transfer of ARGs to
resident Daphnia gut microflora can be assessed. This would require a combination of
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fluorescence microscopy, and DNA sequencing to identify the Daphnia gut microbes that
are most permissive in acquiring conjugative plasmids from E. faecalis.
In chapter 3, the interaction between microalgae and E. faecalis was studied in relation to
conjugative gene transfer. The study showed low levels of gene transfer in cocultures for
most of the microalgae. There is therefore a need to investigate potential bactericidal
properties of the microalgae used in this thesis to understand their individual effects on E.
faecalis growth. The characterisation of the surface physicochemical properties of each
microalgae and the use of scanning electron microscopy would further our knowledge on
attachment between E. faecalis and the microalgae surface, and how this affects
conjugation frequencies.
At the molecular level, the extent to which microalgae influence antibiotic resistance gene
transfer in bacteria could be linked to bacterial metabolism. An omics (metabolomics and
proteomics) approach for the investigation of the metabolic interactions between all
microalgae within this study would shed further light on the impact of surface attachment
and exudate release on antibiotic resistance gene transfer in E. faecalis. While
determination of transfer frequencies was solely based on plate colony counts of donor,
recipient and transconjugants, a culture-independent approach using quantitative
polymerase chain reaction (qPCR) to quantify antimicrobial resistance genes before and
after conjugation experiments would provide more accurate determination of the bacterial
response to algal algae-derived exudates. The effect of UV-C radiation on exudation of
organic carbon in microalgae should be also further explored to establish a clearer
connection between carbon exudation and conjugation frequency in bacteria.
The findings presented in chapter 4 on ciliates added to the body of knowledge on
conjugative ARG transfer in ciliate digestive vesicles. The persistence of vanA genes in
wastewater effluents should be of particular interest with the rise in the emergence of
vancomycin resistance in healthcare-acquired infections. Studies by Jacquoid et al. (2017)
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have provided an understanding into the spread of antimicrobial resistance plasmids in
urban wastewater treatment plant (UWTP) influents and effluents. This study can be taken
a step further by challenging the influent and effluent microbial community with plasmidbearing E. faecalis and bacterivorous Tetrahymena. The quantification of total viable
enterococci, and vanA gene copies in addition to the determination of the phylogeny of
vanA transconjugants with or without ciliates would further help to clarify the importance
of ciliates as potential facilitators of ARG spread in UWTPs.
This research reported the highest transconjugant to recipient ratio after a 24 h period,
suggesting that transconjugants were preserved in ciliate vesicles. Further study on how
long conjugation took place within ciliate vesicles as well as parent and transconjugant
survival within the ciliate vesicle is required to better understand the ecological advantage
ciliate vesicles may provide in the transmission of vanA genes in wastewater treatment
systems.
Before this study, there wasn’t any reported work on conjugation in Gram positive bacteria
within ciliate vesicles, even though extensive studies have been conducted on their survival
rate after protozoan grazing. It is important to extend the scope of research to investigate
interspecies ARG transfer between gram positive bacteria inside ciliate vesicles using
fluorescence markers and confocal microscopy.
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