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Abstract

There are three species of human-pathogenic Yersiniae; two of which cause
gastrointestinal disease (Yersinia pseudotuberculosis and Yersinia
enterocolitica) and one which causes plague (Yersinia pestis), one of the
deadliest diseases in human history. Whilst Y. pseudotuberculosis and Y.
enterocolitica are transmitted faeco-orally, Y. pestis is transmitted by insects,
classically the Oriental rat flea, Xenopsylla cheopis. All Yersiniae are capable
of a method of bacterial messaging known as quorum sensing (QS), which
allows individual cells to communicate in a density dependent manner using
signalling molecules such as N-acyl-homoserine lactones (AHLs). QS
regulates several virulence phenotypes, including the production of Yersinia
virulence factors (YOPSs), secreted by the type three secretion system (T3SS)
into mammalian host cells, auto-aggregation and biofilm formation.

Biofilms are aggregates of bacteria within a protective exopolysaccharide
matrix and are especially important for Y. pestis, as transmission of plague
relies on the biofilm-mediated blockage of the proventriculus within the
digestive system of a flea. Understanding the mechanisms of biofilm
development are therefore potentially important for developing methods to
prevent or control plague transmission. Recent research has also suggested
a more prominent role in the spread of plague for other insect vectors, such as
body lice (Pediculus corporis). In the Yersiniae, the extracellular polymeric
substance (EPS) matrix is composed primarily of the polysaccharide N-acetyl-
D-glucosamine (poly-GIcNAc) and extracellular DNA. The production of

GIcNAc but not poly-GIcNAc is known to be regulated by NagC, a DNA binding



protein responsible for the repression of nagE-nagBACD (GIcNAc catabolic
operon) and activation of gimUS (GIcNAc biosynthesis operon) in Escherichia
coli, but there is little information on the NagC-dependent regulation of GICNAc
metabolism or on poly-GIcNAc biosynthesis via the hmsHFRS operon in the
Yersiniae.

This study set out to investigate the contribution of NagC in Y.
pseudotuberculosis and Y. pestis to QS, poly-GIcNAc production and biofilm
formation in vitro and in vivo on and within the established C. elegans and
insect vectors. Artificially fed colonies of X. cheopis and P. corporis were
investigated for use in experimental infection models. For both insect species,
defibrinated human blood fed through a collagen membrane was the most
successful combination for feeding, although problems with reproducible
control of environmental conditions, such as humidity, prevented the insect
colonies from becoming established.

To investigate the contribution of NagC to QS, YOP production, auto-
aggregation, poly-GIcNAc biosynthesis and biofilm formation, a AnagC mutant
was constructed in Y. pestis and compared with a Y. pseudotuberculosis
AnagC mutant as well as with the corresponding wild type strains. NagC did
appear to influence AHL and YOP production in both Y. pseudotuberculosis
and Y. pestis. NagC did not influence auto-aggregation in Y. pestis, although
the rate of auto-aggregation was slower for the Y. pseudotuberculosis AnagC
mutant.

NagC was however required for the production of poly-GIcNAc (Y.
pseudotuberculosis) and biofilm formation (both Y. pseudotuberculosis and Y.

pestis). To determine whether NagC directly regulates poly-GIcNAc



biosynthesis, the Y. pestis nagC was expressed in E. coli, the recombinant
protein purified and subjected to electrophoretic mobility shift assays. The data
obtained show that NagC binds to the promoter regions of the GICNAc
metabolic operons nagE-nagBACD and gimuUs, as well as hmsHFRS in Y.
pestis and hence directly regulates the production of poly-GIcNAc.

Using in vitro (glass) and in vivo (nematode and insect) models, both Y. pestis
and Y. pseudotuberculosis AnagC mutants were evaluated for biofilm
formation. In addition, a ‘fake flea’ proventriculus model was developed to
investigate attachment and biofilm formation on a chitin substrate. The Y.
pseudotuberculosis AnagC mutant showed reduced biofilm formation on the
chitin surface, compared with the parental strain. On the nematode C. elegans,
the Y. pestis AnagC mutant produced substantially less biofilm formation than
the parent. When Y. pseudotuberculosis was fed to P. corporis, the AnagC
mutant showed an increased ability to clear the infection and increased
survival rates compared with insects fed the parent strain.

Taken together, these results indicate that NagC plays a central role in biofilm

formation and in the ability of the Yersiniae to be transmitted by insect vectors.
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1 Introduction



1.1 History

Throughout history, there has never been a more devastating bacterium than
Yersinia pestis, the causative organism of plague. Responsible for an
estimated 200 million deaths, it has swept across vast swathes of the globe
numerous times (Brubaker, 1991; Perry and Fetherston, 1997; Inglesby et al.,

2000).

Figure 1.1. Global distribution of natural plague foci as of March 2016. Areas in red show
potential plague natural foci based on historical data and current information. Source:
WHO/PED, as of 15 March 2016.

There are many countries where natural plague foci still exist, as shown in
Figure 1.1. Many of these still regularly have human cases of plague, including
Brazil, the DRC, Madagascar, Myanmar, Peru, USA and Vietnam (Zietz and
Dunkelberg, 2004). This worldwide distribution that continues to kill hundreds
of people every year would suggest that plague still warrants much scientific

attention. Indeed, the World Health Organisation (WHO) has recently



reclassified Y. pestis as a ‘(re)emerging dangerous pathogen’, warranting its
inclusion in the organisation’s Emerging and Dangerous Pathogens
Laboratory Network (WHO, 2015). Insecticides are currently used successfully
to curb outbreaks by killing the flea vector (Zietz and Dunkelberg, 2004) but
multidrug resistance is a growing concern for all types of pathogenic bacteria,
and could be especially serious in a highly virulent disease such as plague

(Galimand et al., 1997).

1.2 The Human Pathogenic Yersiniae

Y. pestis is a Gram negative coccobacillus and part of the genus Yersinia,
which belongs to the family Enterobacteriaceae (Gage and Kosoy, 2005). Of
the eleven species in the genus, three are medically important, including Y.
pestis. The other two, Yersinia pseudotuberculosis and Yersinia enterocaolitica,
both cause gastroenteritis and are transmitted faecal-orally (Neyt et al., 1997).
All three exhibit a biphasic lifestyle and grow in environmental conditions as
well as within a mammalian host. Y. pestis is transmitted by insect vectors such
as fleas, or via infected water droplets, causing plague. For the other two,
human infection occurs when contaminated food, such as vegetables, is not
washed properly (Y. enterocolitica) or from undercooked meats in the case of
Y. pseudotuberculosis [reviewed in (Bearden et al.,, 2009; Heroven and
Dersch, 2014)]. A fourth, Yersinia ruckeri, causes redmouth disease in rainbow
trout (Oncorhynchus mykiss) and other salmonids (Ewing et al., 1978).

Y. pestis evolved from Y. pseudotuberculosis around 1,500-20,000 years ago,

suggesting a potentially rapid adaptation from a gastrointestinal pathogen to a



mammalian blood-borne disease as these changes are thought to have
occurred shortly before the first human pandemic, the plague of Justinian in
AD 532 (Achtman et al., 1999; Parkhill et al., 2001; Bobrov et al., 2014). This
divergence occurred as a result of the acquisition of both chromosomal and
extrachromosomal DNA by Y. pestis, as well as inactivation or loss of others,
allowing for insect transmission and subcutaneous host entry (Skurnik, Peippo
and Erveld, 2000; Derbise et al., 2010).

The most widely studied modern strains of Y. pestis are KIM and C0O92. The
virulent KIM (Kurdistan Iran man) 10+ strain was originally isolated from a
clinical case in 1968 (Deng et al., 2002; Losada et al., 2011). The C092
(Colorado (1992)) strain was isolated from a case of pneumonic plague, fatally
contracted from a domestic cat in the USA (Doll et al., 1994). Despite extensive
rearrangement, KIM and CO92 share more than 95% of their chromosomal
DNA, although C0O92 has roughly 50 kb more (Deng et al., 2002; Morelli et al.,
2010). Much research conducted on Y. pestis uses non-virulent strains
modified from KIM, such as KIM6+, which lacks the virulence plasmid pCD1

(Sun et al., 2014).

1.3 Disease Manifestations

Y. pseudotuberculosis and Y. enterocolitica cause the relatively mild
gastrointestinal disease, Yersiniosis, in humans which in most cases is not
fatal. The disease begins within the digestive system where the bacteria
colonise, causing mucosal ulcerations and necrotic sites within the Peyer’s

patches and spreading to the mesenteric lymph nodes (Butler, 1994).



Symptoms usually include abdominal pain, diarrhoea and fever which last
around 1-3 weeks (Leino and Kalliomaki, 1974; Fahlgren et al., 2014). Rare
cases can result in complications, including adenitis, arthritis and sepsis
(Butler, 1994; Koornhof, Smego and Nicol, 1999).

Y. pestis is responsible for bubonic plague, which occurs following the bite of
an infected flea (Hinnebusch, 2005). Thousands of Y. pestis cells may be
released from the bite and spread though the lymphatic system into nearby
lymph nodes where, despite being phagocytosed, they multiply quickly,
causing the death of lymphatic tissues (as reviewed by Perry & Fetherston
1997). Symptoms occur around 2-8 days after infection, with fever, chills and
headaches occurring, followed by the characteristic swollen lymph nodes, or
‘bubos’, and occasionally vomiting and nausea and without treatment, has a
40-60% mortality rate (Inglesby et al., 2000; Butler, 2013).

A small percentage of people develop primary septicaemic plague, or go on to
develop secondary septicaemic infection from the bubonic form. This presents
similarly to bubonic plague with additional sepsis-like symptoms, including
necrosis of blood vessels due to intravascular coagulation, leading to
gangrene in the extremities such as fingers, toes and nose. This particular
symptom is the reasoning behind the name for the second pandemic, the Black
Death (Inglesby et al., 2000). Even in the 215t century the death rate for
untreated septicaemic plague is extremely high, up to 100%, due to the speed
of disease manifestations and delays in diagnosis (Perry and Fetherston,
1997; Butler, 2013).

In around 5% of cases, secondary pneumonic plague can occur from bubonic

or septicaemic disease (Sebbane et al., 2006). It is more often contracted



directly via infected water droplets from another infected individual (Brubaker,
1991). Pneumonic plague starts with flu-like symptoms and progresses to
serious pneumonia, while patients may also present with shortness of breath,
haemoptysis and chest pain (Inglesby et al., 2000; Gage and Kosoy, 2005).
The untreated death rate for pneumonic plague is estimated to be 80-100%

(Zimbler et al., 2015).

1.4 Pathology of Yersinia Infections

Most of the Yersinia virulence factors responsible for human infections are
encoded on a highly conserved virulence plasmid, known as pYV (Yersinia
virulence) in Y. pseudotuberculosis, pYVe in Y. enterocolitica and pCD1
(calcium dependence) in Y. pestis (Straley and Bowmer, 1986; Bhaduri and
Smith, 2011). This 96.2 kb plasmid encodes a number of effector proteins,
required by the bacteria to infiltrate host cells, called Yersinia outer proteins
(YOPSs), and the type lll secretion system (T3SS), responsible for transporting
YOPs into the host (Parkhill et al., 2001; Bhaduri and Smith, 2011; Fahlgren et
al., 2014).

One function of secretion systems is to allow bacteria to transport effector
proteins directly into the cytosol of host cells. Secretion systems have evolved
into seven families across both animal and plant pathogens. The main body of
the T3SS export apparatus has a similar structural organisation to flagella and
consists of a needle-like structure that is anchored to the bacterial outer
membrane (Cornelis, 2006). The Yersinia secretion complex (Ysc)

‘injectosome’ has been well studied and is similar to that of other human



pathogens, such as Pseudomonas aeruginosa (Roy-Burman et al., 2001).
There are thought to be over twenty types of T3SS, including that found in
Yersiniae (Cornelis, 2006). It is made up of different Ysc proteins that form a
membrane-spanning basal structure and an extracellular needle, as shown in

Figure 1.2, taken from (Cornelis, 2002).
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Figure 1.2. Schematic of the Ysc injectosome, taken from Cornelis, 2002. The outer
membrane (OM), peptidoglycan (PG) layer and cytoplasmic membrane (CM) of the
bacterium harbour aring of secretin (YscC), supported by YscW, which is a lipoprotein
(as is Yscld). YscF, O, P and X form the external part of the needle. The basal body
consists of YscV, U, R, T and S. YscN forms the ATPase of the pump and YscQ may
localise to the inner cylinder.

In the mammalian host, YOPs interfere with cell signalling responses, enabling
the bacteria to create a favourable environment for themselves. YopE, YopH,
YpkA/YopO, as well as YopT (found only in Y. enterocolitica) disrupt the
cytoskeleton and weaken the phagocytic actions of host cells, whilst
YopK/YopJd block MAPK and nuclear factor-kB pathways which downregulate

7



inflammatory responses of cells such as macrophages. The functions of YopM
are not clear, although it may affect host gene transcription (Trosky, Liverman
and Orth, 2008; Fahlgren et al., 2014). Once Y. pestis has invaded and
multiplied within the macrophages, there is massive extracellular proliferation,
causing severe bacteraemia and the characteristic inflammation and necrosis
of lymph and periglandular tissues (Sebbane et al., 2005).

Alongside pCD1, Y. pestis has acquired two other unique plasmids which
contain additional virulence factors. These are both likely to have facilitated
the evolution of Y. pestis infection from a gastrointestinal disease to an insect-
borne one, enabling invasion of new mammalian hosts and insect vectors
(Perry and Fetherston, 1997; Parkhill et al., 2001; Zimbler et al., 2015). The
first, a 100-110 kb plasmid known as pFra (or pMT1, standing for murine toxin,
in KIM strains) contains the Yersinia murine toxin gene (ymt), a phospholipase,
which allows for survival in the insect gut by protecting the bacteria from
cytotoxic digestion products within the blood plasma (Hinnebusch, 2002) and
Fraction 1 capsular antigen, encoded by the cafl gene, which inhibits
phagocytosis by mammalian host cells (Du, Rosqvist and Forsberg, 2002).
The other, pPst (or pPCP1, standing for pesticin, coagulase and plasminogen
activator in KIM strains) is a 9.5 kb plasmid housing the outer membrane serine
protease Pla, which protects the bacteria from the proteolytic action of plasmin
in the host’s blood and is thought to be essential for the Y. pestis subcutaneous
infection route (Sodeinde and Goguen, 1989; Cowan et al., 2000; Parkhill et
al., 2001). It also contains the bacteriocin pesticin, which prevents the growth
(and thus competition) of other Y. pestis strains which lack a third gene on the

plasmid that codes for pesticin immunity (Brubaker, Beesley and Surgalla,



1965; Sikkema and Brubaker, 1987). These two extra plasmids plus the hms
genes, a hemin storage locus responsible for a pigmented Y. pestis phenotype
due to storage of exogenous hemin or Congo Red dye, appear to be vital for
the rapid transition from enteropathogenic to flea-borne transmission, as Y.
pestis strains lacking these factors are incapable of colonising fleas (Pendrak
and Perry, 1993; Hinnebusch, Perry and Schwan, 1996; Hinnebusch, Fischer

and Schwan, 1998; Wren, 2003).

1.5 Quorum Sensing

The Yersiniae are able to control these virulence factors, using a regulatory
system known as Quorum sensing (QS). QS is utilised by many bacteria, fungi
and other organisms in which individual cells communicate with each other by
releasing diffusible signal molecules, allowing them to co-ordinately regulate
gene expression in a given environmental situation (as reviewed by Williams
2007). This is a population density dependent system and is important in a
number of behaviours in the Yersiniae, including controlling pathogenicity,
maintaining virulence plasmids, motility and biofilm formation (Atkinson et al.,
2006, 2008, 2011; Ng et al., 2018). QS allows for an efficient bi-phasic lifestyle,
enabling a temperature-dependent switch between the soil/insect vector and
the mammalian host, ensuring energy conservation in the former and effective
virulence in the latter (as reviewed by Atkinson & Williams 2009). Those genes
switched on at body temperature are termed virulence genes, whilst those
switched on in Y. pestis at flea temperature (around 22°C) are termed

transmission genes (Hinnebusch, Perry and Schwan, 1996).



QS in Gram negative bacteria depends on the production of diffusible signal
molecules such as N-acylhomoserine lactones (AHLS). These extensively
studied molecules have differing side chain lengths, 3 position substituent and
degree of acyl chain saturation (Bobrov et al., 2007; Ortori et al., 2007; Zhang
et al., 2011).

Bacteria use the synthase protein family LuxI to produce AHLs which are then
released into the environment (Engebrecht and Silverman, 1984). When there
is a high enough density of bacteria and an AHL concentration threshold is
reached, the signal molecules can then diffuse back into bacterial cells, where
they are sensed by LuxR type receptors/transcriptional regulators. The LuxR-
AHL complex is able to activate genes in response to environmental stimuli
(Fugua and Winans, 1996; Bobrov et al., 2007). The Yersiniae utilise
homologues of the LuxI/R system. Although Y. enterocolitica only has one QS
system (Yenl and YenR) (Throup et al., 1995), both Y. pestis and Y.
pseudotuberculosis have two, Yspl/R and Ypel/R in Y. pestis and Ytbl/R and
Ypsl/R in Y. pseudotuberculosis (Atkinson et al., 1999, 2006; Kirwan et al.,

2006).

1.5.1 Biofilms

One of the principal QS-regulated phenotypes in Y. pestis is the formation of
biofilms (as reviewed by Parsek & Greenberg 2005). Physically, biofiims are
an aggregation of bacteria embedded in an extracellular polymeric substance
(EPS) matrix, either attached to a surface or as a liquid culture biofilm (Bryers

2008). The polysaccharides within the extracellular matrix (ECM), including
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poly-N-acetyl-D-glucosamine (poly-GIcNAc), are integral to maintaining the
structure of the biofilm (Bryers, 2008; Atkinson et al., 2011).

Biofilms typically begin with the attachment of bacterial cells at a solid-liquid
interface. The bacteria produce signalling molecules via the QS system and
when they reach the required threshold, begin producing the exopolymers
required for the three-dimensional EPS-bacterial matrix as shown in Figure 1.3
(Donlan, 2002; Sadovskaya et al., 2005; Bryers, 2008). Biofilms can form on
many different surfaces, such as medical devices, natural aquatic systems,
living tissues and industrial systems to provide protection to the bacteria from
a number of environmental stressors such as washing, antibiotics, predators
and host immune defences (as reviewed by Donlan 2002). Cells within the

biofilms can disperse and form new colonies elsewhere (Bryers, 2008).
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Figure 1.3. Schematic of biofilm development. (A) Indicates contamination with bacteria
(blue). (B) Signalling molecules (green) are released. (C) QS of signalling molecules
gathers bacteria and bacteria settle on the surface. (D) Bacteria produce EPS,

protecting cells from environmental factors.

Aside from its vital role in Yersinia poly-GIcNAc EPS formation, GIcNAc plays
many other functional roles across a varied range of organisms, such as in
bacterial cell walls (e.g. peptidoglycan) and the chitin in fungal cell walls
(Konopka, 2012). In the Yersinia, poly-GIcNAc is produced via the hmsHFRS

operon, but it is as yet unclear how this system is regulated (Lillard et al.,

11



1997). In E. coli, GIcNAc metabolism is regulated by NagC, but there is no
evidence that NagC regulates poly-GIcNAc production in any bacterium that
makes this polysaccharide (Plumbridge, 1990).

Biofilms are essential for Y. pestis to facilitate transmissible infection within its
flea vector. The bacteria enter the flea within a blood meal taken from an
infected host and begin to aggregate in the midgut in susceptible flea species
(Hinnebusch, 2005; Erickson et al., 2006). They then attach to and form
biofilms on the proventriculus, a chitinous, barbed valve located between the
oesophagus and gut (see Figure 1.4). This allows the flea to absorb the

nutrients within the ingested bloodmeal (Service, 2008a).

Figure 1.4. Images of the Xenopsylla cheopis proventriculus. (A) shows a 10x bright
field image of the proventriculus (circled) with the midgut to the left and oesophagus to
the right. (B) shows a scanning electron microscope image of the spines of X. cheopis
proventriculus (purple) covered with Y. pestis biofilm (green) (Source: National Institute

of Allergies and Infectious Diseases).

The Y. pestis biofilm spreads to partially or fully block the proventriculus of
infected fleas, making it difficult for the insect to take another meal and as a
result begins to starve. In the flea’s desperate attempts to feed, bacteria (and

viruses) are passed to a new host, regurgitated alongside the saliva, which is
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used to soften the tissue around the bite site and prevent the blood from
coagulating (Service, 2008a; Chouikha and Hinnebusch, 2012). The bacteria
are also passed out in the fleas’ faeces and can be transmitted when a host
rubs it into a bite wound (Service, 2008a). Although Y. pestis biofilm formation
in fleas has been studied extensively, attenuated, pCD1 negative strains such
as KIM6+ are often used, due to health and safety regulations (Kolodziejek et
al., 2007; Yoong, Cywes-Bentley and Pier, 2012; Fukuto et al.,, 2018).
Recently, Atkinson et al. (2011) described a direct link between biofilms, the
TT3S and QS for Y. pseudotuberculosis using Caenorhabditis elegans
models. Biofilm formation was shown to be controlled by AHL-mediated QS,
as AHLs were found within the biofilm and strains with mutations in AHL
synthase or response regulator genes showed biofilm attenuation. Given these
links in Y. pseudotuberculosis, it would be useful to determine whether they

exist in the fully virulent Y. pestis.

1.5.2 The Genetics of Colonisation and Transmission of Y. pestis in

Insect Vectors — Biofilm formation and GIcNAc

So far, only two loci have been found to be essential for Y. pestis’ survival in
the flea; ymt, required for flea colonisation and found on the pFra plasmid, and
the hms locus, located on the chromosome (Parkhill et al., 2001). The hms
genes, also present in Y. pseudotuberculosis, are essential for Y. pestis to
form biofilms in the flea midgut and proventriculus, and are responsible for
synthesising and transporting biofilm matrix exopolysaccharides (Hinnebusch,

Perry and Schwan, 1996). The hms genes are separated into a number of
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different loci on the chromosome; hmsB, hmsCDE, hmsT, hmsHFRS and
hmsP (Lillard et al., 1997). The hmsHFRS operon is vital for Y. pestis
colonisation and blockage of the proventriculus, but is not thought to be vital
for the survival of Y. pestis in the midgut (Perry, 2003; Hinnebusch and
Erickson, 2008).

Although research on the genetics of biofilm formation and poly-GIcNAc
production in Y. pestis has focused on the hmsHFRS operon, it is also
important to consider GIcNAc metabolism and regulation since this sugar
monomer is the substrate for poly-GIcNAc production via the hms gene
products (Bobrov et al., 2008). In most Gram negative bacteria the nagE-
nagBACD regulon is required for the transport and catabolism of extracellular
GIcNAc (Plumbridge 1990; Atkinson et al. 2011; Wiechmann, Ph.D. Thesis,
2015). The transcriptional regulator NagC acts as a repressor of the nagE-
nagBACD regulon in the absence of GIcNAc-6-phosphate (GIcNAc-6-P) and
is de-repressed by its presence (Konopka, 2012). Despite the role of NagC in
GIcNAc metabolism being studied in other organisms, its contribution to poly-

GIcNACc biosynthesis in Y. pestis is not known.

1.5.3 The GIcNAc Pathway and nagE-nagBACD Regulon

Much of what is known about the nagE-nagBACD regulon comes from
research conducted in E. coli. It is known to be responsible for the uptake and
metabolism of extracellular GIcNAc and glucosamine (GlcN) and is present in
many biofilm-forming species, including E. coli, P. aeruginosa, Y.

pseudotuberculosis and Y. pestis (Plumbridge, 1990, 1992; Torruellas et al.,
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2005; Korgaonkar and Whiteley, 2011). Alongside its role in GIcNAc
metabolism, the nag regulon is known to have other functions, including
chitobiose degradation (Plumbridge and Pellegrini, 2004) and the negative
regulation of galP, which encodes a galactose transporter (El Gaidi et al.
2009).

The two operons, nage and nagBACD are on opposing strands of the
chromosome, as shown in Figure 4.1. The nagB gene codes for GLcN-6-
phosphate deaminase, nagA codes GIcNAc-6-phosphate deacetylase, nagC
represses the nag regulon and nagD codes for a uridine-5’-monophosphatase
(UMPase) of the haloacid dehydrogenase (HAD) superfamily, although its
function within the GIcNAc metabolism is unclear (Plumbridge, 1990). The
nagE gene codes for EII", a GIcNAc-specific transporter that is part of the
phosphotransferase system (Plumbridge, 1990; Hill et al., 2007). A schematic
diagram of the NAG pathway is shown in Figure 1.5. Exogenous GIcNAc
enters the bacterium and is catabolised by genes within the nagE-nagBACD
operon, which is likely to be repressed by NagC in the Yersiniae, as itis in E.

coli and V. fischeri (Plumbridge, 1991; Miyashiro et al., 2012).

GIcNAc GIcNAc-6P GIcN-6P Fru-6P
H,C—OH H,C
H O H GlcNAc O H GicNAc-6P GIcN-6P p- O—CH; -O~. CH OH
H kmase deacetylase deammase z
OH H OH Hl H HO
HO OH H OH
H N-C-CH, A-rp H  N-C-CH, OH H
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Figure 1.5. The GIcNAc pathway in E. coli. Exogenous GIcNAc enters the cell and is
catabolised by genes in the nagE-nagBACD operon, which is likely to be regulated by
NagC.
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In the absence of external GIcNAc, NagC represses the nagE-nagBACD
operon, which degrades GIcNAc, and switches on the glmUS operon, which
syntheses GIcNAc. When extracellular levels of GIcNAc are high, NagC binds
GIcNACc-6-P so relieving the repression of the nagE-nagBACD operon, thus
switching on GIcNAc degradation, and repressing the gimUS operon, so
turning off GICNAc production. These operons are represented schematically

in Figure 1.6.
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Figure 1.6. Schematic of the nagE-nagBACD and glmUS operons and their regulation
by NagC in E. coli. In the absence of GIcNAc-6-P, NagC binds to the nagE-nagBACD

operon, repressing it and stopping GIcNAc degradation. In the presence of GIcNAc-6-

phosphate, NagC does not bind, de-repressing the nagE-nagBACD operon, allowing
degradation of GIcNAc. In contrast, when GIcNAc-6-P is absent, NagC binds to the
glmUS operon switching on GIcNAc production. When GIcNAc-6-P is present, NagC

does not bind to the glmUS operon and GIcNAc is not produced.
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The inducer of NagC binding in E. coli is GIcNAc-6-P. Figure 1.7 shows the
structure of NagC and the docking site of GIcNAc-6-P (Plumbridge, 1991,

Pennetier, Dominguez-Ramirez and Plumbridge, 2008).

Figure 1.7. Models of the structure of NagC and the binding of GIcNAc-6-P in E. coli,
taken from Pennetier et al. 2008. (A) model of the tertiary structure of NagC (three-
subunit model). GIcNAc-6-P is shown as red and grey spheres in the same docking
result (B), which has been rotated 90°.

GIcNAc is thought to play a role in the virulence of pathogenic yeast and
bacteria and has been shown to be important for host colonisation by E. coli
and V. fischeri, as well as biofilm formation and release of virulence factors by
Streptococcus mutans (Chang et al., 2004; Ghosh et al., 2011; Kawada-
matsuo et al., 2012; Naseem and Konopka, 2015). In Y. pseudotuberculosis,
NagC and GIcNAc have both been shown to play roles in QS, which regulates
virulence and biofilm formation (Wiechmann, Ph.D. Thesis, 2015). A QS gene
promoter pulldown study initially suggested that NagC may bind to the QS
regulator ypsR in Y. pseudotuberculosis (Robert Goldstone, unpublished
data). However although the regulation of ypsR by QS could not be confirmed

using reporter gene fusions, NagC was shown to regulate both Y.
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pseudotuberculosis AHL synthases (ytbl and ypsl) (Wiechmann, Ph.D. Thesis,
2015). GIcNAc has also been shown to influence QS by inhibiting AHL-
dependent gene transcription in P. aeruginosa (O. Kimyon et al.,, 2016).
Despite the role of NagC in the metabolism of GIcNAc in other bacterial
species and the role of the hmsHFRS operon in poly-GIcNAc production in Y.
pestis, the contribution of NagC as a transcriptional regulator of the GIcNAc
metabolic genes nagE-nagBACD, gimUS or to the hmsHFRS-dependent
production of poly-GIcNAc has yet to be reported (Plumbridge, 1991; Bobrov

et al., 2008).

1.5.4 The hms Operons

The hms operons play major roles in biofilm blockage of the flea foregut and
proventriculus during transmission of plague. The operons are spread across
the chromosome and encode genes which synthesise and transport biofilm
matrix exopolysaccharides as well as those that synthesise and degrade the
second messenger, c-di-GMP (Figure 1.8) (Hinnebusch, Perry and Schwan,
1996), such as hmsB, a small RNA that upregulates c-di-GMP production
(Fang et al., 2014). In the hmsCDE operon, hmsC represses hmsD, hmsD is
a diguanylate cyclase producing c-di-GMP and hmskE is a peptidoglycan
associated lipoprotein (Guo et al., 2015). hmsT is also a diguanylate cyclase
responsible for c-di-GMP synthesis and hmsP is a phosphodiesterase
responsible for c-di-GMP degradation (Bobrov et al., 2014; Fang et al., 2014;
Guo et al., 2015). The hmsHFRS operon is responsible for the synthesis of

poly-GIcNAc and contains the genes hmsH, encoding an outer membrane
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transporter protein, hmsF, encoding an outer membrane hydrolase protein and
hmsR and hmsS encoding GIcNAc synthases (Perry, Pendrak and Schuetze,

1990; Pendrak and Perry, 1993).

poly-GlcMAc

Outer
| membrane

Inner

HmsR HmsT HmsD HmsP membrane

- —

& @5

Figure 1.8. Schematic of the roles played by hms genes in GIcNAc metabolism for Y.

pestis. Genes coloured orange are responsible for synthesis of poly-GIcNAc from UDP-
GIcNAc and thus biofilm formation, whereas those coloured pink are responsible for

the catabolism of UDP-GIcNAc, and thus repression of biofilm formation.

The regulation of the hms operons is complex, involving a number of proteins
and effectors. RovM increases biofilm formation, by activating transcription of
hmsCDE and hmsT, but indirectly represses hmsHFRS and hmsP (Liu et al.,
2016). CsrA, although a biofilm inhibitor in E. coli, enhances biofilm formation
in Y. pestis and although it does not affect hmsH, hmsP or hmsT transcription,
in a AcsrA mutant, deletion of hmsP, a phosphodiesterase, showed excessive
biofilm production, suggesting an indirect activation of hmsP by CsrA (Willias

et al., 2015). The cationic polyamines putrescine and spermidine are also vital

19



for maintaining the levels of HmsR, HmsS and HmsT and therefore biofilm
formation (Patel et al., 2006; Wortham et al., 2010). RcsAB supresses biofilm
production by repressing the hmsT, hmsCDE and hmsHFRS operons and
indirectly activating hmsP, the only biofilm inhibiting operon (Fang et al., 2015)
(Figure 1.9).

hmsHFRS, found in the pgm locus, is responsible for a red pigmented
phenotype seen in Y. pestis due to the uptake of external hemin or Congo red
dye into the bacteria’s outer membrane. This occurs at temperatures of 26°C
or lower, and corresponds to the environment found in the flea gut, which is
hemin-rich (Hinnebusch, Perry and Schwan, 1996). Mutations of this locus

results in non-pigmented forms which cannot survive in fleas.
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Figure 1.9. Configuration of the hms operons on the Y. pestis chromosome and the
factors that regulate them. Genes coloured orange are involved in poly-GIcNAc
synthesis and those in pink are suppressors of poly-GIcNAc synthesis. RovM, CsrA
and polyamines positively regulate biofilm formation, whereas RcCSAB represses
biofilm formation.
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1.6 Y. pestis Life History

Despite its reputation as one of the deadliest human diseases, plague is a
zoonosis, which does not require humans to maintain its populations (Prentice
and Rahalison, 2007). Whilst Y. pseudotuberculosis and Y. enterocolitica are
spread through contaminated food and water, Y. pestis is transmitted via a bite
from an infected flea, as well as via inhalation of infected water droplets (Perry
and Fetherston, 1997). Its natural hosts are mainly rodents, including rats,
marmots and ground squirrels (Koornhof, Smego and Nicol, 1999) and it
remains within its sylvatic cycles unless close human contact occurs (Gage
and Kosoy, 2005). Some of its animal hosts, including rodents, monkeys and
pigs are susceptible and may die from the disease whilst others, such as
domestic dogs, ferrets and badgers seem to remain highly resistant,
experiencing mild or no symptoms (Perry and Fetherston, 1997; Nichols et al.,
2014). Plague as a zoonosis can be found in animals on every continent except
Australia (Inglesby et al., 2000).

Historically, humans were exposed to the plague because of unsanitary living
conditions and close proximity to large, overlapping populations of wild and
urban rats. As the plague spread through wild rodent populations, decimating
their numbers, fleas needed to find new hosts; first urban rats and then humans
(Perry and Fetherston, 1997). In modern times, isolated cases are more likely
to occur when people come into contact with infected wild rodents, or if
unsanitary conditions and overcrowding occur, such as in refugee camps and

prisons (Inglesby et al., 2000).
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The most well-known and efficient plague flea vector is Xenopsylla cheopis
(the Oriental Rat flea), which can be found across sub-tropical Asia (Suyemoto
et al., 1956). It favours the black rat (Rattus rattus) as its host, although it will
take blood meals from a wide range of mammals, including the brown or
Norwegian rat (Rattus norvegicus) and, if lacking in rodent options, humans
(Bacot, 1914a; Dennis et al., 1999; Whitehorn, 2010). It has occasionally been
found in temperate areas, however, it is rarely found in cold zones, as it
requires warm temperatures to pupate (Roberts and Janovy, 2009). Despite
this, the plague travelled as far north as Scandinavia and Greenland, casting
doubt as to whether X. cheopis is the only vector for plague. Only around 80
flea species have been shown to be susceptible to Y. pestis across the world,
alongside the 200 species of mammal on which they feed (Pollitzer, 1954,
Lorange et al., 2005).

Several studies have tried to identify whether other insect vectors, such as lice,
ticks or bed bugs might be involved in transmission (Pollitzer, 1954; Thomas,
Karstens and Schwan, 1990; Houhamdi et al., 2006). There is an especially
strong case for human lice as potential plague vectors, due to their constantly
close proximity to their host. This would have been particularly important in
medieval times, due to poor hygiene and the tendency to wear the same
clothes for long periods without washing them, making it difficult to reduce

infections (Dean et al., 2018).
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1.7 Insect Vectors of Plague

1.7.1 Fleas
1.7.1.1 Phylogeny

Fleas, belonging to the order Siphonaptera, are multi-host, haematophagous
insects that can be found all over the world including on seabirds in Antarctica
(Bacot, 1914a; Krasnov, 2008; Whitehorn, 2010). There are over 2,500
species but relatively few are medically important and whilst the majority feed

on mammals, around 5% feed on birds (Russell, 1868; Service, 2008a).
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Figure 1.10. Diagram of general flea morphology. Taken from Service 2008a.
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They are approximately 1-6 mm in size and have a hair covered, laterally
flattened body, as seen in Figure 1.10, which enables them to pass easily
though the coat or feathers of the host. They do not have wings, but instead
move using their extremely powerful hind legs which are adapted for jumping
(Russell, 1868). The female is slightly larger, with a rounded abdomen and a
visible spermathecae, the organ used for storing received sperm, as shown in
Figure 1.11. The males are smaller, with upturned abdomens and a visible
aedeagus, the organ through which they secrete sperm and both sexes take

blood meals (Service, 2008a).

Figure 1.11. Morphology of X. cheopis. (A) Male X. cheopis, 10x magnification. Note the
upturned abdomen and reproductive organ known as the aedeagus (labelled A). (B)
Female X. cheopis. 10x magnification. Note the rounded abdomen and reproductive
organ known as the spermatheca (labelled S).

Different species can be distinguished by the presence or absence of tooth-
like combs, found above the mouthparts (genal combs) or at the edge of the
first thoracic segment (pronotal combs) (Russell, 1868; Service, 2008a) and
also by the shape of the female genitalia (Baker, 2008). Other diagnostic
features include the absence of eyes, the mesoplural rod (a thickened

structure located above the middle pair of legs), or the sclerotized fossae, a
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thickening of the suture joining the antennae, which lie in depressions behind

the eyes (Whitehorn, 2010).

1.7.1.2 Morphology and Lifecycle

cocoon

Figure 1.12. Schematic diagrams of the life stages of fleas, taken from Service, 2006.
(A) shows the egg stage, (B) the larval stage, (C) the cocoon stage and (D) the final,
adult form.

The mouthparts are a complex collection of piercing and sucking tubes along
with sensory palps. Needle-like stylets enter the skin of the host and saliva,
containing anticoagulants, is injected. The sucking mouthparts then siphon the
blood through the pharynx and oesophagus before entering the proventriculus,
a cuticle-covered valve between the mouth and midgut with many chitinous,
backwards facing spines (Service, 2008a; Whitehorn, 2010). The

proventriculus prevents the backflow of blood, whilst the 250-450 spines
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pierce the blood cells, aiding digestion and allowing for absorption of nutrients

(Lorange et al., 2005; Service, 2008a).

Table 1.1. Flea lifecycle stages explaining the size of the insect and length of time it

remains within this stage.

Life stage Description Size Length of time
Eggs Tiny ovals, yellow or white 0.1-0.5 Once laid, 2-5 days
in colour. Around 300/day mm until hatching

are laid per female

Larvae Segmented ‘worms’ with 40-1000 Larvae live for 2-13
anal struts, pale bodies mm weeks, depending
and dark heads. Very on conditions, then
sensitive to humidity pupate

Pupae Larvae spin silk cocoons, Varying, up Will be in the cocoon
which are sticky and thus to 1 cm for 5-14 days

get coated in bedding

particles.
Adults Emerge from cocoons as 1-6 mm Depending on
fully formed adults species, live around

10 days, but up to 6-

12 weeks

Fleas are only attached to the host when feeding, they are usually found in and
around the hosts’ nest or den where they also lay their eggs (see Figure 1.12)
(Service, 2008a). Females lay 300-1000 eggs in a lifetime, from which a
legless larva will emerge. There are 2-3 larval instars, followed by pupation
within a cocoon spun from silk found in their salivary glands (Russell, 1868).
The length of time for these stages depends on environmental factors such as

temperature, but adults tend to live between 10 days to 6 weeks, although
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greater than 12 months has been recorded (Service, 2008a). An overview of

flea life stages is summarised in Table 1.1.

1.7.1.3 Transmission of Y. pestis by the Flea Vector

Fleas have long been known to transmit a number of human diseases such as
murine typhus (Rickettsia typhi) and certain parasitic cestodes but are perhaps
best known as the primary vectors of plague (Service, 2008a). They take a
relatively small bloodmeal of around 0.1-0.4 pl, which, although itchy, is not
detrimental to the host by itself (Hinnebusch, Jarrett and Bland, 2017). If a
bloodmeal is taken from an infected host, the flea is likely to ingest between 2-
8 x 10* Y. pestis, as a natural mammalian infection has been shown to be
around 2 x 108 CFU/ml and Y. pestis requires this high blood titre, with
accompanying overwhelming virulence and death rates, in order to establish a
successful population within the flea (Jarrett, Deak, et al., 2004; Bland and
Hinnebusch, 2016).

The first Y. pestis-flea studies were undertaken by the Indian plague
commission in the early 1900s where they described early-phase
transmission. Prior to the classical biofilm-mediated transmission, which
usually requires a 7 day incubation period, fleas are still capable of causing Y.
pestis infection in naive hosts, although it usually requires more than one
infected insect and results in a transmission rate of 20-70% (as reviewed by
B. Joseph Hinnebusch et al. 2017). It is thought that this predominantly
mechanical transmission may be important in fast-spreading epizootic

outbreaks, with infectivity peaking at around 3 days after an infectious blood
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meal (Bacot and Martin, 1915; LaRock et al., 2013; Eisen, Dennis and Gage,

2015).

A

Figure 1.13. Stages of flea blockage by Y. pestis (labelled as green ovals). (A) shows an
infectious bloodmeal moving from the oesophagus (labelled O) into the midgut (labelled
M) through the proventriculus (labelled P). (B) shows Y. pestis aggregating together
within the midgut, which occurs hours to days after the infected meal. (C) shows Y.
pestis biofilms, including the exopolysaccharide matrix, beginning to form and cover
the spikes of the proventriculus and (D) shows the complete blockage of the
proventriculus and a new bloodmeal being infected with regurgitated Y. pestis bacteria.
Subsequent bloodmeals ingested at stages B, C and D can all transmit Y. pestis to the

new host with varying levels of efficiency.

The more comprehensively studied, biofilm-mediated method of transmission
occurs after early-phase transmission, when bacteria have established

28



themselves within the flea gut. Bacteria ingested with an infected blood meal
begin to replicate within the gut and form aggregates within a few hours to days
although these aggregates do not appear to be able to adhere to flea gut
epithelial cells or interact with them. They do, however, adhere to the
proventriculus, the spines of which are covered by a chitinous cuticle (Figure
1.4). These aggregates eventually form such large clumps that they prevent
the flea from excreting the bacteria (Hinnebusch, Jarrett and Bland, 2017).
Due to the speed at which fleas digest their bloodmeals, bacterial aggregations
are thought to protect Y. pestis from being excreted, as around half of fleas
can clear a Y. pestis infection during the early stages of infection (Cavanaugh
et al., 1956; Lorange et al., 2005). A flea infected with Y. pestis can have more
than 108 bacteria in its gut around for two weeks post an infected bloodmeal
(Hinnebusch, Perry and Schwan, 1996). The proventriculus does not have to
be fully blocked for plague transmission to occur and the stages of biofilm-
mediated transmission are shown in Figure 1.13. Although most fleas die from
Y. pestis infections relatively quickly, some fleas have been shown to be
infective for up to a year post infection and flea faeces in the environment have
been shown to remain infective up to three years later (Gage and Kosoy,
2005).

It is unclear whether Y. pestis binds directly or uses chitinases to break down
the surface of the hydrophobic, acellular, cuticle-covered proventriculus to
adhere to it. Chitinases and chitin-binding proteins are found in many marine
and soil-dwelling bacteria and are vital for extracting nutrients from chitin,
although research has recently identified chitinases as important for

mammalian host infection (Frederiksen et al., 2013).
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Y. pestis, along with other Yersiniae and soil-based species of bacteria
produce insecticidal toxin complexes (Tcs) which encode chitinases that break
down chitin and provide protection for the bacteria from insect ingestion in the
environment (Parkhill et al., 2001; Hurst et al., 2011; Busby et al., 2012). Whilst
Y. pestis KIM and 91001 strains contain functional copies of these genes, Y.
pestis CO92 has a frameshift mutation in tcaB, and an internal deletion in tcaC,
suggesting a loss of function and that the Tcs do not play a role in the
attachment of Y. pestis to the proventriculus, as CO92 is also capable of
attachment (Parkhill et al., 2001). Y. pseudotuberculosis has been shown to
have functional toxin complexes, although no upregulation of these genes
occurred when fed to X. cheopis as part of a bloodmeal (Erickson et al., 2007).
The hmsHFRS operon has been shown to be vital for production of the ECM
which allows Y. pestis to form aggregates and adhere to the proventriculus,

but it is unclear exactly how it attaches (Darby et al., 2002).

1.7.2 Lice

1.7.2.1 Phylogeny

Lice can be distinguished into different suborders, the sucking Anoplura and
chewing Amblycera, Ischnocera and Rhynchoptirina (Service, 2008b). The
chewing lice are mainly parasites of birds and occasionally other mammals.
Three sucking varieties affect humans, Pediculus humanus corporis, the body
louse, Pediculus humanus capitis, the head louse, and Pthirus pubis, the pubic

or ‘crab’ louse.
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There appears to be some debate over whether head lice, P. h. capitis, and
body lice, P. h. corporis are different species (Service, 2008b). Their
morphology overlaps significantly and cannot be used as a definitive
identification tool, however, generally, body lice tend to be darker and larger
than head lice (Service, 2008b; Veracx and Raoult, 2012). Current opinion
based on genomics appears to suggest that head and body lice have identical
genomes bar one gene present in body but not head lice, although there are
differences in gene expression levels (Veracx and Raoult, 2012). For
simplification, head lice are referred to as P. capitis and body lice as P. corporis

in this text.

1.7.2.2 Morphology and Lifecycle

Lice are small, wingless insects, which vary in colour from pale beige to dark
brown. They are flattened dorsoventrally and are softer than fleas, with a
leathery tegument (Service, 2008b). General morphology can be seen in
Figure 1.14. The mouthparts, unlike most hematophagous insects, are stored
within the head. When feeding, the haustellum, armed with barbed teeth, is
everted and anchors into the host’s skin. Once in place, piercing stylets enter
the skin and saliva, containing anticoagulants, is injected to maintain blood
flow (Jones, 1998). Blood is then sucked up through the oesophagus and into
the midgut for digestion. This system is similar to that of the tsetse fly Glossina
(Waniek, 2009). Unlike fleas, lice do not have a proventriculus (Service, 2008b;

Whitehorn, 2010).
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Abdominal
segment

Figure 1.14. Morphology of the human body louse. (A) Diagram of general human louse
biology. Taken from Service 2008b. (B) Female P. capitis in Euparal. 40x magnification.

Note the spiked, everted haustellum.

Like fleas, both sexes take blood meals, although females typically ingest more
blood (0.16 pl) compared to males (0.07 pl). Human lice display sexual
dimorphism; males are smaller at 2-3 mm, and have a rounded abdomen tip
as shown in Figure 1.15. They also have larger front claws compared to the
second and third pairs, which enable them to grip the female during mating.
Females are larger, 3—4 mm, and have a bifurcated abdomen tip. Their claws

are all the same size (Service, 2008b).
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Figure 1.15 Images showing sexual dimorphism in P. corporis. (A) Male P. corporis. 10x
magnification. Note the rounded terminal abdominal segment and enlarged front claws.
(B) Female P. corporis. 10x magnification. Note the bifurcated terminal abdominal

segment.

All stages of human lice live permanently on the host, head lice in the hair very
close to the scalp and body lice within the inner seams of clothes next to the
skin. Adults feed between one and five times per day, with head lice feeding
more often than body lice (Takano-Lee, Yoon, et al., 2003). Females lay
around 6-10 eggs per day onto hairs or in seams, using a strong cement to
anchor them in place. The eggs, also known as nits, are oval and white, with
an operculum at one end through which the developing embryo receives air
(Service, 2008b). The lice are hatched fully developed and live for roughly 2-4
weeks (Whitehorn, 2010). Body lice are capable of withstanding separation
from the host for longer than head lice, as the clothes they inhabit are often

taken off at night. They can live for up to a week in abandoned clothes before
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dying, whereas a head louse separated from its host is likely to die within 24

hours (Service, 2008b).

1.7.2.3 Transmission of Y. pestis by the Louse Vector

Large numbers of lice on a host can induce what is known as pediculosis. The
skin of such hosts can become tough and scaly and the toxic effects of the
louse’s saliva can cause fatigue, itchiness and irritability; the person feels
‘lousy’ (Service, 2008b). Lice are known to transmit louse-borne epidemic
typhus (Rickettsia prowazekii), epidemic relapsing fever (Borrelia recurrentis)
and trench fever (Bartonella quintana) (Drali et al., 2015). None of these
diseases appear to be transmitted in the saliva of the louse, rather the infected
faeces is rubbed into the wound or inhaled, or in the case of relapsing fever,
by crushing the insects and releasing the spirochetes (Service, 2008b).

Case studies have shown Y. pestis concomitant infections with B. quintana in
Democratic Republic of the Congo (Piarroux et al., 2013; Drali et al., 2015) and
experimental rabbit infection studies have shown that P. corporis are capable
of transmitting Y. pestis to a naive host and that as few as ten lice are needed
to transmit an infection (Houhamdi et al., 2006). Little seems to be known about
the biology of transmission, or whether, like fleas, biofilm formation is involved

with the colonisation of the louse gut.
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1.7.3 Colony Husbandry

Different research groups around the world have maintained colonies of both
fleas and lice on various feeding systems, but predominantly on live animals,
such as rabbits and guinea pigs (Hinnebusch, 2007; Mumcuoglu et al., 2011).
Fleas can be kept in glass or plastic jars, at the bottom of which bedding is
applied, which allows the fleas to create nests and for the larvae to feed.
Hinnebusch (2007) suggests a combination of dry milk, powdered blood,
mouse food and sawdust, which can be autoclaved and stored in the freezer.
Colonies require a temperature of between 20°C-25°C and a humidity of 75%.
It is also suggested that keeping the jars in trays of water stop any mites
entering the colony.

As lice spend their entire life cycle close to the host, setting up an artificial
system may be more difficult than for fleas and only one strain of P. corporis
has been adapted for feeding on rabbit blood so far, although a number of
groups use this method (Culpepper, 1946; Waniek, 2009). Artificial feeding
systems involving reservoirs and processed blood have been successfully
implemented at least for experimental purposes if not colony maintenance

(Georgi, 1996; Takano-Lee, Yoon, et al., 2003).

1.8 Previous Work and Aims of This Study

The transmission of Y. pestis via its insect vectors has been studied for many
years and fleas, specifically X. cheopis, have long been established as the

main culprit, although there are some case studies and experimental papers
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(Houhamdi et al., 2006; Bonilla et al., 2009; Drali et al., 2015) that point
towards other insects, mainly the human body louse P. corporis, due to its very
close relationship with the human host.

The scarcity of information regarding the artificial rearing of these insect
vectors would suggest that it is not something that has been attempted
frequently, although groups have had some successes with artificially-fed
infection experiments (Takano-Lee, Velten, et al., 2003; Mumcuoglu et al.,
2011; Kernif et al., 2015; Bland and Hinnebusch, 2016). The need to reduce
experimental animal usage and the prohibitive ethical framework makes
setting up an atrtificially fed colony of X. cheopis and P. corporis a more
attractive proposition than using animal hosts. Insect work with a CL3 level
pathogen such as Y. pestis naturally provides extra challenges, yet an artificial,
‘fake flea’ chitin-based model does not appear to exist, although chitin
attachment experiments have been conducted notably with Vibrio cholerae
(Kirn, Jude and Taylor, 2005).

Due to the highly contagious nature of Y. pestis, research has inevitably been
difficult. The genetically similar but non-lethal Y. pseudotuberculosis has been
used as a model organism, as well as attenuated strains of Y. pestis, which
have had the virulence plasmid pCD1 removed, therefore allowing work to be
undertaken at a CL2 level. This study set out to understand the relationships
outlined above using the fully virulent CO92 strain at CL3 level.

Although the function of NagC has been extensively studied in other
organisms, it has yet to be investigated in Y. pestis. Alongside GICNAc
catabolism and biosynthesis, NagC has been shown to influence QS

regulation and AHL production in Y. pseudotuberculosis (Wiechmann, Ph.D.
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Thesis, 2015), so there is a strong possibility that it may have an effect on QS
phenotypes, such as virulence factor production (Robert Goldstone, Ph.D.
Thesis, 2011, O. Kimyon et al. 2016). As it has been shown to play a role in
the formation of biofilms in other species, including Y. pseudotuberculosis, it is
likely that NagC influences the production of biofilms in Y. pestis (Sicard et al.
2018; Wiechmann, Ph.D. Thesis, 2015). Given that biofilms are so vital to the
transmission of plague within its flea vector, the ability to knock out biofilm
production could help to unravel the complex biological mechanisms

surrounding flea blockage and plague transmission.

This study set out to understand the relationship between NagC, poly-GIcNAc
and biofilm formation, in relation to QS and insect transmission for Y. pestis,
using Y. pseudotuberculosis as a reference, and to build on artificial flea-

plague models for use within CL3 conditions.

To elucidate the most suitable conditions for artificially rearing X. cheopis and
P. corporis colonies the following aims were explored to determine:
e The optimal physical conditions in which to maintain insects without an
animal host
e The most effective membrane through which insects can feed

e The blood type most suited for artificially rearing insect colonies

To investigate the role of NagC and GIcNAc in QS phenotypes, the following
aims were pursued by constructing a Y. pestis nagC deletion mutant to
compare to a Y. pseudotuberculosis AnagC mutant and examining the

consequences for:
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e AHL biosynthesis
e YOP production

e Auto-aggregation

To investigate the regulatory role of NagC in poly-GIcNAc biosynthesis, the
AnagC mutant and recombinant NagC protein were utilised to establish:
e The role of NagC in poly-GIcNAc production in Y. pseudotuberculosis

e The role of NagC as a DNA binding protein in Y. pestis

To develop in vitro transmission models to understand the role of NagC in
relation to establishment and biofilm formation in vitro and within insect hosts,
the following aims were established:
e To investigate the impact of nagC in Y. pestis using the C. elegans
biofilm model
e To develop a chitin based in vitro assay to study Yersiniae attachment
and biofilm formation
e To determine the impact of nagC in Y. pseudotuberculosis biofilm

production and blockage in relation to P. corporis
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2 Materials and Methods
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2.1 Insect Rearing and Feeding

X. cheopis were obtained from Dr Florent Sebbane at the Institut Pasteur in
Lille, France. P. corporis colonies were obtained from Carola Kuhn from the

Umweltbundesamt in Berlin, Germany.

2.1.1 Colony Maintenance Conditions

Genlab Limited incubators (model INC/50/DIG) were used to maintain
colonies. Temperature was controlled via the incubator settings and humidity
was maintained using different sized plastic trays filled with water. Humidity
and temperature were monitored using Bohlender GmbH electronic

hygrometers.

Figure 2.1. Image of a flea aspirator. This allowed for the secure transportation of X.

cheopis.
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To move fleas for visualisation etc. chilling for five min on a tray of ice was
required to immobilise them. A flea aspirator (Figure 2.1) (B100 SEC, Charles
Austin Pumps Ltd.) was also constructed, which enabled the insects to be
sucked into a large test tube and transported securely. Lice were moved by

carefully picking them up with forceps.

2.1.2 Insect Housing

Fleas were maintained in a glass vase (lkea Ltd.) with a one-inch layer of
autoclaved sawdust and larvae food in a ratio of 3:1 for bedding (Figure
2.2(A)). The food portion was taken from Hinnebusch (2007) and contained
one-part dried erythrocytes from bovine blood (Sigma-Aldrich Co.), one-part
dried skimmed milk (Tesco PLC) and one-part mouse chow (Purina®).

Lice were maintained in modified 60 ml Sterilin™ polystyrene containers
(Figure 2.2(B)). A square of voile mesh was placed over the top, secured with
an elastic band. The centres of the lids were removed and then screwed over
the voile, to ensure insects could not escape, but could breathe and feed
through the mesh. A piece of corduroy (500 mm x 200 mm) was placed into
the containers. Fluon®, (BioQuip Products Inc.) was used on the edges of the
flea vase and insect trays to prevent insects from escaping, as they are unable

to grip Fluon with their feet.
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Figure 2.2. Images of insect housing. (A) shows the glass vase in which the X. cheopis
colony was kept, with a layer of sawdust bedding at the bottom. (B) shows a modified
plastic pot with a mesh lid, containing a square of corduroy in which P. corporis were
kept.

2.1.3 Feeding System

The Hemotek® 5W1 (Hemotek Ltd.) system was used to artificially feed both
the lice and fleas, (the setup is shown in Figure 2.3). This enabled the blood to
be maintained at a temperature of 37°C. FU1 feeding arms were connected to
the power pack and meal reservoirs screwed into them. Either standard 3 ml
(385 mm?) or micro 1 ml (195 mm?) were used to contain the blood. Squares
of each type of membrane were cut to size and placed over the meal reservoir,
secured with an O ring or rubber band and then gently stretched so that there
were no creases and the membrane was taut. Under a flame, blood was
pipetted into the posterior hole until filled. Plastic plugs provided with the

Hemotek system were pressed into place to ensure no spillages. Once used,
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the meal reservoirs were cleaned with 2% Distel HLD4L (MediMark Scientific

Ltd.) then rinsed thoroughly with sterile water.

Figure 2.3. Photos showing Hemotek setup. (A) shows the Hemotek artificial feeding

system set up in the insect laboratory. (B) shows the preparation of a meal reservoir.

2.1.4 Feeding Materials

Defibrinated sheep blood (SLS Ltd.) and defibrinated rabbit blood (TCS
Biosciences Ltd.) were both purchased in vials of 25 ml. Human blood was

collected from volunteers and defibrinated.

2.1.4.1 Human Blood

An ethical licence (Number: A051016SA-Steve Atkinson) to collect blood from
human volunteer donors was obtained from the School of Life Sciences Ethical
Committee. Volunteers were required to pass a health screening and, allowed
to donate up to every 8 weeks. 10 ml of blood was taken from the antecubital
vein using a syringe and deposited into a Sterilin tube. This was defibrinated
using the method modified from (Rodda, 1996). In an microbiological safety

cabinet (MSC), 5 glass beads (5 mm) were added to the blood. This was gently
43



swirled for approximately 5-10 min until the ‘ringing’ of the beads had ceased
and a blood clot had formed around them. The liquid blood was then pipetted
into a fresh 20 ml Sterilin tube and stored for up to a week, before it was

disposed of in accordance with the ethical guidelines stated in the licence.

2.1.5 Membranes

Membranes were tested with the artificial feeding system, including Hemotek’s
collagen feeding membrane, Parafilm® M (Bemis Company Inc.) and prepared

cadaver mouse skins.

2.1.5.1 Mouse Skin Preparation

Mouse skins were provided by Jeni Luckett (as a by-product from the medical
school animal laboratory) in phosphate buffered saline (PBS) (plus penicillin G
and streptomycin, both 100 pg/ul). The skins were pinned inner side upwards
on a wax dissection tray and, using forceps and a scalpel, the subcutaneous
fat layer was removed. The skins were returned to PBS where they could be
stored for 2-3 weeks at 4°C. Tests comparing 1 M NaCl and PBS as a storage
medium indicated that NaCl caused the outer layer of the dermis to slough off,

making it unsuitable.
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2.2 Microbiological Methods

2.2.1 Bacterial Growth Media and Growth Conditions

E. coli was grown at 37°C, whilst shaking with aeration at 250 rpm in liquid
Luria Bertani broth (LB) (Luria and Delbrick, 1943) unless otherwise stated.
LB was composed of 10 g/l tryptone (Oxoid™), 10 g/l NaCl, 5 g/l yeast extract
(Oxoid™). When grown on plates, 15 g/l agar was added to the medium. Y.
pseudotuberculosis was also grown on LB modified by reducing NaCl to 5 g/l
NaCl, at 22°, 30°C or 37°C depending on the growth conditions required. Y.
pestis requires a richer media and was grown in brain-heart-infusion broth
(BHI), using 37 g/L BHI powder (Oxoid™) at 22°C, 30°C or 37°C depending on
the growth conditions required. When required, antibiotics were added to
cultures as follows; ampicillin (Amp) 100 pg/ml, gentamicin (Gm) 10 pg/ml,
erythromycin (Erm) 25 pg/ml, chloramphenicol (Cm) 10 pg/ml, tetracycline (Tc)
10 pg/ml, kanamycin (Kan) 50 pg/ml, nalidixic acid (Nal) 15 pg/mi.

C. elegans were maintained on a lawn of E. coli OP50, at 22°C using nematode
growth medium (NGM), containing 2.5 g/l peptone (Difco-Bacto™), 3 g/l NaCl
and 17 g/l agar, made up with distilled H20. This was autoclaved, then 1 ml/|
cholesterol (5 mg/ml in EtOH), 1 ml/l CaClz (1 M), 1 ml MgS (1 M) and 25 ml/l
KH2PO4 (1 M, pH6) was added (Epstein and Shakes, 1995).

Congo red magnesium oxalate (CR-MOX) plates, were used for testing for the
presence of the pCD1/pYV virulence plasmid, as described by Surgalla &
Beesley (1969) and Riley & Toma (1989). 40 g of tryptic soy agar (Sigma-

Aldrich) was mixed with 825 ml distilled water and autoclaved. The following
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were added; 80 ml of 0.25 M sodium oxalate (Sigma-Aldrich), 80 ml of 0.25 M

magnesium chloride (Sigma-Aldrich), 10 ml of 20% p-galactose (Sigma-

Aldrich) and 5 ml of 1% Congo red (Sigma-Aldrich).

2.2.2 Bacterial Strains

Bacterial strains used in this study are listed in Table 2.1.

Table 2.1. Bacterial strains used in this study.

Strain Description Reference

Escherichia coli
One Shot™ F- mcrA A(mrr-hsdRMS-mcrBC)  Thermo Fisher
Topl0 ®80lacZAM15 Scientific
AlacX74 recAl araD139
A(araleu)7697 galU galK rpsL
(StrR) endA1 nupG (AmpR)
DH5a K-12 cloning strain Hanahan,
[Fe80lacZAM15A (lacZYA-argF) 1983
U169 recAl endAl hsdR17 (rk-mk*)
supE44 thil gyri relAl] (AmpR)

S17.1 pDM4 S17.1 containing the suicide Milton et al.,
vector pDM4 (CmR) 1996
OP50 Uracil auxotroph. A nutrient source Epstein, 1995

for C. elegans and control for
uninfected worms (TcR)
BL21 T7 protein over-expression strain ~ New England
Biolabs®
Yersinia pestis
CO92 parent Parent strain, isolated from a Doll et al. 1994
patient who died Colorado, pCD1,
pFra, pPst (ErmR)
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Strain Description Reference
C092 AnagC C0O92 lacking the GIcNAc-operon This study
repressor NagC, (ErmR GmR)
C092 AnagC pHG327::nagC (ErmR, GmR, This study
complemented AmpR)
C092 pHG327 | Control for plasmid (ErmR, GmR, This study
AmpF)

YPIII parent
pLB1

YPIIl AnagC

YPIIl AnagC

complemented

YPIII parent

GFP

YPIII AnagC
GFP

YPIIl AnagC
complemented
GFP

CV026

CV 12472

Y. pseudotuberculosis
Parent strain of Yplll harbouring
the virulence plasmid pYV.
Serotype O:3 (Nal®)

Yplll lacking the GIcNAc-operon
repressor NagC (KmR)

Complementation of Yplll lacking
NagC with a functional copy of
nagC in the gimS region of AnagC
(TcR)

Yplll harbouring the GFP plasmid
pxylAp (AmpF)

Yplll AnagC harbouring the GFP
plasmid pxylAp (AmpR)

Yplll AnagC complement
harbouring the GFP plasmid
pxylAp (AmpR)

Chromobacterium violaceum

Mini-Tn5 mutant of ATCC 31532,
does not produce violacein (KmR)
Parental strain that produces the

pigment violacein

Rosqvist et al.

1988

Wiechmann,
Ph.D. Thesis,
2015
Wiechmann,
Ph.D. Thesis,
2015

Wiechmann,
Ph.D. Thesis,
2015
Wiechmann,
Ph.D. Thesis,
2015
Wiechmann,
Ph.D. Thesis,
2015

McClean et al.

1997
Streichsbier
1983
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2.2.3 Molecular Biology Methods

2.2.3.1 Molecular Cloning

2.2.3.1.1 Plasmid Extraction and Restriction Digests

A plasmid extraction kit (Sigma-Aldrich GenElute™ Plasmid Miniprep kit) was
used to isolate plasmids following the supplier’s instructions but eluted in 50 -
100 pl H20 and stored at -20°C. Restriction enzymes (FastDigest, Thermo
Fisher Scientific) for digestion of plasmids were used as per the manufacturer’s

instructions.

2.2.3.1.2 DNA Purification and Gel Electrophoresis

The Monarch® DNA Gel Extraction Kit (New England BioLabs Inc.) was used
to purify and clean DNA products, either excised from agarose or from PCR
products, following the manufacturer’s guidelines. Agarose gel electrophoresis
was used to separate DNA products according to mass using (1% (w/v)
agarose and 1 x Tris-acetate-EDTA (TAE) buffer [50 x stock solution: 2.0 M
Tris-acetate pH 8, 0.05 M ethylenediaminetetraacetic acid (EDTA)]).
Invitrogen™ Sybr™ Safe (Thermo Fischer Scientific) (10,000 x in DMSO
buffer) was added at a final concentration of 0.1 pl/ml, then 5-20 ul DNA/PCR
product was run in 1 x TAE buffer at 70 V for 45 min against 5 pl of Promega

1 kb DNA molecular markers.
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2.2.3.1.3 Ligation of the DNA Fragment and Vector

Ligation of digested vector and DNA fragment were undertaken using T4 DNA
ligase (Promega) at a ratio of 1:3, then incubated on a 30°C (30 seconds) and

10°C (30 seconds) cycle on a thermocycler for 16 h.

2.2.3.1.4 Transformation of Plasmids into Competent Cells

2.2.3.1.5 Electro-Competent Cells

Overnight cultures of E. coli Top10 or Y. pseudotuberculosis YPIII were diluted
to ODsoo 0.1 in a 250 ml flask containing 100 ml LB. Cultures were grown until
early exponential phase (ODsoo 0.6-0.9), then harvested by centrifugation at
4°C at 4000 x g for 8 min in 50 ml falcon tubes. The cells were washed in 40
ml 10% (v/v) chilled glycerol, then repeated with 20 ml and 5 ml 10% (v/v)
glycerol. Cells were then pelleted and resuspended in 500 ul 10% (v/v) glycerol
and stored in 50 pl aliquots at -80°C.

DNA was dialysed against H20 using Millipore® Membrane filters (Fisher
Scientific) for 30 mins then added to thawed competent cells transferred to a
2 mm electroporation cuvette. A BioRad MicroPulser set to 200 Q, 2.5V, 25
UF was used to electroporate the cells, which were then recovered in 500 pl of
LB and left shaking at 250 rpm for 1-3 h at the appropriate temperature before

plating onto LB agar containing the required antibiotics.
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2.2.3.1.6 Chemical-Competent Cells

Y. pestis overnight cultures grown in medium A (YLB broth supplemented with
10 mM MgSO0a4.7H20 and 0.2% glucose) (Nishimura et al., 1990) were diluted
to 1/10 and further incubated in medium A until they reached ODsoo 0.5-0.9.
Cells were collected by centrifuging at 13,000 x g for 1 min and washed in
medium A. Cells were pelleted at 13,000 x g for 1 min and resuspended in 50
pl media A and 250 pl medium B (36% (v/v) glycerol, 12% polyethene glycol
(PEG) (MW7500), 12 mM MgS0Oa4.7H20 added to YLB-broth (pH 7.0), sterilized
by filtration) (Nishimura et al., 1990) and stored in 50 pl aliquots at -80°C. 1 ng
DNA was added to thawed chemical-competent cells and kept on ice for 20
min before heat shocking at 37°C for 1 min. Cells were returned to ice for a

further 5 min before being plated on BHI agar with the appropriate antibiotics.
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2.2.3.2 Plasmids Used in This Study

All plasmids used in this study are listed in Table 2.2.

Table 2.2. Plasmids used in this study.

Plasmid Description Source
pGEM®T High copy number cloning vector Promega
Easy (AmpR)
pDM4 Suicide vector: mobRK2, oriR6K (pir Milton et al. 1996
requiring). sacBR of Bacillus subtilis
(CmF)
pHG327 Complementation vector low copy Stewart et al.
number (AmpR) 1986
PEX18Gm GmR, oriT+, sacB+, gene replacement  Hoang et al. 1998
vector, MSC from pUC18 (GmR)
pCOLD1 Cold shock expression system vector Qing et al. 2004
pxylAp Vector harbouring GFP (AmpR) Stephan Heeb

2.2.3.3 Genomic DNA Extraction

Genomic DNA (gDNA) was extracted using the GenElute ™ Bacterial Genomic

DNA Kit (Sigma Aldrich) according to manufacturer’s instructions, then eluted

into H20 and stored at 4°C.

2.2.3.4 Polymerase Chain Reaction

Polymerase chain reactions (PCRs) were used with either Go Taq® DNA

polymerase (Promega) or Q5® High-Fidelity DNA polymerase (NEB). A 50 pl

PCR reaction typically consisted of 0.2 pl DNA polymerase, 5 pl reaction buffer
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(Promega or NEB), 1 pl of 10 uM forward and reverse primer, 1 pl of 20 mM

nucleotides (dNTPs) and approximately 1 ng DNA. This was made up to 50 pl

using H20. PCR conditions depended on the length of the final DNA product

length and the melting temperature of the primers and were performed

according to the supplier’s instructions. Primers used in this study are listed in

Table 2.3.

Table 2.3. Primers used in this study. Underlined sections of the primer sequences are

restriction enzyme recognition sites.

Primer name Sequence (5’ - 37) Restriction Source
Enzyme
GmR_F CGTCTAGAGTCGAT Xbal This study
GTTTGATGTTATG
GmR_R ACGGTACCTTAGGT Kpnl This study
GGCGGTACTTG
nagC_UP_F GCCTCGAGGTGTCG Xhol This study
AACATGTCGGTATC
nagC_UP_R TCGGTACCGCGTICT  Kpnl, Xbal This study
AGACAATTGCCGGG
TGATTTTG
nagC_DW_F CTCTCGAGACTGGT  Xhol, Kpnl This study
ACCGCTCAATGGTG
TCTTGCTG
nagC_DW_R ATACTAGTGCGTCT Spel This study
CACCGACAATAAC
M13_F GTAAAACGACGGCC - Joanne
AGT Purves
(unpublished)
M13 R CAGGAAACAGCTAT - Joanne
GAC Purves

(unpublished)
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Primer name Sequence (5’ - 3’) Restriction Source
Enzyme
Gm_out_F CACTTTGATATCGAC - Natalie
CCA Barratt, Ph.D.
Thesis, 2018)
Gm_out_R CTGCTGCGTAACAT - Natalie
CGT Barratt, Ph.D.
Thesis, 2018
Gm_NoPro_Xbal | CGTCTAGAGTCGAT Xbal This study
GTTTGATGTTATG
Gm_NoTerm_Kpnl | ACGGTACCTTAGGT Kpnl This study
GGCGGTACTTG
YPCO092 nagC_F | GGTTTATGCGTAGA - This study
CGAAAA
YPCO092_nagC_R | GGCAATAAAACGTG - This study
CACC
nagC_F_Xbal TATCTAGAGCGAGT Xbal This study
AACTTTATTGATGA
nagC_R_Hindlll | ATAAGCTTTGTTTAT Hindlll This study
ATTACTCATTTAGCG
Gm_F_EcoRl AGCGAATTCGGCGA EcoRl This study
TATCGGATCATTC
Gm_R_Xbal TACCTCTAGAGTCC Xbal This study
GAGGAGCTTTATG
NagC_F_Ndel ACTTTACATATGAGC Ndel This study
ACCGGCGGACAAGC
A
NagC_R_Xhol CTTTCACTCGAGCG Xhol This study
GGTGAGTTTCTAGC
AAACGT
nagBACD_F1 ATCACTCATCTTGGA - This study
GTG
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Primer name Sequence (5’ - 3’) Restriction Source
Enzyme
nagBACD_R (Cy5) | CATCGTGCACCTCT - This study
TTGA
gimUS_F1 TAACTTGGGTATATA - This study
TGATGTG
glmUS_R (Cy5) CATAAGCAACCTGA - This study
TAACT
hmsHFRS_F1 GTCATTGATAATCTA - This study
CTTTGC
hmsHFRS_R CATTATATAACCCTT - This study
(Cy5) AAGCC

2.2.3.5 DNA Sequencing

The purity and quantity of the DNA was checked using a Nano Drop® 1000

spectrophotometer (Fisher Scientific). Sanger sequencing (Sanger and

Coulson, 1975) was conducted at Source Bioscience, Science Park,

Nottingham, UK.

The results were analysed in SnapGene® Viewer 3.0.3 (GSL Biotech LLC) and

Artemis Release 16.0.0 (Wellcome Trust,

Genomics Group).

Sanger Institute, Pathogen
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2.3 Genetic Modifications

2.3.1 Genetic Mutations

2.3.1.1 Gene Modifications using the Suicide Plasmids pDM4

1 /)(hOI 2 xbal
Antibiotic
resistance gene
Replication Replication (=
plasmid plasmid Kpnl

Xhol 4 Xhol
3 / |

. 3 fragment

Antibiotic
resistance gene

Suicide
plasmid

Replication \_ ==

plasmid Kpnl &' fragment

~Spel

Figure 2.4. Schematic of the deletion-insertion cloning strategy. 1. The 3’ fragment
(orange), flanked by Xhol and Xbal restriction sites is cloned into a replication plasmid
(pGEM-T easy) (black). 2. The antibiotic resistance cassette (grey), flanked by the
restriction sites Xbal and Kpnl is ligated into the replication plasmid containing the 3’
fragment. 3. The 3’ fragment and antibiotic resistance cassette is cut out using the
restriction sites Xhol and Kpnl and ligated into the replication plasmid containing the
5’ fragment (green), flanked by Kpnl and Spel restriction sites. 4. The disrupted gene,
including the 3’, 5’ fragment and antibiotic resistance cassette is ligated into a suicide
vector (pDM4).

Mutations were made utilising the sucrose sensitive suicide plasmid pDM4

(Table 2.2). Most of the target gene was deleted and replaced by a gentamicin
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cassette, as described in Atkinson et al. 2008. Primers were used to amplify
the upstream (nagC_UP_F and nagC_UP_R) and downstream (nagC_DW _F
and nagC_DW_R) gene fragments and antibiotic cassette. Each was then
cloned into pGEM®T Easy (Table 2.2) and transformed into the Top10 strain
of E. coli (Table 2.1). The gentamicin cassette was excised from pGEM-T Easy
and cloned into vector containing the upstream fragment. This construct was
then again excised from pGEM-T Easy and cloned into pGEM-T Easy
containing the downstream fragment, creating an upstream-antibiotic-
downstream insert. The whole construct was excised from pGEM-T Easy and
sub-cloned into the suicide plasmid pDM4 (Table 2.2) and transformed into
S17-1 E. coli (Table 2.1), as shown in Figure 2.4.

After incubation at 30°C for 24 h, the bacteria were scraped off the plate using
a culture loop, resuspended in 200 pl BHI and plated onto Yersinia selective
agar (YSA) agar (58 g/L YSA (Oxoid ™) autoclaved, then 4 ml YSA supplement
(Oxo0id™) (suspended in 1 ml EtOH and 1 ml distilled H20 per vial)) to inhibit
E. coliand promote Y. pestis growth. Plates were incubated at 30°C until single
colonies appeared. These colonies were then serially patched onto BHI plates
containing gentamicin, gentamicin and 12% (w/v) sucrose, chloramphenicol
and a non-selective plate. Those colonies able to grow on sucrose and
gentamicin, but not chloramphenicol (the antibiotic resistance cassette
encoded on pDM4) were screened for the mutation by PCR. If only single
crosses occurred (those colonies growing on gentamicin and chloramphenicol,
but not sucrose), it was possible to counter-select for the sacBR system on
pDM4 by incubating these colonies for 24 h at 30°C shaking at 250 rpm with

aeration in BHI with 12% (w/v) sucrose and gentamicin, then plated onto BHI
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agar containing gentamicin to improve the chances of double crosses

occurring.

2.3.1.2 Genetic Complementation

To ascertain whether the effects observed were caused by mutation, a plasmid
containing a functional copy of the mutated gene was introduced into the
mutant strain, which should revert the phenotype back to the wild type. A copy
of the intact gene was amplified with the primers nagC_UP_Xbal and
nagC_DW_Hindlll, using PCR and ligated into pGEM'T Easy, before being
excised and sub-cloned into pHG327 (Obrist and Miller, 2012) (Table 2.2). The
pHG327 vector containing the gene was then transformed into Y. pestis CO92

(see Appendix Error! Reference source not found. for confirmation gel).

2.4 Phenotypic Assays

2.4.1 Analysis of AHL Production

To analyse the production of AHLs by Y. pestis and Y. pseudotuberculosis, the
extraction method described by Ortori was followed (Ortori et al., 2007). 10 ml
of culture was grown in BHI MOPS (pH 6.8) (3-(N-morpholino)propanesulfonic
acid) at 22°C or 37°C until they reached mid log phase, which was identified
using ODsoo readings. The cultures were centrifuged and filter sterilised using

a 0.2 pm filter.
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For analysis by mass spectrometry, undertaken by Nigel Halliday, (Bruker HCT
Plus), 3 ml of supernatant containing AHLs was mixed with an internal
standard (d9-C5-AHL, final concentration 10 uM) and 1.5 ml 100% acidified
ethyl acetate. The deuterium component of the internal standard enables
identification of and differentiation from C5-AHL by mass spec and the
resulting concentration was used as a control marker. The samples were
vortexed for 30 s and centrifuged at 3000 rpm for 10 min. The organic layer
containing the soluble AHLs was removed to a fresh tube. The addition of
acidified ethyl acetate was repeated twice more, resulting in 4.5 ml of pooled
sample. This was dried using a centrifugal evaporator, resuspended in 10 pl
acetonitrile and the AHLs were analysed using liquid chromatography-mass

spectrometry (LC-MS/MS), as developed by Ortori et al., 2007.

2.4.2 Analysis of Proteins

2.4.2.1 Extraction of Yersinia Outer Proteins

YOPs from Y. pestis and Y. pseudotuberculosis were extracted using the
method described by Trilzsch, 2004, with modification for CL3 conditions.
CFU counts were undertaken to ensure that the ODeoo were equivalent for
each strain of Y. pseudotuberculosis and Y. pestis (data not shown). Cultures
at ODsoo 0.1-1.0 were diluted and plated onto BHI plates, then colonies
counted after a 24 h incubation. Cells were grown overnight in 10 ml BHI at
22°C and then diluted to an ODeoo of 0.1 in BHI containing 0.2% (w/v) glucose,

20 mM sodium oxalate (NaOx) and 20 mM magnesium chloride (MgClz).
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Cultures were incubated at 22°C for 2 h then, to induce YOP expression and
release into the growth medium, shifted to 37°C for 3 h. The culture was
centrifuged to remove bacterial cells and the subsequent supernatant removed
and filter sterilised with a 0.2 um filter. The YOPs were extracted from the
supernatant by incubating with 1 ml 100% (w/v) trichloroacetic acid (TCA) for
30 min, before centrifugation at 10,000 x g at 4°C for 10 min. The proteins were
then resuspended in 500 pl of 10% (w/v) sodium dodecyl sulphate (SDS) and
re-precipitated with 1 ml ice cold acetone for 30 min on ice. Proteins were
pelleted at 16,000 x g for 30 min at 4°C then washed in 300 pl ice cold acetone
and centrifuged at 16,000 x g for 10 min at 4°C. The final pellet was air dried

and resuspended in 30 pl phosphate buffered saline (PBS).

2.4.2.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

YOP samples for SDS-PAGE were boiled in 2 x SDS loading buffer (1 ml Tris
pH 6.8, 4 ml 10% (w/v) SDS, 1 ml 1% (w/v) bromophenol blue, 2 ml glycerol,
560 pl 2-mercaptoethanol) before loading on an SDS-PAGE gel (12% (w/v)
acrylamide) in 1 x SDS running buffer (3.0 g Tris, 14.4 g glycine and 1 g SDS
in 1000 ml H20. An NEB Prestained Broad Range Protein Ladder (11-245 kDa)
was used as a molecular marker, which was run at 150 V for 80 min. Gels were
stained with Coomassie Blue to visualise proteins.

To quantitively analyse YOP bands, gel images were processed using the
imaging software ImageJ (NIH). Each lane was highlighted and the density

peaks (bands within the lane) were analysed to provide a percentage of the
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total size of all the highlighted peaks (bands). The numbers provided were
arbitrary, so each was calculated as a percentage difference compared with

the parental peak for each YOP.

2.4.3 Aggregation Assay

Bacteria were grown for 17 h in YLB (Y. pseudotuberculosis) or BHI (Y. pestis)
at 22°C, 30°C and 37°C, then cultures were diluted to ODeoo 2.0-3.0 in fresh
medium and left statically in a 1.0 mm cuvette for up to 2 h at 22°C, as
described by Atkinson (1999) and observed visually for sedimentation of cells.
The presence of small, red colonies on CR-MOX plates indicated the presence
of pCD1/pYV; larger, pinkish white colonies indicated the absence of the
plasmid. To identify the aggregation rate, the optical densities of the cultures
were read at 10 min (Y. pseudotuberculosis) or 15 min (Y. pestis) intervals
over 2 h. When cultures aggregate, the aggregations settle at the bottom of
the cuvette, causing the optical density in the remaining media to decrease.
All cultures were diluted to an ODeoo of 1.5 to start. The rate of aggregation
was derived from the sedimentation data and expressed as the change in

turbidity (the optical density at ODsoo nm) per minute.

2.4.4 GIcNAc Production Assay

To analyse the amount of GIcNAc a bacterial strain produced, cultures were
grown for 24 h in YLB at 22°C and 37°C and 40 ul was spotted onto a

microscope slide and allowed to dry. 20 ul 1/2000 WGA was added to the spot
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and incubated at room temperature in the dark for 45 min. These were
examined using confocal microscopy and the fluorescence analysed using the
Volocity 2.0 (Perkin Elmer) software package. The fluorescence channel
required for each image was measured and then analysed using the mean of
the sum fluorescence. The GFP-labelled Y. pseudotuberculosis
complemented AnagC strain cloned by Wiechmann (Ph.D. Thesis, 2015)
(Table 2.1) continually lost fluorescence despite repeated attempts to
transform it with different plasmids containing GFP (pxylAp, pME6032,
pBluescript) so for subsequent experiments, the complemented AnagC strain

was stained using 10 uM SYTO®9 (ThermoFisher Scientific).

2.4.5 Protein Purification and Binding Site Identification

2.4.5.1 In Silico Identification of Transcription Factor Binding Sites

To identify potential DNA binding targets for NagC both in silico and
experimental approaches were adopted. Putative NagC binding domains were
identified using the RegPrecise database and Softberry BPROM websites. The
RegPrecise website enables transcriptional regulons to be searched and
reconstructed by comparative genomics using a selection of reference
genomes, including Y. pestis KIM. The database was used to identify NagC
transcription factor binding sites
(http://regprecise.lbl.gov/IRegPrecise/regulon.jsp?regulon_id=11428).

Information such as position upstream from the gene, score (the probability of
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this being a binding site rather than a background motif) and binding site
sequence was displayed, as shown in Table 4.1.

As the hmsHFRS operon was not identified using the RegPrecise database,
the SoftBerry BPROM website
(http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgr
oup=gfindb) was used to identify whether NagC had a potential binding site
upstream of the operon. The SoftBerry website uses an annotator pipeline to
enable identification and automatic annotation of genes, operons and potential
promoters and terminators from sequence data. A ~500 bp upstream section
of sequence was pasted into the search engine which then identified the
binding domain, as well as the -35 and -10 regions. This in silico analysis
enabled appropriate primer sites to be identified to ensure the binding sites

were included in the probes.

2.4.5.2 Protein Cloning and Expression

To identify potential DNA binding targets for NagC both in silico and
experimental approaches were adopted. Putative NagC binding domains were
identified using the Softberry BPROM and RegPrecise database websites. The
nagC gene was amplified using the primers NagC_F_Ndel and NagC_R_Xhol
(Table 2.3). The PCR product (see Appendix Error! Reference source not
found.) was cut with restriction enzymes then ligated into the cold shock
expression vector pCOLD1 (Table 2.2). This construct was transformed into E.
coli BL21, as described by Takara Bio Inc. and cold-shock induction of gene

expression was carried out by simultaneous addition of 1 mM isopropyl- B-
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thiogalactopyranoside (IPTG) upon temperature downshift to 4°C. (Qing et al.,
2004) and grown on an LB plate containing 10 pg/ml ampicillin. A colony was
picked to make an overnight culture, before 4 ml was inoculated into 600 ml
terrific broth (TB) (Sigma Aldrich) with 10 pg/ml ampicillin. This was grown at
37°C until it reached an ODsoo of 0.6-0.9 and then pelleted at 4000 x g for 15
min at 10°C. The pellets were resuspended in 2 x 30 ml cell suspension buffer
(10 mM Tris pH 7.5, 10% glycerol, 5 mM MgClz) modified from (Miyashiro et
al., 2012) and stored at -80°C.

NagC was purified with the help of Dr Philip Barderlang, using methods
modified from (Bornhorst & Falke 2000). The pellet was sonicated (amplitude
8, 10 second pulse, 1 min off, 10 min process time) using the Sonic
Dismembrator (Fisher ScientificTM) to break open the cells. This was then
centrifuged at 4000 x g for 30 min and the clear supernatant filtered through a
nickel column and washed with a low imidazole (10 mM) buffer (50 mM NaP
(pH 7.5), 10% glycerol, 500 mM NaCl, 1 mM EDTA, 2 mM DTT). This was
followed by approximately 20 ml high salt wash (50 mM NaP (pH 7.5), 2.5 M
NaCl) before washing with a further 15 ml of the low imidazole buffer and 60
pl samples were taken to run on an SDS-PAGE gel to ensure protein quality.
The proteins were run on the AKTAprime plus (GE Healthcare Life Sciences)
and eluted with a gradient introducing a high imidazole (0.5 M) buffer (50 mM
NaP (pH 7.5), 10% glycerol, 500 mM NaCl, 1 mM EDTA, 2 mM DTT). This
eluted NagC (~46 kDa) in an increasing imidazole gradient into 2 ml fractions
(fractions 14 (328 mM imidazole), 15 (343 mM), 16 (357.7 mM), 17 (367.5
mM), 18 (377.3 mM), 19 (396.9 mM), 20 (411.6 mM) and 21 (416.5 mM). 1 ml

of low imidazole buffer and 30 mM DTT was added to each fraction and 60 pl
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samples of each fraction were run on an SDS-PAGE gel to ascertain protein
quantity, which was shown to be very pure (see Appendix 8.3).

The fractions with protein (numbers 14 to 21) were pooled and dialysed
overnight (50 mM NaP (pH 7.5), 10% glycerol, 500 mM NaCl, 1mM EDTA, 2
mM DTT) to remove impurities. The dialysis buffer was UV transparent,
allowing the quantification of NagC using UV absorbable spectroscopy on a
Nanospec®Il (Nanometrics Incorporated) and its molar extinction coefficient,
calculated from its amino acid sequence using the ExPASy ProtParam tool
(https://web.expasy.org/protparam/). The concentration was calculated to be
14.35 pM. This was run through a VivaSpin®6 column (Sartorius AG) to
concentrate as per the manufacturer’s instructions (8,000 xg 3x30 minutes)
and re-dialised overnight as before. The concentration was then re-measured
on a Nanospec®Il. The final concentration was 28.7 pM (1,35 mg/ml-1) and

this was aliquoted and stored at -80°C until further use.

2.4.5.3 Electrophoretic Mobility Shift Assay

To ascertain whether there were DNA-protein interactions, an electrophoretic
mobility shift assay (EMSA) was undertaken, as modified from (Hellman and
Fried, 2007). The putative NagC DNA binding domains were identified in the
promotor regions of nagE-nagBACD, gimUS and hmsHFRS which were
amplified using nagBACD_F1, nagBACD_R, glmUS F1, gimUS_ R,
hmsHFRS_F1 and hmsHFRS_R primers, as described in Table 2.3. The
reverse primer for each of these was labelled with the Cyano dye Cy5, allowing

fluorescence to be quantified using the Odyssey® CLx Infrared Imaging
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System (Li-Cor Biosciences). For the binding reaction, 10 nM of DNA probe
was incubated with 100 nM protein in the presence of 0.9 pl of 1 pg/ul poly-
dldC in TE buffer, 1.8 pl 5 x binding buffer (50 mM Tris HCL (pH 7.5), 750 mM
KCI, 2.5 mM EDTA (pH 8.0), 0.5% Triton-X 100 and 62.5% glycerol), 1.8 pl 10
mM DL-Dithiothreitol (DTT), 0.1 pl 100 x bovine serum albumin (BSA), made
up to 9 ul with dH20. To dilute protein samples, protein dilution buffer (10 mM
Tris-HCI (pH 7.5), 2 mM DTT and 10% glycerol made up to 1 ml with dH20)
was added.

This was incubated at room temperature for 30 min, then 1 pl loading dye
(Promega) added and run for 60 min at 110 volts on a 0.7% agarose gel, using
0.5 x TBE buffer (45 mM Tris-borate and 1 mM EDTA). All DNA-protein binding
experiments were also run in the presence of 10 mM GIcNAc-6-P and 10 mM
GIcNAc (Sigma-Aldrich) to identify whether it had an effect and 500 nM cold

DNA competitor and non-specific DNA probe to rule out non-specific binding.

2.4.5.4 ‘Fake flea’ In vitro Chitin Substrate Aggregation Assays

A ‘fake flea’ model was developed, testing chitin from shrimp shells (Sigma-
Aldrich), chitin resin beads (New England BioLabs Inc.) and dissolved chitin
attached to glass coverslips as a substrate for bacterial attachment and biofilm
formation. Substrates was prepared as follows; 200 pl chitin beads were
washed twice in 200 ul PBS and added to a 5 ml YLB culture of GFP-tagged
Y. pseudotuberculosis with the appropriate antibiotics. 0.5 g of sterile chitin
flakes were added to a 5 ml YLB overnight culture. Other media were also

tested, including 50% YLB and Yersinia defined minimal media (YDMM) (1x
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M9 minimal salts (Gibco), 4 g.I'* glucose, 4 g.I" casamino acids, 10 mM MgClz,
5 mM K2S0Qg4, 10 g.I"* thiamine) as defined by Lavander et al. (2006).

For the chitin-coated coverslips, chitin from shrimp shells was dissolved as
described by Moustafa et al. (2007). Briefly, 5 g of chitin powder (Sigma-
Aldrich) was slowly added to 60 ml 37 % HCI, and gently shaken at 200 rpm
at room temperature overnight. This mixture was added to 200 ml ice cold 95%
ethanol and again stirred overnight at room temperature. It was then
centrifuged at 5000 x g for 20 minutes at 4°C and the precipitate transferred to
a glass funnel with filter paper (Whatman™). It was washed with sterile distilled
water until the colloidal chitin became neutral (pH 7.0) and then stored at 4°C.
100 pl of 1:10 poly-L-lysine (Sigma-Aldrich) was added to positively charge the
coverslips, incubated at room temperature for 5 min, washed off and allowed
to dry at room temperature for 24 h. 200 pl 1:2 dissolved chitin (approximately
12.5 mg) was applied to each coverslip and allowed to dry overnight, then
sterilised using UV. To test the effect of blood products on bacterial adhesion
to a chitin surface, 10% of either bovine serum or heat inactivated bovine
serum was added to PBS containing 1 mM MgCl2 and CaClz. 100 pl was
placed onto a chitin covered coverslip and incubated at 37°C for 30 min to
allow for adherence. The excess serum was then blotted off and the coverslip

placed into the culture tube.

The ‘fake flea’ model optimal conditions are defined as follows:
¢ Dissolved chitin (as described by (Moustafa et al., 2007)) attached to a
glass coverslip pre-treated with poly-L-lysine (100 pl 1:10) for 5 min at

room temperature
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e A48 hincubation period at either 22°C or 37°C

e 5 ml YDMM as an incubation media within a 50 ml Sterilin tube

e The addition of 100 pl 10% heat inactivated bovine serum, incubated
on the coverslip for 30 min at 37°C

e The use of 4% PFA as a fixative (24 h incubation at room temperature)

2.4.6 Y. pestis Biofilm Formation on C. elegans

2.4.6.1 C. elegans Maintenance

C. elegans (wild-type N2 Bristol), were obtained from the Caenorhabditis
Genetics Centre, University of Minnesota, USA) and sub-cultured every 2-3
days for maintenance. 400 ul OP50 E. coli (Table 2.1) was spread onto NGM
plates and allowed to dry. A 1 cm x 1 cm piece of agar from an existing worm
plate was then transferred onto the fresh plate and incubated at 22°C until

required.

2.4.6.2 Y. pestis Biofilm on C. elegans Assays

C. elegans biofilm infection assays were conducted as described by Joshua et
al. 2003 and Atkinson et al. 2011, although required modification for CL3
conditions. 5 ml overnight cultures were grown at 30°C. Cultures were diluted
to ODsoo 1.0 for Y. pseudotuberculosis and 0.4 for Y. pestis. 400 ul was applied
to an NGM plate. 30 worms were either directly picked onto the plates using a

micro-lance (CL2) or transferred to an Eppendorf, then pipetted onto an NGM

67



plate (CL3). The plates were sealed using Parafilm M and incubated at 22°C
for 24 h. To score biofilms on the worms, each plate was disinfected and
placed into a ziplock bag and transferred to a microscope. Each worm was
given a biofilm severity index (BSI) score, determined by rating the size of the

biofilm from 0-3 and calculated as follows:

severity X number of worms in this level )]} —_—

Biofilm severity index (%) = [[Z (

(highest severity X total number of worms)

0 = no biofilm, 1 = small biofilm (often) around the buccal cavity, 2 = large, mono-focal

biofilm, 3 = very large, multi-focal biofilm (Atkinson et al., 2011).

2.4.7 Y. pseudotuberculosis Colonisation of P. corporis Assay

Twenty P. corporis were placed into a feeding house, consisting of a 3 x 3 cm
cardboard tube (Crayford Tubes Ltd.), with mesh glued across each end (see
Figure 3.9). This diameter enabled the feeding houses to fit snugly to the meal
reservoirs, allowing contact between the membrane and mesh. All insects
remained within these houses for the duration of the experiment.

For each bacterial strain to be tested, 200 pl ODsoo 1.0 (approximately 2 x 108
bacteria) Y. pseudotuberculosis was added to the blood, alongside 2 ul
rhodamine labelled wheat-germ agglutinin (WGA) to stain poly-GIcNAc. The
sealed meal reservoir was then placed onto the Hemotek feeding arm and the
feeding houses containing insects placed on top. Insects fed for approximately
1 h before being placed into an incubator at 30°C and 75% relative humidity.
To kill insects and bacteria for imaging, lice were submerged in 500 ul 4%

paraformaldehyde (PFA) for 24 h. To ensure bacteria were killed, sample
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insects were crushed and plated out onto an LB plate for 24 h to check for
growth. Insects were washed twice in distilled H20 and placed in 30 pl of
FluoroGel mounting medium (GeneTex Inc.) on a 1 mm Academy cavity slide
(Smith Scientific Ltd.). A coverslip was placed over the top before being

allowed to harden for 24 h.

2.4.8 Microscopy

2.4.8.1 Dissection Microscope

A dissecting microscope (Nikon SMZ1000, Nikon) was used for examining
bacterial colonies, transferring C. elegans between NGM plates and examining
Y. pseudotuberculosis biofilm formation on C. elegans under CL2 conditions.
Under CL3 conditions, the AMG Evos® xI core digital microscope was used for
examining Y. pestis biofilms on C. elegans. For detection of the bacteria within
the biofilm, Y. pseudotuberculosis YPIII strains were transformed with pxylAp,
a plasmid containing the gene encoding green fluorescent protein (GFP) (see

Table 2.2).

2.4.8.2 Confocal Microscopy

Confocal microscopy was undertaken using both a Zeiss LSM700 confocal
microscope (for chitin assays) and a Zeiss Elyra PS.1 super resolution
microscope (louse assays). Images were analysed using Zen software (Karl

Zeiss AG). Insects were fed GFP labelled Y. pseudotuberculosis, with the
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addition of 1 pl rhodamine-labelled wheat germ agglutinin (WGA) (Vector
Laboratories) per 1 ml of blood. Insects were imaged using 100-fold
magnification. To quantify the fluorescence emitted by Y. pseudotuberculosis
in P. corporis, louse images were processed using the software Volocity 6.3

(PerkinElmer Inc.).

2.4.8.3 Scanning Electron Microscopy

All scanning electron microscopy (SEM) work was done with the help of
Kathryn Thomas, from the Department of Engineering, University of
Nottingham. Samples were prepared using methodology adapted from
Horisberger & Rosset (1977). Chitin coverslips were washed with 100 ul PBS
before being fixed with 3% glutaraldehyde for 30 min, washed three times with
1 ml 0.1 M cacodylate buffer and stored in 1 ml cacodylate buffer. The samples
were then post-fixed with 1 ml of 10 g.I-1 osmium tetroxide in 0.1 M cacodylate
buffer for 30 min, then dehydrated in ethanol in ascending concentrations
(50%, 70%, 90% then 100% ethanol). Each concentration was used twice
successively for 10 min before moving on to the next concentration, in 1 ml
volumes. A final wash of 1 ml of 100% ethanol was left on for 10 min before
the samples were treated twice with 1 ml hexamethyldisilazine for 5 min. The
samples were mounted on aluminium stubs and coated with gold-palladium in
a sputter coater (K550; Emitech, East Grinsted, UK). The samples were
viewed at 30 kV accelerating voltage in a JEOL JSM-6060LV scanning

electron microscope (JEOL, Tokyo, Japan) at several magnifications.
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2.5 Containment Level 3 Methods

2.5.1 General Safety Principles

Special measures and protocols were adopted for Containment Level 3 (CL3)
work, due to the high risk of infection with Y. pestis. Comprehensive training,
was necessary before being signed off as competent to work in the CL3
laboratory. All work at CL3 level was undertaken in a Class | MSC. All Y. pestis
cultures were always double contained when outside of the MSC (e.g. on a
taped petri dish within a modified carry case). Protocols from the CL2 were
adapted for the CL3, which included different disposal methods and mandatory
cleaning steps with 2% Distel (Star Lab Group) of equipment, plates, tubes
and gloves. All items and the MSC itself were cleaned with liberal amounts of
2% Distel and left for 3 min before being removed.

A gown style lab coat was worn, then a pair of CL3 standard gloves, then
oversleeves and then a second pair of gloves when in the MSC. To minimise
the risk of spills and exposure a maximum volume of 20 ml liquid culture was
used. To minimise aerosol formation, before putting cultures in the centrifuge
or heat block, all tubes and pipettes were wiped down with 2% Distel and left
for 3 min. All waste from the MSC was disposed of in sweetie jars (Sigma
Aldrich). All waste-filled sweetie jars, lab and lobby waste went through the
autoclave in the CL3 suite before being removed and autoclaved again via the

general waste route.
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3 The Use of Artificial Feeding Systems for
the Maintenance of the Oriental Rat Flea
Xenopsylla cheopis and the Human Body

Louse Pediculus (humanus) corporis
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3.1 Introduction

The breeding of haematophagous insects has provided an extra challenge
over insects that do not feed on blood. Finding a suitable captive animal host
can prove difficult, especially when the insect is host specific. Most historical
colonies were set up using mammals such as mice or rabbits as blood sources
and many research groups still use these systems. Animal welfare issues,
rearing and maintenance costs make establishing new colonies using an
artificial method of feeding insects an attractive prospect.

Many groups have utilised various artificial systems to carry out insect infection
experiments and most of these rely on equipment that heats blood to ‘body’
temperature (Georgi and Wade, 1989; Takano-Lee, Velten, et al., 2003;
Mumcuoglu et al., 2011; Bland and Hinnebusch, 2016). The blood must be
either pumped through the system or prevented from clotting via defibrination
or the addition of anticoagulants. Commercial systems such as Hemotek® are
available which consist of a power unit with ‘feeding arms’, into which can be
screwed temperature-adjustable meal reservoirs. Blood is placed in a
reservoir, covered with a membrane and placed into the insect enclosure. This
has proved extremely successful for the maintenance of certain insects, such
as mosquitoes and bed bugs for some groups, including the London School of
Hygiene and Tropical Medicine and the Pirbright Institute (Cheryl Whitehorn
and Adrian Zagrajek, personal communications), as well as experimentally for
insects including lice, fleas and mosquitoes (Luo, 2014; Bland and

Hinnebusch, 2016; Sangaré et al., 2016).
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Problems can arise when weaning insects off laboratory hosts and on to
artificial systems as ideally this should be introduced over time to minimise
shock to the insects but requires the two systems to be run concurrently for
long periods (Florent Sebbane, Institut Pasteur, Lille, France and Cheryl
Whitehorn, LSHTM, London, UK, personal communications).

Further complications arise when experiments involve CL3 organisms such as
Y. pestis as working with large mammals in such high containment laboratories
presents a major challenge. Transmission and pathology studies have used
rabbits, guinea pigs and mice as models, although some groups
circumnavigate the CL3 requirement by using attenuated Y. pestis strains that

can be employed under CL2 conditions (Qi et al., 2010).

3.1.1 Current Colonies of X. cheopis

Flea colonies are used for research on the transmission of flea-borne diseases
such as plague, murine typhus and tapeworms, as well as for testing
pesticides. Colonies of X. cheopis are currently maintained in the USA and
also the Institut Pasteur in Lille, France. Although both groups have attempted
artificial feeding systems for experimental purposes, they maintain their
colonies using blood obtained via the exsanguination of neonatal mice (Florent
Sebbane, Institut Pasteur, Lille, France, personal communication).

Since flea colonies are being maintained on animals, there is little literature
regarding artificially administered blood types (Kernif et al., 2015; Bland and
Hinnebusch, 2016). Although fleas have an indirect lifecycle, feeding on a

number of mammalian hosts, X. cheopis are primarily rat parasites and
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therefore rat blood is likely to be the preferred option. Despite the commercial
availability of animal-reared fleas, artificial systems appear to be more difficult
to maintain and no published evidence was found of any groups attempting to
artificially maintain colonies of X. cheopis or other flea species (Kernif et al.
2015, Florent Sebbane, Institut Pasteur, Lille, France, personal

communicaton).

3.1.2 Current Colonies of P. corporis

Both body and head lice have been extensively investigated for their roles in
disease transmission and for insecticide susceptibility studies. Animal-fed
Pediculus spp. colonies, including Mumcuoglu’s laboratory in Israel (which no
longer maintains this colony) (Mumcuoglu et al., 2011) and the current colony
at the Umweltbundesamt (Federal Environment Agency) in Berlin, Germany,
have fed or currently feed their lice on live rabbits. Artificial feeding systems
involving reservoirs and processed blood have been successfully used
(Georgi, 1996; Takano-Lee, Yoon, et al.,, 2003), however, these systems
appear to have been used for experimental feeding, rather than colony
maintenance.

As lice naturally feed up to five times a day (Bonilla et al., 2009), modifications
to their lifecycle are likely to be necessary when feeding in a laboratory setting.
Human lice are extremely susceptible to starvation compared to other
haematophagous insects (Waniek, 2009) and Takano-Lee (2003) suggested
that when reared in vitro, approximately 50% of the population dies within 20—

35 h of feeding. As lice spend their entire life cycles close to or on their natural
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hosts, mimicking their living conditions artificially is also likely to be more
difficult than for fleas, especially for eggs and newly hatched insects.

Like fleas, louse colonies have traditionally been maintained on live animals,
such that much of the information available on blood types for use in artificial
feeding systems is experimental. Due to the direct lifecycle of Pediculus spp.,
living only on their natural human host, human blood is by far the most
commonly used. There is a debate as to whether antibiotics should be added,
with some groups suggesting that they stop blood degrading and have no
adverse effects on the lice (Takano-Lee, Velten, et al., 2003), whereas others
suggest that certain antibiotics (as well as certain anticoagulants) can be fatal
(Kosta Mumcuoglu, Hebrew University of Jerusalem, Israel, personal
communication). It appears to be difficult to maintain P. corporis long term (as
reviewed by Cole 1966) and it appears that globally there are no artificially

reared colonies.

3.2 Specific Research Aims

Although artificial feeding systems have been used for experimental purposes,
the lack of colonies sustainably maintained using such systems for both X.
cheopis and P. corporis suggest that this is not a simple task, but the need to
reduce the use of experimental animals, plus the impracticality and health and
safety requirements of taking mammals into a CL3 lab for experimental Y.
pestis research make the development of an artificially fed colony maintenance

system highly desirable.
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There are multiple possibilities for blood types, including commercially
available sheep and rabbit defibrinated blood, as well as human ex-blood bank
stocks. Utilising fresh blood from human donors is also an option, especially
for P. corporis. Equally, there are many feeding membrane options available,
including a mouse skin method for X. cheopis research group in Lille (Florent
Sebbane, Institut Pasteur, Lille, France, personal communication), Parafiim M
used by the LSHTM (Cheryl Whitehorn, LSHTM, UK, personal communication)
and Pirbright Institute (Adrian Zagrajek, Pirbright Institute, UK, personal

communication) and a collagen membrane produced by Hemotek.

This chapter aims to ascertain for artificially maintained colonies of X. cheopis

and P. corporis the most appropriate:

Housing conditions, including optimum humidity and temperature

e Equipment for establishing an artificial feeding system

e Blood type and processing method for optimal insect survival and
fecundity

¢ Membrane through which insects can feed successfully

3.3 Results

3.3.1 Artificially Fed X. cheopis Colonies

A thorough literature review of flea maintenance was conducted and a survey
of groups who currently or in the past had maintained colonies of X. cheopis

or other flea species. The results of this survey are outlined in Table 3.1.
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Table 3.1. Literature review of X. cheopis colony conditions. The majority of research using artificial membrane feeding systems is short term for

experimental purposes, rather than for long term colony maintenance.

Reference Florent Hinnebusch Hudson (1958) Krishnamurthy Kernif (2015) Bland (2016)
Sebbane (2002) (1966)
Flea pre-study Neonatal mice  Neonatal mouse Kept in large From an Atrtificially fed C. felis felis
conditions fed fed cages with cats established Ctenocephalides (feeds more
and dogs and colony or a felis felis often than X.
allowed to feed trapped rat cheopis)
Temperature 22°C 20-25°C 26.6°C 24-28°C No information 25°C
Humidity 75% 75% 80% 65—-75% No information 75%
Light/dark cycle Photophobic No information No information  Eggs keptinthe  No information No information
dark
Storage Glass gallon jars Glass gallon jars  No information ~ Breeding cages  No information High walled
45 cm x 30 cm X container

40 cm deep
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Reference Florent Hinnebusch Hudson (1958) Krishnamurthy Kernif (2015) Bland (2016)
Sebbane (2002) (1966)
Bedding See Hinnebusch  3:1 autoclaved 100 parts Sterile sand and  No information No information
(2002) sawdust to sawdust, 2-5 wood shavings;
larvae food parts larval food

Egg culturing

Feeding system

Feeding

frequency

No information

Neonatal mice

Tuesdays and
Thursdays.
Starve fleas for
5 days, for a
95% feed rate

No information

Neonatal mice

Twice a week
(Monday and
Thursday)

No information

Catordogina

cage

Possibly every

day

depth of 1.5 cm
Hatched in test 28°C and 70%

tubes and pupae humidity. Kept in

No information
sieved plastic beakers
with mesh
Albino rats ‘Artificial dog Hemotek
machine' (Wade
and Georgi
1988)

No information Inconclusive

Monday-Friday
for 8 h
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Reference Florent Hinnebusch Hudson (1958) Krishnamurthy Kernif (2015) Bland (2016)
Sebbane (2002) (1966)
Feeding length | Takes about 20- 1h No information No information No information 8 h per day
30 min
Feeding n/a n/a n/a n/a No information Sterile gauze
incentives fitted over to aid
attachment and
feeding
Membrane n/a n/a n/a n/a Parafilm M Parafiim M
Blood amount n/a n/a n/a n/a No information Sterile gauze
fitted over the
membrane to
aid attachment
Blood type Neonatal mouse Neonatal mouse Caninelfeline Rat Citrated porcine Sterile
blood defibrinated
sheep blood
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Reference Florent Hinnebusch Hudson (1958) Krishnamurthy Kernif (2015) Bland (2016)
Sebbane (2002) (1966)
Blood feeding 36.9°C (animal Animal body Animal body Animal body A temperature 37°C
temperature body temperature temperature temperature differential of
temperature) 10°C between
fleas and blood
Blood storage n/a n/a n/a n/a 4°C No information
temperature
Blood storage n/a n/a n/a n/a Up to 3 weeks No information

length
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From this information, and taking into account the equipment available, the

most appropriate conditions are outlined in Table 3.2. An X. cheopis colony

was obtained from Dr Florent Sebbane (Institut Pasteur, Lille, France). Briefly,

fleas were kept in a glass jar with a layer of bedding. The temperature in the

incubator was maintained at 24°C, humidity at 75%. To feed, the Hemotek arm

was either placed into the main colony jar or a number of fleas were fed within

a large glass test tube.

Table 3.2. Proposed optimal conditions for maintaining an artificially fed X. cheopis

colony.

Condition

Best option(s)

Reasoning

Temperature

Humidity

Light/dark cycle

Storage

Bedding

Egg culturing

24°C

75%

Dark (low light
required)

Glass vases, 40 cm tall

3 parts autoclaved
sawdust to 1 part
larvae food (equal parts
dried blood, mouse
chow and dried
skimmed milk)

Within the colony

Approximately the median

temperature used by those

consulted
Most common humidity
described in the literature

Fleas are photophobic

X. cheopis jump to an
average height of 7 cm.
Maximum recorded 9 cm
(Rothschild et al. 1973)

As for original colony

As for original colony
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Condition

Best option(s)

Reasoning

Feeding system

Feeding
frequency

Feeding length

Membrane

Blood amount

Blood type

Blood feeding
temperature
Blood storage

temperature

Blood storage
length

Hemotek, start with
mouse skins and
human defibrinated
blood
Every day initially

A few hours

Mouse skin, Parafiim M
and collagen
membranes to be
tested
1 mlin meal reservoir
Defibrinated human,

rabbit or sheep

37°C (host body
temperature)
4°C

One week

Simpler than the ‘thistle’ does

not require assembling

More feeding attempts
should increase success
Long enough to feed,
membrane will dry out over
time
Original colony successful
with mouse skins, collagen
easier to maintain, Parafilm
M is an alternative
3 ml reservoir wastes blood
Rabbit and sheep blood are
commercially available,
humans are also natural
hosts of X. cheopis
Attempt to make situation as
realistic as possible
Freeze-thawing degrades
blood, room temperature
may allow bacterial/fungal
growth
Ethical stipulation
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3.3.1.1 Condensation Influences Meal Reservoir and Insect Housing

Orientation

As fleas are naturally opaquer than lice, this made it harder to differentiate
between fed and non-fed individuals, as shown in Figure 3.1, However,
peristaltic movement of the digestive system of recently fed fleas could be

observed, which helped fed individuals.

Figure 3.1. Comparison of a non-fed and fed X. cheopis. (A) a non-fed male X. cheopis
with a small, dark gut containing blood from an older blood meal. (B) a recently fed
female X. cheopis, with a full abdomen and bright red liquid blood meal.

The length of feeding depends on the membrane used, if less than 20 min the
fleas will not have enough time to feed effectively. More than 1 h and the
membrane (especially the collagen membrane) dehydrated and a gap
between the membrane and mesh resulted such that the insects could not
access the blood.

Feeding was attempted both by placing the feeding arm and meal reservoir
into the flea colony vase and also by placing a number of individuals into a
large glass test tube and placing the meal reservoir at one end, with feeding

permitted through a mesh. When fed within the flea vase, it was impossible to
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count positive feeders, which made it difficult to assess success rates. Feeding
individuals were countable with the test tube method, but condensation was
an issue. When the entire colony was fed using the Hemotek, they preferred

the collagen membrane to the mouse skin or Parafilm M.

Figure 3.2. A-D illustrate the different feeding configurations for X. cheopis. (A) meal
reservoir placed into the colony vase. (B) feeding test tube placed side-on to the meal
reservoir. (C) feeding test tube placed above the meal reservoir. (D) collagen (left) and

a mouse skin (right) membrane fitted over a meal reservoir.

When fed within the main colony vase, the position of the meal reservoir could
not easily be changed, however, it was possible to try different orientations in
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the test tube, using a clamp stand, as shown in Figure 3.2. When the test tube
was placed on top of the meal reservoir, it allowed better access, but
condensation was a problem. If the tube was placed sideways, next to the meal
reservoir, there was less condensation, but the fleas did not move towards the
membrane. When the meal reservoir was placed on top of the test tube, fleas

could not reach it, thus this set-up was not tested.

3.3.1.1.1 Human Blood Provided the Greatest Feeding Success Rate for

X. cheopis

p=0.0339
40+ I 1

% Feeding success
N
o
L

Human Rabbit Sheep

Figure 3.3. Impact of blood types on X. cheopis feeding success rates. The sample size
for each was n=20, P-values were calculated using one-way ANOVA and Tukey’s

multiple comparison test.

Three different types of defibrinated blood were tested; human, rabbit and
sheep. Although rats are the main host of X. cheopis, rat blood was
prohibitively expensive for long term colony maintenance, so was not tested.

None of the blood types tested produced particularly good feeding success
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rates, although human blood generated a twofold increase in feeding rate
compared with rabbit and sheep blood, as shown in Figure 3.3. All blood types
tested had a variable feeding success rate, as often no fleas would feed at all.
It was therefore difficult to determine reproducibly the impact of blood type on

flea survival.

3.3.1.1.2 Feeding Membrane Type Did Not Influence X. cheopis Feeding

Success Rates

40+

% Feeding success
N
o
1

Collagen Parafiim Mouse Skin

Figure 3.4. The effect of membrane types on X. cheopis feeding success rates. The
sample size for each was n=20, P-values were calculated using one-way ANOVA and

Tukey’s multiple comparison test, no significant differences were found.

Each of the membranes tested had benefits and limitations. Despite contrary
reports from Dr Sebbane (Institut Pasteur, Lille, France), the fleas preferred
the collagen membrane, as shown in Figure 3.4. It was difficult to get the fleas
to feed consistently, consequently many feeding attempts scored zero. The

collagen membrane did not yield significantly higher feeding success rates
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compared with the mouse skin or Parafilm M, most likely due to the unreliable
feeding behaviour of the fleas. However, fleas appeared to prefer it, as they
spent less time probing it before commencing feeding, compared with Parafilm

M or mouse skin membranes (Figure 3.5).

N w
o o
1 1

Minutes spent probing
)

o
1

Collagen Parafiim Mouse Skin

Figure 3.5 Minutes X. cheopis spent probing each membrane before feeding. Despite
being the most ‘natural’ the mouse skin required the most probing. The sample size for
each was n=5, P-values were calculated using one-way ANOVA and Tukey’s multiple

comparison test, no significant differences were found.

Figure 3.6. Evidence of flea feeding. (A) Flea stylet piercing holes on a collagen
membrane, 10x Nikon dissecting microscope (B) blood spots on a mesh sheet that

covered a feeding membrane, indicating insect feeding.
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Feeding through the collagen membrane did not appear to be a mechanical
issue; when the membrane was examined under the Nikon dissecting
microscope, small probing holes could be seen pierced through it. The mesh
that covered it also had small blood spots, indicating that the membrane had

been pierced (Figure 3.6).

3.3.2 Artificially Fed P. corporis Colonies

An extensive literature review was conducted, as well as personal
communications with groups who currently held, or who had previously held

colonies in the past. This information was compiled as Table 3.3.
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Table 3.3. Literature review of colony maintenance conditions for P. corporis. The majority of research using artificial membrane feeding systems

are experimental, rather than for long term colony maintenance.

Conditions  Carola Kuhn Habedank Takano-Lee  Takano-Lee Yoon (2006) Schrader Mumcuoglu
(1999) (2003) (2003) (2008) (2011)
Louse pre- Rabbit- Rabbit- Rabbit- Human-fed Human-fed Rabbit- Rabbit-
study adapted P. adapted P. adapted P. strains of P. strains of P. adapted P. adapted P.
conditions humanus humanus humanus capitis capitis humanus humanus
Temperature 32°C 31°C 30-31°C No No 32°C 30+1°C
(feed day) information information
Temperature 25°C 19-22°C No No No 25°C 30+1°C
(non-feed information information information
day)
Humidity 70% 70% 60-75% No No 45-55% 60—70% (Cole
(feed day) information information 1966)
Humidity 70% 70-80% No No No 45-55% 60-70%
(non-feed information information information
day)
Light/dark No Darkness No No No No No
cycle information information information information information information
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Conditions  Carola Kuhn Habedank Takano-Lee  Takano-Lee Yoon (2006) Schrader Mumcuoglu
(1999) (2003) (2003) (2008) (2011)
Storage Petri dishes No No No No Glass petri No
within an information information information information dishes information
incubator (closed but
not sealed)
Bedding 5x5cm No Folded piece No No 5x5cm No
cotton information of black felt information information cotton information
corduroy cloth corduroy cloth
Egg culturing No No 60—-70% No 31+1°C, 70— Eggs No
information information relative information 80% incubated at information
humidity 32°C until
hatched
Feeding Rabbit fed Glass dish/ Automatic Magnetic Magnetic Rabbit fed Glass feeding
system membrane/ feeding stirred vessel  stirred vessel 'thistle’,
glass ring on system system system maintained on
a hot plate rabbits
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Conditions  Carola Kuhn Habedank Takano-Lee  Takano-Lee Yoon (2006) Schrader Mumcuoglu
(1999) (2003) (2003) (2008) (2011)
Feeding Fed Monday, Fed each Continuous No No 4-5 times per 4 times a
frequency Tuesday, weekday for 7 days and  information information week week
Wednesday then cleaned provided
and Friday
Feeding Removed 60-90 min. Continuous No No 15 min 30 min
length after 30 min  Seen to finish information information
feeding after
15-30 mins
Feeding n/a Thermotaxis Hair tufts Hair tufts 200-300 hair No Bundle of
incentives was enough strands, 23 information hairs to
to induce mm in length
feeding
Membrane n/a Parafiim M Nescofilm- Silicone- Silicone- No 5x5cm
silicone reinforced reinforced information Parafilm M
sandwich Parafilm M Parafiim M membrane
layer (around membrane

13 um thick)
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Conditions  Carola Kuhn Habedank Takano-Lee  Takano-Lee Yoon (2006) Schrader Mumcuoglu
(1999) (2003) (2003) (2008) (2011)
Blood amount n/a 2-3 ml Continuous 1ml No No 2 ml
information information
Blood type Rabbit Preserved A+ Plasma Human ex- A+ Plasma No Different
human blood and RBCs blood bank. and RBCs information human blood
- expired (treated with ~ Treated with  (treated with types
blood penicillin and antibiotics penicillin and
donations streptomycin) streptomycin)
Blood feeding | Mammalian 38°C No 30°C No No 37+1°C
temperature body information information information
temperature
Blood storage n/a 4°C or 27°C  Blood 2 - 4°C, Blood 2-4°C, No No 4-5°C
plasma -20°C plasma -20°C  information information

temperature
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Conditions  Carola Kuhn Habedank Takano-Lee  Takano-Lee Yoon (2006) Schrader Mumcuoglu
(1999) (2003) (2003) (2008) (2011)

Blood storage n/a As fresh as No Upto 8 No No Diminished
possible. information weeks information information over 26

After 14 days
larvae fed as
well, but not

adults

weeks. Would
not feed at 26

weeks
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Based on this information, the best conditions for our colony and thus the first
attempted conditions were as follows in Table 3.4. Three P. corporis colonies
were obtained from Dr Carola Kuhn (Umweltbundesamt, Federal Environment
Agency, Berlin, Germany). Briefly, lice were kept in modified Sterilin pots within
an incubator at 32°C and 70% humidity. To feed, the Hemotek was either
placed on top of the louse housing pots, or individual lice were picked onto a

meal reservoir surrounded by a cardboard collar.

Table 3.4. Proposed optimum conditions for artificially reared P. corporis colony

maintenance.

Conditions Best conditions Reasoning
Temperature 32°C Most common temperature cited in
(feed day) the literature, same as original

colony conditions
Temperature 25°C Don’t want to slow them too much,
(non-feed day) but need to stop metabolising their
meals too quickly, same as original

colony conditions
Humidity (feed 70% Most common humidity used in the
day) literature, original colony conditions
Humidity (non- 70% Most common humidity used in the

feed day) literature, original colony conditions
Light/dark cycle Darkness (dim Lice are photophobic
light when
feeding)
Storage Modified Sterilin Visible colony, good ventilation
sample pots
Bedding Cloth Original colony conditions
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Conditions

Best conditions

Reasoning

Egg culturing

Feeding system

Feeding

frequency

Feeding length

Feeding
incentives

Membrane

Blood amount

Blood type

Blood feeding
temperature
Blood storage

temperature

Blood storage
length

Remaining at
feeding
temperature/
humidity
Hemotek meal
reservoirs
Daily to begin
with. Up to 5/week

An hour

Hair tufts

Test collagen,
Parafilm M and
mouse skin
membranes
1ml
Defibrinated
human and rabbit
blood

37°C (host body
temperature)
4°C

Short as possible,
no more than one

week

Original colony conditions

Easier than the ‘thistle’, does not
require assembling
Need to optimise feeding, but then
reduce as very labour/resource
intensive
Require potentially up to 30 min to
feed, don’t want the membrane to
dry out
Attempt to make situation as
realistic as possible
Collagen membranes are easier to
maintain, mouse skins and
Parafilm M have been used
successfully in other groups
3 ml meal reservoirs waste blood
Lice are human parasites, but the
original colony was fed on rabbits.
Sheep blood is also commercially
available

The same temperature as host

Freeze-thawing degrades blood,
room temperature may allow
bacterial/fungal growth

Ethical approval
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3.3.2.1 A High Humidity is Vital to Maintain Artificially Reared P. corporis

Lice were kept at 32°C on days when they were to be fed or otherwise at 25°C
(e.g. over weekends) with a minimum humidity of 75%. Keeping lice at 32°C
without feeding caused dehydration and death. However, constant
maintenance at 25°C meant that they didn’t feed as well, as at this temperature

they go into hibernation mode.

3.3.2.2 P. corporis Feeding Success is Affected by Multiple Feeding

Conditions

Figure 3.7. Image of P. corporis successfully feeding on the Hemotek collagen

membrane. Note the swollen, red abdomen containing the new blood meal.
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Figure 3.7 shows a louse successfully feeding on the Hemotek collagen
membrane. Figure 3.8 shows the difference between a louse that has not
recently fed and one that has. The large, red, swollen gut as seen in Figure
3.8(B) is characteristic of a recently fed louse with a fresh blood meal,
compared to the gut of a louse that has not fed within 24 hours (Figure 3.8(A)),
which is much smaller in comparison with the overall abdomen size, and much
darker, due to the old, digested blood. Peristaltic movement of the digestive
systems of lice during and directly after feeding could be observed. Identifying
fed lice was much easier than for fleas, as they could be observed under a
microscope without chilling to immobilise and they are less opaque, allowing
the blood meal and peristalsis to be observed, even without the use of a

microscope.

Figure 3.8. Comparison of a non-fed and fed P. corporis. (A) a non-fed P. corporis with

a small, dark gut containing blood from a previous blood meal. (B) a recently fed P.

corporis, with a full, red blood meal.
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The optimal feeding time was approximately 1 h; less than 20 min, and the lice
were unable to probe and feed in time. If they were left for more than 1 h the
membrane dehydrated and the insects could not feed through it. This was most
pronounced with the collagen membrane. It was easier to feed the lice within
a cardboard tube rather than a plastic pot, as there was much less
condensation.

The position of the meal reservoir in relation to the feeding house was also
investigated, as shown in Figure 3.9. Placing the feeding house on top of the
meal reservoir allowed better access, although condensation was an issue
with the plastic pots, but not the cardboard tubes.

Placing the feeding house underneath or alongside the meal reservoir required
a bridge for the lice to climb. Corduroy squares and human hair bundles were
evaluated but neither was as effective as locating the feeding house on top of
the meal reservoir. The feeding success rate also appeared to be higher for
adult and 3" instar lice; this may have been purely mechanical, as younger
insects have smaller mouthparts and may have been unable to pierce the
membrane. 1%t instar lice were too difficult to track when not contained but did

not appear to feed through any of the membranes.
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Figure 3.9. (A-D) Lice feeding positions and incentives. (A) Plastic feeding house placed
above the meal reservoir. (B) Cardboard feeding house placed above the meal reservoir.
This orientation was the most effective way of feeding P. corporis. (C) Feeding house

placed below the meal reservoir and (D) Feeding house alongside the meal reservoir.
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3.3.2.2.1 Human Blood is Preferred when Maintaining P. corporis

Colonies Artificially

Three different defibrinated blood types were tested for P. corporis; sheep,
rabbit and human. All were tested using the collagen membrane. Although
there were no significant differences in feeding success rates when analysed
using one-way ANOVA and Tukey’s multiple comparison test, the lice feeding
success rate was highest when fed on human blood, (Figure 3.10), despite the
original colony being fed on live rabbits. Rabbit blood was expensive and was
subsequently found to contain streptomycin sulphate (0.09%), penicillin G
(0.04%) and neomycin trisulphate (0.10%), which may affect the lifespan of
the lice fed on it. Sheep blood (SLS), contained no antibiotics and was
considerably more cost effective, but did not provide a comparable feeding

rate to human blood, as sheep are not a natural host for P. corporis.

100+

80+

% Feeding success

Human Rabbit Sheep

Figure 3.10. Effect of different blood types on P. corporis feeding success rates. The
sample size for each was n=20, P-values were calculated using one-way ANOVA and

Tukey’s multiple comparison test. No significant differences were found.
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Although feeding success rates showed no significant differences between
blood types, the survival rate of P. corporis was affected by blood type.
Rabbit blood negatively affected the survival rate of the lice, whilst sheep
and human were comparable with each other. Only around 20% of lice fed
rabbit blood were still alive 2 days post-feeding, compared with human and
sheep blood, which were both around 75% survival by day 2. All lice fed
rabbit blood died by 3 days post-feeding, compared with 6 days post-feeding
for those fed sheep blood and 7 days post feed for those fed human blood

(Figure 3.11).

100
-~ Human

-= Rabbit
-+ Sheep

504

% Alive

0 1 2 3 4 5 6 7
Days post feeding

Figure 3.11. P. corporis survival rates with different blood types. n=20.

With all three blood types, a small percentage of the fed lice turned bright red
and died very quickly, which Houhamdi (2002) suggests is a result of louse gut
epithelial cell rupture and blood meal erythrocytes spreading into the

haemolymph (Figure 3.12).
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Figure 3.12. An example of P. corporis haemolytic epithelial cell rupture. Note the red

colouration across the entire abdomen (A) and thorax (T), as well as in the legs.

3.3.2.2.2 Collagen Membranes Produce the Highest Feeding Rates when

Artificially Feeding P. corporis

Parafilm M, collagen and mouse skin membranes were all tested using human
defibrinated blood. Again, highly variable feeding rates were observed for all
three, however the collagen membrane was preferred by the lice (Figure 3.13).
On the collagen membrane, P. corporis settled more readily and spent less
time probing, whereas insects on the Parafilm M and mouse skin membranes
spent much longer walking around, sometimes not settling at all (Figure 3.14).
Feeding on the Parafim M membrane was negligible, and no louse was

observed to feed through the mouse skin membrane.
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Figure 3.13. Effect of different membranes on P. corporis feeding success rates. The
sample size for each was n=20, P-values were calculated using one-way ANOVA and

Tukey’s multiple comparison test.
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Figure 3.14. Minutes spent probing by P. corporis on different membranes. Lice spent
longer probing on the parafiim membrane before feeding than on the collagen
membrane. The mouse skin membrane was not included, as none of the lice fed on it.

The sample size for each was n=5, P-values were calculated using an unpaired T test.

Parafilm M had less condensation issues, though was more prone to splitting
and therefore spillage. It was also more difficult to stretch over the meal

reservoir. When mouse skins were used as membranes, the lice did not feed
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at all, which may be due to the thickness of the skin in comparison to the lice’s

relatively short mouthparts.

3.4 Discussion

The results presented in this chapter show that environmental conditions are
important for the survival of colonies, most notably for P. corporis, which rapidly
die if humidity is not controlled within its preferred range of 70-80%. Both fleas
and lice feed best when fed through collagen membranes and they both prefer
human blood over rabbit or sheep, although for the rabbit blood, this is likely

to be a consequence of antibiotics present.

3.4.1 X.cheopis Colonies

Although the X. cheopis colony survived for approximately 3 months,
noticeable hatching of new insects did not occur. The fleas were maintained in
alarge glass jar on bedding used by other groups (Hinnebusch 2007) and were
both maintained and fed at 22°C, with humidity maintained at 70%. Fleas
spend much of their indirect lifecycles in the nests of hosts and should be
capable of withstanding temperature and humidity fluctuations much better
than the lice. Neither temperature nor humidity influence flea longevity
(Krishnamurthy, 1966).

Fleas are naturally photophobic, often living in darkness in the host’s den or
climbing to sheltered places on the host to feed, such as thick fur or armpits

(Service, 2008a) and this was generally found to be the case with the flea
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colony, with insects naturally gravitating away from strong lights and preferring
to feed in dim light. To assess flea feeding success rates, they needed to be
anaesthetised by chilling, which may have adversely affected their lifespan.
The type of blood did not seem to affect X. cheopis feeding success rates
although they were observed to prefer human defibrinated blood. This may be
because it was the freshest of the bloods tested, having been collected on the
day or day before insect feeding. Both the rabbit and sheep blood had to be
shipped and was potentially a week old or more by the time feeding occurred.
The discovery that the rabbit blood contained antibiotics (streptomycin
sulphate (0.09%), penicillin G (0.04%) and neomycin trisulphate (0.10%)) may
have also detrimentally affected the flea’s desire to feed (Kernif et al., 2015),
although the feeding success rates for all three blood types was so low it was
impossible to determine whether antibiotics influenced flea longevity. As fleas
naturally feed on multiple hosts, unlike lice, which live their entire lives on
single hosts (Service, 2008a), the feeding success rates between blood types
would not be expected to be particularly different.

X. cheopis seemed to prefer the Hemotek collagen membrane over the mouse
skin or Parafilm M, despite Florent Sebbane (Institut Pasteur, Lille, France)
suggesting they had less fleas feeding on the collagen membranes compared
to mouse skins. In this study, the collagen membrane had a slightly higher
feeding success rate than mouse skin or Parafim M, as well as a shorter
probing time, suggesting that the insects felt this to be the most natural.
Despite the mouse skin being physically closest to what the fleas had been
previously fed on, in this stud