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ABSTRACT
It has been previously reported that a 14 kDa bacteriolytic enzyme, LytFM, isolated
from Dermatophagoides pteronyssinus (house dust mite) spent growth medium
showed sequence homology with the C-terminal domains of a group of bacterial
proteins belonging to the NlpC/P60 Superfamily.

It was hypothesised that the

enzyme might have originated from one or more endosymbionts within D.
pteronyssinus. Studies were therefore initiated to test this hypothesis using a number
of mite-derived bacterial species available in the laboratory.
Nine of the bacterial isolates derived from surface-sterilised mites were identified in
this thesis using molecular techniques and were determined to be Bacillus cereus, B.
licheniformis strain 1, B. licheniformis strain 2, B. licheniformis strain 3, B.
licheniformis strain 4, Micrococcus luteus, Staphylococcus aureus, S. epidermidis
and S. capitis. Further, PCR screening of the nine isolates led to the amplification of
the lytFM gene from the genomes of three of them, namely B. licheniformis strain 1
(GenBank: KU589271), B. licheniformis strain 2 (GenBank: KU589272) and S.
aureus (GenBank: KU589273). Mass spectrometry and ELISA enabled the detection
of the expression of the variant protein LytFM1 in the bacterial culture supernatants
of the same three isolates.
Prediction of the cleavage site for the leader sequence of LytFM/LytFM1 using the
programmes SignalP 4.1 and TargetP indicated with the top two scores a eukaryotic
origin followed by a Gram-negative prokaryotic origin for the protein. However, the
Gram-negative prokaryotic cleavage site coincided with that of the mature LytFM as
previously determined by N-terminal amino acid sequencing. Comparison of the
%G + C content of lytFM with the average genomic %G + C content of all strains of
B. licheniformis and S. aureus available in the databank of the NCBI suggested that
the gene might have been acquired by the three house dust mite-associated isolates
via horizontal gene transfer.

In line with previously reported observations, the

sequence identity of the lytFM gene amplified from the three isolates and that
previously amplified from a D. pteronyssinus cDNA clone, and the absence of
bacterial LytFM homologues in any databases indicated that the horizontal gene
transfer of lytFM/lytFM1 occurred recently.
iii

Further investigation of the origin of lytFM led to its amplification from the D.
pteronyssinus gDNA library as an intronless gene, lending weight to, but not
proving, the possibility of a prokaryotic origin. Screening of the library also revealed
the sequence flanking the 5’ end of lytFM to be of eukaryotic origin, and the
sequence flanking its 3’ end as possibly of bacterial origin. Bioinformatic analysis
revealed a third D. pteronyssinus LytFM homologue, i.e. LytFM2, and Psoroptes
ovis and Blomia tropicalis LytFM homologues. The P. ovis and B. tropicalis LytFM
homologues

had

a

phylogenetic

relationship

with

D.

pteronyssinus

LytFM/LytFM1/LytFM2 similar to that observed for the Group 1 and Group 2 mite
allergens, i.e. with the P. ovis protein more closely related to the D. pteronyssinus
protein compared to the B. tropicalis protein. The phylogenetic analysis of the mite
LytFM homologues also indicated that they arose from a common ancestral protein
and

that

there

was

no

evidence

of

a

more

recent

acquisition

of

LytFM/LytFM1/LytFM2 by D. pteronyssinus. In another phylogenetic analysis, the
LytFM of the house dust mite-derived B. licheniformis strain 1, B. licheniformis
strain 2 and S. aureus and the mite LytFM homologues formed a monophyletic
group that was distinct from homologues in other bacteria, fungi or other eukaryotes.
These analyses indicated that the genes had originated from a common mite ancestor
rather than being of bacterial origin. This hypothesis was further supported by the
detection of other D. pteronyssinus proteins by mass spectrometry in the culture
supernatants of the bacterial isolates.
These observations collectively suggested acquisition from D. pteronyssinus of the
lytFM gene by the three house dust mite-derived bacterial isolates via horizontal
gene transfer. Similar cross-kingdom gene transfer has previously been reported
between bacterial endosymbionts and their arthropod or human hosts.
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Chapter 1

General Introduction

1

1.1

Asthma

The prevalence of asthma, as a common, chronic disease, is on the rise in developed
and Westernised countries despite the increasing introduction of new therapeutic
agents (Knosp et al., 2011; Lee et al., 2011). It is associated with high morbidity and
mortality and, currently, affects approximately 300 million people worldwide
(Kariyawasam et al., 2011). The prevalence of asthma in Australia is one of the
highest in the world (Beasley et al., 2000), which has led to the designation of this
condition as a National Health Priority Area (Australian Centre for Asthma
Monitoring: Asthma in Australia 2008). To date, approximately 2.5 million
Australians have asthma comprising 11% of the total population; 1 in 9 or 10
children and 1 in 10 adults are reported to suffer from symptoms of asthma
(https://www.nationalasthma.org.au/understanding-asthma/what-is-asthma;
https://www.aihw.gov.au/reports-statistics/health-conditions-disabilitydeaths/chronic-respiratory-conditions/overview).
1.1.1

Clinical characteristics of asthma

Clinically, asthma is a disease characterised by reversible airway obstruction. The
respiratory airways of an individual afflicted by asthma are narrowed compared to a
healthy individual due to swelling of the muscles lining the bronchial tubes and
mucus hypersecretion. The airways of asthmatic individuals are characterised by
recruitment and activation of lymphocytes, eosinophils, neutrophils, mast cells and
monocytes (Austen, 1974; Durham et al., 1984). These inflammatory cells, together
with cells comprising the mesenchymal trophic unit, i.e., respiratory epithelium,
fibroblasts and smooth muscle cells give rise to mucus hypersecretion and
proinflammatory mediator release (Williams and Jose, 2000; Schmitz et al., 2003;
Dragon et al., 2007). Due to reversible airway obstruction, mucus hypersecretion
and the activity of proinflammatory mediators, an asthmatic individual experiences
variable airway hyperreactivity, which is closely associated with symptoms including
cough, wheezing, chest tightness and shortness of breath (Kariyawasam et al., 2011).
One of the consistent features of all asthma phenotypes is an increased level of CD4+
TH2 cells (Holgate, 2010) as well as Th1 and Th17 cells (Xin et al., 2018) in
response to harmless environmental allergens. Allergic diseases, including asthma,
are mediated and enhanced by cytokines secreted by TH2 cells, i.e., interleukin (IL)2

4, IL-5, IL-9 and IL-13 (Knosp et al., 2011; Lee et al., 2011). IL-4, IL-5 and IL-13
have been found to elevate the production of IgE, eosinophils, basophils and to drive
the infiltration of TH2 cells, which are all clinical features observed in asthmatic
individuals (Nakajima and Takatsu, 2007; Holgate 2011). It has also been reported
that IL-4 and IL-13 activate JAK kinases, and STAT6, a transcription factor
responsible for the expression of allergy-associated genes (Kato and Schleimer,
2007). Therefore, a number of translational research studies or clinical trials on
humans have been directed towards decreasing TH2-biased immune responses
(Nguyen and Casale, 2011).
1.1.2

Risk factors for asthma

As a complex disease with variable prevalence across countries and continents, there
is a wide spectrum of determinants for the development of asthma, ranging from
genetic predisposition to exposure to environmental allergens and infection.
Allergen sources for asthma include animal danders, house dust mites (HDM), fungi
and cockroaches. Most of the genes found to be associated with asthma have been
derived from genome-wide association studies (GWAS) or meta-analyses and are
listed

in

the

HuGE

Navigator

Phenopedia

database

(http://hugenavigator.net/HuGENavigator/startPagePhenoPedia.do) (Yu et al., 2010).
The most recent meta-analysis of GWAS identified 878 single nucleotide
polymorphisms (SNPs) corresponding to 22 distinct association signals at 18 asthmaassociated loci which are connected through keyword including ‘asthma’, ‘allergy’,
‘interleukin’, ‘cytokine’, ‘airway’, ‘inflammation’ etc, confirming the central role of
immunologically related mechanisms in the development of asthma (Demenais et al.,
2018).
1.1.2.1 Gene association
Genes previously associated with asthma include the prostaglandin D2 receptor gene
localised to chromosome 14q22.1 (Boie et al., 1995) which is a region repeatedly
linked to asthma (Daniels et al., 1996; Moffat et al., 2010; Jamrozik et al., 2011) and
the gene coding for leukotriene C4 synthase located on chromosome 5q35 (Penrose et
al., 1996).

Leukotriene C4 is implicated in the pathogenesis of asthma by its

presence in the urine of patients with acute severe asthma (Taylor et al., 1989) and
the chromosomal region 5q35 is in close proximity to the cluster of genes coding for
3

cytokines and receptors involved in the regulation of inflammatory cells implicated
in the pathogenesis of asthma (Penrose et al., 1996). The genes coding for IL-4
(Rosenwasser, 1997), IL-13 (Graves et al., 2000) and CD14 (Baldini et al., 1999) are
among those located within the 5q31 chromosomal region, which is found to have
extensive linkage and association with asthma (Hay et al., 1995; Rosenwasser et al.,
1995; Xu et al., 1995; Palmer et al., 1998). However, these genes only account for a
small proportion of asthma incidence and the use of a combination of GWAS and
gene expression profiling had led to the identification of other asthma-associated
genes (Cusanovich et al., 2012).
In the most recent meta-analysis of asthma for GWAS, the Trans-National Asthma
Genetic Consortium (TAGC) was established to generate larger sample sizes for the
meta-analysis and thereby, enable the discovery of new common risk loci (Demenais
et al., 2018). The meta-analysis identified 5 new asthma susceptibility loci localised
to 5q31.3, 6p22.1, 6q15, 12q13.3 and 17q21.33 associated with cis eQTLs in blood
which in turn, are associated with autoimmune diseases and immunologically related
phenotypes (Demenais et al., 2018). In addition, of the 21 asthma loci published to
date, TAGC also provided genome-wide-significant confirmation of 9 of them in
both the European-ancestry and multi-ancestry meta-analyses (Demenais et al.,
2018).
1.1.2.2 Allergens
Whether a certain risk factor is suspected or well-established depends on the
availability of consensus results or findings from the various epidemiological or
population studies. For asthma, although there are studies that find a dose-dependent
correlation between exposure to HDM allergens and the onset of asthma (Celedon et
al., 2007; Tovey et al., 2008; McCormack et al., 2011), others yield contradictory
results (Lau et al., 2000; Torrent et al., 2007). However, it is well-established that
the degree of exposure to HDM allergens correlates to house dust mite sensitisation
(Peat et al., 1996; Huss et al., 2001; Baxi and Phipatanakul, 2010). Moreover, it has
also been established that there is a positive correlation between sensitisation to
HDM and the development of asthma (Squillace et al., 1997; Oshima et al., 2002;
Prescott and Tang, 2005; Illi et al., 2006). Although elevated levels of HDMspecific IgE, HDM-, cat- and cockroach-sensitisation were identified as significant
4

risk factors for asthma, only HDM-sensitisation was found to independently correlate
with asthma (odds ratio=6.6; p<0.0001) (Squillace et al., 1997). Increased levels of
HDM-specific IgE were also found to correlate with the development of asthma
(odds ratio=9.71; p<006) (Oshima et al., 2002). Therefore, allergy to HDM is a
well-established independent risk factor for asthma.

In light of its ubiquitous

distribution and potential adverse health outcome, two HDM species, i.e.
Dermatophagoides pteronyssinus and Dermatophagoides farinae are considered the
most important sources of allergens (Heinrich, 2011).
1.1.3

TH1/TH2 polarisation in asthma: the hygiene hypothesis

In an attempt to explain the aetiology of the disease, and why its incidence and
prevalence are on the rise, a number of hypotheses have been generated.

The

hypothesis that has been given most credit and attention is the hygiene hypothesis
(Strachan, 1989).

This hypothesis suggests that an increase in the worldwide

incidence of allergic diseases including asthma since the twentieth century is directly
related to changes in lifestyle towards a “cleaner” Western lifestyle (Holt et al.,
1997; Hamilton, 1998; Strachan, 2000). A generally increasing and higher standard
of hygiene and cleanliness has led to a significantly decreased exposure to a range of
fungi, parasites, viruses and bacteria, a process which may have previously conferred
protection against the development of allergies (Holt et al., 1997; Hamilton, 1998)
because of infection biasing the immune system towards TH1 responses.
It has been found that the immunologic environment in the uterus for a developing
foetus is polarised towards the TH2 phenotype (Wegmann et al., 1993) through
production of high levels of IL-4 and IL-10 (Holt et al., 1997). One explanation for
this is, it is necessary to protect the foetus against the toxicity of TH1 cytokines in
the placenta, especially in light of the findings that IFNγ overproduction is lethal to
murine embryos (Krishnan et al., 1996). The TH2-polarised milieu then persists for
variable periods post-natally according to reports showing that antigen-challenged
newborns showed variability in expansion of TH2 memory cells (Barrios et al.,
1996; Singh et al., 1996). In addition, infant peripheral blood mononuclear cells are
found to have a low capacity for the production of TH1 cytokines such as IFNγ
following in vitro stimulation (Taylor and Bryson, 1985).
5

An imbalance between TH1 and TH2 cytokines is the classical feature of asthma. It
has been argued that early-life exposure to microorganisms, especially those
involved in the formation of the respiratory and gastrointestinal flora might enable
the correctional shift of an allergy-oriented TH2 immunologic environment back
towards a TH1 milieu (Holt et al., 1997). The TH2-to-TH1-phenotype shift needs to
occur within a certain window of opportunity in terms of age. Inhalant allergen
challenge induced in vitro production of TH2 cytokines including IL-4 and IL-5,
associated with positive results of skin prick test to HDM in children at the age of
five or younger (Yabuhara et al., 1997). Subjects of similar age range that showed
negative skin prick test to HDM only showed overproduction of the TH1 cytokine
IFNγ after being challenged by inhalant allergen (Yabuhara et al., 1997).
A significantly high percentage of subjects 6-10 weeks old showed allergen-specific
T-cell responses against HDM allergens including Der p 1 and Der p 2 after inhalant
allergen challenges (Holt et al., 1995). The T-cell responses to HDM crude extracts
were present at relatively high frequency, fluctuating between 30-60% from 6
months to two years, and found in 100% of the adult subjects tested (Holt et al.,
1995). This phenomenon was not observed with the orally administered allergen
ovalbumin, with the T-cell responses declining steadily throughout childhood with
infrequent reactivity in adults (Holt et al., 1995).
A general summary of the mechanisms involved in the development of asthma
and/or its prevention through microbial exposure has been developed (Holt et al.,
1995; Holt et al., 1997; Yabuhara et al., 1997):
(1)

Priming of T cells to environmental allergens occurs in the uterus or soon
after birth in an immunologic environment already polarised towards a TH2
phenotype.

(2)

Repeated allergen exposure drives T-cell “selection” towards either a TH1 or
TH2 phenotype.

(3)

Children with a family history of asthma or atopy have a higher risk of T-cell
polarisation towards the allergenic-TH2 phenotype.
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(4)

The correctional shift towards the TH1 phenotype needs to happen soon after
birth by preferential selection of T-cell memory for the TH1 phenotype
through microbial stimulation.

The most recent investigations into the hygiene hypothesis have further elucidated
the underlying immunological mechanisms, especially in the contributions of foetal
microbiome and immunostimulatory environmental signals passed on by the mother
(Haspeslagh et al., 2018). These protective cues must be received within a narrow
time window during foetal development by the epithelial cells of the lungs in order to
activate dendritic cells in the airway to promote the development of adaptive T cell
response that leads to a shift towards the TH1 phenotype (Haspeslagh et al., 2018).
1.2

The house dust mite (HDM)

The link between allergens to HDM and the development of asthma has been
highlighted above and because of this, significant attention has been directed to its
study. House dust mites are 0.2 to 0.4 mm in size and favour a warm and moist
environment. They are photophobic and aerobic, with the exchange of oxygen and
carbon dioxide occurring through the general surfaces of their bodies as no
respiratory systems and external openings for ventilation purposes have been
identified (Arlian and Platt-Mills, 2001). The average lifespan of the HDM is 100
days, and the life cycle, from the laying of eggs to reaching adulthood, takes up
approximately 30 days (Matsumoto et al., 1986; Arlian et al., 1990). The time taken
to reach adulthood and population growth are influenced by the relative humidity and
temperature in the environment (Arlian et al., 1983; Matsumoto et al., 1986).
The European house dust mite or Dermatophagoides pteronyssinus (D.
pteronyssinus) (Figure 1.1) belongs to the class Arachnida (which includes
organisms such as mites and ticks), the order Acari, the suborder Astigmata and the
family Pyroglyphidae. This family includes D. pteronyssinus, Dermatophagoides
farinae, Euroglyphus maynei and Blomia tropicalis (Arlian and Platts-Mills, 2001)
and contains 16 genera and 46 species (Wharton, 1976; O’Connor BM, 1982; Hart,
1998).
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Figure 1.1
Scanning electron micrograph of Dermatophagoides pteronyssinus
(Figure taken from The American Food and Drug Administration (www.fda.org)).

1.2.1

Taxonomy and phylogeny of the HDMs

Mites belong to the suborder Astigmata that comprises ten taxa or superfamilies, as
shown in Figure 1.2 (Colloff, 2009). Mite species found in dust and known to
produce allergens are distributed into five of the ten taxa, i.e., Glycyphagoidea,
Acaroidea, Pterolichoidea, Analgoidea and Sarcoptoidea (Figure 1.2) (Colloff, 2009).
The superfamily Analgoidea is further divided into families including the family
Pyroglyphidae (Gaud and Atyeo, 1996).

The subfamilies that constitute

Pyroglyphidae are Pyroglyphinae, Dermatophagoidinae and Paralgopsinae as shown
in Figure 1.2 (Gaud and Atyeo, 1996).
comprises

the

Malayoglyphus,

genera

Fainoglyphus,

Onychalges

The subfamily Dermatophagoidinae
Guatemalichus,

Paramealia,

Dermatophagoides (Colloff, 2009).

Pottocola,

Hirstia,

Kivuicola,

Sturnophagoides

and

To date, thirteen species of the genus

Dermatophagoides have been identified (Table 1.1).
Mites belonging to the subfamily Pyroglyphinae are ecologically related to birds
(Colloff, 2009). Evidence suggests that dust mites are highly host-specific, and
about 8,000 bird species were found to have two to eight different dust-associated
mites belonging to the subfamilies Pyroglyphinae and Dermatophagoidinae dwelling
on them (Fain, 1965; Gaud, 1969). These two subfamilies of dust mites have been
found to be the most species-rich and are the most geographically widespread
(Colloff, 2009).
1.2.1.1 Habitat shift from birds to house dust
Despite their close ecological relationship, no phylogenetic relatedness between the
dust mites and their avian hosts can be established (Sibley and Ahlquist, 1990). The
microenvironment of house dust has also been perceived as a microhabitat that is too
homogenous for mites to have undergone advanced evolution in it, not to mention
that birds have a far older evolutionary history than humans (Colloff, 2009).
Nevertheless, a number of attempts to explain the link between the association of
dust mites with their avian hosts and their existence in house dust have been made.
Mites may have existed in human dwellings even prior to the close association
between birds and humans at the dawn of civilisation: mites found to be associated
with nests of birds that build their habitats near or in human households are species
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Figure 1.2

Phylogenetic relationship between mite superfamilies.

The upper phylogenetic tree shows the relationship between the ten superfamilies of
Astigmata. The superfamily Analgoidea is divided into various families including
Pyroglyphidae, which is made up of three subfamilies as indicated on
the
lower
phylogenetic tree. Asterisks indicate the superfamilies and subfamilies in which dust mites
producing allergens are classified. (Figure taken from Colloff, 2009)

Table 1.1

Mite species in the genus Dermatophagoides

Species

Reference

D. alexfaini

De la Cruz, 1988

D. anisopoda

Gaud, 1969

D. aureliani

Fain, 1967b

D. evansi

Fain, 1967a

D. farinae

Hughes, 1961

D. microceras

Griffiths and Cunnington, 1971

D. neotropicalis

Fain and van Bronswijk, 1973

D. pteronyssinus

Bogdanoff, 1864

D. rwandae

Fain, 1967a

D. scheremetewskyi

Bogdanoff, 1864

D. sclerovestibulatus

Fain, 1975

D. siboney

Dusbabek et al., 1982

D. simplex

Fain and Rosa, 1982

Table taken from Colloff, 2009

belonging to the families that contain dust-associated species such as Acaridae and
Pyroglyphidae (Fain, 1979).
Members of the families Acaridae and Glycyphagidae were reported to be present in
human households by pioneer microscopists such as Hooke (1665) and van
Leeuwenhoek (quoted in Oudemans, 1926). Mite species of these families were also
found to exist in the homes of residents of tribal communities in Papua New Guinea
(Anderson, 1974) and Colombia (Sanchez-Medina et al., 1993). Conversely, there
are theories that support the recent dwelling of mites in house dust based on
observation that their household existence coincided with a steady rise in the
incidence of asthma in the 1960s (Colloff, 2009). Their existence also correlates
with increased concentrations of dust mite allergens since the 1970s (Colloff, 2009).
Colloff (2009) concluded that the two phenomena are not mutually exclusive, but
represent parts of a continual process of how the dust mites have evolved to
ecologically associate with humans.
1.2.2

The diet of the HDM

The diet of the HDM consists of a wide variety of materials including human skin
scales, fungal hyphae, fungal spores, yeasts, bacteria, pollen, fibre of plant origin and
even its own faeces (van Moerbeke, 1990; Arlian and Platt-Mills, 2001).
1.2.2.1 Feeding on human skin scales and bacteria-associated diet
Human skin scales were one of the components found in squashed preparations of
midgut contents of the dust mites (Colloff, unpublished data, 2009). Feeding on
human skin scales was initially proposed to be associated with an increased shedding
of skin by patients suffering from atopic dermatitis (Beck and Bjerring, 1987).
However, dust samples collected from the homes of individuals with psoriasis,
another allergic disease with itching as one of the symptoms, did not have a higher
population of house dust mites compared to dust samples collected from homes of
healthy individuals (Beck and Korsgaard, 1989). The observations that excessive
lipid content in mite culture medium inhibited the growth of mites (van Bronswijk
and Sinha, 1971; van Bronswijk and Sinha, 1973; Matsumoto, 1975; Rodriguez and
Rodriguez, 1987), and that inhibition of the growth of D. farinae by healthy human
skin scales was reversed by incorporating defatted skin scales (van Bronswijk and
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Sinha, 1973) led to the finding that skin of individuals with atopic dermatitis has a
lower lipid content compared to that of healthy individuals (Abe et al., 1978;
Melnick et al., 1988). This was thought to be due to defective or reduced production
of ceramidase (Jin et al., 1994), an enzyme required for assembly of lipid lamellae on
the surface of the skin (Melnick et al., 1988).
1.2.2.2 Feeding on fungi and other eukaryotes
Fungi and yeasts form a critically important part of the natural diet of mites, since
Aspergillus penicilloides was found to be essential for the growth of D. pteronyssinus
(de Saint Georges-Gridelet, 1984). This species was also found to feed on xerophilic
fungi in culture medium and dust samples collected from mattresses (de Saint
Geroges-Gridelet, 1987). Fungi or yeasts are rich sources of vitamin B12 which is
absent in human skin scales (de Saint Geroges-Gridelet, 1987). In this regard, mite
growth rate was enhanced following the addition of A. penicilloides or A. repens to
human skin scales or cultures containing only keratin (van der Lustgraaf, 1987). An
endosymbiotic relationship also exists between mites and fungi (van der Lustgraaf,
1987), as ingested spores were able to germinate within faecal pellets during passage
through the gut of the mite (Colloff, 1992). Apart from fungi or their spores, mites
were also found to feed on their own faeces, which may well contain fungal spores
(van Moerbeke, 1990).
In addition to feeding on fungi and yeasts, it is also possible that D. pteronyssinus
feed on materials from other eukaryotes since wing scales from moths were found in
the gut contents of D. microceras, a sibling species of D. farinae (Treat, 1975). It
has also been reported that fragments of cuticle from other Dermatophagoides spp
may be found in the gut contents of D. pteronyssinus (van Moerbeke, 1990).
Fragments of dust mite cuticle were also observed in the faecal pellets of the HDM
(Halmai, 1994). The mite species Cheyletus was found to readily prey on their
offsprings if no other nutrient source was available (Barker, 1991).
1.2.3

HDM allergens

It has been well-established that the mite bodies and their faecal pellets are the
sources of many allergens (Tovey et al., 1981; Arlian et al., 1987; Stewart et al.,
1991). They may be derived from the bodies of the HDMs which include enzymes
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that function on the cuticle during the moulting process (Arlian and Platts-Mills,
2001; Colloff, 2009), and from the faecal pellets which include digestive enzymes
produced by the salivary glands and the midgut of the HDM (Stewart et al., 1991;
Stewart et al., 1992a). To date, predominant allergens isolated from the HDM have
been classified into different groups (for e.g. Group 1, Group 2 etc) since allergens
from different mite species share similar structures and functions. Mite allergens
vary in size, physicochemical and immunological properties and the different
allergen groups are shown in Table 1.2.
1.2.3.1 Group 1 allergens
The HDM Group 1 allergens, (e.g. Der p 1) are 25 kDa glycoproteins that are found
in the whole mite body as well as the faecal pellets (Chapman and Platt-Mills, 1980;
Thomas et al., 1991).

Der p 1 was the first mite allergen to be isolated, and

constitutes between 10 to 20% of the proteins found in crude mite extracts (Chapman
and Platt-Mills, 1980; Stewart and Turner, 1980). The proteins are major allergens
as >90% of mite-allergic individuals produce IgE to them (Chapman and Platt-Mills,
1980). Approximately 10-40 µg of faecal pellets of the HDM contained about 10
ng/ml of Der p 1, and more than 50 µg may be found in 1 gram of house dust (Tovey
et al., 1981).

The Group 1 allergens are found in all mite allergenic species,

including D. farinae (Dilworth et al., 1991), E. maynei (Kent et al., 1992) and
Blomia tropicalis (Mora et al., 2003). The Group 1 allergen from D. pteronyssinus
(Chua et al., 1988) was the very first allergen to be cloned and the data obtained
showed that it was cysteine protease (Chua et al., 1988). Sequence alignment of Der
p 1 and Der f 1 revealed a homology of 81% between the two proteins (Dilworth et
al., 1991).
Since it was the first allergen characterised, Der p 1 was chosen to develop a general
paradigm for the prediction of protein allergenicity based on protease activity
(Chevigne and Jacquet, 2018). Its allergenicity, initially characterised by its catalytic
activity as a cysteine protease, was later expanded to encompass the processing of its
substrates, including the pivotal role it plays in the maturation of HDM allergens that
are serine proteases. In addition, there are environmental and microbial adjuvants
that play a role in the activation of innate immune pathways, which in turn leads to
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Table 1.2

Physicochemical and biochemical properties of allergens isolated from the mites.

Group

Allergen
example

Source

MW
(kDa)

Number of
amino acid
residues

pI

Biochemical
function

References

1

Der p 1

D. pteronyssinus

25

222

5.7

Cysteine
protease

Chapman and Platt-Mills,
1980
Stewart and Turner, 1980
Tovey et al., 1981
Chua et al., 1988
Stewart et al., 1991
Thomas et al., 1991
Stewart et al., 1992a

2

Der p 2

D. pteronyssinus

14

129

6.6

Innate immune
signalling

Chua et al., 1990
De Blay et al., 1991
Heymann et al., 1989
Stewart et al., 1994
Gafvelin et al., 2001

3

Der p 3

D. pteronyssinus

30

232

4 - <8

Trypsin

Stewart et al., 1992a
Stewart et al., 1992b
Yasueda et al., 1993
Smith et al., 1994
Stewart et al., 1994

4

Der p 4

D. pteronyssinus

60

496

5–7

Amylase

Lake et al., 1991
Janecek, 1994
Mills et al., 1999
Continued

Group

Allergen
example

Source

MW
(kDa)

Number of
amino acid
residues

5

Der p 5

D. pteronyssinus

14

Biochemical
function

References

Innate
immunity

Tovey et al., 1989
Lin et al., 1994
Thomas and Hales, 2007
Weghofer, 2008
Mueller et al., 2010

6

Der p 6

D. pteronyssinus

17-25

231

3.8 - 4.4

Chymotrypsin

Yasueda et al., 1993
Stewart et al., 1994
Bennett and Thomas,
1996

7

Der p 7

D. pteronyssinus

22

198

4.7

TH2 immunity

Shen et al., 1993
Mueller et al., 2010

8

Der p 8

D. pteronyssinus

27

219

6.3

Glutathione
transferase

O’Neill et al., 1994
Huang et al., 2006

9

Der p 9

D. pteronyssinus

24

254

4.8, 7.8, 10.5

10

Der p 10

D. pteronyssinus

33

284

5

11

Der p 11

D. pteronyssinus

103

875

5.8

113

pI

Not determined

Serine protease King et al., 1996
Tropomyosin

Aki et al., 1995
Asturias et al., 1998

Paramyosin

Tsai et al., 2005
Continued

Group

Allergen
example

Source

MW
(kDa)

Number of
amino acid
residues

pI

Biochemical
function

References

13

Der p 13

D. pteronyssinus

15

131

Not determined

Innate immune
signalling

Satitsuksanoa et al.,
2016

14

Der p 14

D. pteronyssinus

187

1650

Not determined

Apolipophorin

Epton et al., 2001
Aki et al., 1994

15

Der p 15

D. pteronyssinus

61.4
58.8

539
513

Not determined
Not determined

Chitinase
Chitinase

O’Neill et al., 2006

18

Der p 18

D. pteronyssinus

49.2

437

Not determined

Chitinase

O’Neill et al., 2006

21

Der p 21

D. pteronyssinus

14.7

121

Not determined

Unknown

Weghofer et al., 2008

22

Der f 22

D. farinae

17

135

6.7

Unknown

An et al., 2013
Cui et al., 2015

23

Der p 23

D. pteronyssinus

8

69

4.32

Peritrophin

Weghofer et al., 2013

24

Der f 24

D. farinae

14

118

5.92

Ubiquinolcytochrome c
reductase
binding protein

Chan et al., 2015

25

Der f 25

D. farinae

34

247

6.2

Triosephosphate
isomerase

An et al., 2013
Continued

Group

Allergen
example

Source

MW
(kDa)

Number of
amino acid
residues

pI

Biochemical
function

References

26

Der f 26

D. farinae

43

429

6.0

Translation
An et al., 2013
elongation
factor 2/Myosin
alkali light chain

27

Der f 27

D. farinae

43

427

5.8

Serpin

An et al., 2013

28

Der f 28

D. farinae

70

659

6.2

Heat shock
protein

An et al., 2013

29

Der f 29

D. farinae

16

164

9.6

Peptidyl-prolyl
cis-trans
isomerase

An et al., 2013

30

Der f 30

D. farinae

16

171

5.8

Ferritin

An et al., 2013

31

Der f 31

D. farinae

17

148

5.95

Cofilin

Chan et al., 2015

32

Der f 32

D. farinae

34

296

5.54

Pyrophosphatase Chan et al., 2015

33

Der f 33

D. farinae

51.7

461

Not determined

34

Tyr p 34

T. putrescentiae

17.7

153

3.83

35

Tyr p 35

T. putrescentiae

52

486

36

Tyr p 36

T. putrescentiae

14

130

Alpha tubulin

Chan et al., 2015

Troponin C

Jeong et al., 2010

Not determined

Aldehyde
dehydrogenase

Cui et al., 2016

Not determined

Profilin

Cui et al., 2016

the promotion of a TH2 immunological response by Der p 1 (Chevigne and Jacquet,
2018).
1.2.3.2 Group 2 allergens
The Group 2 allergens, (e.g. Der p 2) are 14 kDa non-glycosylated proteins and are
found in higher concentrations in mite bodies compared to faecal pellets of D.
pteronyssinus (de Blay et al., 1991). They are major allergens as they are recognised
by >90% of mite-allergic individuals (Heymann et al., 1989). Der p 2 and Der f 2
have similar molecular weight and their N-terminal amino acid sequences differ in
only 4 of the first 35 residues (Heymann et al., 1989; Chua et al., 1990). Full crossreactivity was observed between Der p 2 and Der f 2 (Heymann et al., 1989). The
tertiary structures of Der p 2 (Mueller et al., 1998) and Der f 2 (Ichikawa et al.,
1998) have been resolved, and the Group 2 allergens are found to show homology
with MD-2 related lipid-recognition (ML) superfamily proteins including MD-2
(Liao et al., 2011). The mammalian MD-2 is the last protein that binds to bacterial
lipopolysaccharide (LPS) before LPS signal transduction across the cell membrane
(Liao et al., 2011). In addition, Der p 2 was found to mimic the functional homology
of MD-2 through direct binding to TLR4 to facilitate signalling, resulting in the
development of experimental asthma in the absence of MD-2 (Trompette et al.,
2009). Group 2 allergens from D. pteronyssinus (Chua et al., 1990), Lepidoglyphus
destructor, Lep d 2 (Schmidt et al., 1995), and Tyrophagus putrescentiae, Tyr p 2
(Eriksson et al., 1998) are related proteins with amino acid sequence homology in the
region of 37 - 43% (Gafvelin et al., 2001).
1.2.3.3 Group 3 allergens
The Group 3 allergens are 30 kDa proteins corresponding to trypsin (Stewart et al.,
1992b; Stewart et al., 1994). They show high substrate specificity and amino acid
sequence homology with trypsins from many species, with the highest homology
observed in the catalytic site (Stewart et al., 1992b; Yasueda et al., 1993). Der p 3
has been isolated from D. pteronyssinus and the DNA probes constructed from the
amino acid sequence data used to isolate a cDNA clone of Der p 3 (Smith et al.,
1994). The frequency of immunoreactivity varies from 16% to 100% depending on
different mite-allergic populations examined (Stewart et al., 1992b).

Various

isoforms of the Group 3 allergens have been demonstrated (Stewart et al., 1992a).
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1.2.3.4 Group 4 allergens
The Group 4 allergens are α-amylases based on their catalytic activity and
physicochemical properties (Lake et al., 1991).

They are 60 kDa glycosylated

proteins (Lake et al., 1991; Mills et al., 1999) recognised by <50% mite-allergic
individuals (Lake et al., 1991).

Cloning and sequencing of the cDNA of D.

pteronyssinus and E. maynei α-amylases revealed 90% sequence identity (Mills et
al., 1999). The D. pteronyssinus and E. maynei α-amylases show 50% amino acid
sequence homology with the mammalian and insect α-amylases (Janecek, 1994).
However, the N-glycosylation site at amino acid residue 10 in the D. pteronyssinus
amylase is not conserved in the E. maynei α-amylase (Mills et al., 1999). Both the
recombinant and native Der p 4 were recognised by approximately 40% of HDMallergic adult individuals (Lake et al., 1991; Mills et al., 1999), and 25% of the
HDM-allergic children tested with native Der p 4 were found to contain specific IgE
in their sera (Lake et al., 1991). Despite having 50% amino acid sequence identity
with the D. pteronyssinus α-amylase, the E. maynei α-amylase was found to lack
IgE-immunoreactivity (Mills et al., 1999). Der f 4 was first reported following the
assembly of a draft genome and transcriptome of D. farinae (Chan et al., 2015) and
the D. farinae α-amylase shows 88% and 87% amino acid sequence identity with the
D. pteronyssinus and E. maynei homologue, respectively.
1.2.3.5 Group 5 allergens
The Group 5 allergens, (e.g. Der p 5) are 14 kDa proteins (Tovey et al., 1989; Lin et
al., 1994) that are recognised by about 30% to 40% of mite allergic individuals (Lin
et al., 1994; Thomas and Hales 2007; Weghofer et al., 2008). Although Group 5
allergens of D. pteronyssinus and B. tropicalis share 43% amino acid sequence
homology, no immunological cross-reactivity was found between them (Arruda et
al., 1997). Studies on Group 5 allergens largely concluded that IgE responses to the
allergens are species-specific (Chew et al., 1999; Kuo et al., 2003; Simpson et al.,
2003).

The three-dimensional structure of Der p 5 has been resolved, and the

structure suggests that the allergen is likely to bind to hydrophobic ligands (Mueller
et al., 2010). Under mildly acidic conditions, recombinant Der p 5 was found to
selectively bind lipid ligands with the potential binding sites for the ligands identified
(Pulsawat et al., 2018). The potential to bind hydrophobic ligands is a common
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feature of many allergens found to stimulate the innate immune system and elicit an
IgE-mediated inflammatory response (Radauer et al., 2008).

The binding of

recombinant Der p 5 to its lipid ligands in respiratory epithelial cells triggered the
production of IL-8 through a TLR2-, NF-kB- and MAPK-dependent signalling
pathway (Pulsawat et al., 2018).
1.2.3.6 Group 6 allergens
The Group 6 allergens, (e.g. Der p 6) are 17-25 kDa serine proteases that possess
chymotryptic-like activity (Yasueda et al., 1993). They are recognised by about 4060% of mite allergic patients (Yasueda et al., 1993). Although a higher Der p 6 IgEbinding reactivity of 60% was reported, it was still considerably lower than that of
Der p 3 and Der p 1 (King et al., 1995). A cDNA clone encoding Der p 6 has been
isolated and found to show sequence homology with chymotrypsin, trypsin and other
serine proteases (Bennett and Thomas, 1996). The DNA sequences show homology
with bovine (Hartley, 1970), fish (Guthmundsdottir et al., 1994), shrimp (Sellos et
al., 1992), blowfly (Casu et al., 1994) and human (Thomas et al., 1992)
chymotrypsins.

Most of the cysteine residues are highly conserved in all the

chymotrypsins isolated from the different organisms (Bennett and Thomas, 1996).
The serine residue at position 178 in Der p 6, which is critical for substrate
specificity, is also well-conserved across these organisms (Bennett and Thomas,
1996). Der p 6 and Der p 3 are serine proteases that show 37% amino acid sequence
identity (Bennett and Thomas, 1996).
1.2.3.7 Group 7 allergens
The Group 7 allergens are 22 kDa glycosylated proteins and are recognised by 53%
of mite-allergic adults and 37% of mite-allergic children (Shen et al., 1993). The
protein does not contain any cysteine residues and shows no amino acid sequence
homology with any protein in the databanks (Shen et al., 1993). However, rabbit
antibodies raised against the recombinant Der p 7 were found to cross-react with
multiple products in mite extracts with molecular weights 24, 27 and 29 kDa on
Western blotting (Shen et al., 1993). Mite-allergic sera absorbed with Der p 7 also
showed loss of immunoreactivity with protein bands at 13 and 11.5 kDa (Shen et al.,
1993). X-ray crystallography has been used to determine the structure of Der p 7,
and nuclear magnetic resonance and biochemical assays revealed its specific affinity
14

for polymyxin B (PB) from Bacillus polymyxa (Mueller et al., 2010). Since bacterial
lipopeptides enhance TH2 responses through interaction with TLR2 (Thomas et al.,
2005), it is proposed that Der p 7 may bind to PB to promote TH2 immunity through
costimulation of TLR2 pathways (Mueller et al., 2010). The crystal structure of Der
f 7 has been determined with a view of improving the localisation of IgE binding site
and determination of the cross-reactiviy between Der f 7 and Der p 7 (Tan et al.,
2011). Recombinant Blo t 7 has been characterised as a lipid binding protein that
directly stimulated TLR2-signalling in the airway epithelial cells, indicating its
potential to contribute to airway inflammation (Soongrung et al., 2018). Based on
analysis of its reactivity with IgE, recombinant Blo t 7 was classified as an
intermediate allergen that showed weak cross-reactivity with Der p 7 (Soongrung et
al., 2018).
1.2.3.8 Group 8 allergens
The Group 8 allergens, (e.g. Der p 8) are 27 kDa proteins that are glutathione Stransferases (O’Neill et al., 1994). The cDNA encoding Der p 8 was identified from
a cDNA expression library of D. pteronyssinus using mite-allergic sera (O’Neill et
al., 1994). The native allergen purified from D. pteronyssinus was found to have 8
isoforms and was recognised by 96% of mite-allergic patients, compared to 84% for
the recombinant Der p 8 (Huang et al., 2006). An isoform of Der p 8 that differs
from the clone identified by O’Neill et al. by 11 nucleotides was amplified from a
cDNA library (Huang et al., 2006). These changes contributed to the 6 polymorphic
amino acid residues and an isoelectric point of 8.5 compared to the first clone
identified which has an isoeletric point of 6.3 (Huang et al., 2006).

The basic

isoform was found to show cross-reactivity with cockroach glutathione Stransferases (Huang et al., 2006).
1.2.3.9 Group 9 allergens
The Group 9 allergens, (e.g. Der p 9) are 24 kDa serine proteases that are distinct
from trypsin and chymotrypsin despite their N-terminal amino acid sequence
homology (King et al., 1996). Der p 9 was recognised by 92% of mite-allergic
patients compared to 97% and 65% for Der p 3 and Der p 6, respectively and showed
some cross-reactivity with Der p 3 and no cross-reactivity with Der p 6 (King et al.,
1996).
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1.2.3.10 Group 10 allergens
The Group 10 allergens, (e.g. Der p 10) are 33 kDa tropomyosins (Aki et al., 1995;
Asturias et al., 1998). Der p 10 and Der f 10 share 92% DNA sequence homology
and 98% amino acid sequence homology (Asturias et al., 1998). However, Der p 10
is recognised by only 6.5% of mite-allergic patients (Asturias et al., 1998), compared
to the high frequency (80.6%) reported for Der f 10 (Aki et al., 1995).

This

observation was accounted for by possible polysensitisation of mite-allergic patients
to other invertebrates, since high cross-reactivity has been reported between mite
tropomyosins and those from other invertebrates (Witteman et al., 1994; Witteman et
al., 1995; van Ree et al., 1996; Cantillo et al., 2016; Cantillo et al., 2018). In this
regard, the mite Group 10 allergens show high amino acid sequence homology, i.e.,
75-80% with tropomyosins from fruit flies, insects and shrimps (Asturias et al.,
1998) and 55-100% with tropomyosins from mosquitoes (Cantillo et al., 2018).
1.2.3.11 Group 11 allergens
The Group 11 allergens, (e.g. Der p 11) are 103 kDa paramyosins and the
recombinant Der p 11 exhibits 89% sequence homology with Der f 11 and Blo t 11
(Tsai et al., 2005). It is recognised by 78% of mite-allergic patients (Tsai et al.,
2005) compared to 62% and 50% for Der f 11 and Blo t 11, respectively (Tsai et al.,
1998; Ramos et al., 2001). Cross-reactivity between Der p 11 and Der f 11 was 7380% (Tsai et al., 2005).
1.2.3.12 Group 13 allergens
The Group 13 allergens (e.g. Der p 13) are 15 kDa lipocalin belonging to the
cytosolic fatty-acid binding protein family. The nucleotide sequence of Der p 13 has
been deposited into the EMBL and GenBank databases (accession number
ADK92390) by Heinrich, T., Smith, W. A. and Thomas, W. R. in 2010. The role of
Der p 13 as a cytosolic fatty-acid binding protein that directly activates TLR2 to
mediate innate immune signalling has been verified (Satitsuksanoa et al., 2016).
1.2.3.13 Group 14 allergens
The Group 14 allergens, (e.g. Der p 14) are 187 kDa allergens that show sequence
homology with insect apolipophorin and human apolipoprotein B100 (Epton et al.,
2001). Prior to the isolation of Der f 14, two D. farinae cDNA clones were found to
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code for the peptides Mag 1 and Mag 3, with 341 amino acids including a stop codon
and 349 amino acids without a C- or N-terminus, respectively (Aki et al., 1994;
Fujikawa et al., 1996). Mag 1 and Mag 3 bound IgE in 14 of 43, and 9 of 23 sera
from allergic patients, respectively (Aki et al., 1994; Fujikawa et al., 1996).
Antibody raised against Mag 3 enabled the isolation of Der f 14 and bound IgE at the
same strength and frequency as Der f 2 (Fujikawa et al., 1998).
1.2.3.14 Group 15 and 18 allergens
Der p 15 and Der p 18 are chitinases that are recognised by 70% and 88% of miteallergic individuals, respectively (O’Neil et al., 2006). Two variants of Der p 15
with molecular weights of 58.8 and 61.4 kDa, respectively show 90% sequence
homology to Der f 15 and the 49.2 kDa Der p 18 shows 88% sequence homology to
Der f 18 (O’Neil et al., 2006). There is 99.8% sequence homology between the two
Der p 15 variants (O’Neil et al., 2006), which differ by a deletion of 78 bp in a
region that is highly constituted by serine, threonine and proline residues that forms
one of the major features of insect chitinases (Merzendorfer et al., 2003) and a
further base change that resulted in one amino acid substitution (O’Neil et al., 2006).
1.2.3.15 Group 21 allergens
The Group 21 allergens, (e.g. Der p 21) are 14.7 kDa allergens that show sequence
homology to Group 5 allergens from other mite species, i.e. 49% to Lep d 5, 41% to
Blo t 5 and 32% to Der p 5 (Weghofer et al., 2008). The Der p 21 is recognised by
26% of mite-allergic patients, out of which 21% were found to recognise Der p 5
(Weghofer et al., 2008).

Cross-reactivity between Der p 21 and Der p 5 was

exhibited by only 1 in 9 mite-allergic sera (Weghofer et al., 2008). The cDNA
sequence of the gene encoding Der f 21 (Accession number KF732965) was first
deposited into GenBank by Wu et al. (2013) and the presence of the gene confirmed
by Chan et al. (2015) in a draft genome and transcriptome of D. farinae. The
presence of the gene encoding Eur m 21 (Accession number MUJZ01042656) was
revealed by Arlian et al. (2017) in a whole genome shotgun sequence of E. maynei.
Der f 21 shows amino acid sequence homology of 71% and 70% with Der p 21 and
Eur m 21, respectively.
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1.2.3.16 Group 22 allergens
The cDNA sequence of the gene encoding Der f 22 (Accession number DQ643992)
was deposited into GenBank by Reginald et al. (2006) and the protein first cloned
and expressed by Cui et al. (2015). It was predicted to possess a signal peptide with
20 amino acid residues with the mature protein having a molecular weight of 14.7
kDa and being glycosylated at residues 3, 4, 47, 52, 107, 109, 113, 118, 132 and 135
(Cui et al., 2015). Der f 22 was found to be a 17 kDa allergen with two-dimensional
polyacrylamide gel electrophoresis and immunoblotting with D. farinae-specific IgE
followed by ESI-QUAD-TOF-based mass spectrometry (An et al., 2013).
1.2.3.17 Group 23 allergens
The Group 23 allergens, (e.g. Der p 23) are 8 kDa peritrophin-like proteins localised
to the peritrophic matrix lining the midgut and the surface of faecal pellets of D.
pteronyssinus (Weghofer et al., 2013).

Der p 23 was isolated following

immunoscreening of a D. pteronyssinus cDNA library with serum IgE from HDMallergic patients (Weghofer et al., 2013). Der p 23 reacted with IgE in the sera of
74% of D. pteronyssinus-allergic individuals, at levels comparable to the two major
HDM allergens, Der p 1 and Der p 2 (Weghofer et al., 2013). Der f 23, reported by
Chan et al. (2015) following the assembly of a draft genome and transcriptome of D.
farinae with high- throughput sequencing was modelled to show 87% amino acid
identity and cross-reactivity with Der p 23 (Mueller et al., 2016).
1.2.3.18 Group 24 allergens
The first group 24 allergen, Der f 24 reported by Chan et al. (2015) is a 14 kDa
ubiquinol-cytochrome c reductase binding (UQCRB) protein that reacted with IgE in
50% of HDM-allergic sera by skin test and 100% of sera from mite-allergic patients
by ELISA (Chan et al., 2015). The complete nucleotide sequence of the gene
encoding Der p 24 (Accession number KP893174) was deposited into GenBank by
Luo et al. (2015). Der p 24 and Der f 24 share 97% amino acid sequence identity.
1.2.3.19 Group 25 - 30 allergens
Der f 25 - 30 that bound IgE in sera from patients with dust mite allergy were
characterised as triosephosphate isomerase, translation elongation factor 2/myosin
alkali light chain, serpin, heat shock protein, cyclophilin/peptidyl-prolyl cis-trans
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isomerase and ferritin of 34, 43, 43, 70, 16 and 16 kDa, respectively using ESIQUAD-TOF-based mass spectrometry (An et al., 2013). The cDNA of the gene
encoding the T. putrescentiae group 28 allergen (Accession number KX060611) was
deposited into Genbank by Cui (2016). Der f 28 and Tyr p 28 share 80% amino acid
sequence identity.
1.2.3.20 Group 31 - 33 allergens
Der f 31 - Der f 33 are cofilin, pyrophosphatase and alpha-tubulin of 17, 34 and 51.7
kDa reported by Chan et al. (2015) following the assembly of a draft genome,
transcriptome and microbiome of D. farinae. Cofilin and pyrophosphatase were
among the allergens in a D. farinae total protein extract revealed by two-dimensional
polyacrylamide gel electrophoresis and immunoblotting with IgE in sera from
patients with mite allergy followed by MALDI-TOF-based mass spectrometry (Chan
et al., 2015). Weak binding to IgE was observed with recombinant cofilin and
pyrophosphatase (Chan et al., 2015).
Der f 31 shows 100% amino acid sequence homology (99% sequence coverage; E
value 2e-103) to Eur m 31 the complete nucleotide sequence of which was revealed
by Arlian et al. (2017) in a whole genome shotgun sequence of E. maynei (Accession
number MUJZ01016021). The complete sequence of the gene encoding Sar s 32,
revealed in a draft genome of Sarcoptes scabiei (Rider et al., 2015) shows 97%
amino acid sequence homology to Der f 32. The L. destructor alpha tubulin, Lep d
33 was cloned, expressed, sequenced and characterised by Saarne et al. (2003) and
the recombinant protein bound IgE in the sera from 12% of patients with mite
allergy.

The full sequence of the gene encoding Eur m 33 (Accession number

MUJZ01000105) was revealed in a whole genome shotgun sequence of E. maynei
and deposited into GenBank by Arlian et al. (2017). The assembly of a draft genome
of S. scabiei revealed the gene encoding Sar s 33 (Accession number
JXLN01002203) deposited into GenBank by Rider et al. (2015). Based on the whole
genome shotgun sequence of the two-spotted spider mite, Tetranycus urticae
(Accession number NW 015449932), the cDNA sequence of the gene encoding the
group 33 allergen was predicted by automated computational analysis (Accession
number XM 015940480). Tyr p 33 was cloned, expressed and found to bind IgE in
sera from 29.3% of storage mite allergic patients (Jeong et al., 2005). Der f 33
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shows 82%, 82%, 81% and 81% amino acid sequence homology to Lep d 33, Eur m
33, T. urticae alpha tubulin and Tyr p 33, respectively.
1.2.3.21 Group 34 - 36 allergens
Group 34 - 36 allergens are 17.7 kDa troponin C (Jeong et al., 2010), 52 kDa
aldehyde dehydrogenase and 14 kDa profilin (Cui et al., 2016). The cDNA sequence
of the gene encoding the T. putrescentiae group 34 allergen was obtained by analysis
of expressed sequence tags and the recombinant troponin found to bind IgE in sera
from 10.6% of patients with storage mite allergy (Jeong et al., 2010). Recombinant
T. putrescentiae aldehyde dehydrogenase and profilin bound IgE in sera from 82.4%
and 70.6%, respectively of patients with storage mite allergy (Cui et al., 2016).
Tyr p 34 shows 95% and 94% amino acid sequence homology to Sar s 34 (Rider et
al., 2015) and group 34 allergen of Psoroptes cuniculi, respectively. The cDNA
sequence of the gene encoding the latter (Accession number KC693034) was
deposited into GenBank by Wanpeng (2013). Tyr p 35 shows 68% and 66% amino
acid sequence homology to Eur m 35 and Sar s 35 (Rider et al., 2015), respectively.
The amino acid sequence of Eur m 35 (Accession number OTF72067) was deposited
into GenBank by Arlian et al. (2017). Tyr p 36 shows 95% amino acid sequence
homology to Blo t 36 (Accession number AAQ24553) deposited into GenBank by
Chew et al. (2003).
1.2.4

Mite bacteriolytic enzymes

In addition to the above-mentioned groups of allergens, whole body and faecal mite
extracts contain other proteins including enzymes such as digestive and bacteriolytic
enzymes (Childs and Bowman, 1981; Stewart et al., 1991), some of which are shown
in Table 1.3. Of relevance to this thesis are the bacteriolytic enzymes. Bacteriolytic
enzymes belong to a group of ubiquitous enzymes termed murein hydrolases as they
catalyse the cleavage of the peptidoglycan (PG)/murein sacculus or its soluble
fragments (Shockman and Holtje, 1994). Bacterial PG is a polymer that consists of
glycan strands and short peptide bridges (Ghuysen, 1968). Alternating β(1-4)-linked
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) residues constitute
the glycan strands which are cross-linked by short peptide bridges made up of
alternating L- and D amino acids (Ghuysen, 1968). A large number of peptidoglycan
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Table 1.3

Enzymes present in HDM and their spent growth media.
Pyroglyphidae

Enzyme

EC number

D.
pteronyssinus

D. farinae

Triacylglycerol lipase

3.1.1.3

+

+

Phospholipase A2

3.1.1.4

+

Phopholipase A1

3.1.1.32

+

Esterase/lipase activity

+

+

E. maynei

+

Alkaline phosphatase

3.1.3.1

+

+

Acid phosphatase

3.1.3.2

+

+

Phospholipase C

3.1.4.3

+

α-Amylase

3.2.1.1

+

+

+

Glucoamylase

3.2.1.3

+

+

+

Cellulase

3.2.1.4

+

+

Chitinase

3.2.1.14

+

+

Lysozyme

3.2.1.17

+

+

α-D-Glucosidase

3.2.1.20

+

+

ß-D-Glucosidase

3.2.1.21

+

+

α-D-Galactosidase

3.2.1.22

+

+

ß-D-Galactosidase

3.2.1.23

+

+

α-D-Mannosidase

3.2.1.24

+

+

ß-N-Acetyl-D-glucosaminidase

3.2.1.30

+

+

ß-Glucuronidase

3.2.1.31

+

+

Invertase

3.2.1.48

+

+

α-L-Fucosidase

3.2.1.51

+

ß-N-Acetyl-hexosaminidase

3.2.1.52

+

+

Continued

Pyroglyphidae
Enzyme

Cystinyl aminopeptidase

EC number

D.
pteronyssinus

3.4.11.3

+

Valine aminopeptidase

D. farinae

+

+

E. maynei

Carboxypeptidase A

3.4.17.1

+

+

_

Carboxypeptidase B

3.4.17.2

+

+

_

Chymotrypsin

3.4.21.1

+

+

+

Trypsin

3.4.21.4

+

+

+

Cysteine
endopeptidases/proteinases

3.4.22

+

+

+

+

+

Collagenase activity
Keratinase activity
Phosphoamidase

+
3.9.1.1

+

+

+

Table is adapted from Colloff, 2009 with the sources of the data including Bowman and
Childs, 1982; King et al., 1996; Lake et al., 1991; Stewart et al., 1986; Stewart et al., 1991;
Stewart et al., 1992; Stewart et al., 1992 and Stewart et al., 1994.

hydrolases appear to have multiple/redundant catalytic functions (Vollmer, 2008).
Therefore, it is often difficult to assign a distinct function to a hydrolase (Vollmer,
2008). Nevertheless, hydrolases are categorised into seven classes, according to their
cleavage site(s) in peptidoglycan (Figure 1.3).
1.2.4.1 Amidases
N-acetylmuramoyl-L-alanine amidases are hydrolases that cleave peptidoglycan at
the amide bond between the MurNAc and the L-alanine residue (Holtje, 1995, 1998;
Smith et al., 2000) (Figure 1.3, upper panel). They are sometimes referred to as
peptidoglycan amidases or amidases, and have been found in bacteria,
bacteriophages and prophages (Lopez et al., 1981; Young, 1992; Shockman and
Holtje, 1994). The presence of DNA sequences coding for the catalytic and repeated
domains of peptidoglycan amidases have been discovered in the translated genomes
of eukaryotes possibly indicating the occurrence of gene transfer from prokaryotes to
eukaryotes (Ponting et al., 1999). A second amidase hydrolyses the amide bond
between the 1,6-anhydroMurNAc residue and the L-alanine in the peptide stem
(Figure 1.3, upper panel).

The 1,6-anhydroMurNAc residue is the hallmark of

peptidoglycan turnover products used in cell wall synthesis (Holtje, 1995, 1998).
The two amidases belong to two different types based on sequence homology in their
catalytic domain (Vollmer, 2008), with the first showing homology with the
AmiA/AmiB/AmiC catalytic domain (Korndorfer et al., 2006), and the second type
corresponds to the AmiD/AmpD catalytic domain (Cheng et al., 1994; Liepinsh et
al., 2003; Low et al., 2005). The non-catalytic domains of both classes of amidases
show greater diversity than their catalytic domains and are known as the cell-wall
binding domains that bind to peptidoglycan and lipoteichoic acid (Vollmer, 2008).
1.2.4.2 Endopeptidases
Endopeptidases cleave the peptide bond between two amino acid residues in the
peptide bridge (Vollmer et al., 2008) (Figure 1.3, upper panel). As shown in the
lower panel of Figure 1.3, a DD-endopeptidase cleaves between two D-amino acid
residues, an LD-endopeptidase cleaves between an L-amino acid and an D-amino
acid residues and an DL-endopeptidase cleaves between an D-amino acid and an Lamino acid residues.

Members of the NlpC/P60 superfamily are DL-

endopeptidases that hydrolyse the D-γ-glutamyl-meso-diaminopimelate linkage or N21

Figure 1.3

Schematic diagram of the cleavage sites of various bacteriolytic
enzymes.

N-acetylmuramyl-L-alanine amidases (Ami) cleave the amide bonds between the lactyl
group of N-acetylmuramic acid (MurNAc) and the L-alanine of the stem peptide, 1, 6anhydro-N-acetylmuramyl-L-alanine amidases (anhAmi) hydrolyse between the lactyl
group of MurNAc and the L-alanine, endopeptidases (EPase) hydrolyse amide bonds
within the peptide bridge and carboxypeptidases (CPase) cleave peptide bonds to remove
C-terminal amino acids (upper panel). Cleavage of glycosidic bonds at specific sites
within the polysaccharide component of peptidoglycan by N-acetylglucosaminidases
(GlcNAc) (1), lysozyme (2) and lytic transglycosylases (3) was indicated on the lower
panel. (Upper panel adapted from Holtje (1995; 1998) and Smith et al., 2000 and lower
panel taken from Vollmer, 2008)

acetylmuramate-L-alanine linkage in the peptide bridge (Sheehan et al., 1997;
Ohnishi et al., 1999).
1.2.4.3 Carboxypeptidases
Carboxypeptidases remove the first carboxyl terminal amino acid that connects to the
glycan chain (Figure 1.3, upper panel). Similar specificities as with endopeptidases
have been found with carboxypeptidases as shown in Figure 1.3. Two groups of
carboxypeptidases have also been identified, namely, the DD-carboxypeptidases that
are sensitive to a broad spectrum of ß-lactams, and the LD-carboxypeptidases that
show restricted sensitivity to ß-lactams (Holtje, 1995).
1.2.4.4. Muramidases, lysozymes and lytic transglycosylases
N-acetylmuramidases constitute the fifth class of hydrolases which cleave at the β1,
4-glycosidic bond in the glycan chain specifically between a MurNAc and a GlcNAc
residue as shown in Figure 1.3 on the lower panel (Vollmer et al., 2008). Lysozymes
form the sixth class of hydrolases that cleave the glycosidic bond resulting in a
product with a terminal reducing MurNAc residue, whereas the seventh class, the
lytic transglycosylases, cleave the same bond with a concomitant transglycosylation
process that results in the generation of the 1,6-anhydro ring at the MurNAc residue
(Figure 1.3, lower panel).

Lysozymes form the best characterised group of

bacteriolytic hydrolases and they are synthesised by phages, bacteria, fungi,
invertebrates and mammals (Jolles, 1996). Lysozymes isolated to date are classified
into four groups, where the prototype for each group is hen egg-white lysozyme
(HEWL), goose egg-white lysozyme (GEWL), bacteriophage T4 lysozyme (T4L)
and Chalaropsis lysozyme (Vollmer et al., 2008), respectively.
1.2.5

Biological functions of bacteriolytic enzymes

Bacterial peptidoglycan hydrolases are involved in a variety of biological functions
in the host, ranging from normal cell wall synthesis during growth, to survival in
environmentally unfavourable or nutritionally depleted conditions.

Some of the

important biological functions of bacteriolytic enzymes that function as
peptidoglycan hydrolases are shown in Table 1.4.
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Table 1.4

Functions of enzymes involved in the degradation of peptidoglycan.

Biological function

Specific roles of enzymes

Examples of enzymes

Regulation of cell wall
growth

Trimming of excess peptidoglycan during cell wall synthesis

PBP5 (B. subtilis, L.
monocytogenes, E. coli),
PBP6b (E. coli),
PBP3 (S. pneumonia)

Expansion of sacculus during
cell wall growth

Site- and temporal-specific breaking of bonds to allow sacculus expansion

Lytic transglycosylase (E. coli),
LytE (B. subtilis)

Site-and temporal-specific synthesis of peptidoglycan to allow sacculus
expansion

PBP1 (B. subtilis)

Peptidoglycan turnover

Release of soluble peptidoglycan fragments during sacculus expansion

Lytic transglycosylase (E. coli)

Recycling of turnover
products

Cleavage of turnover products to reuse during cell wall synthesis

AmpD, MpaA, NagZ (E. coli)

Cell separation during
mitosis

Cleavage of cross-wall structure after Gram-positive cell division

LytB (S. pneumonia),
Atl (S. aureus)

Cleavage of cross-wall structure after Gram-negative cell division

AmiA, AmiC (E. coli)

Maintenance of cell wall
integrity

Continued

Biological function

Specific roles of enzymes

Examples of enzymes

Cleavage of asymmetric septum

SpoIID, SpoIIB (B. subtilis)

Maturation of spore cortex

LytH, CwlD (B. subtilis)

Digestion of the cell wall of the mother cell for endospore release

CwlC, LytC and CwlH (B.
subtilis)

Breakdown of the spore cell wall to resume vegetative growth

SleB, CwlJ (B. subtilis)

Autolysis in genetic
transformation

Bacteriolysis of non-competent cells for the transformation of competent
cells

LytA, LytC (S. pneumoniae),
Metalloprotease active against
peptidoglycan (N. gonorrhoeae)

Biofilm formation

Cell attachment to hydrophobic surfaces for survival and growth

AtlE (S. epidermidis),
Atl (S. aureus),
EnvC (H. influenzae)

Sporulation and
germination

Functions in bacterial
populations

(Adapted from Vollmer, 2008)

1.2.5.1 Cell wall synthesis
During cellular growth, peptidoglycan synthesis must occur to enable expansion and
elongation of the new cell wall. In normal cell wall expansion, enzymes involved in
the synthesis, and those involved in the hydrolysis of peptidoglycan must be
coordinated spatially and temporally (Holtje, 1995). An example of coordination
between a synthetic and a hydrolytic reaction occurs in Bacillus subtilis (CarballidoLopez et al., 2006).

During cell wall synthesis in B. subtilis, the actin-like

cytoplasmic protein MreB that forms part of the intracellular cytoskeleton, interacts
with the LytE hydrolase, a lytic transglycosylase, to localise it to the cylindrical part
of the cell wall for hydrolysis (Carballido-Lopez et al., 2006). B. subtilis mutants of
MreB and mutants of LytE were reported to show similar defects in cell-wall
morphology (Vollmer et al., 2008). MreB is also required for correct localisation of
peptidoglycan synthases (Carballido-Lopez et al., 2006), for example the lytic
transglycosylase, PBP1 (Scheffers and Errington, 2004).

Similar defects in B.

subtilis cell-wall morphology were observed in mutants of MreB and mutants of
PBP1 (Scheffers and Errington, 2004).
Hydrolases from Gram-positive (Pooley, 1976; De Boer et al., 1981) as well as
Gram-negative cells (Goodell and Schwartz, 1983; Goodell and Schwartz, 1985) that
cleave excess peptidoglycan during cell wall expansion result in the release of
soluble turnover products by the action of lytic tranglycosylases, endopeptidases and
amidases. Escherichia coli loses about 40% of its peptidoglycan components in one
generation (Kraft et al., 1999).

The turnover products released contain 1,6-

anhydroMurNAc residues and are subject to a series of catalytic steps that constitute
the recycling process.

For example, the amidase AmpD in E. coli cleaves the

turnover products to release the tripeptide L-Ala-γ-D-Glu-meso-A2pm (Holtje et al.,
1994; Jacobs et al., 1995), which can then be further processed by other hydrolases
including the carboxypeptidase MpaA and the amidase NagZ before they are ready
to be reused in cell wall synthesis (Uehara and Park, 2003, Uehara et al., 2005).
During cell division, peptidoglycan hydrolases play crucial roles in the safe cleavage
of the septum formed by most Gram-negative cells including E. coli (Vollmer, 2008).
Inactivation of the amidase AmiA resulted in 5 to 10% of the E. coli cell population
remaining as chains of three to four cells and deletion of the gene coding for AmiC
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resulted in 20 to 30% of the population existing as chains of three to six cells
(Vollmer, 2008). Peptidoglycan hydrolases are also involved in the correct cleavage
to produce daughter cells of Gram-positive bacteria during cell division.

For

example, in Staphylococcus aureus where hydolase Atl was mutated, clusters of nonseparated cells were formed (Takahashi et al., 2002). Similarly, a lytB mutant of
Streptococcus pneumoniae formed long chains of non-separated cells that could be
dispersed following the addition of purified LytB hydrolase (Garcia et al., 1999b).
1.2.5.2 Trimming of excess cell wall
The synthesis of new cell wall also includes the trimming of pentapeptides within the
peptidoglycan by DD-carboxypeptidases to form tetrapeptides (Atrih et al., 1999;
Vollmer, 2008). An example of DD-carboxypeptidase that serves the purpose is
PBP5 and mutants of Bacillus subtilis that did not express PBP5 showed largely
increased pentapeptides and disproportionately thickened cell wall (Atrih et al.,
1999).

The same was observed with PBP5 mutants of Listeria monocytogenes

(Korsak et al., 2005; Guinane et al., 2006).
PBP5 is also the primary DD-carboxypeptidase that trims pentapeptides to produce
tetrapeptides in the cell wall synthesis of Gram-negative bacteria such as E. coli
(Peters et al., 2016). When the ambient pH dropped from 7.5 to 5.0, the role of
PBP5 was taken over by PBP6b as E. coli mutants that did not express PBP5 but
expressed wildtype PBP6b showed cell morphology close to that of wildtype E. coli
(Peters et al., 2016). Since PBP6b was observed as the chief DD-carboxypeptidase
responsible for maintaining the cell shape in acidic growth media, the presence of
redundant DD-carboxypeptidases likely serves the purpose of maintaining normal
growth of the E. coli cell wall under various conditions (Peters et al., 2016).
1.2.5.3 Spore formation
Hydrolases also play a major role in sporulation of species within the Gram-positive
genera Bacillus and Clostridium (Errington, 2003; Piggot and Hilbert, 2004). Under
conditions of dessication and starvation, the rod-shaped Gram-positive bacteria
undergo sporulation, a process involving a number of steps that are regulated by
hydrolases, as illustrated in Figure 1.4. When conditions that promote growth and
survival prevail, the endospores undergo germination, a process that again requires
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Figure 1.4

Schematic representation of the processes of vegetative growth and
sporulation of B. subtilis.

The figure shows specific hydrolases involved in the differentiation of the bacterial species
to form spores. The first step of sporulation, hydrolysis of the asymmetric septum to
enable prespore engulfment, is catalysed by two autolysins, SpoIID and SpoIIP.
Subsequent to spore engulfment, maturation of the spore cortex is catalysed by enzymes
including the two major hydrolases CwlD and LytH. CwlD and LytH catalyse the
formation of δ-lactam and muramic acid residues, respectively in the spore cortex to
facilitate maintenance to heat resistance and dormancy. When conditions that favour
growth resume, the mother cell lysis is catalysed by sporulation-specific amidases CwlC
and LytC. CwlH acts in a compensatory role with CwlC. Once the spore is released from
the mother cell, germination-specific lytic hydrolases including SlcB and CwlJ are
responsible for the degradation of the spore cortex to enable uptake of water, core
expansion and outgrowth. (Figure taken from Smith et al., 2000)

several different hydrolases that play a major role in cell wall synthesis, growth and
division as mentioned above.
1.2.5.4 DNA transformation
Peptidoglycan hydrolases are also involved in lysis of some competent cells so that
their released DNA can be integrated into the genome of other competent cells in the
process of transforrmation (Moscoso and Clavery, 2004). For example, during the
exponential phase of the cell cycle of Streptococcus pneumoniae, competent cells
release the bacteriocin CibAB which kills non-competent cells due to their inability
to release the immunity factor CibC which is produced by competent cells (Guiral et
al., 2005). The bacteriocin activates the lytic transglycosylases LytA and LytC that
lyse the cell wall of non-competent cells; this enables their DNA to be released and
taken up by the competent cells (Guiral et al., 2005). The type IV pili are essential
for genetic transformation of Neisseria gonorrhoeae to streptomycin resistance
through DNA extraction from streptomycin-resistant N. gonorrhoeae strains
(Sparling,

1966)

and

deletion

of

locus

NGO1686

encoding

the

carboxypeptidase/endopeptidase, metalloprotease active against peptidoglycan,
which contributes to pili biogenesis, significantly reduced the transformation
efficiency of the mutants (Stohl et al., 2013).
1.2.5.5 Biofilm formation
Biofilm formation by bacteria allows them to colonise, survive and divide in medical
devices or during host-pathogen interaction. Bacteria that are able to form biofilm
are resistant to treatment with antibiotics (Vollmer et al., 2008). Autolysin AtlE is
one of the hydrolases required for biofilm formation on polymer surfaces as null atlE
mutants of Staphylococcus epidermidis failed to attach to the surfaces (Heilmann et
al., 1997). The homologue of AtlE produced by Staphylococcus aureus, Atl, is
required for cell division and cluster formation too as a null mutant could not divide
or mediate attachment to polystyrene (Heilmann et al., 1997). Wall-anchored Atl
promotes primary attachment to surfaces, while proteolytic cleavage of Atl causes
cell lysis and release of DNA which in turn promotes biofilm development (Houston
et al., 2011).
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Peptidoglycan hydrolases are also implicated in biofilm formation in Gram-negative
bacteria, for example Acinetobacter baumannii, with the expression of a Nacetylmuramoyl-L-alanine amidase observed in biofilm cells, but not planktonic (free
swimming) form of the microbe (Shin et al., 2009). The LytM protein, EnvC is an
essential endopeptidase/carboxypeptidase in the pathogenesis and host colonisation
of Haemophilus influenzae as the null envC mutant showed impaired adherence to
epithelial cells, defective biofilm formation and increased susceptibility to
complement-mediated killing by human serum indicating enhanced susceptibility to
the host immune defence (Ercoli et al., 2015).
1.2.6

Bacteriolytic enzymes/hydrolases in the HDM

Enzymes shown to possess bacteriolytic activity have been detected in extracts of the
HDM (Childs and Bowman, 1981; Stewart et al., 1991) and, at this time, it was
assumed the bacteriolytic activity was associated with a type c lysozyme-like
enzyme. However, at least one of the contributing bacteriolytic enzyme was later
found to possess physicochemical properties (Mathaba et al., 2002) that were
different from those of the type c lysozyme-like enzyme.

In this regard, spent

growth medium of D. pteronyssinus, fractionated by hydroxyapatite chromatography,
yielded four fractions that contained bacteriolytic activity against the Gram-positive
bacterium Micrococcus lysodeikticus (luteus) (Mathaba et al., 2002).
The bacteriolytic enzymes in three of the fractions were analysed by N-terminal
sequencing. The bacteriolytic enzyme contained in the fraction eluted with 0.001 M
NaCl was found to be identical with an allergen previously isolated from D.
pteronyssinus and its spent growth medium, and named Dpt 36 (Stewart et al., 1988);
the fraction eluted with 0.005 M MgCl2 contained a protein that showed a high
degree of amino acid sequence homology with Der p 2. The third bacteriolytic
enzyme contained in the fraction eluted with 0.3 M phosphate buffer, pH 6.2 did not
show amino acid sequence homology with any proteins in the databank (Mathaba et
al., 2002).
The N-terminal amino acid sequence of the 14 kDa bacteriolytic enzyme eluted in
the 0.001 M NaCl was used to design PCR primers based on the preferred mite
codon usage data (Mathaba et al., 2002). The primers enabled the isolation of the
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complete cDNA sequence coding for the bacteriolytic enzyme from a D.
pteronyssinus cDNA library, and the putative protein sequence exhibited a high
degree of amino acid sequence homology with the C-terminal domains of bacterial
proteins belonging to the NlpC/P60 Superfamily (Figure 1.5) (Mathaba et al., 2002).
With the massive number of sequences deposited into GenBank, these bacterial
amino acid sequences were displaced by other amino acid sequences including those
of fungi and actinobacteria (Figure 1.6).
1.2.7

NlpC/P60 Superfamily

Members of the NlpC/P60 Superfamily are endopeptidases that were once classified
into ten orthologous lineages with varying phyletic distributions in bacteria as
indicated in Figure 1.7 (Anantharaman and Aravind, 2003). For example, the YwtDlike orthologous group is restricted to Gram-positive bacteria, and the NLPC-like
orthologous group is present in Gram-positive bacteria and proteobacteria
(Anantharaman and Aravind, 2003). Members of the NlpC/P60 Superfamily also
have varying domain architectures, with the orthologous groups NLPC and YwtD
showing the greatest diversification (Figure 1.7) (Anantharaman and Aravind, 2003).
All members of this family have either a signal peptide or transmembrane region,
with some of them having a catalytic domain that is fused to other domains such as
SH3, LysM and choline-binding domain as shown in Figure 1.7 (Ponting et al., 1999;
Fernandez-Tornero et al., 2002), leading to the suggestion that they are enzymes that
simultaneously cleave the peptide, carbohydrate and lipid components of bacterial
cell wall (Anantharaman and Aravind, 2003).
The exponential increase in the number of putative peptidases has prompted the
sequence data curation of peptidases, their substrates and inhibitors in the database
MEROPS (Rawlings et al., 2014; Rawlings et al., 2016). The 14 kDa bacteriolytic
enzyme isolated from the D. pteronyssinus SGM is modelled to a group of cysteine
peptidases (with the top-ranked model being the NlpC/P60 domain of the
Mycobacterium tuberculosis peptidoglycan hydrolase, RipA obtained with 97%
coverage and 100% confidence) (Tang et al., 2015) with a catalytic site similar to
that of papain (Aramini et al., 2008) that belong to the Clan CO and Family C40
(Figure 1.8).
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Figure 1.5

Alignment of the deduced amino acid sequence of the 14 kDa bacteriolytic enzyme with those of bacterial proteins in the P60
Superfamily.

MITE refers to the 14 kDa bacteriolytic enzyme originally isolated from the spent growth medium of D. pteronyssinus; Mt, Mycobacterium tuberculosis
hypothetical protein; Ma1, Mycobacterium avium invasion 1; Ma2, M. avium invasion 2; Sc, Streptomyces coelicolor protein; Cb, Clostridium
beijerinckiiamylase; Ef, Enterococcus faecium p54 precursor protein; Lm, Listeria monocytogenes invasion-associated (p60) protein. Identical residues
are shaded. The upper numbers refer to the number of residues within the 14 kDa bacteriolytic enzyme and the numbers at right refer to the number of
residues within each protein that shares identity or similarity with MITE. (Figure reproduced from Mathaba et al., 2002)
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Figure 1.6

Alignment of the amino acid sequence of the 14 kDa bacteriolytic enzyme with those of proteins in the NlpC/P60 Superfamily synthesised
by Em, Rz, fungi and actinobacteria.

Dp, D. pteronyssinus 14 kDa bacteriolytic enzyme; Em, E. maynei hypothetical protein; Rz, Rhagoletis zephyria peptidoglycan endopeptidase RipB-like protein;
Pc, Pochonia chlamydosporia P60 protein; Bb, Beauveria bassiana NlpC/P60-like cell-wall peptidase; Mg, Metarhizium guizhouense NlpC/P60-like cell-wall
peptidase; Ss, Streptomyces sp. hypothetical protein; At, Aspergillus tereus predicted protein; Ar, Amycolatopsis rubida hypothetical protein; Am, Actinomadura
macra hypothetical protein; Ac, Amycolatopsis coloradensis hypothetical protein. Identical residues are highlighted in bold. The upper numbers refer to the
number of residues within the 14 kDa bacteriolytic enzyme and the numbers at right refer to the number of residues within each protein that shares sequence
identity with Dp.

Figure 1.7

Phylogenetic relationships and domain architectures of NlpC/P60
Superfamily.

The phyletic distributions in bacteria and domain architectures of each orthologous lineage
are shown next to the clade. The boostrap values for the major branches are shown at their
bases and the width of each clade is approximately proportional to the number of proteins
within the lineage. The domain abbreviations are SLT, soluble lytic transglycosidase;
NlpC/P60, catalytic peptidase domain; LysM, lysine-like motif; SH3, src homologue 3
domain; Nterm, specific amino terminal module restricted to the Cj0946 clade. The black
rectangles represent signal peptides and the yellow rectangles represent transmembrane
regions. The name of the gene encoding each protein is followed by the species
abbreviations: Bs, Bacillus subtilis; Bm, Bacillus mycoides; BPDP1, bacteriophage Dp-1;
Cac, Clostridium acetobutylicum; Cj, Campylobacter jejuni; Ct, Chlamydia trachomatis;
Dr, Deinococcus radiodurans; Ec, Escherichia coli; Hi, Haemophilus influenza; Hp,
Helicobacter pylori; Li/Lin, Listeria innocua; Lla, Lactococcus lactis; Lmo, Listeria
monocytogenes; Mlo, Mesorhizobium loti; Mt, Mycobacterium tuberculosis; Nm, Neisseria
meningitidis; Pae, Pseudomonas aeruginosa; Rsc, Rattus norvegicus; Rsol, Ralstonia
solanacaerum; Sa, Staphylococcus aureus; Scoe, Streptomyces coelicolor A3; Ssp,
Synechocystis sp; St, Salmonella typhimurium; Tm, Thermotoga maritime; Xf, Xylella
fastidiosa; Yp, Yersinia pestis. (Figure reproduced from Anantharaman and Aravind,
2003)

Figure 1.8

Mycobacterium tuberculosis RipA peptidoglycan hydrolase as the holotype of cysteine peptidases classified under Clan CO and Family
C40 in the database MEROPS.

The D. pteronyssinus 14 kDa bacteriolytic enzyme is modelled to a group of cysteine peptidases with the M. tuberculosis RipA peptidoglycan hydrolase
being the top match (97% coverage, 100% confidence) using PHYRE 2.0 (Tang et al., 2015).

1.3

Background to the project

The biological significance or functions of any of the bacteriolytic enzymes isolated
from the HDM remain to be elucidated. In addition, it is not clear whether they are
allergenic or antigenic in mite exposed individuals, especially the 14 kDa
bacteriolytic enzyme. However, since they are present in faecally enriched material
it is likely to be inhaled and thus, potentially immunogenic. Moreover, the high
degree of homology between the amino acid sequence of the 14 kDa HDM-derived
bacteriolytic enzyme and those of the bacterial proteins from the NlpC/P60
superfamily (Figure 1.5), led to the hypothesis that the 14 kDa bacteriolytic enzyme
originated from prokaryote(s) that cohabit within the HDM rather than from the mite
per se (Mathaba et al. 2002). Interestingly, analysis of the leader sequence of the
protein suggested that it has a eukaryotic leader sequence (Mathaba et al., 2002).
However, this is not in accordance with the above hypothesis, as it suggests that the
gene encoding the bacteriolytic enzyme may be part of the HDM genome or may
have been derived from a eukaryotic endosymbiont. In addition, lateral gene transfer
has been reported to occur from endosymbiotic prokaryotes to eukaryote hosts
(Jaenike et al., 2007; Schutte et al., 2008; De Luna et al., 2009; Machtelinckx et al.,
2009).

Other mite species have been reported to harbour genes obtained from

microbes that were confirmed to reside within them (Cornman et al., 2010).
1.3.1

The presence of Gram-positive endosymbiotic bacteria in the gut of D.
pteronyssinus

In a project designed to explore this hypothesis, a former Graduate Diploma student
in the School isolated a number of different bacterial species from the HDM with a
large majority of them being Gram-positive (Srinivasan, 1998).

These putative

endosymbionts were isolated from live mites that had been surface sterilised using
either 96% (v/v) ethanol (Smrz et al., 1991) or a mixture of 5% (v/v) HCl and 70%
(v/v) ethanol (Cazemier et al., 1997) and homogenised with sterile grinders in either
PBS, PBS containing 0.04 mM EDTA or PBS containing 10 mM cysteine.
Following centrifugation, supernatants were plated on blood agar and nutrient agar
plates and incubated at 30oC and 37oC under aerobic, microaerophilic and anaerobic
conditions, for several days. Although bacterial growth was not observed for the
supernatants obtained after surface sterilisation, growth was observed for the HDM
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extracts. A number of bacterial isolates were obtained and nine of them were found
to produce bacteriolytic enzymes.
Nine of the HDM-associated bacterial isolates were examined using biochemical and
phenotypic criteria.

The data obtained showed that the Gram-positive isolates

included spore-forming rods as well as cocci, with five isolates belonging to the
Bacillus genus and three isolates likely belonging to the Staphylococcus genus.
However, these isolates were not characterised using modern molecular techniques
such as 16S rRNA sequencing. Given the confusion in the taxonomy of the Bacillus
genus and difficulties associated with their identification (Priest et al., 1988; Ash et
al., 1991; Harrell et al., 1995), molecular characterisation of the nine isolates was
necessary.
The gene encoding the 14 kDa bacteriolytic enzyme isolated from the spent growth
medium of D. pteronyssinus was amplified from a mite cDNA library prepared using
polyadenylated mRNA.

However, given previous findings (van Bronswijk and

Sinha, 1971; Stefaniak and Seniczak, 1976; Cazemier and Hackstein, 1997) as well
as those from the Stewart laboratory (Srinivasan, 1998), it is possible that mites
possess endosymbionts. Therefore, it is possible that the library produced from mite
genetic material may also contain bacterial genetic material despite differences in the
stability of prokaryotic, compared to eukaryotic, mRNA. On this basis, it would be
of interest to determine whether the gene encoding the 14 kDa bacteriolytic enzyme
is flanked by bacterial- or mite-related genes using a genomic DNA library. In
addition, such an analysis would also be useful in determining whether the gene
encoding the bacteriolytic enzyme contained any introns, the absence of which might
support a bacterial origin.
If mites possessed endosymbionts, then any HDM extract used to immunise animals
for preparing antisera appropriate for characterisation studies might also recognise
bacterial components. Such antisera were used to define mite allergens in the 1980’s
(Stewart et al., 1986) including the Dpt36 protein. Whether such antisera recognise
any proteins present in the extracts prepared from any of the nine endosymbionts
mentioned remained to be investigated. Finally, whether other mite species such as
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Dermatophagoides farinae and Euroglyphus maynei produce analogous proteins is
unknown.
1.3.2

Aims of project

The aims of this project were as follows:(1)

To determine the identities of the nine bacterial isolates obtained from surface
sterilised D. pteronyssinus using one or more molecular biology approaches;

(2)

To determine whether DNA sequence(s) coding for the 14 kDa
bacteriolytic enzyme originally isolated from the spent growth medium of the
HDM is present in the nine HDM-associated isolates;

(3)

To explore the expression of the 14 kDa bacteriolytic enzyme by any of these
isolates using double immunodiffusion, ELISA, substrate SDS- PAGE and
mass spectrometry;

(4)

To determine whether the gene coding for the 14 kDa bacteriolytic enzyme in
cDNA and genomic DNA libraries of D. pteronyssinus possesses eukaryotic
or prokaryotic flanking sequences;

(5)

To determine whether the gene encoding the 14 kDa bacteriolytic enzyme is
present in other mite species.
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Chapter 2
Materials
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2.1

Reagents and their suppliers

The reagents used to carry out the experimental work described in this thesis are
listed in Table 2.1.
2.2

Reagent suppliers, equipment manufacturers and their locations

The locations of the reagent suppliers and equipment manufacturers are listed in
Table 2.2.
2.3

Buffers and solutions

All buffers and solutions used were prepared with sterile, double deionised (ddH2O)
water unless otherwise stated. All buffers and reagents were titrated to the required
pH at room temperature before being adjusted to the final volume as intended.
2.3.1

Extraction of mite proteins

2.3.1.1

Dithiothreitol (DTT) (1 M)

DTT

3.09 g

ddH2O

20 ml

After sterilisation by filtration, the reagent was stored at -20⁰C in 1 ml aliquots.
2.3.1.2

Bacteriolytic enzyme extraction buffer containing DTT

Phosphate buffer, pH 6.2

0.01 M

Aprotinin (Trasylol)

25% (v/v)

DTT

2 mM

After mixing, the buffer was stored at 4⁰C.
2.3.1.3

Phosphate buffer, pH 6.2 (0.01M)

NaH2PO4

0.6 g

ddH2O

500 ml

Sodium azide (NaN3)

0.01% (w/v)

The buffer was adjusted to pH 6.2 with HCl and stored at room temperature.
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Table 2.1

List of reagents and their suppliers

Reagent

Supplier

Acrodisc Syringe Filter

Pall Corporation

Acrylamide PAGE 40% (v/v) solution

Pharmacia Biotech

Agarose
Low-Melt Molecular Biology Grade
Wide-range/Standard 3:1

BioRAD Laboratories
Sigma-Aldrich

Ammonium persulphate (APS)

BioRAD Laboratories

AmpliTaq Gold DNA Polymerase (5 U/µl)

Applied Biosystems

Azocoll

Sigma-Aldrich

BBL™ trypticase soy broth

Becton Dickinson (BD)

Biotin-labeled affinity-purified goat anti-rabbit
IgG

KPL

Biotin-labeled affinity-purified rabbit anti-sheep
IgG

KPL

Bis N,N’-Methylene bis-acrylamide

BioRAD Laboratories

Bovine serum albumin (BSA)

CSL Limited

Bradford reagent

Sigma-Aldrich

Bromophenol blue

Sigma-Aldrich

Coomassie brilliant blue R250

Gradipore Ltd.

2’-deoxyadenosine 5’-triphosphate (dATP)

Promega

2’-deoxycytidine 5’-triphosphate (dCTP)

Promega

2’-deoxyguanosine 5’-triphosphate (dGTP)

Promega

Table 2.1

List of reagents and their suppliers (continued)

Reagent

Supplier

2’-deoxythymidine 5’-triphosphate (dTTP)

Promega

Disodium hydrogen orthophosphate

Ajax Finechem

Dithiothreitol (DTT)

Sigma-Aldrich

DNA Standards (100 bp DNA ladder)

Axygen

Ethylenediaminetetra-acetic acid (EDTA)

BDH

Ethanol (analytical grade)

BDH

Ethidium bromide

Astral Scientific

Formaldehyde

BDH

Glacial acetic acid

BDH

Glycerol

BDH

MasterPure™ Gram-positive DNA purification
kit

Epicentre Biotechnologies

Hydrochloric acid

BDH

Horseradish peroxidise-conjugated streptavidin

KPL

HotStarTaq Master Mix Kit

QIAGEN

Isopropanol

BDH

KAPA HiFi™ PCR Kit

KAPA Biosystems

K blue peroxidase substrate

ELISA Systems

Low Range MW markers

BioRAD Laboratories

Lysozyme (hen egg white)

Sigma-Aldrich

Table 2.1

List of reagents and their suppliers (continued)

Reagent

Supplier

Magnesium chloride

BDH

Methanol

Thermo Fisher Scientific

Methylene blue

Searle Diagnostic

Micrococcus lysodeikticus (lyophilised)

Sigma-Aldrich

Orange G loading dye

Sigma-Aldrich

Polyclonal anti-peptide antisera
(Rb 999 and Rb 1000)
(peptide sequence: P127HTGTKVREENIGGD141)

GL Biochem

Polyclonal anti-peptide antisera
(Rb 1001 and Rb 1002)
(peptide sequence:
G84QYSDPKCHHVAYGSHQPGD103)

GL Biochem

Potassium chloride

BDH

Potassium dihydrogen orthophosphate

BDH

PCR primers

Invitrogen

Sheep anti-house dust mite antiserum

In-house reagent

Silver nitrate

Sigma-Aldrich

SilverQuest Silver Staining Kit

Thermo Fisher Scientific

Sodium acetate

BDH

Sodium azide

Ajax Chemicals

Sodium bicarbonate

BDH

Sodium chloride

BDH

Table 2.1

List of reagents and their suppliers (continued)

Reagent

Supplier

Sodium dihydrogen orthophosphate

BDH

Sodium hydrogen carbonate

BDH

Sodium hydroxide

BDH

Sodium thiosulphate (Na2S2 O3.5H2O)

BDH

Taq buffer (10 x) (containing 15 mM MgCl2)

Perkin Elmer

Tetramethylethylenediamine (TEMED)

BioRAD Laboratories

Trasylol (Aprotinin)

Bayer Australia Ltd.

Trichloroacetic acid

BDH

TRIS-base

BDH

TRIS-glycine SDS buffer (10 x)

BioRAD Laboratories

TRITON X-100

Sigma-Aldrich

Tween® 20 (Polyoxyethylene sorbitan monolaurate)

Sigma-Aldrich

QIAQuick Gel Extraction Kit

QIAGEN

Table 2.2

Locations of reagent suppliers and equipment manufacturers

Supplier/Manufacturer

Location

Ajax Chemicals

Sydney, New South Wales, Australia

Ajax Finechem

Seven Hills, New South Wales, Australia

Applied Biosystems

Scoresby, Victoria, Australia

Astral Scientific

Gymea, New South Wales, Australia

Axygen

Union City, California, USA

Bayer Australia

Pymble, New South Wales, Australia

Becton Dickinson (BD)

Franklin Lakes, New Jersey, USA

BDH

Poole, England

BioRAD Laboratories

Hercules, California, USA

CSL Limited

Parkville, Victoria, Australia

ELISA Systems

Windsor, Queensland, Australia

Epicentre Biotechnologies

Madison, Wisconsin, USA

GL Biochem

Shanghai, China

Gradipore Ltd.

Pyrmont, New South Wales, Australia

Greiner Bio-One

Frickenhausen, Germany

Invitrogen

Mulgrave, Victoria, Australia

KAPA Biosystems

Boston, Massachusetts, USA

KPL

Gaithersburg, Maryland, USA

Molecular Devices Co.

Sunnyvale, California, USA

Table 2.2

Locations of reagent suppliers and equipment manufacturers
(continued)

Supplier/Manufacturer

Location

Oxoid

Basingstoke, Hampshire, England

Pall Corporation

Port Washington, New York, USA

Perkin Elmer

Branchburgh, New Jersey, USA

Pharmacia Biotech

Uppsala, Sweden

Promega

Madison, Wisconsin, USA

QIAGEN

Hilden, Germany

Searle Diagnostic

High Wycombe, England

Sigma-Aldrich

St. Louis, Missouri, USA

Thermo Fisher Scientific

Scoresby, Victoria, Australia

Whatman International Ltd.

Maidstone, Kent, England

2.3.2

Bacteriolytic Assays

2.3.2.1

Bacteriolytic Assay Substrate with DTT

Micrococcus lysodeikticus (lyophilised)

20 mg

Phosphate buffer, pH 6.2, 0.01 M

10 ml

DTT (3.2 mM, final concentration)

100 µl

BSA (600 µg/ml, final concentration)

200 µl

Substrate was prepared just before use.
2.3.2.2

Bacteriolytic Assay Substrate without DTT

Micrococcus lysodeikticus (lyophilised)

20 mg

Phosphate buffer, pH 6.2, 0.01 M

10.1 ml

BSA (600 µg/ml, final concentration)

200 µl

Substrate was prepared just before use.
2.3.3

SDS-PAGE and substrate SDS-PAGE

2.3.3.1

Acrylamide/bis acrylamide, 40% (w/v)

Bis acrylamide

1.07 g

Acrylamide PAGE 40% solution

100 ml

After mixing, the solution was stored at 4⁰C in the dark.
2.3.3.2

Ammonium persulphate (APS), 10% (w/v)

APS

100 mg

ddH2O was added to a final volume of 1 ml.
The reagent was prepared immediately prior to use.
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2.3.3.3

SDS-PAGE Lower Gel Buffer

TRIS base

1.5 M

SDS

0.4% (w/v)

The pH was adjusted to 8.8 with HCl and the reagent stored at 4⁰C.
2.3.3.4

SDS-PAGE Upper Gel Buffer

TRIS base

0.5 M

SDS

0.4% (w/v)

The pH was adjusted to 6.8 with HCl before the reagent was stored at 4⁰C.
2.3.3.5

SDS-PAGE Resolving Gel Mixture, 13% (v/v)

SDS-PAGE Lower Gel Buffer

1.0 ml

ddH2O

6.4 ml

Acrylamide/bisacrylamide, 40% (w/v)

2.6 ml

Ammonium persulphate, 10% (w/v)

25 µl

N, N, N’ N’-Tetra-methylethylenediamine(TEMED)

10 µl

The gel mixture was prepared just before use.
2.3.3.6

Substrate SDS-PAGE Resolving Gel Mixture, 13% (v/v)

SDS-PAGE Lower Gel Buffer

1.0 ml

ddH2O

2.4 ml

Heat-killed M. lysodeikticus, 2% (w/v)

2.0 ml

Acrylamide/bis acrylamide, 40% (w/v)

2.6 ml

APS, 10% (w/v)

25 µl

TEMED

10 µl

The gel mixture was prepared prior to use.
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2.3.3.7

SDS-PAGE and Substrate SDS-PAGE Stacking Gel Mixture, 4%
(v/v)

SDS-PAGE Upper Gel Buffer

937.5 µl

ddH2O

2.37 ml

Acrylamide/bis acrylamide, 40% (w/v)

366 µl

APS, 10% (w/v)

37.5 µl

TEMED

7.5 µl

The gel mixture was prepared just before use.
2.3.3.8

SDS-PAGE Sample Buffer with DTT

TRIS-HCl

0.0625 M

Glycerol

10% (v/v)

DTT

0.78% (w/v)

SDS

4.6% (w/v)

Bromophenol Blue

0.05% (w/v)

The pH of the solution was adjusted to 6.8 with concentrated HCl and then stored at
room temperature.
2.3.3.9

SDS-PAGE Sample Buffer without DTT

TRIS-HCl

0.0625 M

Glycerol

10% (v/v)

SDS

4.6% (w/v)

Bromophenol Blue

0.05% (w/v)

The pH of the solution was adjusted to 6.8 with concentrated HCl and then stored at
room temperature.
2.3.3.10

Substrate SDS-PAGE Renaturation Buffer with DTT

TRIS-HCl, pH 6.2

25 mM

DTT

3.2 mM

TRITON X-100

1.0% (v/v)
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After mixing, the buffer was stored at room temperature.
2.3.3.11

Substrate SDS-PAGE Renaturation Buffer without DTT

TRIS-HCl, pH 6.2

25 mM

TRITON X-100

1.0% (v/v)

After mixing, the buffer was stored at room temperature.
2.3.4

Silver staining of polyacrylamide gels

2.3.4.1

Fixing solution

Methanol

50%

Glacial acetic acid

12%

Formaldehyde

0.0185%

The solution was prepared just before use.
2.3.4.2

Pretreatment solution

Sodium thiosulphate (Na2S2 O3.5H2O)

0.02%

The solution was prepared just before use.
2.3.4.3

Staining solution

Silver nitrate (AgNO3)

0.2%

Formaldehyde

0.028%

The solution was prepared just before use.
2.3.4.4

Development solution

Sodium bicarbonate

6%

Formaldehyde

0.0185%

Na2S2 O3.5H2O

4 mg/L

The solution was prepared just before use.
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2.3.4.5

Stop solution

Methanol

50%

The solution was prepared just before use.
2.3.5

PCR

2.3.5.1

PCR using the HotStar Taq Master Mix Kit

HotStarTaq Master Mix (containing 3 mM MgCl2), 2 x

12.5 µl

Q Solution, 5 x

5 µl

Forward Primer

0.1 µM

Reverse Primer

0.1 µM

DNA template

100 ng

RNase-Free dH2O was added to the PCR mixture to give a total volume of 25 µl.
2.3.5.2

PCR using the KAPA HiFi™ PCR Kit

5 x KAPA HiFiTM GC or Fidelity Buffer

5 µl

(containing 10 mM MgCl2)
KAPA dNTP Mix (10 mM each dNTP)

0.75 µl

Forward Primer

0.1 µM

Reverse Primer

0.1 µM

DNA template

100 ng

RNase-Free dH2O was added to the PCR mixture to give a total volume of 24.5 µl.
Subsequently, 0.5 µl of KAPA HiFiTM DNA Polymerase (1 U/µl) was added to the
PCR mixture to give a total volume of 25 µl.
2.3.5.3

PCR using the conventional reagents

10 x Taq buffer (containing 15 mM MgCl2)

2.5 µl

dATP (10 mM)

0.5 µl

dGTP (10 mM)

0.5 µl

dCTP (10 mM)

0.5 µl
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dTTP (10 mM)

0.5 µl

Forward Primer

0.1 µM

Reverse Primer

0.1 µM

DNA template

100 ng

RNase-free dH2O was added to the PCR mixture to give a total volume of 24.75 µl.
Subsequently, 0.25 µl of AmpliTaq Gold DNA Polymerase (5 U/µl) was added to the
PCR mixture to give a total volume of 25 µl.
2.3.6

Agarose gel electrophoresis

2.3.6.1

DNA gel loading dye – Orange G

Glycerol

40% (v/v)

1 x TAE Electrophoresis Buffer

60% (v/v)

Orange G

0.1% (w/v)

After mixing, the dye was stored at room temperature.
2.3.6.2

DNA gel loading dye - blue

Glycerol

30% (v/v)

Bromophenol blue

0.25% (w/v)

TE buffer was added to the appropriate volume to dissolve the dye before it was
stored at room temperature.
2.3.6.3

TAE electrophoresis buffer

TRIS base

24.2% (w/v)

Glacial acetic acid

5.7% (v/v)

EDTA, pH 8.0 (0.5 M)

10% (v/v)

The pH of the buffer was adjusted to 8.0 with 1 M HCl and the reagent stored at
room temperature.
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2.3.7

Extraction of PCR products in preparation for DNA sequencing

2.3.7.1

Melting of agarose gel slices containing PCR products

Buffer QG

3 volumes

Sodium acetate (CH3COONa) (3 M)

10 µl

Isopropanol ((CH3)2CHOH)

1 volume

These reagents were added to the agarose gel slices separately.
2.3.7.2

Buffer for binding of PCR products to spin columns

Buffer QG

500 µl

Buffer PE

750 µl

2.3.7.3

Buffer for elution of PCR products off spin columns

Buffer EB (10 mM TRIS-Cl, pH 8.5)
2.3.8

50 µl or 30 µl

Double-immunodiffusion (Ouchterlony) analysis

2.3.8.1

1 x PBS (containing 0.05% NaN3)

NaCl

8.0 g

KCl

0.2 g

Na2HPO4

1.44 g

KH2PO4

0.4 g

NaN3

0.5 g

The pH was adjusted to 7.4 with concentrated HCl, the volume adjusted to 1 L, and
the buffer stored at room temperature.
2.3.8.2

Agarose gel solution

High resolution agarose gel in 1 x PBS

1.5% (w/v)
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The agarose gel suspension was dissolved by heating in a microwave oven
immediately before pouring.
2.3.9

ELISA

2.3.9.1

Alkaline carbonate buffer, pH 9.6

NaHCO3

0.1 M

Na2CO3

0.1 M

The pH of the solution was adjusted to 9.6 using concentrated HCl, and the buffer
stored at 4⁰C.
2.3.9.2

ELISA Wash buffer (PBS-TWEEN® 20)

TWEEN® 20

0.05% (v/v)

TWEEN® 20 was added to 1 x PBS and the buffer stored at room temperature.
2.3.9.3

ELISA Blocking buffer

TWEEN® 20

0.05% (v/v)

BSA

0.5% (w/v)

The PBS reagent was stored at 4⁰C.
2.3.9.4

Primary antibodies

The primary antibodies were diluted to the desired concentrations in 0.1 M alkaline
carbonate buffer, pH 9.6 immediately before use.
2.3.9.5

Secondary antibody (Biotinylated rabbit anti-sheep IgG (H+L)
secondary antibody)

The secondary antibody was diluted to the desired concentrations in blocking buffer
immediately before use.
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2.3.9.6

Horseradish peroxidase – conjugated streptavidin

Horseradish peroxidase-conjugated streptavidin was diluted 1 in 4,000 in blocking
buffer immediately before use.
2.3.9.7

K blue peroxidase substrate

K blue peroxidase substrate was applied neat.
2.3.9.8

1 M HCl

HCl was diluted to 1 M with ddH2O, and stored at room temperature.
2.4

Media for Bacterial Cell Culture

2.4.1

Streaking for single colonies of pure cultures

2.4.1.1

Blood agar plates

Red blood agar plates used for streaking bacterial cultures for single colonies were
purchased from Pathwest Laboratories, Perth, Western Australia.
2.4.2
2.4.2.1

Growth of bacterial colonies in broth
Tryptone soy broth

BBLTM TrypticaseTM Soy Broth

15 g

ddH2O to 500 ml.
The broth was autoclaved and stored at 4⁰C.
2.5

PCR Primers

All the primers were synthesised by Invitrogen.

The lyophilised primers were

reconstituted in ddH2O to prepare a working stock of 100 µM, from which aliquots
of 10 µl were prepared and stored at -20⁰C.
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2.6

Whole Mite Bodies (Dermatophagoides pteronyssinus) and Spent Growth
Medium of HDM (Dermatophagoides pteronyssinus)

Samples of whole mite bodies of HDM and spent growth medium (growth medium
containing faecal pellets and mite bodies) were kindly provided by Commonwealth
Serum Laboratory (CSL-Ltd), Parkville, Australia.
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Chapter 3

General Methods
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3.1

Preparation of HDM and HDM-derived bacterial protein extracts for
analyses of protease activity or bacteriolytic activity

3.1.1

Preparation of protein extracts from spent growth medium (SGM) of the
HDM

SGM was weighed into sterile microcentrifuge tubes to which extraction buffer, with
or without DTT was added at a ratio of 200 mg/ml. The protease inhibitor aprotinin
(Trasylol) was added to the extraction buffer as according to previous investigations
carried out in our laboratory, it was shown to protect bacteriolytic enzymes against
proteolysis (Mathaba et al., 2002). Protein extraction was performed at 4⁰C for 1 hr
with gentle inversion of the microcentrifuge tubes. The extracted proteins were
recovered by centrifugation at 28,000 x g for 15 min at 4⁰C and the supernatants
were transferred to sterile microcentrifuge tubes and stored at -20⁰C until use.
3.1.2

Preparation of protein extracts from whole mite bodies of the HDM

Whole mite bodies (100 mg) were weighed into each of two sterile microcentrifuge
tubes and 1.5 ml of extraction buffer containing DTT (Section 2.3.1.2) were added to
one of the tubes and 1.5 ml of extraction buffer without DTT (Section 2.3.1.3) were
added to the second tube. Then, the whole mite bodies were homogenised using
sterilised pestles at 4⁰C for 1 hr and the extracted proteins recovered by
centrifugation at 28,000 x g for 15 min. The resultant supernatants were transferred
to sterile microcentrifuge tubes and stored at -20⁰C until use.
3.1.3

Preparation of exoproducts from HDM-associated bacterial isolates

The nine HDM-associated bacterial isolates chosen for the studies encompassed in
this thesis were available in glycerol stocks stored at -20⁰C as a result of studies
performed by a former Graduate Diploma student in the school (Srinivasan, 1998).
Following isolation of the bacterial isolates from live mites as described (Section
1.3.1), 250 µl of overnight bacterial culture were added to 250 µl of 50% glycerol,
and the stock mixed and stored at -20⁰C.
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A loopful of each of the nine endosymbiotic bacterial isolates in glycerol was
streaked onto blood agar to obtain single colonies. The bacteria were grown at 37⁰C
overnight and for each isolate, a single colony was picked from the blood agar and
inoculated into a sterile McCartney bottle containing 10 ml of tryptone soy broth
(TSB). The bacteria were grown in TSB at 37⁰C to either the stationary or death
phase of the growth curve on a shaker that rotated at 250 cycles/min. The bacterial
cells were obtained by centrifugation of the resultant bacterial cultures at 28,000 x g
for 15 min at 4⁰C. The culture supernatants were filtered through 0.20 µm filters
(Pall Corporation) and stored at -20⁰C until use. The bacterial cells were washed
with 1 ml of 0.01 M phosphate buffer, pH 6.2, and resuspended in 1 ml of the same
buffer and the bacterial cells were sonicated using a sonic processor at a maximum
power for 1 min and then incubated at 4⁰C for 1 min. This process was repeated
twice before the samples were centrifuged at 28,000 x g for 15 min at 4⁰C and the
resultant supernatants transferred to sterile microcentrifuge tubes and stored at -20⁰C
until use.
3.1.4

Azocoll protease assay

Azo dye-impregnated collagen (Azocoll) was resuspended in 1 X PBS to a
concentration of 0.5% (w/v). The azocoll reagent was filtered through 0.45 µ filters
(Pall Corporation) before 400 µl were added to 100 µl of a bacterial culture
supernatant. The sample was incubated at 37 °C for 1 hr on a shaker that rotated at
200 rpm. Subsequently, the sample was centrifuged at 28,000 x g for 15 min at 4 °C
and the A520 of the resultant supernatant measured with a spectrophotometer
(SpectraMax 190) (Molecular Devices Co.) to determine the protease activity in the
bacterial culture supernatant.
3.1.5

Detection of bacteriolytic activity - plate lytic assay

The detection of bacteriolytic activity in samples was determined using the substrate
Micrococcus lysodeikticus as described previously (Mathaba et al., 2002). Briefly,
samples (20 µL) to be examined for the presence of bacteriolytic activity were added
to160 µl of the lytic assay substrate with or without DTT in the wells of a 96-well
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microtitre flat-bottom tray (Greiner Bio-One). The lytic assay substrate, buffer and
water served as the negative control. Hen egg white lysozyme (20 µl) prepared at
2.5 µg/ml, 5.0 µg/ml, 10 µg/ml, 15 µg/ml and 20 µg/ml in ddH2 O, was added to the
plate as standards for the assay.

Plates were incubated in a microplate

spectrophotometer (SpectraMax 190) at 37°C and the change in optical densities of
the samples was measured at 450 nm at desired timepoints. Lytic activity was
determined as a decrease in optical density resulted from the lysis of M.
lysodeikticus.
3.1.6

Substrate Sodium Dodecylsulphate-Polyacrylamide Gel Electrophoresis
(Substrate SDS-PAGE) Analysis

Substrate SDS-PAGE or zymography was performed for qualitative analysis of lytic
activity in samples as described previously (Mathaba et al., 2002). In the analysis,
13% resolving gels were cast using a BioRAD Mini-Protean II cell system. The
resolving gels were prepared as they were for the conventional SDS-PAGE technique
except the addition of 2 ml of a 2% (w/v) suspension of heat-killed Micrococcus
lysodeikticus prepared in ddH2O (Section 2.3.3.6) was incorporated into the resolving
gels before the gels polymerised. The 13% (w/v) resolving gel mixture was degassed
and poured into a gel mould assembled using 1.5 mm spacers and the gel mixture
immediately overlayed with 20% (v/v) ethanol prepared in 1 x Tris-glycine-SDS
buffer to prevent exposure of the mixture to oxygen which hinders polymerisation
(Sambrook et al., 1989). The resolving gel mixture was allowed to polymerise for 45
min.

Following polymerisation, the 20% (v/v) ethanol was removed and the

resolving gel rinsed with ddH2O to remove any traces of unpolymerised
acrylamide/bisacrylamide. A 4% (w/v) stacking gel mixture was then prepared and
poured over the resolving gel and a 1.5 mm comb was immediately inserted into the
stacking gel mixture to form the wells. The stacking gel was allowed to polymerise
for 45 min before the gel mould was assembled into an electrophoresis tank. Trisglycine-SDS buffer (1 x) was added to the inner and outer chambers of the
electrophoresis tank. One volume of the sample was mixed with one volume of
SDS-PAGE sample buffer with DTT (Section 2.3.3.8) or one volume of SDS-PAGE
sample buffer without DTT (Section 2.3.3.9). The samples were boiled for 10 min
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prior to being loaded into the wells. One or two wells on each gel were loaded with
hen egg white lysozyme (HEWL) (14 kDa in size) which served as a size marker for
lytic activity. Electrophoresis was performed at a constant current of 100 mA for
approximately 45 min. After resolution of the proteins in the samples, the resolving
gel was rinsed in ddH2O before it was incubated in renaturation buffer with DTT
(Section 2.3.3.10) or without DTT (Section 2.3.3.11) at 37°C overnight to renature
any bacteriolytic enzymes present in the samples analysed.

The presence of

bacteriolytic enzymes was visualised as bands/zones of clearance in an opaque
background of the gel due to lysis of M. lysodeikticus.
3.2

Quantitative and qualitative protein analyses

3.2.1

Determination of the protein concentration in samples of mite and
bacterial protein extracts

The protein concentration of samples of mite and bacterial protein extracts was
determined by performing Bradford protein estimation. The standards used to form a
standard curve were BSA prepared at 25 µg/ml, 50 µg/ml, 100 µg/ml, 150 µg/ml and
200 µg/ml prepared in ddH2O. Then, 10 µl of each of the standards were loaded into
the wells of a microtitre plate in triplicates.

The samples to be assayed were

prepared in two or three different dilutions in ddH2O before 10 µl of them were
loaded into the wells in triplicates. Subsequently, 300 µl of the Bradford reagent
were added to the standards or samples and the contents of the wells mixed before
the optical density of the final products were measured at 595 nm by a plate reader.
The software SoftMaxPro 4.0 (Molecular Devices, Inc.) was used to extrapolate the
protein concentration of the samples from the standard curve.
3.2.2 Sodium Dodecylsulphate-Polyacrylamide Gel Electrophoresis (SDSPAGE)
The protein profiles of secreted proteins or cytoplasmic proteins were investigated by
subjecting samples of secreted proteins or whole-cell lysates to SDS-PAGE analyses.
The resolving gels and stacking gels were prepared as they were for substrate SDS47

PAGE except that the 2% (w/v) Micrococcus lysodeikticus suspension was not
incorporated into the resolving gel. The samples to be analysed were prepared as
they were for SDS-PAGE and one or two wells on each gel were loaded with low
molecular weight standards. Electrophoresis was performed at a constant current of
100 mA for approximately 30 to 35 min. The gel was stained with Coomassie
Brilliant Blue R250 and then, destained in 6% (v/v) acetic acid. Alternatively, the
gel was stained using the SilverQuest Silver Staining Kit.
3.2.3

Silver staining

Following SDS-PAGE, the gels were subjected to silver staining to visualise protein
bands as described previously (Blum et al., 1987). All the steps in the silver staining
procedure were performed at room temperature. After electrophoresis, the gels were
fixed overnight in fixing solution containing 50% (v/v) methanol, 12% (v/v) glacial
acetic acid and 0.0185% (v/v) formaldehyde. Subsequently, they were washed in
50% ethanol for 3 min. The wash was repeated twice before the gels were immersed
in

pretreatment

solution

containing

0.02%

(v/v)

sodium

thiosulphate

(Na2S2 O3.5H2O). The gels were then rinsed 3 times in ddH2 O for 20 s before being
stained in 0.2% (w/v) silver nitrate (AgNO3) containing 0.028% (v/v) formaldehyde
for 20 min. Subsequently, the gels were rinsed twice for 20 s in ddH2O before being
developed in 6% (w/v) sodium bicarbonate containing 0.0185% formaldehyde and 4
mg/L Na2S2 O3.5H2O for 10 min. The gels were then washed twice in ddH2O for 2
min before the development was stopped in stopping solution containing 50% (v/v)
methanol and 12% (v/v) glacial acetic acid for 10 min. The gels were finally rinsed
in 50% (v/v) methanol for 20 min to 24 hr before the gels were photographed.
3.2.4

Mass spectrometric analysis

3.2.4.1 Tryspin digestion
Following SDS-PAGE and silver staining of the gels, bands of the appropriate size
were excised and allowed to air dry in microfuge tubes. To increase the possibility
of confirming the presence of a lowly expressed protein in a sample, multiple bands
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of similar size were pooled in one microfuge tube as per advice by Dr Andreja Livk
(Proteomics International Pty Ltd, University of Western Australia, Nedlands,
Western Australia). Trypsin digestion and mass spectrometric analysis of the airdried samples were performed by Proteomics International Pty Ltd.
Trypsin digestion was performed as described (Bringans et al., 2008). 10 µl of
trypsin (12.5 µg/ml trypsin, 25 mM ammonium bicarbonate) was added to every
piece of gel band and the digest was incubated overnight at 37°C. The digested
peptides were purified by incubation in 10-20 µl acetonitrile (ACN) containing 1%
trifluoroacetic acid for 20 min. The extraction with acetonitrile was repeated two to
three times depending on the size of the sample. The extract was dried by rotary
evaporation.
3.2.4.2 Mass spectrometry (MS)
MS was performed as described in www.proteomics.com and Bringans et al., 2008.
Tryptic peptides were analysed by electrospray ionisation mass spectrometry (EIS)
using the Ultimate 3000 nano HPLC system (Dionex) coupled to a 4000 Q TRAP
mass spectrometer (Applied Biosystems).
The dry peptide samples were reconstituted in 2 µl of diluent (30:70 ACN:H2O)
before it was loaded onto a C18 PepMap100, 3 µM (LC Packings) and separated
with a linear gradient of H2O/ACN/0.1% (v/v) formic acid. The separated peptides
were analysed using a first run of standard EIS. Subsequently, a second run of
MS/MS was performed focusing on a selected number of most intense peaks
obtained in the first run with peaks known to be trypsin disregarded.
The MS/MS data were submitted to Mascot sequence matching software (Matrix
Science) which matches the sequence of a peptide to theoretical sequences in the
Ludwig NR database, a comprehensive audited database which contains information
on non-identical peptide sequences based on all major publicly available datasets
(http://www.matrixscience.com/help/seq_db_setup_nr.html) which is a part of the
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facilities at the Australian Proteomics Computational Facility (Ludwig Institute for
Cancer Research, Victoria). The sequence of a peptide analysed was also matched to
theoretical sequences in the Mite bos database as it contains extra information
generated by Proteomics International Pty Ltd which is not found in the Ludwig NR
database.
3.3

Screening of DNA sequences coding for the 14 kDa bacteriolytic enzyme

3.3.1

Purification of genomic DNA from Gram-positive HDM-associated
bacterial isolates

Purification of genomic DNA from cells of Gram-positive endosymbiotic bacteria
was performed using the MasterpureTM Gram Positive DNA Purification Kit
according to the manufacturer’s instruction. 1.0 ml of a bacterial culture collected at
the stationary phase of the growth curve was centrifuged at 28,000 g at 4⁰C for 10
min.

The supernatant was either discarded or kept for experimental work on

secreted proteins.

TE buffer (150 µl) was added and the sample vortexed to

resuspend the cell pellet. Subsequently, 1 µl of Ready-Lyse Lysozyme was added to
the resuspended pellet and the sample incubated at 37⁰C for 30 min. After the
incubation, 1 µl of Proteinase K (50 µg/µl) was added to every 150 µl of Gram
Positive Lysis Solution and the Proteinase K/Gram Positive Lysis Solution was
added to the sample. The sample was mixed thoroughly before being incubated at
65⁰C-70⁰C for 15 min and vortexed every 5 min during the incubation. Then, the
sample was cooled to room temperature and 175 µl of MPC Protein Precipitation
Reagent were added to the sample and the sample mixed vigorously by vortexing for
10s. The sample was centrifuged at 28,000 x g at 4⁰C for 10 min and the supernatant
transferred to a clean sterile microfuge tube. RNase A (1 µl of 5 µg/µl) was added to
the sample and the sample mixed thoroughly before being incubated at 37⁰C for 30
min. Following incubation, 500 µl isopropanol were added and the sample mixed by
inverting the tube thirty to forty times to precipitate the genomic DNA. The DNA
was pelleted by centrifugation of the sample at 28,000 x g at 4⁰C for 15 min. The
isopropanol was aspirated and discarded before the DNA was washed with 500 µl of
70% (v/v) ethanol (analytical grade). The dislodged DNA pellet was centrifuged and
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the 70% (v/v) ethanol removed. The DNA pellet was air-dried and reconstituted in
35 µl TE buffer.
3.3.2

Quantitation of purified bacterial genomic DNA

The concentration of purified genomic DNA was determined by measuring the
optical density of the sample at 260 nm using a spectrophotometer (SpectraMax
190). The sample was diluted with ddH2O into two or three concentrations before
the optical density at 260 nm was measured. The concentration of purified genomic
DNA in the sample was then calculated according to the formula A260 = Ecl with A260
being the absorbance (optical density measured at 260 nm), E being the extinction
coefficient of double-stranded DNA, c being the concentration of DNA and l being
the pathlength in cm. When a sample is determined to be A260 = 1, it corresponds to
a concentration of 50 µg/ml of double-stranded DNA (Sambrook et al., 1989).
Alternatively, the purity of DNA was determined by the ratio of A260/A280
(Sambrook, et al., 1989).

A pure double-stranded DNA sample has a ratio of

A260/A280 of 1.8 (Sambrook et al., 1989).
3.3.3

PCR

PCR was performed using the HotStarTaq Master Mix kit according to the
manufacturer’s instructions. For a 25 µl PCR reaction mixture, 12.5 µl of 2 x
HotStarTaq Master Mix were pipetted into a sterile PCR tube to yield a final
concentration of 1 x.

This provided the reaction with 2.5 units of DNA Taq

polymerase, 1 x PCR buffer, 1.5 mM of MgCl2 and each of the four dNTPs at a final
concentration of 200 µM. Then, 5 µl of 5 x Q solution were added before the
forward and reverse primers designed and synthesised to anneal specifically to the
gene coding for the 14 kDa bacteriolytic enzyme were each added to a final
concentration of 0.1 µM. Following optimisation to obtain the specific PCR product,
it was found that MgCl2 needed to be added depended on the template used in the
reaction. Then, sterile RNase-free H2O was added to the sample to a final volume of
24 µl. Finally, 100 ng of purified DNA template were added to the PCR tube. For
the positive control, 100 ng of the D. pteronyssinus cDNA library were used as the
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template. For the negative controls, similar reagents were used in exactly the same
final concentrations in the absence of either the primers or the template. PCR was
performed in a thermal cycler (Model PTC 200 Engine Version 4.0, MJ Research,
Inc. Waltham, Massachusetts).

The PCR programme applied to amplifying the

relevant gene was as follows:
95⁰C for 15 min for activation of the DNA Taq polymerase
94⁰C for 1 min for denaturation of the template
37⁰C for 45 s for annealing of primers to the template
68⁰C for 1 min for polymerisation of DNA
72⁰C for 10 min for the final step in DNA polymerisation
The cycle was carried out thirty-five to forty times.
3.3.4

Analysis of PCR products by agarose gel electrophoresis

Following PCR, samples of PCR products were examined by agarose gel
electrophoresis using a wide mini sub cell apparatus (BioRAD Laboratories,
Hercules, California) at a constant voltage of 80 V in 1 x TAE buffer. A 3% (w/v)
agarose gel solution was prepared by melting Low-Melt Molecular Biology Grade
Agarose in 1 x TAE buffer. A 10 mg/ml solution of ethidium bromide was pipetted
into the agarose gel solution to a final concentration of 0.5 µg/ml after the gel
solution dropped to 60⁰C. The agarose gel solution was then poured into a mould, a
comb was inserted and the solution allowed to set for 30 to 45 min. Samples (each
10 µl) of PCR product to be analysed were each mixed with 10 µl of Orange G
loading dye before the mixture was loaded into the well. One or two wells of each
agarose gel were loaded with 3 µl of DNA size marker (100 bp Ladder DNA marker,
100 bp-3000 bp, Axygen, Union City, California). Electrophoresis was performed
for 45 to 55 min until the dye-front reached the bottom end of the agarose gel.
Following electrophoresis, DNA bands were visualised using a UV transilluminator
(Ultra-violet Products Inc., San Gabriel, California) and photographs of gels taken
with the software GelDoc (Quantity One®, BioRAD, Hercules, California).
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3.3.5

Purification of PCR products from low-melt agarose gels for DNA
sequencing

Any DNA fragment of interest was excised using a sterile, clean and sharp scalpel
blade from the agarose gel. Then, purification of PCR products was performed using
the Qiagen Gel Extraction Test Kit (QIAGEN Inc. Valencia, California). The gel
slice(s) were placed in a sterile microfuge tube and its net weight measured before
three volumes of QG buffer were added to the gel slice(s). The gel slices were
melted by heating them at 50⁰C for 15 min in a dry heating block. The samples were
vortexed every 5 min to promote complete melting of the gel slice(s). Subsequently,
if the QG buffer appeared orange or violet instead of yellow, 3 µl CH3COOH were
added to it as the sample had to be approximately at pH 7.5 for the DNA to bind to
the QIAquick spin column. One volume of isopropanol was added to the sample
before it was loaded into a QIAquick spin column placed on a vacuum manifold. An
empty spin column could contain a maximum volume of 750 µl. For samples with
volumes higher than 750 µl, multiple loadings onto the same column was
undertaken. The vacuum was turned on to remove the contents of the spin column
except the DNA/PCR product that should have bound to the membrane of the
column. With the vacuum on, 500 µl of Buffer QG were pipetted into the column to
melt the last traces of PCR product before the vacuum was turned off. Buffer PE
(750 µl) were applied to the column to wash the DNA to remove any non-specific
binding of material other than the PCR product. Buffer PE was allowed to remain on
the spin column for 2 min before the vacuum was applied. The spin column was
placed on a sterile collection tube and centrifuged for 1 min at 28,000 x g at room
temperature to remove traces of PE buffer. The spin column was then placed in a
sterile microfuge tube and 30 to 50 µl Buffer EB (10 mM Tris-HCl, pH 8.5) was
applied to the spin column for 5 to 10 min at room temperature. Elution of PCR
product into the microfuge tube was achieved by centrifuging the column for 2 min
at 28,000 x g at room temperature.
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3.3.6

Automated DNA sequencing and analysis of DNA sequence data

DNA sequencing of all purified PCR products was performed by the Lotterywest
State Biomedical Facility Genomics at the Royal Perth Hospital, Perth, Australia.
Samples of purified PCR products were prepared at a concentration of 0.02 ng/µl/bp
and a sufficient volume of each sample was sent for DNA sequencing.

The primers

were prepared at a concentration of 1 pmol/µl before being sent with the samples.
The DNA sequence data obtained were translated into protein sequence data using
the ExPaSy (Expert Protein Analysis System) translation tool (University of Geneva,
Switzerland).

The PIR protein databank of the National Biomedical Research

Foundation and the Swiss protein databank were then searched for homologous
sequences using the National Centre for Biotechnology Information (NCBI) Blast
programme (Altschul et al., 1990).
3.4

Immunological assays of HDM and bacterial protein extracts

3.4.1

Double-immunodiffussion (Ouchterlony technique)

A piece of 12.5 cm x 5 cm GelBond was placed on a flat surface with the
hydrophobic side faced down.

A solution of 1.5% (w/v) agarose (wide-range/

standard 3:1) prepared in 1 x PBS containing 0.05% (w/v) NaN3 (10 ml) were loaded
onto the hydrophilic side of the GelBond such that the agarose reached all edges of
the material. The agarose was allowed to set for at least 30 min before wells were
formed in the gel with a well-forming gel punch. The gel plugs were carefully
removed with vacuum suction. The sheep anti-HDM antiserum was applied to the
middle well of each set of wells. The samples of antigen, i.e., concentrated secreted
proteins or concentrated whole-cell lysates from the endosymbiotic bacteria were
applied neat or diluted in 1 x PBS containing 0.05% (w/v) NaN3 to the peripheral
wells. Serving as positive controls were samples of antigen from the HDM, i.e.,
protein extracts prepared from the whole mite bodies or SGM of the HDM. The
agarose gel was incubated at 4⁰C for 48 hr. Subsequently, the gel was placed on a
piece of blotting paper (Whatman, Whatman International Ltd., Maidstone, England)
of similar size and the wells were filled with ddH2 O. Then, a second piece of
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blotting paper of similar size was placed on the agarose gel followed by a wad of
paper towelling and a weight of about 500 g placed on the paper towel. The agarose
gel was pressed for 30 min before the gel was rinsed in copious amount of 1 x PBS
containing 0.05% (w/v) NaN3 for 2 hr. Subsequently, the gel was pressed using
similar approach for 30 min before being rinsed again in 1 x PBS containing 0.05%
(w/v) NaN3 for 2 hr. The gel was pressed again and rinsed in 1 x PBS containing
0.05% (w/v) NaN3 overnight. The gel was pressed before being rinsed in copious
amount of distilled dH2O and pressed again. The gel was allowed to air-dry before
being stained with Coomassie Brilliant Blue R250 and then, destained with 15%
(v/v) ethanol, 5% (v/v) acetic acid until the precipitin bands were clearly visible
against a light background.
3.4.2

ELISA

The wells of a 96-well-flat-bottom high-binding ELISA plate (Greiner Bio-One,
Frickenhausen, Germany) were coated with 100 µl of antigens prepared from either
the HDM or HDM-associated bacterial isolates diluted to the desired concentrations
in alkaline carbonate buffer, pH 9.6.

The plate was wrapped with cling wrap

(Katermaster) and the samples incubated at 4⁰C overnight. On the following day, the
contents of the wells were aspirated and the wells washed three times with 100 µl of
the PBS-Tween wash buffer. Following the washes, 100 µl of blocking buffer, i.e.
0.5% (w/v) BSA in wash buffer were dispensed into the wells and the plate left at
room temperature for 1 hr. The wells were washed three times with 200 µl of wash
buffer before 100 µl of the primary antibody, i.e., sheep anti-HDM antiserum or
rabbit anti-LytFM1 peptide antisera prepared at appropriate concentrations in the
blocking buffer were loaded into the wells and the plate left at room temperature for
1 hr.

The wells were washed 3 times with wash buffer before 100 µl of the

secondary antibody, i.e. biotinylated anti-sheep IgG (H + L) or biotinylated antirabbit IgG (H + L) diluted to the appropriate concentration in blocking buffer were
dispensed into the wells and the plate left at room temperature for 1 hr. The wells
were washed three times with wash buffer before the 100 µl of horseradish
peroxidase-conjugated streptavidin diluted appropriately in blocking buffer were
dispensed into the wells and the plate left at room temperature for 30 min. The wells
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were subsequently washed three times before 100 µl of the K Blue Peroxidase
substrate were added to the wells. The plate was swirled to mix the samples and
development of a blue-coloured product was visualised in 30 s to 3 min. HCl (100
ml, 1 M) was added to the samples to terminate the reaction, and the absorbances
determined at 450 nm using a spectrophotometer (SpectraMax 190, Molecular
Devices Co.).
3.5

PCR screening of DNA regions flanking the 5’ and 3’ ends of the gene
coding for the 14 kDa bacteriolytic enzyme

3.5.1

PCR using the HotStarTaq Master Mix Kit

PCR was first attempted using the HotStarTaq Master Mix Kit as described in
Section 3.3.3 using the forward and reverse primers, designed to anneal to the 5’ or
3’ ends of the gene coding for the 14 kDa bacteriolytic enzyme or the left and right
arms of the λBlueSTAR vector used for cloning the D. pteronyssinus genomic DNA
library.
3.5.2

PCR using the KAPA HiFi™ PCR Kit

PCR was performed using the KAPA HiFi™ PCR Kit according to the user manual.
For a 25 µl PCR reaction mixture, 5 µl of 5 x KAPA HiFi™ GC of Fidelity Buffer
was pipetted into a sterile PCR tube to yield a final concentration of 1 x. This
generated a final MgCl2 concentration of 2 mM. For any PCR performed in the
presence of a final concentration of MgCl2 higher than 2 mM, supplementary MgCl2
(25 mM) was added to the reaction mixture. Subsequently, 0.75 µl of the KAPA
dNTP Mix (10 mM each dNTP) was added to yield a final concentration of 300 µM
of each of the four dNTPs. The forward and reverse primers, designed to anneal to
the 5’ or 3’ ends of the gene coding for the 14 kDa bacteriolytic enzyme or the left
and right arms of the λBlueSTAR vector used for cloning the D. pteronyssinus
genomic DNA library were each added to a final concentration of 0.1 µM. 1 µl of
λBlueSTAR D. pteronyssinus genomic DNA library prepared at 100 µg/ml was
added to provide 100 ng of template for the sample. Then, sterile RNase-free H2O
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was added to the sample to a final volume of 24.5 µl before 0.5 µl of KAPA HiFi
DNA Polymerase (1 U/µl) was added to give a total volume of 25 µl. For gradient
PCR performed at the temperature gradient 40°C, 41.4°C, 43.6°C, 46.9°C, 51.4°C,
54.6°C, 56.8°C and 58°C (40-58°C), a G-storm GS482 thermal cycler was used. A
BioRAD iCycler thermal cycler was used for PCR performed at the temperature
gradient 29.6°C, 29.9°C, 31.2°C, 33.4°C, 36.6°C, 38.6°C, 39.8°C and 40.1°C (2940°C).

At either of the two temperature gradients or any specific annealing

temperature, the following PCR conditions recommended by the manufacturer of the
kit were applied:
Initial denaturation

95°C 5 min

Denaturation

98°C 20 sec

Annealing

temperature gradient 15 sec

Extension

72°C 2.5 min

Final extension

72°C 5 min

The cycle was performed 30 times.
3.5.3

PCR using the conventional PCR reagents

PCR screening of the DNA regions flanking the 5’ and 3’ ends of the gene coding for
the 14 kDa bacteriolytic enzyme was also performed using the conventional PCR
reagents. For a 25 µl reaction, 2.5 µl of l0 x Taq buffer containing 15 mM MgCl2
was added so that the PCR took place in 1 x buffer in the presence of 1.5 mM MgCl2.
Supplementary MgCl2 was added for PCR performed in the presence of MgCl2 at a
concentration higher than 1.5 mM. Subsequently, 0.5 µl of each of the four dNTPs
at a concentration of 10 mM was added to the mixture to yield a final concentration
of 200 µM. Then, the forward and reverse primers were each added to yield a final
concentration of 0.1 µM before sterile RNase-free H2O was added to the PCR tube to
give a total volume of 24.75 µl.

Finally, 0.25 µl of AmpliGold Taq DNA

Polymerase (5 U/µl) was pipetted into the mixture before gradient PCR at annealing
temperatures 40-58°C and 29-40°C was performed in a G-storm GS482 thermal
cycler and a BioRAD iCycler thermal cycler, respectively. At both temperature
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gradients and any specific annealing temperatures, the following PCR conditions
were applied:
Initial denaturation

95°C 15 min

Denaturation

94°C 1 min

Annealing

temperature gradient 45 sec

Extension

68°C 2 min

Final extension

72°C 10 min

The cycle was performed 40 times.
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Chapter 4
Molecular characterisation of gut-associated
bacterial

species

from

Dermatophagoides

pteronyssinus and the demonstration of the
presence of lytFM
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4.1

Introduction

The house dust mite (HDM) Dermatophagoides pteronyssinus is an independent risk
factor of asthma and allergic diseases. To date, many allergens have been isolated
from the HDM or the faecal pellets of the HDM.

These allergens have been

classified into different groups based on their size, physical and biochemical
properties (Stewart, 1995).

Some of these allergens are involved in digestion

including trypsin (Der p 3), chymotrypsin (Der p 6) and amylase (Der p 4) whereas
others such as MD-2 related allergen (Der p 2), tropomyosin (Der p 10) and lipid
binding protein (Der p 14) do not appear to be associated with digestion. Besides
allergens, HDMs are also known to synthesise bacteriolytic enzymes (Childs and
Bowman, 1981; Stewart, 1991; Mathaba et al., 2002). Although these bacteriolytic
enzymes were found to hydrolyse bacterial cell walls (Shockman and Holtje, 1994;
Mathaba et al., 2002), their exact biological function in the HDM remains to be
elucidated.
Bacteriolytic enzymes found in plants, animals, insects and phages are known to be
involved in antibacterial defense mechanisms (Lemos et al., 1993; Labischinski and
Maidhof, 1994; Jado et al., 2003; Cheng et al., 2005; Trivedi et al., 2011) and/or
digestion by facilitating the breakdown of ingested bacteria (Holtje, 1996). These
enzymes also promote the decomposition of dead bacteria in soil and sewage
(Strominger and Ghuysen, 1967). They also have a potential to serve as therapeutic
agents and many have an advantage over antibiotics in that they lyse only specific
species or subspecies of bacteria (Loeffler, 2001; Loeffler, 2003; Mehta et al., 2016).
It was also reported that their capacity in hydrolysing bacterial cell walls renders
them effective in food preservation (Papathanasopoulos et al., 1994; Garcia et al.,
2010).
Bacteriolytic enzymes expressed by D. pteronyssinus have been found in gut extracts
prepared from the whole mite bodies as well as in the spent growth medium (SGM)
(Mathaba et al., 2002). It has been suggested that bacteriolytic enzymes found in
SGM play a role in the digestion of bacteria as a food source and those found in the
haemolymph and fat body play a role in defence (Erban and Hubert, 2008). One of
the bacteriolytic enzymes purified from the SGM of D. pteronyssinus was 14 kDa in
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size and showed amino acid sequence homology with a group of bacterial proteins
(Mathaba et al., 2002) and later, a group of fungal proteins (Tang et al., 2015)
belonging to the NlpC/P60 Superfamily. The bacteriolytic enzyme was subsequently
modelled to a group of cysteine peptidases with an NlpC/P60 domain and a catalytic
site similar to that of papain (Aramini et al., 2008) that belong to the Clan CO and
Family CA in the MEROPS database (Tang et al., 2015). The use of PCR primers
based on the N-terminal amino acid sequence of the 14 kDa bacteriolytic enzyme
enabled the detection of a gene coding for the enzyme in the cDNA library of D.
pteronyssinus. The presence of a prokaryotic (bacterial) protein in a eukaryote such
as HDM led to the possibility that the gene coding for the 14 kDa bacteriolytic
enzyme originated from bacterial species present within the gut (Mathaba et al.,
2002).

The hypothesis was sustained as a previous Graduate Diploma student

(Srinivasan, 1998) in our laboratory isolated various bacterial species from surfacesterilised D. pteronyssinus with the majority of them being Gram-positive bacteria.
They were provisionally identified, based on phenotypic tests, as Bacillus alvei, B.
badius, B. licheniformis, B. mycoides, B. subtilis, Kocuria kristinae, Kytococcus
sedentarius, Nesterenkonia halobia and Staphylococcus saccharolyticus, Isolates 1 to
9, respectively (Srinivasan, 1998). However, this student did not test the possibility
that these species were a source of the LytFM protein. Thus, the aim of this chapter
was to confirm the identity of the available bacterial species using more sensitive and
reliable molecular biological approaches.

After this had been performed, the

possibility that they were sources of the LytFM protein was investigated.
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4.2

Methods

4.2.1

General methods

4.2.1.1 Purification of genomic DNA from the HDM-derived bacterial isolates
The nine HDM-derived bacterial isolates were cultured in triplicate in tryptone soy
broth (TSB) to the stationary phase of the growth curve. Subsequently, the cultures
were centrifuged at 28,000 x g for 10 min, and the pellets obtained from 1 ml of each
culture were used for the purification of genomic DNA as described in Section 3.3.1.
The samples of purified genomic DNA were stored at -20 ⁰C in aliquots (10 µl).
4.2.1.2 Determination of the concentrations of pure genomic DNA
Two dilutions of each sample of purified genomic DNA were prepared with ddH2O
and the concentrations of the samples determined as described in Section 3.3.2. The
mean of the concentrations of the two dilutions was used to calculate the quantity of
genomic DNA to be added as the template in PCR.
4.2.1.3 PCR methods
PCR was performed using the HotStarTaq Master Mix Kit as described in Section
3.3.3. PCR products were evaluated by agarose gel electrophoresis according to the
approach described in Section 3.3.4.

For every analysis that yielded a specific

amplicon of the expected size, the DNA band was excised and purified from the
agarose gel as described in Section 3.3.5. The concentration of purified DNA was
determined and samples of appropriate concentrations prepared as described in
Section 3.3.6 before being sent for sequencing by the Lotterywest State Biomedical
Facility Genomics at the Royal Perth Hospital, Perth, Australia. DNA sequences
obtained were compared with those in the NCBI nucleotide database to search for
homologous sequences using the BLAST programme (Altschul et al., 1990).
Phylogenetic analyses of the amplicon sequences were then performed using the
neighbour-joining algorithm with the Kimura two-parameter model in MEGA 5.0
(Tamura et al., 2007). The negative controls used in every PCR experiment were
reaction mixtures without the DNA template or without primers.
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4.2.2

Identification of HDM-derived isolates by 16S rRNA, rpoB and tuf
sequence analyses

4.2.2.1 Sequence analysis of 16S rRNA gene
Nine of the HDM-derived endosymbionts isolated from the gut of D. pteronyssinus,
i.e., Isolates 1-9 had been previously identified by phenotypic tests to the genus level
according to the Bergey’s Manual of Bacteriology (Srinivasan, 1998).

Their

identities were then verified by 16S rDNA gene sequence analysis as described
(Weisburg et al., 1991). PCR was performed using the HotStarTaq Master Mix 2x
with the primer sets shown in Table 4.1, and the PCR conditions used were as
follows:
95⁰C for 15 min for activation of the DNA Taq polymerase
95⁰C for 2 min for denaturation of the template
42⁰C for 30 s for annealing of primers to the template
72⁰C for 4 min for polymerisation of DNA
72⁰C for 20 min for the final extension step
The cycle was carried out thirty times.
4.2.2.2 Sequence analysis of rpoB gene
Following identification of the nine HDM-derived isolates by 16S rDNA gene
sequence analyses, identification of six of them, i.e., Isolates 1-6, was performed by
rpoB gene sequence analyses. The rpoB gene in the genomic DNA of Isolate 1 was
amplified using the primer set rpoBBc1 and rpoBBc2 as shown in Table 4.1 and the
following PCR conditions:
95⁰C for 15 min for activation of the DNA Taq polymerase
94⁰C for 1 min for denaturation of the template
44⁰C for 45 s for annealing of primers to the template
68⁰C for 1 min for polymerisation of DNA
72⁰C for 10 min for the final step in DNA polymerisation
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Table 4.1:

Primer sets used to amplify 16S rDNA, tuf and rpoB genes of the HDM-derived bacterial isolates.

Primer set

Gene
amplified

Expected
size of
amplicon
(bp)

5’ CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG 3’ (FD1) 1. and
5’ CCCGGGATCCAAGCTTAAGGAGGTGATCCAGCC 3’ (RD1)

16S rDNA

1500

Weisburg et al., 1991

5’ CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG 3’ (FD1) and
5’ CCCGGGATCCAAGCTTACGGCTACCTTGTTACGACTT 3’ (RP2)

16S rDNA

1500

Weisburg et al., 1991

tuf

320

Martineau et al., 2001

5’ TGATGCTGATATTTCGATTGAATC 3’ (rpoBBc1) and
5’ TTTTCACATTGAACTTCTTCTACTAC 3’ (rpoBBc2)

rpoB

822

Bacillus cereus 03BB102,
complete genome
(1812 bp-2950 bp) 2.

5’ AGGTCAACTAGTTCAGTATGGAC 3’ (rpoBF) and
5’ AAGAACTATAACCGGCAACTT 3’ (rpoBR)

rpoB

580

Xiao et al., 2009

5’ TTGAAGTACCAGATGTGGGTGAC 3’ (rpoBM1) and
5’ ATCCACAAGACGTCACCTGAG 3’ (rpoBM2)

rpoB

389

Micrococcus luteus NCTC
2665, complete genome
(1867828 bp-1868357 bp) 2.

5’ GGCCGTGTTGAACGTGGTCAAATCA 3’ (tufF) and
5’ TTACCATTTCAGTACCTTCTGGTAA 3’ (tufR)

Reference

Parentheses contain the designation of the primer; 2. Primers were designed using the program Primer3 (http://biotools.umassmed.edu/bioapps/
primer3_www.cgi).
1.

The cycle was carried out thirty-five times.
The identities of Isolates 2 to 5 were verified by rpoB gene sequence analyses using
the primer set rpoBF and rpoBR as shown in Table 4.1 and the following PCR
conditions:
95⁰C for 15 min for activation of the DNA Taq polymerase
94⁰C for 30 s for denaturation of the template
50⁰C for 45 s for annealing of primers to the template
68⁰C for 40 s for polymerisation of DNA
68⁰C for 10 min for the final step in DNA polymerisation
The cycle was carried out thirty times.
The rpoB gene in the genomic DNA of Isolate 6 was amplified using the primer set
rpoBM1 and rpoBM2 as shown in Table 4.1 and the following PCR conditions:
95⁰C for 15 min for activation of the DNA Taq polymerase
94⁰C for 1 min for denaturation of the template
44⁰C for 45 s for annealing of primers to the template
68⁰C for 1 min for polymerisation of DNA
72⁰C for 10 min for the final step in DNA polymerisation
The cycle was carried out thirty times.
4.2.2.3 Sequence analysis of tuf gene
The identities of 3 isolates, i.e., Isolates 7 to 9, were verified by tuf sequence
analyses performed by Dr Gerald B. Harnett at the Division of Microbiology and
Infectious Diseases, Pathwest Laboratory Medicine, Nedlands, Western Australia as
described (Martineau et al., 2001). The primer set used to amplify the tuf gene is
shown in Table 4.1 and the PCR conditions used were as follows:
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96⁰C for 3 min for activation of the DNA Taq polymerase
95⁰C for 1 s for denaturation of the template
55⁰C for 30 s for annealing of primers to the template
55⁰C for 30 s for polymerisation of DNA
The cycle was carried out thirty times.
4.2.3

Screening of the genomic DNA of the HDM-associated isolates for the
presence of DNA sequences coding for the 14 kDa bacteriolytic enzyme

4.2.3.1 PCR and nucleotide sequencing of PCR products
The primers used were designed to bind to specific sequences within the gene coding
for the 14 kDa bacteriolytic enzyme as shown in Figure 4.1. For every PCR analysis,
the positive control used was a reaction mixture containing the cDNA library of D.
pteronyssinus and the negative controls used were both reaction mixtures without the
template and without the primers, respectively (Section 3.3.3).
4.2.3.2 Optimisation of PCR conditions
Optimisation of PCR conditions was performed in an attempt to screen for the
complete gene coding for the 14 kDa bacteriolytic enzyme. The PCR additives such
as the inclusion of Q solution or additional MgCl2 varied as shown in Table 4.2.
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54
108
16

453
130

Nucleotide sequence of the gene coding for the 14 kDa bacteriolytic enzyme and its deduced amino acid sequence.

The N-terminal first and last residues of the native protein sequence are marked with ↓. The positions where the primers GSUTR1, GS1,GS2 and
GSR3 anneal are shown in red. Note that GSUTR1 anneals five nucleotides upstream to the transcriptional start codon (Adapted from Mathaba et
al., 2002). The asterisk denotes the stop codon.

Table 4.2

Amplification conditions applied in optimised PCR
Amplification
condition

Q solution Supplementary
MgCl2

A

+

-

B

+

+

C

-

-

D

-

+

‘+’ or ‘-’ indicates presence or absence of Q solution or supplementary MgCl2.

4.3

Results

4.3.1

Determination of the identity of the HDM-derived bacterial isolates

As shown in Figure 4.2, PCR performed with the primer set FD1/RD1 (upper panel)
and the primer set FD1/RP2 (lower panel) yielded the 1500 bp amplicon as expected
(Weisburg et al., 1991). For amplicons obtained with both primer sets, following
DNA sequence comparison with sequences in the nucleotide data bank in NCBI,
none of the nine isolates was identified to a homology of 98%, which was the
stringency threshold preferred for a positive identification of an isolate (personal
communication, Dr Gerry Harnett, Molecular Diagnostics Laboratory, PathWest
Laboratory Medicine) although Stackebrandt and Goebel (1994) have set the
threshold at 97%. The results obtained with the primer set FD1/RD1 were chosen for
phylogenetic analyses as RD1 binds slightly closer to the 3’ end of the 16S rDNA
gene than RP2 (Weisburg et al., 1991).
Isolates 1 to 5 exhibited the highest percentage of nucleotide homology with species
belonging to the genus Bacillus (Table 4.3). Isolate 1 showed 97% similarity to B.
cereus, and grouped with the B. cereus group (B. cereus, B. thuringiensis and B.
anthracis) in the phylogenetic tree shown in Figure 4.3 (upper panel). Isolates 2, 3
and 4 had only 80 - 81% homology to their closest match, B. licheniformis (Table
4.3) and formed a separate cluster in the phylogenetic tree (upper panel, Figure 4.3).
Isolate 6 had 96% similarity with Micrococcus luteus and clustered with that species
(Figure 4.3, lower panel). Isolates 7, 8 and 9 had 96 - 97% homology with species in
the genus Staphylococcus (Table 4.3; Figure 4.4, upper panel).
Since 16S rDNA sequencing did not enable species identification of isolates 1 to 6,
amplification of the rpoB gene using the primer set rpoBF/rpoBR was performed. A
590 bp amplicon was generated from isolates 2, 3, 4 and 5 as shown in Figure 4.5
(upper panel) which is in agreement with published data (Xiao et al., 2009). As the
rpoB gene was not amplified from the DNA of Isolates 1 and 6 using the same
primer set, for Isolate 1, the primer set rpoBBc1/rpoBBc2 based on the rpoB gene
found in the complete genomic sequence of B. cereus 03BB102 (Table 4.1) was used
and the 822 bp PCR product obtained is shown in Figure 4.5 (lower panel). For
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Figure 4.2

Agarose gel electrophoresis of the PCR products obtained in the
amplification of the 16S rDNA to determine the identity of the nine
HDM-derived bacterial isolates.

PCR products obtained using the primer set FD1/RD1 are shown in lanes 2 to 10 on the
upper panel, and PCR products obtained using the primer set FD1/RP2 are shown in lanes
2 to 10 on the lower panel. The DNA template used was purified from Isolate 1 (lane 2),
Isolate 2 (lane 3), Isolate 3 (lane 4), Isolate 4 (lane 5), Isolate 5 (lane 6), Isolate 6 (lane 7),
Isolate 7 (lane 8), Isolate 8 (lane 9) and Isolate 9 (lane 10) (upper and lower panels). Lanes
1 and 11 show the 1,000 bp ladder DNA marker used as size markers.

Table 4.3:

Identities of the nine bacterial isolates obtained from (whole, surface-sterilised) HDM.

HDMderived
bacterial
isolates

aOriginal

Identity based on 16S rDNA
sequencing

Identity based on tuf
sequencing

Identity based on rpoB sequencing Final isolate
designation

bSpecies

%
Similarity
97

Species
identity
NA

Species
%
identity
Similarity
B. cereus (KC814653) 99

Isolate 1

Bacillus alvei

Isolate 2

B. badius

B. licheniformis
(KC814648)

81

NA

B. licheniformis
(KC814657)

98

B. licheniformis
4

Isolate 3

B. licheniformis

B. licheniformis
(KC814646)

81

NA

B. licheniformis
(KC814655)

98

B. licheniformis
2

Isolate 4

B. mycoides

B. licheniformis
(KC814647)

80

NA

B. licheniformis
(KC814656)

98

B. licheniformis
3

Isolate 5

B. subtilis

B. licheniformis
(KC814645)

81

NA

B. licheniformis
(KC814654)

99

B. licheniformis
1

Isolate 6

Kocuria
kristinae

M. luteus
(KC814649)

96

NA

M. luteus
(KC814658)

99

M. luteus

Isolate 7

Kytococcus
sedentarius

S. aureus
(KC814650)

96

S. aureus
(KC814659)

99

NA

S. aureus

Isolate 8

Nesterenkonia
halobia

S. epidermidis
(KC814651)

97

S. epidermidis 99
(KC814660)

NA

S. epidermidis

Isolate 9

Staphylococcus
saccharolyticus

Staphylococcus species
(KC814652)

97

S. capitis
(KC814661)

99

NA

S. capitis

identity based
on phenotypic
tests

identity
B. cereus (KC814644)

%
Similarity

B. cereus

“NA” – Not applicable; aBased on data from the Graduate Diploma thesis by Srinivasan (1998); bThe species with the highest % similarity is listed. GenBank
Accession numbers are shown in parentheses.

Lactobacillus delbrueckii BCRC 12195 (AY773949)
Bacillus mycoides (AB021192)
Bacillus thuringiensis IAM12077 (D16281)
Bacillus anthracis ATCC 14578 (AB190217)
Bacillus cereus ATCC 14579 (Complete genome)
Bacillus pumilis ATCC 7061 (AY876289)
Bacillus subtilis DSM10 (AJ276351)
Bacillus licheniformis ATCC 14580 (Complete genome)

Micrococcus luteus NSM12 (FJ189776)
Micrococcus luteus C-S-NA1 (HM75622)
Micrococcus lylae (X80750)
Micrococcus kristinae (X80749)
Micrococcus halobius (X80747)
Streptococcus pyogenes ATCC 12344(AB002521)

Figure 4.3
Phylogenetic trees constructed from 16S rDNA sequences.
The upper panel shows Bacillus species and Isolates 1 to 5 with Lactobacillus delbrueckii serving as the outgroup. The lower panel shows
Micrococcus species and Isolate 6 with Streptococcus pyogenes used as the outgroup. Phylogenetic analyses were performed using the neighbourjoining algorithm with the Kimura two-parameter model in MEGA 5.0. The branch lengths are proportional to the scale given and numbers at the
nodes are bootstrap values greater than 50% obtained from 1000 bootstrap replications.

Staphylococcus saccharolyticus STARGDG (L37602)
Staphylococcus capitis STARGDD (L37599)
Staphylococcus epidermidis ATCC 14990 (D83363)
Staphylococcus aureus ATCC 12600 (L36472)
Staphylococcus haemolyticus (X66100)
Streptococcus pyogenes ATCC 12344(AB002521)

Staphylococcus epidermidis CCUG 46178 (EU571075)
Staphylococcus capitis ATCC 27840 (EU571071)
Staphylococcus haemolyticus CCUG 7323 (EU571077)
Staphylococcus saccharolyticus DSM 20359 (HM352932)
Staphylococcus lentus ATCC 29270 (HM352944)
Staphylococcus aureus ATCC 12600 (AB472826)
Streptococcus pyogenes MGAS8232 (Complete genome)

Figure 4.4

Phylogenetic trees constructed from the 16S rDNA gene sequences (upper panel) and tuf gene sequences (lower panel).

The upper panel shows Staphylococcus species and Isolates 7, 8 and 9 with Streptococcus pyogenes serving as the outgroup. The lower panel shows
Staphylococcus species and Isolates 7, 8 and 9 with Streptococcus pyogenes as the outgroup. Phylogenetic analyses were performed using the
neighbour-joining algorithm with the Kimura two-parameter model in MEGA 5.0. The branch lengths are proportional to the scale given and the
numbers at the nodes are bootstrap values greater than 50% obtained from 1000 bootstrap replications.
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Figure 4.5

Agarose gel electrophoresis of the PCR products obtained in the
amplification of the rpoB gene to verify the identity of the HDMderived Isolates 2-5 (upper panel) and Isolates 1 and 6 (lower panel).

On the upper panel, PCR products obtained using the primer set rpoBF/rpoBR are shown
in lanes 3 to 6 and the template used in the PCR was genomic DNA purified from Isolate 2
(lane 3), Isolate 3 (lane 4), Isolate 4 (lane 5) and Isolate 5 (lane 6). On the lower panel, the
PCR products were obtained from the genomic DNA of Isolate 6 (lane 2) and Isolate 1
(lane 3) using the primer set rpoBBM1/rpoBBM 2 and the primer set rpoBBc1/ rpoBBc2,
respectively. Lane 1 shows the 100 bp ladder DNA marker used as size markers.

Isolate 6, the primer set rpoBM1/rpoBM2 based on the rpoB gene found in the
complete genomic sequence of Micrococcus luteus NCTC 2665 (Table 4.1) was used
and a 389 bp PCR product was obtained (Figure 4.5, lower panel).
A comparison of the amplicon sequences with sequences found in the nucleotide data
bank revealed the identity of Isolate 1 as B. cereus, Isolates 2, 3, 4 and 5 as B.
licheniformis and Isolate 6 as M. luteus, with homologies of at least 98% (Table 4.3).
As shown in Figure 4.6 (upper panel), Isolate 1 is clustered with B. cereus and
Isolates 2, 3, 4 and 5 are clustered with B. licheniformis. Isolate 6 is clustered with
M. luteus (Figure 4.6, lower panel), in a tree constructed with sequences including
those of a Kocuria species and Kytococcus sedentarius, which previously belonged
to the Micrococcus genus.
Since 16S rDNA sequencing did not enable species identification of Isolates 7, 8 and
9, real-time PCR analysis of the tuf gene was performed (Martineau et al., 2001).
This showed the isolates to be S. aureus, S. epidermidis and S. capitis, respectively to
a similarity of 99% as shown in Table 4.3. As shown in Figure 4.4 (lower panel), tuf
gene phylogenetic analyses revealed that Isolates 7, 8 and 9 were clearly identified as
S. aureus, S. epidermidis and S. capitis, respectively. In summary, Isolates 1-9 were
identified and designated as B. cereus, B. licheniformis strain 4, B. licheniformis
strain 2, B. licheniformis strain 3, B. licheniformis strain 1, M. luteus, S. aureus, S.
epidermidis and S. capitis (Table 4.3).
4.3.2

PCR analyses of the nine HDM-associated isolates for the presence of
DNA sequences coding for the 14 kDa bacteriolytic enzyme

4.3.2.1 Preliminary screening of the genomic DNA of the HDM-derived
endosymbionts using the primer set GSUTR1/GSR3 and the primer set
GS2/GSR3
When the genomic DNA of the nine HDM-derived endosymbiotic bacteria was
analysed by PCR using the primer sets GSUTR1/GSR3 and GS2/GSR3, an amplicon
of the expected size (approximately 300 bp) was only obtained from S. aureus
(Figure 4.7, lane 8) and nucleotide sequencing with the forward primer GSUTR1
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Bacillus licheniformis LMG 12363T (AJ579782)

Bacillus licheniformis ATCC 14580 (complete genome)
Bacillus subtilis strain 168 (Complete genome)
Bacillus halodurans C-125 (Complete genome)
Bacillus mycoides Rock 3-17 (Whole genome shotgun sequence)
Bacillus cereus ATCC 14579 (Complete genome)
Bacillus thuringiensis serovar finitimus YBT020 (Complete genome)
Bacillus anthracis strain CDC 684 (Complete genome)
Lactobacillus acidophilus NCFM (Complete genome)

Micrococcus luteus NCTC 2665 (Complete genome)
Kocuria varians strain MV7 AY426239
Kytococcus sedentarius DSM 20547 (Complete genome)
Staphylococcus aureus subspecies aureus NCFM (Complete genome)

Figure 4.6

Phylogenetic trees constructed using the rpoB gene sequences.

The upper panel shows Bacillus species and Isolates 1 to 5 with Lactobacillus acidophilus as the outgroup. The lower panel shows Micrococcus
species and Isolate 6 with Staphylococcus aureus as the outgroup. Phylogenetic analyses were performed using the neighbour-joining algorithm with
the Kimura two-parameter model in MEGA 5.0. The branch lengths are proportional to the scale given and the numbers at the nodes are bootstrap
values greater than 50% obtained from 1000 bootstrap replications.
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← 500 bp
← 400 bp
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Agarose gel electrophoresis of the PCR products obtained in the
preliminary screening of the genomic DNA of the nine HDM-derived
bacterial isolates for DNA sequences coding for the 14 kDa bacteriolytic
enzyme.

PCR products obtained using the primer set GSUTR1/GSR3 are shown in Lanes 2 to 10.
The template used in the PCR was genomic DNA purified from B. cereus (lane 2), B.
licheniformis strain 4 (3), B. licheniformis strain 2 (4), B. licheniformis strain 3 (5), B.
licheniformis strain 1 (6), M. luteus (7), S. aureus (8), S. epidermidis (9) and S. capitis
(10). PCR products obtained using the primer set GS2/GSR3 are shown in Lanes 11 to 19:
B. cereus (11), B. licheniformis strain 4 (12), B. licheniformis strain 2 (13), B.
licheniformis strain 3 (14), B. licheniformis strain 1 (15), M. luteus (16), S. aureus (17), S.
epidermidis (18) and S. capitis (19). The PCR products found to contain the gene or part of
the gene coding for the 14 kDa bacteriolytic enzyme are marked with an asterisk. Lanes 1
and 20 show the 100 bp ladder DNA marker used as size markers.

revealed the sequence of the amplicon as shown in Figure 4.8. The derived amino
acid sequence from the open reading frame showed homology with part of the amino
acid sequence of the 14 kDa bacteriolytic enzyme (Figure 4.9).

Nucleotide

sequencing of the amplicon with the reverse primer GSR3 failed to yield useful
nucleotide sequence (data not shown). The amplicon observed in Lane 10 was not of
the expected size and therefore, was not sequenced.
The sequence of the 300 bp amplicon obtained from B. licheniformis strain 1 (Figure
4.7, lane 15) with either the forward primer GS2 or the reverse primer GSR3 is
shown in Figure 4.10. Its deduced amino acid sequence shows a high degree of
homology with the amino acid sequence of the 14 kDa bacteriolytic enzyme and
those of bacterial and fungal proteins belonging to the NlpC/P60 Superfamily (Figure
4.11).
4.3.2.2 Optimisation of PCR conditions for different primer sets
Since part of the DNA sequence coding for the 14 kDa bacteriolytic enzyme was
discovered in B. licheniformis strain 1 and S. aureus in preliminary PCR analyses, it
was decided that the PCR conditions should be optimised to determine whether the
complete gene existed in the isolates. The various conditions under which PCR
using the different primer sets were tested to determine the most favourable
condition to apply in optimised screening are tabulated in Table 4.2 and results
summarised in Table 4.4.

When primer set GSUTR1/GSR3 was used with B.

licheniformis strain 1 and S. aureus as template, a specific amplicon was only
generated using condition B (Figures 4.12 and 4.13, upper panel). When primer set
GS1/GSR3 was used with B. licheniformis strain 1 as template, a specific amplicon
was only generated using condition D (Figure 4.12, upper panel) and none of the
conditions tested yielded any amplicon with S. aureus (Figure 4.13, upper panel).
When primer set GS2/GSR3 was used with B. licheniformis strain 1, a specific
amplicon was only generated using condition C (Figure 4.12, upper panel) and when
with S. aureus, condition C yielded higher amount of amplicon compared to
condition D (Figure 4.13, upper panel).
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The nucleotide and deduced amino acid sequence of the PCR product
amplified from the genomic DNA of S. aureus.

The primer set used in the PCR was GSUTR1/GSR3, and the primer used in the DNA
sequencing was GSUTR1. The amino acid sequence was translated from the nucleotide
sequence using the ExPaSy translation tool (University of Geneva, Switzerland).

S. aureus (GSUTR1)
14 kDa bacteriolytic
enzyme

---------------------------------------GGGVSTETHFEIGQGPKTVGLDCSGLPQTSVYQG 34
1 MKFFFTLALFCTLAISQVYCNGAAIVSAARSQIGVPYSWGGGGIHGKSRGIGEGANTVGFDCSGLAQYSVYQG 73

S. aureus (GSUTR1)
14 kDa bacteriolytic
enzyme

TQKEWARVVPEQNPNPKRPQVAYGTHHPGDQVFLGTPTQPSGIVLA--------------------------- 81
THKVLARVASGQYSDPKCHHVAYGSHQPGDLVFFGNPIHHVGIVSAHGRMINAPHTGTNVREENIWSDHIANV 146

S. aureus (GSUTR1)
14 kDa bacteriolytic
enzyme

---- 81
ARCW 150

Figure 4.9

Results of BLAST search performed on the amino acid sequence deduced from the DNA sequence of the amplicon obtained
from S. aureus following preliminary PCR screening.

The deduced amino acid sequences underlined show the binding sites for forward primer GSUTR1 (residues 1 to 6) and reverse primer GSR3 (residues 144
to 150) used to screen for the presence of DNA sequences coding for the14 kDa bacteriolytic enzyme in the genomic DNA of S. aureus isolated from HDM.
The symbol “-”was introduced into the amino acid sequence to maximise homology. Homologous residues are shown in red. The primer shown in
parentheses is the primer used in DNA sequencing to generate the nucleotide sequence from which the amino acid sequence shown was deduced.
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Figure 4.10

The nucleotide sequence and deduced amino acid sequence of the PCR
product amplified from the genomic DNA of B. licheniformis strain 1.

The primer set used in the PCR was GS2/GSR3, and both primers GS2 and GSR3 were
used separately in the DNA sequencing. The amino acid sequence was translated from the
nucleotide sequence using the ExPaSy translation tool (University of Geneva,
Switzerland).

Bl
Dp
Pc
Fc
Mg
Ss
Sm
Ca
Mt

1 (GS2)
(mite)
(fungus)
(arthropod)
(fungus)
(actinobacterium)
(actinobacterium)
(actinobacterium)
(actinobacterium)

1
32
44
134
46
224
223
197
311

Bl
Dp
Pc
Fc
Mg
Ss
Sm
Ca
Mt

1 (GS2)
(mite)
(fungus)
(arthropod)
(fungus)
(actinobacterium)
(actinobacterium)
(actinobacterium)
(actinobacterium)

FG---N------P--IHHVGIVSAHGRMINAPHTGTNVR-EENXWS--DHIANVARCW
FG---N------P--IHHVGIVSAHGRMINAPHTGTNVR-EENIWS--DHIANVARCW
WG---KGGNCKTG--VVHVGIFTGPGWMINAAHTGTPVR-KQKIWT--S--------WG---NGS----G--VYHVAIVSGYNTVVYAPQQGERVK-EGPLYNQGELKGAVRRCW
WG---KGGDCKTG--VVHVGIFTKPGWMVNAAHTGVPVR-EQKIWTSY---------WGGTAE------S--IHHVALYIGGGKMIEAPESGKKLR-E
YGSSPS------S--IHHIAIYSGNNHQVEAPQSGEKIH-EAN
FG---N------PQFAHHVGIYVGNGKMINAPNTGSAVRIEDYQWP--DFFA
FA---TDPSDPGT--IHHVGVYIGDGRMVEAPYTGARVR

Figure 4.11

----------------------GAHTVGFDCSGLAQYSVY--QGT--HK--VLARVASGQYSDPKCHHVAYGSHQPGDLVF
QIGVPYSWGGGGIHGKSRGIGEGANTVGFDCSGLAQYSVY--QGT--HK--VLARVASGQYSDPKCHHVAYGSHQPGDLVF
QLGKPYVWGGGNKNGPTKG--------GFDCSGLTQYSVY--QAQ--KK--EIPRTAQTQYHSKMGKHLPRGQAKPGDLIF
QIGQPYVWGGGNKDGPTNG--------GFDCSGLSQYAVY--QGV--RK--VVPRTAQTQYDYGGCASVPLGSRQAGDLIF
--GKPYVWGGGNIHGPTNG--------GFDCSGLTQYSVY--QAE--KK--EIPRTAQAQYASKLGKHIPRAQAKAGDLLF
QIGLPYAWGGGSLNGPSGGSSPDVGVVGFDCSALARFAYY--QGT--NGKITLPRSSKEQYRATKGHTVPVDQLQPGDLLF
-IGTPYAWGGGTLNGPSQGTGIDAGVTGFDCSSLVRYAYY--QATKGKT--TLPRTSAAQYQATAAHQIPRDHLQPGDLLF
QLGVPYEWGGNGP----------AHGQGFDCSGLVQ-QAY--AAA--GI--SLPRVATDQYQTGKILPPGT-PLEPGDLVF
-LGTPYSWGGGNTFGPSHGVEQGAGTVGFDCSGLAMYAWN--KAG--VR--LDHWTGTQWTSGP---HIPTGALRPGDLVF

53
106
109
220
109
300
298
259
381

97
150
151
248
152
332
332
300
415

Results of BLAST search performed on the amino acid sequence deduced from the DNA sequence of the amplicon obtained from B.
licheniformis strain 1 following preliminary PCR screening.

Bl 1, B. licheniformis strain 1; Dp, D. pteronyssinus 14 kDa bacteriolytic enzyme; Pc, Pochonia chlamydosporia P60 protein; Fc, Folsomia candida uncharacterised
protein; Mg, Metarhizium guizhouense NlpC/P60-like cell-wall peptidase; Ss, Streptomyces sp. hypothetical protein; Sm, Sciscionella marina NlpC/P60-like cell
wall- associated hydrolase; Ca, Catenulispora acidiphila NlpC/P60 protein; Mt, Mycobacterium tuberculosis NlpC/P60 protein. The amino acid sequences underlined
show the binding sites for forward primer GS2 (residues 32 to 39) and reverse primer GSR3 (residues 144 to 150) used to screen for the presence of DNA sequences
coding for the14 kDa bacteriolytic enzyme in the genomic DNA of B. licheniformis strain 1. The symbol “-’’ was introduced into the deduced amino acid sequence to
maximise homology. Homologous residues are highlighted in red. The primer shown in parentheses highlighted in bold is the primer used in DNA sequencing to
generate the nucleotide sequence from which the amino acid sequence shown was deduced.

Table 4.4

PCR products obtained following optimisation of PCR conditions.
Primer set*

Amplification
condition

Q solution
in PCR
mixture

Final
[MgCl2]
(mM)

GSUTR1/
GSR3
(450 bp)

GS1/GSR3
(390 bp)

GS2/GSR3
(357 bp)

Sa
-

Bl
-

Sa
-

Bl
-

Sa
-

A

yes

1.5

Bl
-

B

yes

2.5

+

+

-

-

-

-

C

no

1.5

-

-

-

-

+

++

D

no

2.5

-

-

+

-

-

+

‘+/-’ Presence or absence of specific amplicon following PCR as visualised by agarose gel
electrophoresis
++ Presence of specific amplicon at a higher yield following PCR as visualised by agarose
gel electrophoresis
* Parentheses contain the expected size of the amplicon.
Bl – HDM-associated Bacillus licheniformis strain 1 or B. licheniformis strain 2
Sa – HDM-associated Staphylococcus aureus

1

1

GSUTR1/GSR3
A B C D
2
3
4
5

GS1/GSR3
A B C
6
7 8

D
9

GS2/GSR3
A B C
10 11 12

D
13

14

←500 bp
←400 bp
←300 bp

2

1

2

3

4

5

6

7

8

9

←500 bp
←400 bp
←300 bp

3
←500 bp
←400 bp
←300 bp

4
←500 bp
←400 bp
←300 bp

Figure 4.12

Optimisation of the PCR conditions for amplifying the complete gene
coding for the mite 14 kDa bacteriolytic enzyme in the isolate B.
licheniformis strain 1.
Panel 1: PCR conditions A, B, C and D (Table 4.4) were tested with the primer set
GSUTR1/GSR3 (lanes 2 to 5), primer set GS1/GSR3 (lanes 6 to 9) and primer set GS2/
GSR3 (lanes 10 to 13) using the genomic DNA of B. licheniformis strain 1 as the template.
Panel 2: PCR condition B was used with primer set GSUTR1/GSR3. Panel 3: PCR
condition D was used with primer set GS1/GSR3. Panel 4: PCR condition C was used
with primer set GS2/GSR3. Panels 2 to 4: the templates used were D. pteronyssinus
cDNA library, genomic DNA of B. licheniformis strain 1 and genomic DNA of B.
licheniformis strain 2 (lanes 2, 4 and 6). In the respective negative controls carried out in
the absence of the primers, the templates used were D. pteronyssinus cDNA library,
genomic DNA of B. licheniformis strain 1 and genomic DNA of B. licheniformis strain 2
(lanes 3, 5 and 7). PCR was also carried out in the presence of the primers without any
template (lane 8). 100 bp ladder DNA marker was used as size markers in the first and the
last lanes (all four panels).
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Figure 4.13

Optimisation of the PCR conditions for amplifying the complete gene
coding for the 14 kDa bacteriolytic enzyme in the isolate S. aureus.

Panel 1: PCR conditions A, B, C and D were tested with the primer set GSUTR1/GSR3
(lanes 2 to 5), primer set GS1/GSR3 (lanes 6 to 9) and primer set GS2/ GSR3 (lanes 10 to
13) using the genomic DNA of S. aureus as the template. Panel 2: PCR condition B was
used with primer set GSUTR1/GSR3. Panel 3: PCR condition C was used with primer set
GS2/GSR3. Panels 2 and 3: the templates used were D. pteronyssinus cDNA library and
genomic DNA of S. aureus (lanes 2 and 4). In the respective negative controls carried out
in the absence of the primers, the templates used were D. pteronyssinus cDNA library and
genomic DNA of S. aureus (lanes 3 and 5). PCR was also carried out in the presence of
the primers without any template (lane 6). 100 bp ladder DNA marker was used as size
markers in the first and the last lanes (all three panels).

Therefore, in the investigation of whether the complete sequence of the gene coding
for the 14 kDa bacteriolytic enzyme existed in both B. licheniformis strain 1 and S.
aureus, condition B was used for both bacterial isolates with the primer set
GSUTR1/GSR3, condition D was used for B. licheniformis strain 1 with the primer
set GS1/GSR3 and condition C was chosen for both the isolates with the primer set
GS2/GSR3.
4.3.2.3 Optimised screening of the genomic DNA of B. licheniformis using the
primer sets GSUTR1/GSR3, GS1/GSR3 and GS2/GSR3
Following optimisation of the amplification conditions, a PCR product of
approximately 450 bp was obtained from the genomic DNA of B. licheniformis
strain 1 that was similar in size to the PCR product obtained from the cDNA library
of D. pteronyssinus (Figure 4.12, panel 2, lane 4) using the primer set
GSUTR1/GSR3. Following nucleotide sequencing of the PCR product, the amino
acid sequence deduced was found to show 100% identity with that of the 14 kDa
bacteriolytic enzyme as shown in Figure 4.14.

Since a second isolate, B.

licheniformis strain 2 was obtained from the HDM (Srinivasan, 1998) and its identity
later verified by 16S rDNA and rpoB sequence analyses, it was pertinent to
determine if the full gene coding for the 14 kDa bacteriolytic enzyme was also
present in the genome of this bacterial isolate.

PCR using the primer set

GSUTR1/GSR3 yielded a product (Figure 4.12, panel 2, lane 6) which, upon
nucleotide sequencing, was found to contain DNA sequence that coded for deduced
amino acid sequence 100% identical to that of the 14 kDa bacteriolytic enzyme
(Figure 4.14). To rule out possible contamination in the PCR reagents that could
have given rise to false positive findings, control PCRs were performed in the
absence of the primers and in the absence of the template DNA. In this regard,
amplicons were not detected with any of the templates used (Figure 4.12, panel 2,
lanes 3, 5 and 7). PCR products were also not observed when PCR was performed
with these primers in the absence of any template (Figure 4.12, panel 2, lane 8). The
PCR analyses that generated the results shown on panel 2 of Figure 4.12 were
repeated twice and on each occasion, the amplicons were sequenced to confirm their
DNA sequences.
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Figure 4.14

A summary of the deduced amino acid sequence homology obtained from the PCR products amplified from the D. pteronyssinus
cDNA library and the genomic DNA of HDM-derived bacterial isolates

The deduced amino acid residues underlined show the binding sites for forward primers GSUTR1 (residues -20 to -15), GS1 (residues 1 to 8) and GS2
(residues 12 to 19) and reverse primer GSR3 (residues 124 to 130) used to screen for the presence of DNA sequences coding for the14 kDa bacteriolytic
enzyme. Residues non-homologous to those of the 14 kDa bacteriolytic enzyme are shown in red and an X represents a residue that could not be translated
from nucleotide sequences that failed to be read by the DNA sequencer. The primers shown in parentheses are primers used in DNA sequencing to generate
the nucleotide sequences from which the amino acid sequences were deduced.

When PCR was performed using the forward primer GS1 that binds to the beginning
of the N-terminal region of the gene coding for the 14 kDa bacteriolytic enzyme and
the same reverse primer, i.e. GSR3, a PCR product of size that matched the
amplicon’s theoretical size, i.e. 390 bp was obtained from D. pteronyssinus that
served as the positive control (Figure 4.12, panel 3, lane 2). When the genomic DNA
of B. licheniformis strain 1 and B. licheniformis strain 2 served as the template in
PCR, an amplicon compatible in size to that obtained for the positive control was
observed (Figure 4.12, panel 3, lanes 4 and 6). All these amplicons were sequenced
and their deduced amino acid sequences fully matched that of the 14 kDa
bacteriolytic enzyme as shown in Figure 4.14. PCR carried out in the absence of
primers did not generate any PCR product and the same was true when the template
was left out of the reaction (Figure 4.12, panel 3, lanes 3, 5, 7 and 8). PCR analyses
that produced the results shown in Figure 4.12, panel 3 were repeated on at least two
other occasions and all the PCR products obtained had their sequences verified by
nucleotide sequencing.
When the primer set GS2/GSR3 was used in the PCR, an amplicon that was similar
in size to that obtained for the positive control, i.e. 360 bp was generated from all the
relevant bacteria as shown in Figure 4.12 (panel 4, lanes 2, 4 and 6). A search in the
protein data banks with BLAST revealed their corresponding amino acid sequences
to be identical with that of the 14 kDa bacteriolytic enzyme (Figure 4.14). The
negative controls used in the PCR yielded results that indicated the validity of these
positive findings (Figure 4.12, panel 4, lanes 3, 5, 7 and 8). All the PCRs that
generated the results shown in Figure 4.12 (panel 4) were repeated at least twice and
all the PCR products obtained had their sequences verified by nucleotide sequencing.
4.3.2.4 Optimised screening of the genomic DNA of S. aureus using the primer
sets GSUTR1/GSR3, GS1/GSR3 and GS2/GSR3
A partial DNA sequence coding for the 14 kDa bacteriolytic enzyme was generated
from S. aureus in the preliminary screening using the primer set GSUTR1/GSR3
(Figure 4.7). Following optimisation of the PCR conditions using the same primer
set and same template, a full-length amplicon, i.e. 450 bp in size as for the amplicon
obtained from D. pteronyssinus cDNA library was obtained as shown in Figure 4.13
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(panel 2, lanes 2 and 4). When these amplicons were sequenced, the deduced amino
acid sequences were found to be 100% identical with the amino acid sequence of the
14 kDa bacteriolytic enzyme (Figure 4.14). The relevant negative controls, with
either the primers or the template left out generated no amplicon (Figure 4.13, panel
2, lanes 3, 5 and 6). The use of the primer set GS1/GSR3 failed to generate any
amplicon despite the PCR conditions having been optimised (data not shown). The
PCR product generated from the HDM-associated S. aureus using the primer set
GS2/GSR3 was shown to be compatible in size with the positive control, i.e. 360 bp
(Figure 4.13, panel 3, lanes 2 and 4). The relevant deduced amino acid sequence
following nucleotide sequencing of the PCR product revealed 100% identity with the
amino acid sequence of the 14 kDa bacteriolytic enzyme (Figure 4.14). Leaving out
the template or the primers in the PCR generated no amplicon at all as shown in
Figure 4.13 (panel 3, lanes 3, 5 and 6). All the PCR analyses performed on S. aureus
(Figure 4.13, panels 2 and 3) were repeated at least twice on separate occasions and
all the PCR products obtained had their sequences verified by nucleotide sequencing.
4.3.2.5 Optimised screening of the genomic DNA from all the nine HDM-derived
isolates using the primer sets GSUTR1/GSR3, GS1/GSR3 and
GS2/GSR3
Before the PCR conditions were optimised, preliminary PCR revealed part of the
gene coding for the 14 kDa bacteriolytic enzyme in only two of the nine HDMderived bacterial isolates, i.e. B. licheniformis strain 1 and S. aureus as shown in
Figure 4.7.

After the PCR conditions were optimised, the complete gene was

amplified from the genomic DNA of the HDM-derived B. licheniformis strain 1, B.
licheniformis strain 2 (Figures 4.12, panels 2 to 4) and S. aureus (Figure 4.13, panels
2 and 3). Therefore, it became imperative to carry out PCR using the same optimised
conditions in an attempt to investigate if the gene was present in the other six HDMderived bacterial isolates.
After carrying out PCR on all the nine bacterial isolates with the primer set
GSUTR1/ GSR3 using condition B, an amplicon of 450 bp which was similar in size
to the amplicon obtained with the cDNA library of D. pteronyssinus (Figure 4.12,
panel 2, lane 2) was amplified from the genomic DNA of B. licheniformis strain 1
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(Accession number KU589271), B. licheniformis strain 2 (Accession number
KU589272) and S. aureus (Accession number KU589273), but not from the other six
isolates, as shown in Figure 4.15 (top panel). PCR on the nine isolates carried out
with the primer set GS1/GSR3 using condition D yielded an amplicon of 390 bp for
B. licheniformis strain 1 and B. licheniformis strain 2 only (Figure 4.15, middle
panel). The third primer set GS2/GSR3 enabled the amplification of the expected
360 bp amplicon from B. licheniformis strain 1, B. licheniformis strain 2 and S.
aureus only (Figure 4.15, bottom panel).
4.3.3

Signal peptide prediction of the 14 kDa bacteriolytic enzyme using
SignalP 4.0 and SignalP 4.1

A eukaryotic signal peptide of 20 amino acid residues in length was originally
predicted for the 14 kDa bacteriolytic enzyme using the program SignalP 2.0
(Mathaba et al., 2002) but a similar analysis was performed given the evolution of
the program. As shown in Figure 4.16, a eukaryotic signal peptide was given the
highest score with the signal peptide cleavage site predicted at AIS – QV (between
residues 16 and 17), a Gram-negative prokaryotic signal peptide was given the
second highest score with the cleavage site predicted at VYC – NG (between
residues 20 and 21) and a Gram-positive prokaryotic signal peptide was given the
lowest score with the cleavage site predicted at GAA – IV (between residues 24 and
25).

All the scores generated in the SignalP 4.0 analysis to predict the signal

peptides and the cleavage sites for eukaryotes, Gram-negative prokaryotes and
Gram-positive prokaryotes are summarised in Table 4.5. When the analyses were
repeated with SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/), the same data
were obtained (results not shown).
4.3.4

Comparison of the percentage of G + C of the gene encoding the 14 kDa
bacteriolytic enzyme with the percentage of genomic G + C of B.
licheniformis and S. aureus

The genomic DNA of different organisms has a particular mean G + C content which
is a parameter used to determine the acquisition of a gene by horizontal gene transfer
(Garcia-Vallve et al., 2000). The total G + C contents of all the 69 strains of B.
licheniformis deposited into GenBank thus far were obtained from the Genome
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Figure 4.15

Agarose gel electrophoresis of PCR products from the nine HDMderived isolates using primers amplifying the gene coding for the 14
kDa bacteriolytic enzyme under optimised PCR conditions.

The upper, middle and lower panel show PCR products obtained using the primer sets
GSUTR1/GSR3, GS1/GSR3 and GS2/GSR3, respectively. The template used in the PCR
was genomic DNA purified from B. cereus (lane 2), B. licheniformis 4 (3), B. licheniformis
2 (4), B. licheniformis 3 (5), B. licheniformis 1 (6), M. luteus (7), S. capitis (8), S.
epidermidis (9) and S. aureus (10) (all three panels). Lanes 1 and 11 show the 100 bp
ladder DNA marker used as the size markers (all three panels).

*

Figure 4.16: Prediction of the signal peptide cleavage site of the 14 kDa bacteriolytic
enzyme using SignalP 4.0.
The signal peptide cleavage site was predicted for eukaryotes (upper panel), Gramnegative prokaryotes (middle panel) and Gram-positive prokaryotes (bottom panel). Cscore is defined as the “cleavage site” with the highest score indicating the most likely
cleavage site. The S-score used for signal peptide prediction is given to every amino acid
residue of the sequence submitted. Amino acid residues belonging to the signal peptide
sequence have high S-scores and those that are part of the mature protein have low Sscores. The Y-score is a derivative of the C-score combined with the S-score, resulting in
a better cleavage site prediction than the C-score alone. Definitions of the C-, S- and Yscores can be found at http://www.cbs.dtu.dk/services/SignalP/.

Table 4.5: Summary of data obtained from signal peptide prediction of the 14 kDa bacteriolytic enzyme using SignalP 4.0.
Organism

C-max

Y-max

S-max

S-mean

D-score

D-cutoff

Cleavage site (amino acid residue numbers)

Eukaryotes

0.401

0.621

0.972

0.958

0.803

0.450

AIS – QV (16 and 17)

Gram-negative prokaryotes

0.225

0.454

0.957

0.910

0.668

0.570

VYC – NG (20 and 21)

Gram-positive prokaryotes

0.216

0.372

0.847

0.677

0.491

0.450

GAA – IV (24 and 25)

The C-max, Y-max and S-max scores were obtained from the graphical output as shown in Figure 4.18 and the definitions of the C-, Y- and S-scores
were provided as shown in the legend for Figure 4.18. The S-mean score is the average of the S-score, calculated from the N-terminal amino acid to
the amino acid assigned with the highest Y-max score. The D-score is defined as the weighted average of the S-mean and Y-max scores. The Dcutoff is a combined value obtained from the signal peptide and cleavage site prediction networks and any D-score above the D-cutoff results in a
positive prediction of a signal peptide and a cleavage site. Definitions of all the various scores used in SignalP 4.0 can be found at
http://www.cbs.dtu.dk/services/SignalP/.

Assembly

and

Annotation

report

(https://www.ncbi.nlm.nih.gov/genome/genomes/412?) and likewise, for the 8380
strains of S. aureus (https://www.ncbi.nlm.nih.gov/genome/genomes/154?).

The

average percentage of genomic G + C content of B. licheniformis and S. aureus is
calculated as 46.2% and 32.85%, respectively.

Since the percentage of G + C

content of the gene encoding the 14 kDa bacteriolytic enzyme is 38.9%, which
differs from the mean by ± >1.5 standard deviations, its acquisition by horizontal
gene transfer could be implicated (Garcia-Vallve et al., 2000).
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4.4

Discussion

One of the bacteriolytic enzymes isolated from the faecal pellets of D. pteronyssinus
was found to be 14 kDa in size and bore a high degree of sequence homology with
the C-terminal regions of a group of fungal and bacterial proteins belonging to the
NlpC/P60 Superfamily (Mathaba et al., 2002). This led to the proposal that the gene
coding for this bacteriolytic enzyme might have originated from a bacterium rather
than the HDM per se (Mathaba et al., 2002). When a range of bacterial species were
isolated from the gut of D. pteronyssinus with the majority of them being Grampositive (Srinivasan, 1998) it became appropriate to screen genomic DNA from these
isolates for DNA sequences coding for the 14 kDa bacteriolytic enzyme. Nine of the
isolates were examined using phenotypic tests (Srinivasan, 1998), and these were
selected for further study in this thesis.
The identities of the nine isolates were determined by 16S rDNA, tuf and rpoB gene
sequence analyses.

Phenotypically, isolates 1 to 5 were Gram-positive, spore-

forming rods that grew aerobically (Srinivasan, 1998). 16S rDNA gene sequencing
suggested they belonged to the genus Bacillus. Isolate 1 was likely to be B. cereus
(97% nucleotide sequence homology), but none of the isolates had ≥98% homology
with any Bacillus species, the stringent threshold deemed to be required for a
positive identification (Dr Gerry Harnett, PathWest; personal communication). 16S
rDNA sequence analysis is routinely used to identify species (Takahashi et al., 1999;
Wang et al., 2003; Wu et al., 2006) but some studies have shed doubts on its
reliability, especially for members of closely related taxa (Fox et al., 1992; Dahllof et
al., 2000).
Within the genus Bacillus, species diversity has been reported within identical 16S
rDNA-based clusters (Maughan et al., 2011). Due to the high 16S rDNA sequence
similarities between some Bacillus species, alternate target genes have been
proposed, including rpoB which has been reported to be the best target (Blackwood
et al., 2004). The rpoB gene which codes for the ß-subunit of RNA polymerase has
served as a signature sequence for bacterial identification and as a locus for
phylogenetic analysis (Qi et al., 2001). Moreover, because of its essential role in
cellular metabolism, it is a highly conserved house-keeping gene with at least one
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copy present in all bacteria (Qi et al., 2001). Amplification of rpoB resulted in the
identification of isolates 2 to 5 as B. licheniformis species and confirmed the identity
of isolate 1 as B. cereus. In this regard, B. licheniformis has previously been reported
to have high genetic variability within its 16S rDNA gene. For example, in a study
of 131 strains of B. licheniformis, 13 phylogenetic clusters were identified with DNA
sequence homology between isolates ranging from 79.83% to 98.03% (Porwal et al.,
2009). The data obtained in this Chapter are consistent with these observations as
isolates 2 to 5 exhibited only 80-81% similarity to other B. licheniformis strains in
16S rDNA BLAST searches. A comparison of the 16S rDNA gene sequences from
isolates 2 to 5 with those of the B. licheniformis strains obtained from Porwal et al.
(2009) revealed that the four HDM-associated isolates formed a separate cluster in
the phylogenetic tree as shown in Figure 4.18, reflecting their unique niche within D.
pteronyssinus.
Regarding the discrepancies between the provisional identification based on
phenotypic tests (Srinivasan, 1998) as noted in Table 4.3, these were also not
unexpected. Species identification of Bacillus is complex, and many isolates fail to
provide characteristic reactions in phenotypic tests that are considered typical of their
species (Porwal et al., 2009).

In addition, B. licheniformis and B. subtilis are

colonially and microscopically very similar in morphology (Logan, 2010). B. cereus
can be mistaken for B. alvei because (according to the Bergey’s Manual of
Systematic Bacteriology) the two species share many phenotypic characteristics
(Bergey et al., 2009). Likewise, B. licheniformis can easily be mistaken for B.
badius and B. mycoides (Bergey et al., 2009).
Isolates 6 to 9 were shown to be Gram positive cocci. Isolates 6 and 7 produced
orange/yellow pigment; isolates 6 and 8 were oxidase positive and fermented glucose
aerobically, while isolate 9 fermented glucose anaerobically (Srinivasan, 1998). 16S
rDNA gene sequencing suggested that isolate 6 was M. luteus while isolates 7 to 9
were Staphylococcal species, but the percentage similarities to their closest matches
in the database were all <98%. The limitations of 16S rDNA gene sequencing in the
identification of Staphylococcus species have also been previously reported
(Ghebremedhin et al., 2008).

Amplification of the tuf gene is one of many
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Figure 4.18: Phylogenetic tree constructed based on 16S rDNA gene sequences from
isolates 2 - 5 and the B. licheniformis strains obtained from Porwal et al.
(2009). Phylogenetic analyses were performed using the neighbour-joining
algorithm with the Kimura two-parameter model in MEGA 5.0. The
numbers at the nodes are bootstrap values greater than 50% with 1,000
bootstrap replications.

alternative molecular approaches available for the accurate identification of
Staphylococcus species (Ghebremedhin et al., 2008; Martineau et al., 2001) and is
the method of choice in the Molecular Diagnostics laboratory of PathWest
Laboratory Medicine (Dr Gerry Harnett, PathWest; personal communication). The
tuf gene codes for the elongation factor Tu protein involved in peptide chain
formation (Martineau et al., 2001).

Sequencing of the tuf gene resulted in

identification of isolates 7, 8 and 9 as S. aureus, S. epidermidis and S. capitis,
respectively.
Discrepancies between the phenotypic identification of these isolates (Srinivasan,
1998) and the molecular analysis reported here may have several explanations.
Conventional phenotypic characterisation of Staphylococcus is complex and difficult
for a novice in the field, and varying degrees of accuracy are obtained due to variable
expression of properties, and ambiguity in the interpretation of end-point reactions
(Drancourt and Raoult, 2002).

The tests were not performed in a diagnostic

laboratory setting and appropriate control strains were not available at the time
(Professor Barbara Chang; personal communication).
The 16S rDNA analysis indicated that isolate 6 was likely to be a member of the
genus Micrococcus, the closest match being to M. luteus. No other target genes have
been recommended in the literature for use in Micrococcus identification. Thus, a
trial was made of rpoB analysis. The primers were designed based upon the rpoB
sequence found in the whole-genome-sequenced strain of M. luteus.

Results

indicated that this isolate was distinct from the Kocuria genus that had been
suggested following phenotypic testing (Srinivasan, 1998), and its rpoB gene was
99% homologous to that of the sequenced strain. The identities of the four Grampositive coccal isolates 6 to 9 have since been confirmed by MALDI-TOF analysis
performed in PathWest Laboratory Medicine (data not shown) (Professor Barbara
Chang; personal communication).
The HDM-associated species B. cereus, B. licheniformis, M. luteus, S. aureus, S.
epidermidis and S. capitis identified in this study have been previously described as
species of the human skin microflora (Glass, 1973; Evans et al., 1978; Stackebrandt
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et al., 1995), and the HDM could have previously acquired them from human skin
scales, a preferred food source. The gut contents of D. pteronyssinus obtained from
dust samples were found to contain macerated skin scales (Colloff, 2009). It has
been found that 69% to 88% of the bacteria isolated from mattress dusts and 45% to
55% of those isolated from floor dusts were associated with human origins (Lee et
al., 2007; Pakarinen et al., 2008; Rintala et al., 2008; Taubel et al., 2009).
Gram-positive bacteria identified in extracts prepared from D. pteronyssinus were
also found in extracts prepared from mattress and carpet dust samples at even higher
concentrations (Srinivasan, 1998).

Previous studies using culture-dependent and

culture-independent methods such as 16S rDNA sequencing have shown the
bacterial composition of house dust to be dominated by Gram-positive genera such
as Bacillus, Staphylococcus, Streptococcus, and Mycobacterium and the Gramnegative genus Acinetobacter (Dawson, 1971; Jin et al., 1984; Tsukamura et al.,
1985; Horak, 1987; Ichiyama et al., 1988; Horak et al., 1996).
In previous studies, a wide variety of microorganisms have been found in the guts of
some insects, in wild and laboratory reared D. pteronyssinus, D. farinae (Oh et al.,
1986) and Psoroptes ovis (Hogg and Lehane, 1999) in parenchymal tissue
resembling insect mycetomes in soil mites (Smrz and Trelova, 1995) and in the
ectoparasitic mite, Varroa destructor (Hubert et al., 2016a). These microbes exist in
varying types of relationships including parasitic and endosymbiotic relationships
(Stefaniak and Seniczak, 1976; Smrz and Trelova, 1995; Mathieson and Lehane,
1996; Cazemier et al., 1997; Hogg and Lehane, 1999). HDMs found in dust samples
collected throughout the year were found to have bacteria as part of their gut contents
(Van Bronwijk and Sinha, 1971) and Gram-positive bacteria were isolated from
subsequent generations of D. pteronyssinus bred under sterile conditions in a
laboratory (Professor Geoffrey Stewart; personal communication).

Proteomic

analysis of faeces of Tyrophagus putrescentiae fed with dried dog food using
zymography and two-dimensional gel electrophoresis coupled with MS/MS revealed
that B. cereus contributed to the digestive system of the mite through a symbiotic
relationship with its host (Erban et al., 2016). Therefore, it is possible that after their
initial acquisition by D. pteronyssinus, an endosymbiotic relationship has developed
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between the HDM and the nine bacteria isolated from surface-sterilised mites.
However, it cannot be ruled out whether the bacterial isolates are transients, instead
of endosymbionts, until their exact residential location and persistence within the
HDM have been elucidated by currently ongoing investigation. In this thesis, the
nine isolates are, thus, designated as HDM-associated isolates.
With the forward primer, GSUTR1, and the reverse primer, GSR3, the complete
gene coding for the 14 kDa bacteriolytic enzyme was amplified from the genomic
DNA of two of the HDM-associated isolates, B. licheniformis strain 1 (Accession
number KU589271) and S. aureus (Accession number KU589273). In addition, the
gene was found in a second strain of B. licheniformis isolated from the HDM, i.e. B.
licheniformis strain 2 (Accession number KU589272), but not in B. licheniformis
strain 3 or B. licheniformis strain 4. Products were not generated in the numerous
PCR controls carried out in the absence of either template or primers, ruling out any
problem with false positives due to contamination of reagents.
The gene encoding the 14 kDa bacteriolytic enzyme has not been annotated in any of
the B. licheniformis strains for which a whole genome sequence is available. One
explanation for this may be strain diversity between the HDM-derived B.
licheniformis strain 1 and B. licheniformis strain 2 and any of the strains available in
the GenBank databanks. Strain diversity within Bacillus species is high: in one study
examining the genomic diversity of 17 strains of B. subtilis, for example, it was
predicted that as much as 34% of strain Bsu168’s gene content was strain-specific
and not always found in other isolates (Earl et al., 2007). The gene may, for
example, be located on a plasmid, prophage or genomic island not present in any of
the whole-genome-sequenced strains. In addition, there have been submissions of
DNA sequencing results that were found to rectify results or data already annotated
within the databank of a whole-genome-sequenced bacterial species (Kunst et al.,
1997). It is also possible that open reading frames that exist within a genome have
not been detected because of sequencing errors or overlaps between genes (Kunst et
al., 1997).
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In a similar manner, the complete DNA sequence coding for the 14 kDa bacteriolytic
enzyme was detected in the HDM-associated S. aureus. The gene coding for the 14
kDa bacteriolytic enzyme was not identified in any of the S. aureus strains with their
whole genome sequences annotated in Genbank thus far. However, it was reported
that there are differences in the protein coding sequences between strains (Chua et
al., 2010; Howden et al., 2010). Moreover, sequence analyses of thirteen S. aureus
strains revealed a high degree of genome plasticity which accounted for only seven
of a total of sixty-three identified secreted proteins being secreted by all thirteen
isolates (Ziebandt et al., 2010). Therefore, it is likely that there is strain variability
between the genome of the HDM-derived S. aureus and the genomes of the strains
whose whole genome sequences are available in GenBank.
Comparison of the %G + C content of a gene of interest with the average genomic
%G + C content of a certain microorganism has been used as a parameter to
determine whether the gene has been acquired via horizontal gene transfer (GarciaVallve et al., 2000). The average %G + C content of B. licheniformis is 46.2% and
that of S. aureus is 32.85%. As the %G + C content of the gene encoding the 14 kDa
bacteriolytic enzyme is 38.9% which differs from the mean by ± >1.5 standard
deviations (the threshold value used by Garcia-Vallve et al. (2000)), horizontal gene
transfer may be implicated for B. licheniformis strain 1, B. licheniformis strain 2 and
S. aureus. It is possible that the three isolates may have acquired the gene from one
or more of the HDM-associated bacterial isolates that have not been identified and
characterised (Srinivasan, 1998) by horizontal gene transfer.

As no bacterial

homologues of the 14 kDa bacteriolytic enzyme have been found in any of the B.
licheniformis and S. aureus strains with their whole genome sequences deposited into
GenBank thus far, it is possible that acquisition of the gene coding for the protein by
the three HDM-derived isolates through horizontal gene transfer was an event that
occurred recently (Patrick et al., 2011).

In addition, the complete sequence

homology between the gene coding for the 14 kDa bacteriolytic enzyme and the gene
amplified from the genomes of all three isolates is possibly, also an indication that
the horizontal gene transfer occurred recently (Andersen and Seifert, 2011).
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Lateral gene transfer is not only widespread in prokaryotes but is also a better
understood phenomenon for prokaryotes, including bacteria, compared to eukaryotes,
especially in the evolution of new phenotypes and survival mechanisms
(Zhaxybayeva and Doolittle, 2011). Horizontal gene transfer has been found to
occur amongst Gram-positive bacteria including B. subtilis and lactic acid bacteria
(Asteri et al., 2011). Efficient gene transfer from B. subtilis has been reported to
occur via conjugation and is facilitated by the growth of the bacteria in chains (Babic
et al., 2011).

Transposable elements have been found in various strains of B.

licheniformis (Israeli-Reches et al., 1984; Zhu et al., 1988; Tran et al., 1999; Rey et
al., 2004) as well as S. aureus (Rowland and Dyke, 1990; Tormo et al., 2005). B.
subtilis 168 was characterised as having at least 10 genes coding for bacteriophage
lytic enzymes and a number of them were found to have their DNA sequences
intertwined with those of transposable elements (Kunst et al., 1997). The potential
of transposable elements in lateral gene transfer has also been found in numerous
Gram-negative bacteria including Alphaproteobacteria spp. ((Dziewit et al., 2012),
Acinetobacter baumannii (Poirel et al., 2012) and E. coli (Giani et al., 2012).
As published previously, the 14 kDa bacteriolytic enzyme showed the highest amino
acid sequence homology with Gram-positive bacterial proteins belonging to the
NlpC/P60 Superfamily (Mathaba et al., 2002).

Since then, there has been an

exponential increase in the number of amino acid sequences in the protein databank
at NCBI, such that the highest matches with the 14 kDa bacteriolytic enzyme
published previously (Mathaba et al., 2002) have been superseded. When BLASTp
search was repeated, the highest sequence homologies were found with NlpC/P60
proteins synthesised by fungal species such as Pochonia chlamydosporia, arthropods
such as Folsomia candida, actinobacterial species and mite species including D.
farinae (Tang et al., 2015).
The presence of genes in the genomes of HDMs, originating from HDM-associated
microorganisms that cohabit within the HDMs, is not unprecedented. The insect
Macrolophus pigmaeus was found to harbour genes that originated from an
endosymbiotic bacterium Wolbachia pipientis which had a pathogenic effect on its
host (Machtelinckx et al., 2009).

The poultry red mite Dermanyssus gallinae
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collected from farms infected by the Cardinium, Spiroplasma and Schineria species
was found to have these bacteria as the sources of a number of genes in its genome
(De Luna et al., 2009). Genes from potentially pathogenic bacteria exist in predatory
mites used for crop pest control (Schutte et al., 2008). DNA sequences from the
genome of Drosophila were transferred by ectoparasitic mites that preyed on the fruit
fly, from one Drosophila species to another (Jaenike et al., 2007). Therefore, it is
feasible that the 14 kDa bacteriolytic enzyme may have originated from
endosymbiotic bacteria cohabiting within the gut of the HDM.
From the discussion above, the converse question then arises, namely, did the gene
encoding the 14 kDa bacteriolytic enzyme originate from a prokaryote, or from the
HDM itself, i.e. is it actually a eukaryotic gene that has been picked up by HDMassociated bacterial isolates? When the 14 kDa bacteriolytic enzyme was initially
isolated from the spent growth medium of D. pteronyssinus, it was reported that there
was a higher probability that the gene coding for it had a leader sequence of a
eukaryotic rather than a prokaryotic origin (Mathaba et al., 2002). This conclusion is
still valid since a reanalysis of putative cleavage sites using SignalP 4.0 (Petersen et
al., 2011) and then, SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/), the latest
but modified version, also indicates a eukaryotic leader sequence, with cleavage
predicted at AIS-5 - -4QV, as does the alternate program TargetP (data not shown).
However, SignalP 2.0, 4.0 and 4.1 also indicated a potential cleavage at VYC-1 +1NG,

using the Gram-negative data set, the predicted cleavage site which

corresponded to that observed with the isolated protein (Mathaba et al., 2002). The
data obtained using the Gram-positive prokaryotic data set gave a predicted cleavage
site that did not correspond to either of those predicted using the other data sets. If
the eukaryotic origin of the protein is valid, and first cleavage site is the one used by
the signal peptidase, the data obtained suggest that residues QVYC may be cleaved
by other mite peptidases. In this regard, it has been shown that the bacteriolytic
activity is susceptible to proteases (Mathaba et al., 2002).
It must be noted that although SignalP 4.0 was said to be the best signal-peptide
predictor for eukaryotes, Gram-negative and Gram-positive prokaryotes compared to
all the other signal peptide prediction programs in a recent study, it does have its
81

limitations, especially when the data to be analysed do not contain any
transmembrane protein sequence (Petersen et al., 2011), as is the case of the 14 kDa
bacteriolytic enzyme (Mathaba et al., 2002).
According to results previously published (Mathaba et al., 2002), the amino acid
sequence deduced from the DNA sequence of the gene encoding the 14 kDa
bacteriolytic enzyme was reported for two clones obtained from a cDNA library of
D. pteronyssinus. These two sequences differed at amino acid residues 119 and 120,
where clone B had the residues WS while clone C had GG. The nucleotide sequence
for clone B was included in the paper, while the nucleotide sequence deposited into
GenBank (Accession number AF409109) matches that of clone C except that it had
K at amino acid residue 112, instead of N found in both clone C and B. The DNA
sequence amplified in the present study from Bacillus and Staphylococcus species
matches that of clone B. This is summarised in Figure 4.17.
The sequence differences were not commented on in the paper published by Mathaba
et al. (2002). One possibility is that the cDNA library of D. pteronyssinus used in
that study, which was prepared using DNA from surface-sterilised, macerated HDM,
actually contains more than one variant of the gene. These may originate from the
HDM genome, and/or from bacterial or fungal microbes present in the preparation.
This topic will be further discussed in Chapter 7.
In assigning names to the genes, reference was made to names of autolysins and lytic
enzymes of B. subtilis that have been published (Margot et al., 1999; Smith et al.,
2000). B. subtilis is the paradigm in the investigation of the roles of bacteriolytic
enzymes including autolysins, i.e. bacteriolytic enzymes that hydrolyse the cell wall
of the bacteria that produce them (Kunst et al., 1997; Smith et al., 2000). In a study
on SubtiList database containing the amino acid sequences of B. subtilis proteins
using autolysins and lytic enzymes with known functions as query sequences, 35
genes coding for definite or hypothetical bacteriolytic enzymes were identified, and
clustered into 11 families based on amino acid sequence homology (Kunst et al.,
1997). Out of all the autolysins synthesised by B. subtilis, one of them, i.e. LytF is a
member of the NlpC/P60 Superfamily (Margot et al., 1999). LytF is characterised as
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Sequence reported in this chapter
Sequence published
Sequence deposited
into Genbank (AF409109)

GGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATATGGAGT
GGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATATGGAGT
GGTCGTATGATTAATGCACCACATACCGGTACAAAGGTACGAGAAGAAAATATAGGAGGA

420

Sequence reported in this chapter
Sequence published
Sequence deposited
into Genbank (AF409109)

GATCATATTGCTAATGTTGCACGATGTTGGTAA
GATCATATTGCTAATGTTGCACGATGTTGGTAA
GATCATATTGCTAATGTTGCACGATGTTGGTAA

453

Figure 4.17

Alignment of the DNA sequence of the gene coding for the 14 kDa bacteriolytic enzyme reported in this chapter with those
published previously (Mathaba et al., 2002).

“Sequence published” taken from Mathaba et al. (2002) and “Sequence deposited into Genbank (AF409109) were DNA sequences of the gene coding for the
14 kDa bacteriolytic enzyme amplified from different cDNA clones of D. pteronyssinus as reported (Mathaba et al., 2002). Codons containing nonhomologous nucleotides are highlighted in red.

an endopeptidase that cleaves peptidoglycan between γ-D-glutamyl-L-diamino acid
and meso-diaminopimelic acid (Margot et al., 1999, Smith et al., 2000) but is not
identical with the 14 kDa bacteriolytic enzyme. Although the 14 kDa bacteriolytic
enzyme was found to lyse a number of Gram-positive bacteria (Mathaba et al.,
2002), the exact site of cleavage remains to be investigated.
A number of the bacteriolytic enzymes synthesised by B. subtilis have been
characterised as bacteriophage lytic enzymes with one of their features being codons
enriched in A and T residues (Kunst et al., 1997). A and T residues make up 61.14%
of the gene coding for the 14 kDa bacteriolytic enzyme versus 38.9% for G and C
residues. In this regard, the % G + C content of the 14 kDa bacteriolytic enzyme is
similar to that of other D. pteronyssinus genes. For example, the %G + C content of
Der p 1, 2 and 3 is 41, 39 and 35%, respectively.
Taking into account the information available, it has been decided that the gene
coding for the 14 kDa bacteriolytic enzyme reported in subsequent chapters be
named lytFM, the DNA sequence coding for the same enzyme deposited into
Genbank with the accession number AF409109 (Mathaba et al., 2002) will be named
lytFM1 and the 14 kDa bacteriolytic enzyme be referred to as LytFM by convention.
The DNA sequence of lytFM has been deposited into Genbank with the Accession
number KF113885.
4.5

Conclusions

The identities of nine HDM-associated bacterial isolates were determined by
molecular techniques, and shown to be B. cereus, B. licheniformis strain 4, B.
licheniformis strain 2, B. licheniformis strain 3, B. licheniformis strain 1, M. luteus,
S. aureus, S. epidermidis and S. capitis, respectively. The four B. licheniformis
strains formed a separate phylogenetic cluster distinct from the thirteen clusters of B.
licheniformis strains reported previously (Porwal et al., 2009), reflecting their unique
niche within D. pteronyssinus. The complete DNA sequence coding for the 14 kDa
bacteriolytic enzyme (LytFM) originally purified from the spent growth medium
(SGM) of D. pteronyssinus was amplified from the genome of three of the nine
HDM-associated bacterial isolates, i.e. B. licheniformis strain 1 (Accession number
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KU589271), B. licheniformis strain 2 (Accession number KU589272) and S. aureus
(Accession number KU589273). The possibility of a false positive finding caused by
contaminations was ruled out by the observation that in the absence of either the
template or the primers in the PCR, no amplicon was generated. SignalP 4.1 analysis
of the LytFM signal sequence suggested a bacterial origin for the lytFM gene.
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Chapter 5

LytFM in D. pteronyssinus SGM and the culture
supernatants of the HDM-associated bacterial
isolates
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5.1

Introduction

Bacteriolytic enzymes are found in various organisms ranging from plants to bacteria
to animals (Shockman and Holtje, 1994; Holtje, 1996; Labischinski and Maidhof,
1994; Cheng et al., 2005; Jado et al., 2003; Loeffler, 2003; Loeffler, 2001), and are
important in defence against Gram-positive bacteria or in the utilisation of bacteria as
food (Erban and Hubert, 2008). Since the discovery of their presence in HDM, the
true functions of bacteriolytic enzymes have been under investigation. Evidence of
their digestive role was obtained by Erban and Hubert (2008) who showed that
lysozyme activity in the spent growth medium (SGM), but not the whole mite
extracts (WME) of acaridid mites, correlated positively with an increase in mite
population growth following feeding on a diet containing Micrococcus lysodeikticus
(Erban and Hubert, 2008).

They also showed that the passage of ingested

fluorescein-labelled M. lysodeikticus cells could be followed from the esophagus
through the gut to the postcolon (Erban and Hubert, 2008). Bacteriolytic activity in
the WME of various acaridid mites tested, including D. pteronyssinus correlated
negatively with that in their SGM, suggesting the digestive function of lysozymes in
the gut, and a defensive function of lysozymes in other parts of their bodies such as
the haemolymph and fat body (Erban and Hubert, 2008).
Several different lytic enzymes are required to digest bacterial peptidoglycan but thus
far, these have not been fully evaluated in mites. However, one of the lytic enzymes
known to contribute to the total lytic activity detected in the SGM of D.
pteronyssinus is the 14 kDa bacteriolytic enzyme, LytFM that showed amino acid
sequence similarity to those of bacterial proteins belonging to the NlpC/P60
Superfamily (Mathaba et al., 2002). This finding led to the proposal that the LytFM
may have originated from one or more HDM-associated bacterial species rather than
being synthesised by the HDM per se. Soon thereafter, a number of Gram-positive
bacterial species were isolated from extracts of surface sterilised D. pteronyssinus
(Srinivasan, 1998) making it pertinent to screen these HDM-derived bacterial species
for the presence of any DNA sequence encoding this enzyme. The bacteriolytic
enzymes produced by bacterial species from the NlpC/P60 Superfamily have been
found to be hydrolases that bind to peptidoglycan and hydrolyse the bacterial cell
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wall (Wuenscher et al., 1993; Bourgogne et al., 1992; Margot et al., 1999; Ohnishi et
al., 1999; Birkeland, 1994; Ghuysen et al., 1994).
In Chapter 4, the HDM-associated Gram-positive bacterial species were screened,
characterised at the molecular level, and were identified as B. cereus, B.
licheniformis strain 1, B. licheniformis strain 2, B. licheniformis strain 3, B.
licheniformis strain 4, M. luteus, S. aureus, S. epidermidis and S. capitis. Following
screening of the genomic DNA of the nine isolates by PCR, the complete gene
coding for LytFM originally isolated from the SGM of D. pteronyssinus was found
in B. licheniformis strain 1, B. licheniformis strain 2 and S. aureus.

It was

previously reported that bacteriolytic activity was detected in the culture supernatants
from the nine HDM-derived bacterial isolates (Srinivasan, 1998). Therefore, the
main aim of this chapter was to ascertain whether the 14 kDa bacteriolytic enzyme
was expressed by any of the above-mentioned HDM-derived isolates.
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5.2

Methods

5.2.1

Preparation of D. pteronyssinus spent growth medium (SGM) extracts

Extracts of SGM were prepared as described in Section 3.1.1 or alternatively, SGM
was mechanically homogenised in extraction buffer at 4°C every 15 min for 1 hr.
Following centrifugation at 28,000 x g for 15 min at 4°C, the extracts were stored at 20°C until required.
5.2.2

Bacteriolytic assay

A plate lytic assay performed as described in Section 3.1.5 was used to measure
bacteriolytic activity in all samples tested. Hen egg white lysozyme (HEWL) was
used as a standard.
5.2.3

Preparation of bacterial culture supernatants from the HDM-associated
bacterial isolates

B. licheniformis strain 1, B. licheniformis strain 2 and S. aureus were cultured to
stationary phase as described in Section 3.1.3 before the bacterial cultures were
centrifuged at 28,000 x g for 15 min at 4°C to obtain the supernatants.
5.2.4

Concentration of bacterial culture supernatants from the HDMassociated bacterial isolates by 80% saturated ammonium sulphate
precipitation

The bacterial culture supernatants obtained as described in Section 5.2.3 were
concentrated by the addition of 100% saturated ammonium sulphate to a known
volume of bacterial culture supernatant to achieve an 80% saturated ammonium
sulphate solution.

The samples were incubated at 4⁰C overnight before being

centrifuged at 4⁰C for 10 min at 28,000 x g. Supernatants were discarded and the
pellets resuspended in 0.01 M sodium phosphate buffer, pH 6.2 at 1/10 of the
supernatant volume. The resuspended samples were stored at -20°C until use.
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5.2.5

Desalting of the 80% saturated ammonium sulphate-precipitated
samples

The ammonium sulphate-precipitated samples were desalted by gel filtration
chromatography through a 10 mL-Bio-Gel® P-6DG gel packed into a 30-mL column
(BioRAD). The desalting column was equilibrated with storage buffer containing 10
mM NaCl, 10 mM sodium phosphate, pH 7.0. Subsequently, 1 ml of the 80%
saturated ammonium sulphate-precipitated sample was applied to the column and
fraction collected.

Buffer was applied to the column and fractions collected

immediately or after elution of the void volume. Fractions were stored at -20°C until
required.
5.2.6

Treatment of the spent growth medium (SGM) of D. pteronyssinus with
heat and acid

SGM extracts of D. pteronyssinus were heat- and acid-treated as described
previously (Mathaba et al., 2002). Concentrated HCl was added to a sample of
protein extract prepared from SGM with stirring to lower the pH to 2.7 before it was
incubated in a water bath at 67⁰C for 15 min. Subsequently, the pH of the sample
was raised to 6.2 with 1 M NaOH and the resultant precipitate removed by
centrifugation at 4⁰C and 28,000 x g for 20 min. The heat- and acid-treated SGM
was stored at -20°C until required.
5.2.7

Substrate-Sodium-Dodecylsulphate-Polyacrylamide Gel Electrophoresis
(Substrate-SDS-PAGE) analyses

Substrate-SDS-PAGE analyses of the 80% saturated ammonium sulphateprecipitated and desalted bacterial culture supernatants were performed as described
in Section 3.1.6. D. pteronyssinus SGM and HEWL were used as controls.
5.2.8

Sodium-Dodecylsulphate-Polyacrylamide Gel Electrophoresis (SDSPAGE)

SDS-PAGE analyses of the 80% saturated ammonium sulphate-precipitated and
desalted bacterial culture supernatants were performed as described in Section 3.2.2.
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5.2.9

Mass spectrometric (MS) analyses

MS analyses were performed by Proteomics International Pty Ltd (University of
Western Australia, Nedlands, Western Australia) as described in Section 3.2.4.
Briefly, following SDS-PAGE and silver staining of the gels as described previously
(Section 3.2.3), bands of the appropriate size were excised, pooled and air-dried
before the samples were sent to Proteomics International Pty Ltd for analysis.
Following trypsin digestion, the peptides were extracted with acetonitrile containing
1% (v/v) trifluoroacetic acid, dried by rotary evaporation and reconstituted in
ACN:H2O (30:70). Reconstituted samples were applied to a C18Pepmap100 column
with internal dimensions 1 mm x 150 mm after the column was equilibrated with
H2O/0.1% (v/v) formic acid. The tryptic peptides were separated with a 2-40%
linear gradient of H2O/ACN/0.1% (v/v) formic acid in 55 min with a flow rate of 0.5
ml/min and eluates analysed by standard electrospray ionisation mass spectrometry
(EIS).

A second run of EIS on a selected number of the most intense peaks

generated the MS/MS spectrum, which was submitted to the Mascot sequence
matching software (Matrix Science) for comparison of peptide sequences with
theoretical

sequences

found

in

the

Ludwig

(http://www.matrixscience.com/help/seq_db_setup_nr.html) database.
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5.3

Results

5.3.1

The effect of DTT and heat and acid treatment on bacteriolytic activity
in the D. pteronyssinus SGM

Results from previous studies (Mathaba et al., 2002) indicated that the bacteriolytic
activity present in both D. pteronyssinus and its SGM were enhanced in the presence
of DTT, and relatively resistant to heat- and acid-treatment. To confirm this, the
effect of DTT on the bacteriolytic activity of SGM before and after heat- and acidtreatment was investigated. As shown in Figure 5.1, bacteriolytic activity, after heatand acid-treatment, was detected in SGM both in the absence (upper panel) and
presence of DTT (lower panel) in the assay buffer. To determine if DTT enhanced
the lytic activity in the D. pteronyssinus SGM, the change of lytic activity (∆A450)
after 90 min was compared between assays performed in the absence or presence of
DTT. As shown in Figure 5.2, the presence of DTT was found to enhance the
bacteriolytic activity in the SGM, both before (upper panel) and after the samples
were treated with heat and acid (lower panel). Analysis using the two-way ANOVA
test showed that the presence of DTT enhanced the bacteriolytic activity both before
(p = 0.0023) and after (p = 0.0167) the samples were treated with heat and acid.
Using the same statistical test, it was found that heat- and acid-treatment did not
significantly decrease the level of bacteriolytic activity in SGM in the absence of
DTT (p = 0.2113) and did so only moderately in the presence of DTT (p = 0.0175).
It can be seen (Figure 5.1 and 5.2) that the degree of lysis correlated with dilution
from 1/2 to 1/8.
5.3.2

The presence of bacteriolytic activity in the bacterial culture
supernatants from the HDM-derived isolates

To determine whether bacteriolytic activity was present in the bacterial culture
supernatants from the HDM-associated bacterial isolates, supernatants collected at
the stationary phase of the growth curve were examined. All the samples in the
assay were tested in triplicate and average absorbances at 450 nm were plotted.
Figure 5.3 (upper panel) shows that bacteriolytic activity was detected in the culture
supernatants from all nine bacterial isolates. Since lytic activity could already be
detected in neat supernatants, the assay was not repeated using supernatants
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Figure 5.1

The effect of heat- and acid-treatment on the bacteriolytic activity of D.
pteronyssinus SGM in the absence (upper panel) or presence of DTT
(lower panel).

Suspensions of Micrococcus lysodeikticus were incubated at 37 °C with D. pteronyssinus
spent growth medium (SGM) that was either untreated or treated with heat and acid, and
the absorbances measured at the indicated timepoints. The assay buffer alone combined
with substrate served as a negative control. Assays were performed in triplicate and the
mean absorbances at 450 nm were plotted. The parenthetical data indicate the treatment
and dilutions used.

D. pteronyssinus SGM (1/8)

With DTT

D. pteronyssinus SGM (1/4)

Without DTT

D. pteronyssinus SGM (1/2)

D. pteronyssinus SGM
(undiluted)

∆A450

D. pteronyssinus SGM (1/8)

With DTT
D. pteronyssinus SGM (1/4)

Without DTT

D. pteronyssinus SGM (1/2)

D. pteronyssinus SGM
(undiluted)
∆A450

Figure 5.2

Bacteriolytic activity of D. pteronyssinus SGM before (upper panel) and
after (lower panel) heat- and acid-treatment, in the absence or presence
of DTT.

The change in lytic activity was measured as the change in absorbance value at 450 nm
(∆A450) between the 0 min and 90 min timepoint of the assay. The data (originally shown
in Figure 5.1) shown are mean ± standard deviation. The assays were performed in
triplicate. The samples applied were undiluted, 1/2, 1/4 and 1/8 diluted.

B. licheniformis strain 4
B. licheniformis strain 2
B. licheniformis strain 3
B. licheniformis strain 1

Figure 5.3

Bacteriolytic activity of HDM-derived bacterial culture supernatants
(upper panel) and various concentrations of HEWL used as standards
(lower panel) in the presence of DTT.

Suspensions of Micrococcus lysodeikticus were incubated at 37°C with undiluted culture
supernatants from bacteria grown to the stationary phase or HEWL in assay buffer and the
decrease in absorbance values determined at the indicated timepoints. The assay buffer
served as a control for background lysis during the course of the assay and an extract of D.
pteronyssinus spent growth medium (SGM) served as the positive control. Assays were
performed in triplicate, and the mean absorbances at 450 nm were plotted.

concentrated by 80% saturated ammonium sulphate precipitation.

The change in

bacteriolytic activity between the 0 min and 60 min timepoint of the assay enabled a
comparison of the relative bacteriolytic activity in the culture supernatants (Figure
5.4, upper panel). For every assay performed, various concentrations of HEWL were
included in the assay to serve as the standards as shown on the lower panel in Figure
5.3. At 60 min incubation, the assay was found to be linear over the range 0 to 50
µg/mL of lysozyme (Figure 5.4, lower panel).
5.3.3

Substrate SDS-PAGE analyses of the effect of DTT and heat and acid
treatment on the bacteriolytic activity in SGM

To determine the spectrum of bacteriolytic enzymes present in the SGM, substrate
SDS-PAGE was performed before and after the SGM was treated with heat and acid
in the presence or absence of DTT in the SDS-PAGE sample buffer. This approach
was also adopted in an attempt to determine whether any of the lytic activity present
in the SGM was accounted for by the 14 kDa bacteriolytic enzyme, LytFM. As
shown on the upper panel of Figure 5.5, bacteriolytic activity in the 14 K region was
observed in the SGM before and after heat- and acid- treatment (lanes 4 and 6) when
DTT was absent in the SDS-PAGE sample buffer.
Similar results were obtained for the replicate extractions. The presence of DTT in
the SDS-PAGE sample buffer led to the loss of lytic activity in the 14 K region not
only for SGM prepared with different methods from the same sample (SGM 1) of
faecal pellets (Figure 5.5, lower panel, lanes 2 and 3) but also for SGM prepared with
similar methods from two different samples (batches 2 and 3) from D. pteronyssinus
(Figure 5.5, lower panel, lanes 4 and 5). In the same figure, it can be seen that lytic
activity of HEWL, which served as a relative size marker, was also no longer
observed after the sample was boiled in SDS-PAGE sample buffer with DTT. Lytic
activity was also observed in the higher molecular weight region in SGM 2 before
and after heat- and acid-treatment (Figure 5.5, upper panel), and was retained after
the sample was boiled in SDS-PAGE sample buffer with DTT (Figure 5.5, lower
panel).
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Figure 5.4

Change in bacteriolytic activity of HDM-derived bacterial culture
supernatants (upper panel) and the various concentrations of HEWL
used as standards (lower panel) in the presence of DTT.

Changes in absorbance at 450 nm (∆A450) between the 0 min and 60 min timepoint of the
assay for each bacterial supernatant compared to assay buffer were determined. The data
(originally shown in Figure 5.3 (upper panel)) shown on the upper panel are mean ±
standard deviation and the data shown on the lower panel are calculated from data shown
in Figure 5.3 (lower panel).
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Figure 5.5

Substrate SDS-PAGE analyses of the effect of DTT on the bacteriolytic
activity in the D. pteronyssinus SGM obtained with different extraction
methods, from different samples and after the SGM was subjected to
heat- and acid-treatment.

D. pteronyssinus SGM sample 1 (SGM 1) was obtained by either mechanical
homogenisation (lane 2) or mixing of the faecal pellets in the extraction buffer (lane 3) at
4°C before 2.5 µg of each sample was applied to the lanes. D. pteronyssinus SGM sample
2 (SGM 2) and 3 (SGM 3) were obtained by mixing the faecal pellets in the extraction
buffer at 4°C before 0.1 µg of each sample was applied to the lanes. SGM 2 preparation
was repeated and the sample subjected to heat and acid treatment before 0.1 µg applied to
the lane. All the samples were boiled in SDS-PAGE sample buffer without DTT (upper
panel) or with DTT (lower panel). The gels were incubated in renaturation buffer without
DTT for 48 hr. Hen egg white lysozyme (HEWL) was used as a relative size marker
(indicated by arrows on the left). Arrows on the right indicate the high molecular weight
band. H and A represents heat- and acid-treatment.

5.3.4

Substrate SDS-PAGE analyses of the bacteriolytic enzymes in the
supernatants from HDM-derived bacterial isolates

To determine the spectrum of bacteriolytic enzymes present in the culture
supernatants from HDM-associated bacterial isolates, substrate SDS-PAGE was
performed. In light of the fact that three of the HDM-associated bacterial isolates
were found to contain the gene coding for LytFM by PCR in Chapter 4, it was
pertinent to determine whether bacteriolytic activity in the culture supernatants from
these isolates was possibly contributed by the 14 kDa lytic enzyme. Unconcentrated
culture supernatants were found to show a relatively low level of lytic activity in the
plate assay (Figure 5.3, upper panel). To increase the possibility of detecting lytic
bands in substrate SDS-PAGE, bacterial culture supernatants from all the nine HDMderived isolates were concentrated by 80% saturated ammonium sulphate
precipitation and then desalted prior to application to the gel.
In order to determine which of the fractions obtained following desalting of the
concentrated supernatants had maximal bacteriolytic activity, the fractions from the
isolates were subjected to substrate SDS-PAGE. All the fractions were analysed in
SDS-PAGE sample buffer without DTT, since boiling the samples in SDS-PAGE
sample buffer containing DTT led to a loss of bacteriolytic activity in the 14 K
region of the gels (data not shown).
When fractions 1 to 7 of 80% saturated ammonium sulphate-precipitated secreted
proteins from B. licheniformis strain 1 collected from the desalting column were
analysed, lytic activity was observed in the 14 K region with maximal activity in
fractions 4, 6 and 7 as indicated by the arrow on the upper panel of Figure 5.6. High
molecular weight bacteriolytic activity was maximal in fractions 3 and 4. The lytic
activity in fractions 1 to 6 of concentrated secreted proteins from B. licheniformis
strain 2 was also observed in the 14 K region as indicated by the arrow on the middle
panel (Figure 5.6). No high molecular weight activity was detected. Fractions 1 to 3
of secreted proteins from S. aureus collected from the desalting column were also
found to contain lytic activity in the 14 K region (as indicated by the arrow) and a
high molecular weight region while fractions 4 to 7 contained only much weaker
lytic activity at a high molecular weight region (Figure 5.6, lower panel).
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Figure 5.6

Substrate-SDS-PAGE analysis of 80% saturated ammonium sulphateprecipitated and desalted secreted proteins from B. licheniformis strain
1 (upper panel), B. licheniformis strain 2 (middle panel) and S. aureus
(lower panel).

On the upper panel, lanes 4 to 10 show the lytic activity corresponding to fractions 1 to 7
of 80% saturated ammonium sulphate-precipitated secreted proteins from B. licheniformis
strain 1 after the concentrated protein samples were passed through a desalting column. D.
pteronyssinus SGM served as the positive control and 2.5 µg and 3.5 µg were applied to
lane 2 and lane 3, respectively. HEWL was applied to lane 1 to serve as a relative size
marker (indicated by arrow). Lanes 4 to 9 show the lytic activity corresponding to
fractions 1 to 6 of 80% saturated ammonium sulphate-precipitated secreted proteins from
B. licheniformis strain 2 after the concentrated protein samples were passed through a

desalting column (middle panel). D. pteronyssinus SGM served as the positive control and
2.5 µg and 3.5 µg were applied to lane 2 and lane 3, respectively. HEWL was applied to
lanes 1 and 10 to serve as a relative size marker (indicated by arrow). On the lower panel,
lanes 3 to 9 show the lytic activity corresponding to fractions 1 to 7 of 80% saturated
ammonium sulphate-precipitated secreted proteins from S. aureus after the concentrated
protein samples were passed through a desalting column. D. pteronyssinus SGM served as
the positive control and 2.5 µg was applied to lane 2. HEWL was applied to lanes 1 and 10
to serve as a relative size marker (indicated by arrow). All the samples analysed were
boiled in SDS-PAGE sample buffer without DTT. The gels were incubated in renaturation
buffer without DTT for 48 hr.

When fractions 1 to 7 of the 80% saturated ammonium sulphate-precipitated secreted
proteins from B. licheniformis strain 4 were analysed, high molecular weight lytic
activity detected in fractions 1 and 4 to 7, was maximal in fractions 4 to 6, but no
lytic activity in the 14 K region was detected in any of the fractions (Figure 5.7,
upper panel). High molecular weight lytic activity detected in fractions 3 to 7 of the
80% saturated ammonium sulphate-precipitated secreted proteins from S.
epidermidis was maximal in fractions 6 and 7 and lytic activity in the 14 K region
was not observed in any of the fractions too (Figure 5.7, middle panel). Fractions 1
to 6 of the 80% saturated ammonium sulphate-precipitated secreted proteins from M.
luteus contained weak lytic activity in the high molecular weight region but none of
them contained lytic activity in the 14 K region as shown in the lower panel of
Figure 5.7. No lytic activity was detected when analysis of fractions 1 to 7 of the
80% saturated ammonium sulphate-precipitated secreted proteins from B. cereus was
performed (Figure 5.8, upper panel).

Fractions 1 to 7 of the 80% saturated

ammonium sulphate-precipitated secreted proteins from B. licheniformis strain 3 and
S. capitis subjected to similar analysis revealed lytic activity in the high molecular
weight regions in all the fractions, with maximal activity observed in fractions 3 to 7
for the former and fractions 3 to 6 for the latter (Figure 5.8, middle and lower panel).
None of the fractions from both isolates showed lytic activity in the 14 K region
(Figure 5.8, middle and lower panel).
5.3.5

Mass spectrometric analyses of supernatants from the HDM-derived B.
licheniformis strain 1, HDM-derived B. licheniformis strain 2 and HDMderived S. aureus

The concentrated supernatants from the HDM-derived bacterial isolates found to
contain lytFM in their genomes were investigated for the expression of the lytic
enzyme to determine if it contributed to at least part of the lytic activity observed in
the 14 K region. SGM was first analysed by MS as the positive control. Following
electrophoresis and staining of the protein bands by silver nitrate, bands in the 14 K
region were excised from multiple lanes, pooled and subjected to tryptic digestion
(Figure 5.9, top panel).

Mass spectrometric analyses yielded two peptides with

amino acid sequences that matched that deduced from the variant, lytFM1 (Mathaba
et al., 2002) as reported in Chapter 4,
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Figure 5.7

Substrate-SDS-PAGE analysis of 80% saturated ammonium sulphateprecipitated and desalted secreted proteins from B. licheniformis strain
4 (upper panel), S. epidermidis (middle panel) and M. luteus (lower
panel).

On the upper panel, lanes 4 to 10 show the lytic activity corresponding to fractions 1 to 7
of 80% saturated ammonium sulphate-precipitated secreted proteins from B. licheniformis
strain 4 after the concentrated protein samples were passed through a desalting column. D.
pteronyssinus SGM served as the positive control and 2.5 µg and 3.5 µg were applied to
lane 2 and lane 3, respectively. HEWL was applied to lane 1 to serve as a relative size
marker (indicated by arrow). Lanes 3 to 9 show the lytic activity corresponding to
fractions 1 to 7 of 80% saturated ammonium sulphate-precipitated secreted proteins from
S. epidermidis after the concentrated protein samples were passed through a desalting
column (middle panel). D. pteronyssinus SGM served as the positive control and 2.5 µg
was applied to lane 2. HEWL was applied to lanes 1 and 10 to serve as a relative size
marker (indicated by arrow). On the lower panel, lanes 3 to 8 show the lytic activity
corresponding to fractions 1 to 6 of 80% saturated ammonium sulphate-precipitated
secreted proteins from M. luteus after the concentrated protein samples were passed
through a desalting column. D. pteronyssinus SGM served as the positive control and 2.5
µg was applied to lane 2 and lane 9. HEWL was applied to lanes 1 and 10 to serve as a
relative size marker (indicated by arrow). All the samples analysed were boiled in SDSPAGE sample buffer without DTT. The gels were incubated in renaturation buffer without
DTT for 48 hr.
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Figure 5.8

Substrate-SDS-PAGE analysis of 80% saturated ammonium sulphateprecipitated and desalted secreted proteins from B. cereus (upper
panel), B. licheniformis strain 3 (middle panel) and S. capitis (lower
panel).

On the upper panel, lanes 3 to 9 show the lytic activity corresponding to fractions 1 to 7 of
80% saturated ammonium sulphate-precipitated secreted proteins from B. cereus after the
concentrated protein samples were passed through a desalting column. D. pteronyssinus
SGM served as the positive control and 2.5 µg were applied to lane 2. HEWL was applied
to lanes 1 and 10 to serve as a relative size marker (indicated by arrow). Lanes 3 to 9 show

the lytic activity corresponding to fractions 1 to 7 of 80% saturated ammonium sulphateprecipitated secreted proteins from B. licheniformis strain 3 after the concentrated protein
samples were passed through a desalting column (middle panel). D. pteronyssinus SGM
served as the positive control and 2.5 µg was applied to lane 2. HEWL was applied to
lanes 1 and 10 to serve as a relative size marker (indicated by arrow). On the lower panel,
lanes 3 to 9 show the lytic activity corresponding to fractions 1 to 7 of 80% saturated
ammonium sulphate-precipitated secreted proteins from S. capitis after the concentrated
protein samples were passed through a desalting column. D. pteronyssinus SGM served as
the positive control and 2.5 µg was applied to lane 2. HEWL was applied to lanes 1 and 10
to serve as a relative size marker (indicated by arrow). All the samples analysed were
boiled in SDS-PAGE sample buffer without DTT. The gels were incubated in renaturation
buffer without DTT for 48 hr.
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Figure 5.9

SDS-PAGE fractionation of D. pteronyssinus SGM proteins (upper
panel) and mass spectrometry (MS) of the gel bands as indicated
(boxed).
D. pteronyssinus SGM (4 µg, 5 µg, 6 µg, 7 µg, 8 µg, 9 µg, 10 µg and 11 µg) was applied
to lanes 2 to 9, respectively, and after SDS-PAGE and silver staining, gel bands (boxed)
were excised, and pooled for MS analysis. Low range molecular weight standards were
applied to lanes 1 and 10 (upper panel of previous page). The middle and bottom panels
(previous page) show the extracted ion chromatogram and MS/MS spectra, respectively, of
the tryptic peptide “MINAPHTGTK”; the upper and lower panels (present page) show the
extracted ion chromatogram and MS/MS spectra, respectively, of the tryptic peptide
“VASGQYSDPK” derived from the 14 K region that gave rise to the hits above the
significance threshold. In the extracted ion chromatograms (↓) indicates the timepoint at
which the tryptic peptide was eluted during HPLC. In the MS/MS, spectra ‘b’ refers to
identification of the peptide in a forward manner starting from the first amino acid residue
and ‘y’ refers to that in a backward manner starting from the last amino acid residue.
Numbers in parentheses denote the number of amino acid residues in the peptide. * and º
indicate losses in addition to peptide fragmentation, i.e., * for loss of ammonia and º for
loss of H2O.

V61 ASGQYSDPK70. The elution of M103INAPHTGTK112 peptide during HPLC can
be seen in the extracted ion chromatogram as shown on the middle panel and the
MS/MS spectrum of the peptide is shown on the bottom panel (Figure 5.9). On the
following page, the elution of V61ASGQYSDPK70 peptide is indicated in the
extracted ion chromatogram on the upper panel and the corresponding MS/MS
spectrum is shown on the lower panel (Figure 5.9). The results of MS are tabulated
in Table 5.1.
The ammonium sulphate-precipitated supernatant from the HDM-derived B.
licheniformis strain 1 was desalted and the resulted fractions resolved by
electrophoresis before the gel bands in the 14 K region were excised, pooled and
subjected to MS as indicated on the upper panel of Figure 5.10. Following elution of
tryptic peptides during HPLC (corresponding extracted ion chromatogram not
shown), MS analyses revealed two peptides that matched LytFM1, i.e.,
S11 QIGVPYSWGGGGIHGK27

(Figure

5.10,

middle

panel)

and

M103INAPHTGTK112 (Figure 5.10, lower panel). Bands in the 14 K region that were
pooled following electrophoresis of the desalted fractions of concentrated
supernatant from B. licheniformis strain 2 as indicated on the upper panel of Figure
5.11 contained the peptide S11QIGVPYSWGGGGIHGK27 (Figure 5.11, lower
panel). In a similar analysis of HDM-derived S. aureus, MS of the bands in the 14 K
region revealed the presence of two peptides, i.e. S11QIGVPYSWGGGGIHGK27 and
M103INAPHTGTK112 that matched the amino acid sequences of LytFM1 as indicated
in Figure 5.12.
All the positive hits obtained in mass spectrometric analyses of the gel bands excised
from the 14 K region following electrophoresis of the D. pteronyssinus SGM and the
concentrated and desalted bacterial culture supernatants are shown in Table 5.1. The
relative positions of the peptides accounting for the detected hits superimposed on
the amino acid sequence of the 14 kDa bacteriolytic enzyme are shown in Figure
5.13.
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Table 5.1

Summary of mass spectrometric analysis data of the 14 K SDS-PAGE gel bands from D. pteronyssinus SGM and secreted proteins
from the bacterial strains found to harbour lytFM.

Protein source

Precursor ion
Precursor
mass
ion mass
(experimental)a (calculated)b

Delta
(difference
between a and b)

Peptide sequence(s)

Probabilitybased score*

Rank

D. pteronyssinus spent
growth medium

1067.6314
1051.4121

1068.5386
1050.4982

0.9072
0.9139

MINAPHTGTK
VASGQYSDPK

0.03
47

1
1

B. licheniformis strain 1

1699.0357
1084.6167

1698.8478
1084.5335

0.1879
0.0832

SQIGVPYSWGGGGIHGK
MINAPHTGTK

0.035
0.6

1
1

B. licheniformis strain 2

1698.9741

1698.8478

0.1263

SQIGVPYSWGGGGIHGK

0.0069

1

S. aureus

1698.8898
1067.5751

1698.8478
1068.5386

0.0420
0.9635

SQIGVPYSWGGGGIHGK
MINAPHTGTK

0.019
0.48

1
1

The delta score contributes partly to the probability-based score of a hit as the experimentally determined ion mass (a) reflects the error window specified
during MS analysis with Mascot. If the error window is too large, random hits are likely to be included in the analysis and, if the error window is too
narrow, valid hits will be missed. *Denotes the score used to determine if a positive hit is above the significance threshold which is generally p < 0.05,
where p is the probability. The rank “1” was assigned to a peptide that gave rise to one of the most intense peaks based on calculations performed with
Mascot.
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Figure 5.10

SDS-PAGE fractionation of concentrated and desalted secreted
proteins from B. licheniformis strain 1 and MS of the gel bands as
indicated (boxed).
Desalting column fractions after the sample of secreted proteins from B. licheniformis
strain 1 was ammonium sulphate-precipitated and then desalted, were applied to lanes 2 to
9, respectively, and after SDS-PAGE (upper panel), gel bands (boxed) were excised and
pooled for MS analysis. Low range molecular weight standards were applied to lanes 1
and 10 (upper panel). The middle and bottom panels show the MS/MS spectra of the
tryptic peptides derived from the 14 K region that gave rise to the hits above the
significance threshold, i.e., “SQIGVPYSWGGGGIHGK” and “MINAPHTGTK”,
respectively. In the MS/MS spectra, ‘b’ refers to identification of the peptide in a forward
manner starting from the first amino acid residue and ‘y’ refers to that in a backward
manner starting from the last amino acid residue. Numbers in parentheses denote the
number of amino acid residues in the peptide. * and º indicate losses in addition to peptide
fragmentation, i.e., * for loss of ammonia and º for loss of H2 O.
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Figure 5.11

SDS-PAGE fractionation of concentrated and desalted secreted
proteins from B. licheniformis strain 2 and MS of the gel bands as
indicated (boxed).
Desalting column fractions after the sample of secreted proteins from B. licheniformis
strain 2 was ammonium sulphate-precipitated and then desalted, were applied to lanes 2 to
9, respectively, and after SDS-PAGE (upper panel), gel bands (boxed) were excised and
pooled for MS analysis. Low range molecular weight standards were applied to lanes 1
and 10 (upper panel). The bottom panel shows the MS/MS spectrum of the tryptic peptide
derived from the 14 K region that gave rise to the hit above the significance threshold, i.e.,
“SQIGVPYSWGGGGIHGK”. In the MS/MS spectra, ‘b’ refers to identification of the
peptide in a forward manner starting from the first amino acid residue and ‘y’ refers to that
in a backward manner starting from the last amino acid residue. Numbers in parentheses
denote the number of amino acid residues in the peptide. * and º indicate losses in addition
to peptide fragmentation, i.e., * for loss of ammonia and º for loss of H2O.
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Figure 5.12

SDS-PAGE fractionation of concentrated and desalted secreted
proteins from S. aureus and MS of the gel bands as indicated (boxed).
Desalting column fractions after the sample of secreted proteins from S. aureus was
ammonium sulphate-precipitated and then desalted, were applied to lanes 2 to 9,
respectively, and after SDS-PAGE (upper panel), gel bands (boxed) were excised and
pooled for MS analysis. Low range molecular weight standards were applied to lanes 1
and 10 (upper panel). The middle and bottom panels show the MS/MS spectra of the
tryptic peptides derived from the 14 K region that gave rise to the hits above the
significance threshold, i.e., “SQIGVPYSWGGGGIHGK” and “MINAPHTGTK”,
respectively. In the MS/MS spectra, ‘b’ refers to identification of the peptide in a forward
manner starting from the first amino acid residue and ‘y’ refers to that in a backward
manner starting from the last amino acid residue. Numbers in parentheses denote the
number of amino acid residues in the peptide. * and º indicate losses in addition to peptide
fragmentation, i.e., * for loss of ammonia and º for loss of H2 O.
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GFDCSGLAQYSVYQGTHKVLARVASGQYSDPKCHHVAYGSHQPGDLVFFGNPIHHVGI

LytFM

GFDCSGLAQYSVYQGTHKVLARVASGQYSDPKCHHVAYGSHQPGDLVFFGNPIHHVGI

Sequence deduced from lytFM1

GFDCSGLAQYSVYQGTHKVLARVASGQYSDPKCHHVAYGSHQPGDLVFFGNPIHHVGI

Sequence reported in this chapter
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Published sequence

VSAHGRMINAPHTGTNVREENIWSDHIANVARCW

LytFM

VSAHGRMINAPHTGTNVREENIWSDHIANVARCW

Sequence reported in this chapter

VSAHGRMINAPHTGTKVREENIGGDHIANVARCW

Sequence deduced from lytFM1

Figure 5.13

VSAHGRMINAPHTGTKVREENIGGDHIANVARCW

Alignment of the amino acid sequence of the LytFM variant, LytFM1 as determined by MS with the published sequence from
Mathaba et al. (2002), the amino acid sequence of LytFM as reported in Chapter 4 and the amino acid sequence deduced from
the DNA sequence of the variant gene lytFM1 (Accession number AF409109) deposited into Genbank by Mathaba et al. (2002).
“Published sequence” shown in Mathaba et al. (2002) and “Sequence deduced from lytFM1 deposited into Genbank (Accession number AF409109)
were sequences translated from the DNA sequences of the gene coding for the 14 kDa bacteriolytic enzyme amplified from different cDNA clones of
D. pteronyssinus as reported (Mathaba et al., 2002). Non-homologous residues are highlighted in red. The residues highlighted in bold formed the
peptide matches obtained from MS.

5.3.6

Presence of other peptides in the 14 K region of the fractions derived
from the 80% saturated ammonium sulphate-precipitated and desalted
bacterial culture supernatants

In addition to these results, other peptides were identified that corresponded to
several bacterial proteins as well as proteins from other sources. A number of these
peptides had sequences that matched the amino acid sequences of proteins
synthesised by D. pteronyssinus. For example, the Der p 1 allergen was detected in
the fractions derived from the culture supernatants from the HDM-derived B.
licheniformis strain 2 and S. aureus. There were also matches with sequences of
proteins synthesised by species similar to the HDM-derived isolates, for example
flagellin from B. licheniformis and thioredoxin from S. aureus were detected in the
culture supernatants from the HDM-derived B. licheniformis strain 2 and S. aureus,
respectively. In addition, positive hits were also found with proteins synthesised by
other species, for example the 17 kDa surface antigen from Burkholderia spp. and
the spore coat protein E from Bacillus thuringiensis were detected in the culture
supernatant from B. licheniformis strain 1. All the matches to proteins which are
synthesised by D. pteronyssinus or bacteria are tabulated as shown in Table 5.2.
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Table 5.2

Summary of some of the other proteins present in the secreted proteins from the HDM-associated isolates following mass
spectrometric analyses.

Microorganism
(source of secreted
proteins)

Protein identity and
accession number

Size of
protein

Origin

Peptide sequence

B. licheniformis
strain 1

Trypsin-like serine
protease (Q7Z163)

29 K

Dermatophagoides YPTIYSNVANLR
pteronyssinus

B. licheniformis
strain 1

17 kDa surface antigen
(NC014117.1)

17 K

Burkholderia spp.

B. licheniformis
strain 1

Spore coat protein E
(A0RHE2)

20 K

Bacillus
thuringiensis

B. licheniformis
strain 2

Der p 1 allergen
(Q3HWZ5)

B. licheniformis
strain 2

Probabilitybased score*

Rank

0.00100

1

MGTVDSVR

0.05500

1

VNYTDEVSIGYR

0.00095

1

34 K

Dermatophagoides QIEYIQHNGVVQESYYR 0.00024
pteronyssinus

1

Der p 2 allergen
(B0FRE2)

15 K

Dermatophagoides SENVVVTVK
pteronyssinus

0.05600

1

B. licheniformis
strain 2

Sporulation initiation
phosphotransferase
(E5W918)

14 K

Bacillus sp.
BT1B_CT2

ILIVDDQYGIR

0.0017

1

B. licheniformis
strain 2

Fructose-biphosphate
aldolase 1 (E5W917)

30 K

Bacillus sp.
BT1B_CT2

INVNTENQIASAK

7.7e-005

1

*Denotes the score used to determined if a positive hit is above the significant threshold which is generally p < 0.05, where p is the probability.
The rank “1” was assigned to a peptide that gave rise to one of the fifteen most intense peaks based on calculations performed with Mascot.

Table 5.2

Summary of some of the other proteins present in the secreted proteins from the HDM-associated isolates following mass

(continued)

spectrometric analyses.

Microorganism
(source of secreted
proteins)

Protein identity and
accession number

Size of
protein

Origin

Peptide sequence

Probabilitybased score*

Rank

B. licheniformis
strain 2

Flagellin (C3RXI6)

33 K

Bacillus
licheniformis

APADPANPAAGEK

0.00081

1

S. aureus

Der p 1 allergen
(Q3HWZ5)

34 K

Dermatophagoides
pteronyssinus

GIEYIQHNGVVQESYYR

0.016

1

S. aureus

Trypsin-like serine
protease (Q7Z163)

29 K

Dermatophagoides
pteronyssinus

YPTIYSNVANLR
SGGTLPTILQIASVTK
IVGGSNASPGDAVYQIALFR

0.0016
0.0087
0.039

1
1
1

S. aureus

Putative surface
protein (D0K3P7)

16 K

Staphylococcus
aureus

SAVYTITWK

0.00071

1

S. aureus

Thioredoxin
(D0K460)

11.4 K

Staphylococcus
aureus

LDVDENPSTAAK

0.00047

1

S. aureus

Putative
uncharacterised
protein (Q72X58)

16 K

Bacillus cereus

GSSLGTQSYTGIIEAAGR
QATVVMTYER

5.1e-005
0.00027

1

*Denotes the score used to determined if a positive hit is above the significant threshold which is generally p < 0.05, where p is the probability.
The rank “1” was assigned to a peptide that gave rise to one of the fifteen most intense peaks based on calculations performed with Mascot.

5.4

Discussion

In this chapter, bacteriolytic activity of D. pteronyssinus SGM and of the HDMassociated bacterial isolates was studied.

Most assays employed to detect

bacteriolytic activity use Micrococcus luteus as the substrate because it is highly
susceptible to digestion. It has been used in all studies, thus far, for the measurement
of general bacteriolytic activity (Stewart et al., 1986; Beukes et al., 2000; Ceotto et
al., 2010) and for the detection of the 14 kDa mite bacteriolytic enzyme (Mathaba et
al., 2002). D. pteronyssinus whole mite and SGM lyse a number of Gram-positive
bacterial species including M. lysodeikticus, Listeria monocytogenes, B. megaterium,
Lactobacillus casei and Staphylococcus spp. The most efficient lysis was observed
with M. lysodeikticus (Mathaba et al., 2002). Although M. lysodeikticus has been
renamed M. luteus (Benecky et al., 1993) the former species name is currently
commonly used in publications in which the organism is used as a substrate for
bacteriolytic activity (Charernsriwilaiwat et al., 2012; Zhang et al., 2012). That
nomenclature is used in this thesis in order to avoid confusion with the HDM-derived
M. luteus. Heat-killed M. lysodeikticus was used in both the plate assay and substrate
SDS-PAGE to facilitate the investigation of the bacteriolytic profile of the bacterial
culture supernatants.
Heat- and acid-treatment of D. pteronyssinus SGM was performed to eliminate
protease activity that might have compromised the results obtained in the studies
undertaken by destroying the mite bacteriolytic enzyme. Previous studies (Mathaba
et al., 2002) showed that the mite bacteriolytic activity was susceptible to mite
proteases, which could be removed by such treatment without destroying the lytic
enzyme. However, confirmation of the resistance to heat-and acid-treatment was
undertaken. Interestingly, others (Erban and Hubert, 2008) have argued that mite
bacteriolytic activity was not susceptible to mite proteases. However, these workers
did not formally demonstrate this and based their conclusion on an extrapolation
from their pH-activity curve which showed that maximal lytic activity was observed
at pH 4.5 and reported protease activity was optimal at pH 7 and above, as well as
the known compartmentalisation of digestive enzymes and pH in these various
compartments.

The discrepancies between the two sets of observations are not

necessarily incompatible and may be explained by the different methodology used by
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these authors. In this regard, they used fluorescently labelled M. luteus cell walls at
pH 4.5 rather than whole cells and it is possible that the fluorescent label modified
the peptide component of peptidoglycan (PG) rendering it resistant to proteolysis due
to its binding to lysine residues present in Lys-PG.

The bacteriolytic activity

reported by Mathaba et al. (2002) was measured at pH 6.2 and at different timepoints
for 23.5 hours from the start of the incubation of SGM with a suspension of M.
lysodeikticus at different temperatures in the presence or absence of PMSF. In the
study reported by Erban and Hubert (2008), only one measurement of the
bacteriolytic activity across a range of pH’s from 3 to 7 was taken, i.e. after the
incubation of the SGM with M. lysodeikticus for 4 hours at 37ºC. The bacteriolytic
activity, determined at pH 6.2 in the absence of PMSF by Mathaba et al. (2002)
showed a large decrease at the 4 hour timepoint compared to the start of the assay.
This observation was in agreement with the finding that significantly lower
bacteriolytic activity was detected at pH 6.2 compared to the pH optimum of 4.5
(Erban and Hubert, 2008). The findings that bacteriolytic activity peaks at pH 4.5, in
contrast to pH 7 which is the pH optimum for protease activity, despite the
coexistence of both enzymes in the guts of mites, led to the conclusion that
bacteriolytic activity in the SGM of D. pteronyssinus is resistant to proteases (Erban
and Hubert, 2008).
The lytic activity present in SGM was enhanced by the presence of DTT, even after
it was subjected to heat-and acid-treatment.

These data are consistent with

previously published findings (Mathaba et al., 2002), and are consistent with the
well-established finding that bacteriolytic activity in bacterial species from the
NlpC/P60 Superfamily is enhanced by thiols (Wuenscher et al., 1993; Bourgogne et
al., 1992; Margot et al., 1999; Mathaba et al., 2002). Bacteriolytic activity in D.
pteronyssinus SGM was degraded by proteases, and heat-and acid-treatment
performed as described in this chapter was sufficient to eliminate the mite serine
proteases trypsin and chymotrypsin (Mathaba et al., 2002). Two-way ANOVA
revealed that the lytic activity in SGM was not significantly decreased following
such treatment in the absence of DTT. In the presence of DTT, lytic activity in the
SGM was significantly enhanced following heat- and acid-treatment.
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Given the data from this study as well as previous studies (Mathaba et al., 2002), the
lytic activity of the bacterial culture supernatants from the nine HDM-associated
isolates was, therefore, analysed in the presence of DTT in the plate assay. All the
culture supernatants used were obtained from bacterial cultures grown to the
stationary phase of the growth curve as it is during this phase that extracellular
proteins are preferentially expressed (Vandenesch et al., 1991; Ziebandt et al., 2001).
However, the lytic activity observed in the unconcentrated culture supernatants was
found to be at least five times lower than that of the unconcentrated D. pteronyssinus
SGM. Time constraints prevented further investigation and the plate assay should be
repeated in the absence of DTT in the assay buffer for the nine HDM-associated
isolates to investigate whether DTT enhanced the lytic activity in their culture
supernatants as it did in the SGM. In addition, the assay should be repeated using
concentrated culture supernatants and include protease inhibitors.
Bacteriolytic activity was also detected by substrate SDS-PAGE using three separate
batches of SGM, although there were qualitative differences in expression. The
addition of DTT to the sample buffer resulted in a complete loss of lytic activity in
the 14 K region of all three batches. However, the bacteriolytic activity in SGM
observed in a higher molecular weight region was partially retained.

D.

pteronyssinus SGM showed lytic activity in the 14 K region that was resistant to
heat- and acid-treatment which was consistent with observation from the plate lytic
assay. However, this was only true in the absence of DTT in the SDS-PAGE sample
buffer.

Bacteriolytic activity in the high molecular weight region was partially

retained following heat- and acid-treatment of SGM, both in the absence and
presence of DTT in the sample buffer.
Lytic activity was also seen with the ammonium sulphate-precipitated culture
supernatants from the HDM-associated B. licheniformis strain 1, B. licheniformis
strain 2 and S. aureus and the positions of the bands at the 14 K region were similar
to those observed in D. pteronyssinus SGM. These observations paralleled that made
with D. pteronyssinus SGM as inclusion of DTT in the SDS-PAGE sample buffer led
to the loss of lytic activity in the 14 K region for all the three isolates (data not
shown). The contrast between these observations and the reported findings that
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bacteriolytic activity in D. pteronyssinus SGM was enhanced by DTT in the plate
lytic assay (Mathaba et al., 2002) and that thiols enhanced bacteriolytic activity of
bacterial proteins from the NlpC/P60 Superfamily (Wuenscher et al., 1993;
Bourgogne et al., 1992; Margot et al., 1999; Mathaba et al., 2002) was possibly
accounted by the differences between the two systems, i.e. plate lytic assay versus
zymography.
There are three cysteine residues in the 14 kDa bacteriolytic enzyme, LytFM, i.e.,
C42, C71 and C129 (Mathaba et al., 2002). C42 is a highly conserved cysteine residue
found in the C-terminal region of all members of the NlpC/P60 Superfamily
(Bateman et al., 2000) and likely to be involved in the catalytic function of this
protein as a bacteriolytic enzyme (Mathaba et al., 2002). Therefore, C71 likely forms
a disulphide bond with C129. Thus, after the proteins were separated with substrate
SDS-PAGE in a denatured form, with samples prepared in the presence of DTT,
immersing the polyacrylamide gel in the zymographic buffer might lead to
renaturation that favoured the formation of disulphide bonds between C42 and C71 or
C42 and C129, or both, inhibiting lysis of M. lysodeikticus cells. Excluding DTT from
the sample buffer enabled some of the protein molecules to remain in their
catalytically intact structure after SDS-PAGE and therefore, the detection of lytic
activity.
Loss of the bacteriolytic activity in the 14 kDa size region in the D. pteronyssinus
SGM or the supernatants from the HDM-associated bacterial isolates was unlikely to
be due to variation in sample preparation or intrinsic properties of the samples.
Whether the SGM was prepared from the same batch of faecal pellets by mixing the
extraction buffer with the faecal pellets or by mechanical homogenisation of the
faecal pellets, the lytic activity in the 14 K region was completely lost when DTT
was present in the SDS-PAGE sample buffer. Similar observation was made with
SGM prepared from two different batches of faecal pellets. It was possible that the
loss of lytic activity of the size marker, HEWL in the 14 K region following addition
of DTT to the sample buffer was due to a change in its molecular structure resulting
from random disulphide bond formation.
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Substrate SDS-PAGE of the desalted fractions of the ammonium sulphate
precipitated culture supernatants from the nine HDM-associated bacterial isolates
was performed taking into account that lytic activity in the 14 K region would only
be observed if the samples were boiled in SDS-PAGE sample buffer without DTT.
Following ammonium sulphate precipitation and desalting of the supernatant from
the HDM-associated B. licheniformis strain 1, all the fractions assayed showed lytic
activity in the 14 K region as well as two higher molecular weight regions for most
of the fractions, consistent with the fact that other higher molecular weight
bacteriolytic enzymes exist in the microorganisms (Kim et al., 1999; Zukaite and
Biziulevicius, 2000; Cladera-Olivera et al., 2004). In the absence of DTT in the
SDS-PAGE sample buffer, lytic activity in the 14 K region was observed in three of
the four fractions derived from the concentrated and desalted supernatants prepared
from the HDM-derived S. aureus. Lytic activity was also observed in other higher
molecular weight size regions in all of the fractions analysed, an observation
consistent with the presence of other higher molecular weight lytic enzymes in S.
aureus (Sugai et al., 1994; Frankel et al., 2011).
To ascertain whether LytFM was expressed by the three microorganisms found to
contain the gene coding for the 14 kDa bacteriolytic enzyme in their genomes,
analyses by mass spectrometry (MS) of protein bands in the 14 K region was
performed. The 14 K protein bands were excised from the D. pteronyssinus SGM
following electrophoresis and staining of the gel with silver nitrate, pooled and
analysed as the positive control.

From the first run of standard electrospray

ionisation mass spectrometry (EIS), the peptide “M103INAPHTGTK112” was detected
using the programme Mascot (Perkins et al., 1999; www.proteomics.com). A second
run of MS/MS assigned the peptide sequence with a probability-based score
indicating a significant match with the sequence of the 14 kDa bacteriolytic enzyme.
A second peptide was also detected, namely “V61ASGQYSDPK70” although below
the significance threshold. Several factors might account for this, one being steric
hindrance (Perkins et al., 1999) and the other being identity of the residue adjacent to
the cleavage site (Perkins et al., 1999).

The success of a cleavage may be

significantly reduced when certain combinations of amino acids are present near the
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cleavage sites (Keil, 1992; Pappin et al., 1995), although cysteine in the position
indicated does not appear to influence cleavage.
Another factor that may affect the efficiency of detection is a low amount of the
substrate to be analysed by MS (personal communication, Dr Andreja Livky,
Proteomics International) due to a variety of factors such as the presence of
proteases. This was a likely factor as staining of the gels with Coomassie brilliant
blue after electrophoresis did not enable visualisation of any band in the 14 K region
(data not shown). In this regard, many unsuccessful attempts of MS analysis were
performed using silver nitrate stained gels. Subsequently, the decision was made to
pool the individual protein bands excised from the 14 K region after electrophoresis.
The change in the sample preparation approach was likely to have circumvented the
issue associated with low expression of LytFM by each of the three HDM-associated
bacterial isolates.
Mass spectrometric analyses of the protein bands in the 14 K region following
electrophoresis of the concentrated and desalted fractions derived from the
supernatant of HDM-derived B. licheniformis strain 1 identified the peptide sequence
“S11QIGVPYSWGGGGIHGK27”.
“M103INAPHTGTK112”

was

A second, non-significant peptide sequence
also

identified.

Similarly,

the

peptide

“S11QIGVPYSWGGGGIHGK27” was detected in the supernatants prepared from B.
licheniformis strain 2 and S. aureus.

S. aureus also contained the peptide

“M103INAPHTGTK112” but the probability-based score of this peptide sequence was
below the significance threshold.

For all protein samples analysed by MS, the

detection of one significant peptide sequence matching the amino acid sequence of
the protein of interest is indicative of positive expression of the protein (Perkins et
al., 1999; www.proteomics.com). However, the coverage of the protein was very
limited.

Therefore, the data obtained only suggest the possible expression of

LytFM1 by the HDM-associated bacterial isolates reported to harbour the gene
coding for the lytic enzyme. Further studies are required.
The gene coding for the 14 kDa bacteriolytic enzyme published previously (Mathaba
et al., 2002) was found in the genomes of the HDM-associated B. licheniformis
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strain 1, B. licheniformis strain 2 and S. aureus, and given the name lytFM as
reported in Chapter 4. In addition, a variant gene coding for the 14 kDa bacteriolytic
enzyme was deposited into Genbank (Accession number 409109) by Mathaba et al.
(2002) and was, therefore, given the name lytFM1 to distinguish it from lytFM
described both here and in Mathaba et al. (2002). In this regard, the reported amino
acid sequence of the peptide “M103INAPHTGTK112” aligned with that of LytFM1 as
shown in Figure 5.13.

A tryptic peptide “M103INAPHTGTNVR114” was not

detected.
Although amino acid residue 112 in the sequence reported for LytFM1 in this
chapter, i.e. “K” was determined by MS, amino acid residues 119 and 120, i.e. “G”
and “G” respectively, could not be verified as none of the peptide fragments obtained
by MS spanned the region of the sequence that encompasses the two residues (refer
to Figure 5.13). Nevertheless, not all tryptic cleavage sites within the lytic enzyme
would be efficiently cleaved to result in the detection of all theoretically determined
peptide fragments in MS, and since the peptide fragment “M103INAPHTGTK112” was
one of the two fragments that were detected in the D. pteronyssinus SGM by MS, it
is suggestive that LytFM1 was expressed by the HDM. The detection of this peptide
fragment in the culture supernatants from the HDM-associated B. licheniformis
strain 1 and S. aureus suggests that the three HDM-associated bacterial isolates
express LytFM1. As lytFM was the gene detected in these bacteria (Chapter 4), the
question arises as to why the MS data did not reveal the LytFM sequence. It is
possible that both protein variants are present in bacterial supernatants, but that
LytFM1 is more highly expressed than LytFM. Alternatively, LytFM may not be
expressed, or may not be secreted by the bacteria.
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5.5

Conclusions

The bacteriolytic activity in the D. pteronyssinus SGM was enhanced by the presence
of DTT both before and after it was subjected to heat- and acid-treatment. Heat- and
acid-treatment of the SGM did not significantly decrease the level of bacteriolytic
activity in the absence of DTT. Bacteriolytic activity in the 14 K region of substrate
SDS-PAGE gels was detected in concentrated and desalted supernatants from the
HDM-associated B. licheniformis strain 1, B. licheniformis strain 2 and S. aureus.
Secretion of the variant of LytFM, i.e., LytFM1, by the three microorganisms was
indicated by the presence of at least one peptide sequence by mass spectrometric
analyses of the bands in the 14 K region following SDS-PAGE of the fractions
derived from their concentrated and desalted culture supernatants, although sequence
coverage was limited. These two lines of evidence support the hypothesis that
LytFM1 is expressed by the three HDM-associated bacterial isolates.

104

Chapter 6

Immunochemical analysis of the HDMassociated bacterial isolates
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6.1

Introduction

As reported in Chapter 5, the data obtained indicated that LytFM1 was secreted into
the bacterial culture supernatants of the three HDM-associated isolates, i.e. B.
licheniformis strain 1, B. licheniformis strain 2 and S. aureus.

This raises the

possibility that immunochemical reagents raised against whole mite extracts or
LytFM/LytFM1 might contain antibodies raised against Bacillus, Micrococcus or
Staphylococcus species in general and/or specifically against LytFM/LytFM1. In
this regard, an antiserum to whole mite extracts had been produced in our laboratory
in early studies undertaken to characterise allergenic mite proteins by crossed
radioimmunoelectrophoresis. The resulting antiserum reacted with a large number of
mite proteins several of which were shown to be allergenic. Interestingly, one of the
proteins detected, designated Dpt36, was subsequently isolated by a combination of
physicochemical techniques and shown to be allergenic by immunoblotting in about
22 percent of mite allergic individuals (Stewart et al., 1988). Dpt36 was also shown
to possess an N-terminal amino acid sequence corresponding to that obtained for
LytFM (Stewart et al., 1988).

It was, thus, decided to determine whether this

antiserum would react with exoproducts from the HDM-associated bacterial isolates.
Initial experiments were performed using double immunodiffusion and extracts
prepared from the whole mite bodies and SGM of D. pteronyssinus as the positive
controls.

In addition to double immunodiffusion, ELISA was performed using polyclonal
antibodies raised against synthetic peptides representing putative epitopes from
LytFM1. The range of potential epitopes was determined by the commercial supplier
of the antibodies, (GL Biochem Ltd, Melbourne, Australia), based on their antigenic
indices determined by the computer algorithm described previously (Jameson and
Wolf, 1988) and the programs “PeptideStructure” and “PlotStructure” (Modrow and
Wolf, 1986). The Jameson-Wolf antigenic index has been shown to be useful in
predicting antigenic epitopes in a number of studies (Ferroni et al., 1993; Kasturi et
al., 1995; Parizi et al., 2009). The actual peptides used were selected on the basis of
limited sequence homology with other members of the NlpC/P60 Superfamily. In
performing such analyses, it was decided to examine bacterial supernatants produced
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at different phases of the growth curve since it has been shown that protein secretion
may differ.

6.2

Methods

6.2.1

Bacterial growth curves and preparation of bacterial extracts

Bacterial growth curves were generated by measuring the optical density of the
bacterial cultures and control medium at 600 nm at the indicated timepoints, and the
protease and bacteriolytic activity determined as described in Sections 3.1.4 and
3.1.5, respectively. Bacterial proteins secreted during the stationary and death phase,
prepared as described in Section 3.1.3, were concentrated by acetone precipitation by
adding nine volumes of acetone at -20°C to one volume of bacterial culture
supernatant.

Samples were mixed thoroughly and incubated overnight at 4°C.

Samples were then centrifuged at 28,000 x g at 4⁰C for 30 min, and the resulting
supernatants discarded. The pellets were air-dried and then reconstituted in 1 ml of
0.01 M sodium phosphate buffer, pH 6.2 per 10 ml of culture supernatant and stored
at -20°C until required.

The concentrations of the resulting bacterial secreted

proteins were determined using the Bradford protein assay, as described in Section
3.2.1.
6.2.2

Double immunodiffusion analysis

Double immunodiffusion was performed as described in Section 3.4.1 using a pooled
sheep anti-whole mite extract antiserum (raised in two sheep, see below) and an
unrelated sheep antibody (sheep anti-human IgE antiserum, see below) as the
negative control. Protein extracts, prepared from the D. pteronyssinus SGM and
whole mite bodies, prepared as described in Sections 3.1.1 and 3.1.2, were used as
the positive controls in the investigation of the immunoreactivity of secreted proteins
from HDM-associated bacterial isolates prepared as described in Section 6.2.1.
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6.2.2.1 Preparation of sheep anti-HDM antiserum, sheep anti-human IgE serum
and sheep anti-Der p 1 antiserum
The sheep anti-whole mite extract antiserum was an “in-house” reagent prepared
using whole D. pteronyssinus mite proteins, and has been described in detail
elsewhere (Stewart et al., 1986). The sheep anti-Der p 1 antiserum, also an “inhouse” reagent, was raised against the D. pteronyssinus Der p 1 allergen and
prepared by Winthrop Professor G. A. Stewart. The sheep anti-human IgE antibody
was raised against purified IgE, and was a gift from Professor Kevin Turner
(University of Western Australia, Perth, WA).
6.2.2.2 Preparation of antisera to epitopes of the mite bacteriolytic enzyme
LytFM1
Anti-peptide antibodies were generated against two synthetic peptides, chosen and
synthesised on the advice of GL Biochem Ltd, Melbourne, Australia using the
programs “PeptideStructure” and “PlotStructure” described previously (Modrow and
Wolf, 1986). The antigenic indices for all the potential epitopes on LytFM1 were
determined according to the computer algorithm described previously (Jameson and
Wolf, 1988). Two rabbits for each peptide were immunised and designated Rb999,
Rb1000, Rb1001 and Rb1002. Two peptides were used to raise the four polyclonal
anti-peptide antibodies, Rb999 and Rb1000 (P127HTGTKVREENIGGD141), Rb1001
and Rb1002 (G84QYSDPKCHHVAYGSHQPGD103).
6.2.3

ELISA

6.2.3.1 Anti-whole mite extract ELISA
ELISA experiments were performed as described in Section 3.4.2. Briefly, wells of a
high-binding ELISA plate (Greiner Bio-One, Frickenhausen, Germany) were coated
with 100 µl antigens diluted to give 0.5 µg, 1 µg and 2 µg, respectively in alkaline
carbonate buffer, pH 9.6. The plates were left overnight at 4°C, wells washed and
then blocked with PBS-Tween containing 0.5% (v/v) BSA (blocking buffer) before
loaded with 100 µl sheep anti-HDM antiserum or sheep anti-Der p 1 antiserum
diluted 1/2,000, 1/10,000 and 1/20,000 in blocking buffer. The sheep anti-Der p 1
antiserum was used as the negative control as a sample of the preimmune serum of
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the sheep from which the anti-HDM antiserum was obtained was not available. The
plates were again washed before loaded with biotinylated rabbit anti-sheep IgG
antiserum diluted to the desired concentration in blocking buffer. Subsequently, the
plates were washed and incubated with streptavidin-conjugated horseradish
peroxidase. After washing the wells, K Blue peroxidase substrate (ELISA Systems)
was added. Colour development was terminated with the addition of 1 M HCl, and
the absorbance values measured at 450 nm.
6.2.3.2 Anti-LytFM1 derived peptide ELISA
ELISA was performed to investigate the specificity of the rabbit polyclonal antisera
raised against the two LytFM1-derived peptides. The samples used to coat the plate
were either D. pteronyssinus SGM extract or the 90% (v/v) acetone-precipitated
bacterial culture supernatant extracts from the nine HDM-derived isolates. These
were diluted to 0.01 µg, 0.1 µg, 1 µg and 5 µg, respectively in alkaline carbonate
buffer, pH 9.6. The primary antibodies used were diluted 1/1,000, 1/2,000, 1/5,000,
1/10,000, 1/50,000 and 1/100,000 in blocking buffer. Bound antibody was detected
using a biotinylated goat anti-rabbit IgG antiserum diluted to the desired
concentration in blocking buffer, and developed as before.
6.2.3.3 Inhibition-ELISA
The optimal D. pteronyssinus SGM coating concentration and the dilution of the
rabbit polyclonal antisera were determined in preliminary experiments.

D.

pteronyssinus SGM (100 µl) diluted to 1 µg/ml in 0.1 M alkaline carbonate buffer,
pH 9.6 were added to wells of a 96-well high-binding ELISA plate, and the plate
incubated overnight at 4°C. Subsequently, the wells were washed three times with
100 µl of ELISA wash buffer and then blocked with blocking buffer for one hour at
room temperature. In the meantime, 100 µl of blocking buffer were pipetted into
every well in a second ELISA plate, and an extract of D. pteronyssinus SGM or
bacterial culture supernatants diluted to 20 µg/ml in blocking buffer was loaded into
every well in column one. A multichannel pipettor was then used to double dilute
out the samples across the remaining eleven wells in each row. Rabbit polyclonal
antisera raised against the synthetic peptides were diluted 1 in 10,000 in blocking
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buffer and pipetted into each well.

The samples in the wells were mixed and

incubated for one hour at room temperature.
Blocking buffer in the antigen-coated ELISA plate was discarded and the wells
washed three times with wash buffer. Subsequently, 100 µl of the contents in the
wells of the second ELISA plate were transferred into the wells of the first ELISA
plate. The plate was then incubated for one hour at room temperature and then
washed three times with wash buffer before incubation with goat anti-rabbit
biotinylated IgG secondary antibody. The plate was then developed as described
previously. The percent inhibition was then determined using the formula [1-(A450 of
sample-A450 of blank)/(A450 of negative control-A450 of blank)] x 100%.
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6.3

Results

6.3.1

Measurement of protease activity during the stationary and death phases
of a growth curve

A representative growth curve of the HDM-associated B. licheniformis strain 2 and
S. aureus, respectively was obtained by measuring the growth of the isolate in TSB
at OD 600 nm as shown in Figure 6.1. The bacteriolytic activity in the bacterial
culture supernatant was determined by measurement of the optical density at 450 nm
(Figure 6.1) in a plate lytic assay as described in Section 3.1.5. The protease activity
in the culture was determined by measurement of the optical density at 520 nm
(Figure 6.1) in an Azocoll assay as described in Section 3.1.4. Protease activity was
detected in both organisms, reaching a maximum at the stationary phase and was
maintained through the death phase. The bacteriolytic activity of both increased
steadily during the exponential phase and dropped during the stationary phase
(Figure 6.1). In light of these data and the finding that the expression of LytFM1 by
the HDM-associated B. licheniformis strain 2 and S. aureus was detected during the
stationary phase as reported in Chapter 5, the bacterial culture supernatants used for
the double immunodiffusion and ELISA experiments in this chapter were obtained
during the stationary (at the 18th hour) and death phases (at the 60th hour) of the
growth curve.
6.3.2

Double immunodiffusion analysis to investigate the immunoreactivity of
secreted proteins in the supernatants of the nine HDM-associated
bacterial species

The immunoreactivity of D. pteronyssinus whole mite extract and SGM against a
sheep anti-whole mite extract antiserum was tested and both showed precipitin bands
(Figure 6.2, upper panel).

One major band was observed using SGM at

concentrations of 0.25 mg/ml, 0.5 mg/ml and 1 mg/ml, and several precipitin bands
were observed for the whole mite extract at concentrations over the range 0.03125
mg/ml - 1 mg/ml (Figure 6.2, upper panel). Since a sample of preimmune sheep
serum was not available, a sheep anti-human IgE antiserum produced in the same
facilities (Department of Animal Sciences, UWA) was used as the negative control
(Figure 6.2, lower panel).
111

Figure 6.1

Representative growth curves for HDM-associated B. licheniformis strain
2 and S. aureus.
The growth curves for B. licheniformis strain 2 (upper panel) and S. aureus (lower panel)
were obtained by measuring the optical density at 600 nm of the cultures (♦) and control
medium (∆) at the indicated timepoints. The logarithmic, stationary and death phases of the
growth curve are indicated as “A”, “B” and “C”, respectively. Bacteriolytic activity was
determined at similar timepoints and is shown as ∆450 nm (□). Protease activity was
measured by the Azocoll assay (○) by the optical density at 520 nm.
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Double immunodiffusion analysis of the D. pteronyssinus spent growth
medium (SGM) (A) and the whole mite extract (B) using a sheep antiwhole mite extract antiserum.
Sheep anti-house dust mite (HDM) antiserum was loaded into all central wells (upper panel)
and the peripheral wells were loaded with six doubling dilutions (neat to 1/32) of D.
pteronyssinus SGM (A) and whole mite extract (B) starting at 1 mg/ml protein (upper and
lower panels). Gels were incubated at 4°C for 48 hr, pressed, rinsed in PBS several times,
and finally in distilled dH2 O before being stained in Coomassie Brilliant Blue R250. The
relevant negative control immunodiffusion experiment is shown in the lower panel, where the
central wells were loaded with sheep anti-human IgE antiserum.

Supernatants from all the HDM-associated bacterial isolates at either the stationary
or death phase were concentrated by acetone precipitation, and then tested for their
immunoreactivity by double immunodiffusion (Figures 6.3a - c). Immunoreactivity
with extracts prepared from the stationary phase was not observed with any of the
nine isolates tested (Figures 6.3a, b and c, upper panels). However, for bacterial
culture supernatants obtained from the death phase, at least one precipitin band over
the concentration range 0.15625 mg/ml - 5 mg/ml was observed for all nine HDMassociated bacterial isolates (Figure 6.3a - c, middle panels). The immunoreactivity
observed for all the isolates was dependent on the volume of culture supernatant used
and was optimal when 75 µl of supernatant was used. For B. licheniformis strain 2,
B. licheniformis strain 1, S. aureus, B. licheniformis strain 4, M. luteus and B.
cereus, one precipitin band was observed (Figures 6.3a - c, middle panels) and for S.
epidermidis and S. capitis, at least three precipitin bands were observed (Figures 6.3b
and c, middle panels).
Supernatants from B. licheniformis strain 2, B. licheniformis strain 1 and S. aureus
collected from the death phase of the growth curve were tested in wells adjacent to
wells alongside D. pteronyssinus SGM to investigate whether the secreted proteins in
the supernatants from the three HDM-derived isolates corresponded to secreted
proteins in the SGM of the HDM (Figure 6.4). The single continuous precipitin line
formed between the peripheral wells and the central well indicated identity of one or
more secreted proteins in the culture supernatants from the three bacterial isolates
with one or more proteins in the D. pteronyssinus SGM (Figure 6.4). It can also be
seen that the sheep anti-HDM antiserum recognised a band in both the B.
licheniformis extracts that appeared close to the B. licheniformis extract-containing
wells.
6.3.3

ELISA to confirm findings obtained by double-immunodiffusion

The immunoreactivity of the S. aureus culture supernatant using the sheep anti-HDM
antiserum

was

undertaken

to

confirm

the

results

obtained

by

double

immunodiffusion using the SGM extract as a positive control. SGM showed positive
immunoreactivity against the sheep anti-HDM antiserum when plates were coated
with 0.5 µg - 2 µg SGM per well and negligible immunoreactivity using the control
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Double immunodiffusion analysis of secreted bacterial proteins from B.
licheniformis strain 2, B. licheniformis strain 1 and S. aureus derived from
the stationary phase (top panel) and the death phase (middle panel) of the
growth curve.
Sheep anti-HDM antiserum was loaded into all central wells (top and middle panels) and the
peripheral wells in all three panels were loaded with six doubling dilutions (neat to 1/32) of
culture supernatant from B. licheniformis strain 2 (A), B. licheniformis strain 1 (B) and S.
aureus (C) starting at 5 mg/ml protein. For the negative control immunodiffusion experiment
shown in the bottom panel, the central wells were loaded with sheep anti-human IgE
antiserum and the peripheral wells were loaded with death-phase bacterial culture
supernatants. The precipitin lines are indicated by arrows in the middle panel.
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Double immunodiffusion analysis of secreted bacterial proteins from B.
licheniformis strain 4, S. epidermidis and M. luteus derived from the
stationary phase (top panel) and the death phase (middle panel) of the
growth curve.
Sheep anti-HDM antiserum was loaded into all central wells (top and middle panels) and the
peripheral wells in all three panels were loaded with six doubling dilutions (neat to 1/32) of
culture supernatant from B. licheniformis strain 4 (A), S. epidermidis (B) and M. luteus (C)
starting at 5 mg/ml protein. For the negative control immunodiffusion experiment shown in
the bottom panel, the central wells were loaded with sheep anti-human IgE antiserum and the
peripheral wells were loaded with death-phase bacterial culture supernatants. The precipitin
lines are indicated by arrows in the middle panel.
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Double immunodiffusion analysis of secreted bacterial proteins from B.
cereus, B. licheniformis strain 3 and S. capitis derived from the stationary
phase (top panel) and the death phase (middle panel) of the growth curve.
Sheep anti-HDM antiserum was loaded into all central wells (top and middle panels) and the
peripheral wells in all three panels were loaded with six doubling dilutions (neat to 1/32) of
culture supernatant from B. cereus (A), B. licheniformis strain 3 (B) and S. capitis (C) starting
at 5 mg/ml protein. For the negative control immunodiffusion experiment shown in the
bottom panel, the central wells were loaded with sheep anti-human IgE antiserum and the
peripheral wells were loaded with death-phase bacterial culture supernatants. The precipitin
lines are indicated by arrows in the middle panel.
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Double immunodiffusion analysis to investigate whether the bacterial
secreted proteins obtained from B. licheniformis strain 2, B. licheniformis
strain 1 and S. aureus corresponded to the secreted proteins in the D.
pteronyssinus SGM.
Sheep anti-HDM antiserum was loaded into the central well and the peripheral wells were
loaded with 0.5 mg/mL D. pteronyssinus SGM (1, 3, 5), 2.5 mg/mL culture supernatant from
B. licheniformis strain 2 (2), 2.5 mg/mL culture supernatant from B. licheniformis strain 1 (4)
and 2.5 mg/mL culture supernatant from S. aureus (6). The bacterial culture supernatants
were derived from the death phase of the growth curve. The precipitin lines are indicated by
arrows.

antiserum (Figure 6.5, upper panel). As shown on the lower panel of Figure 6.5, S.
aureus supernatant collected during the death phase of the growth curve also reacted
with the sheep anti-HDM antiserum. Due to time constraint, culture supernatants
from the other eight HDM-associated bacterial isolates collected at the same phase
were not tested.
6.3.4

Choice of synthetic peptides used to raise the anti-peptide antisera

Epitope prediction algorithms highlighted four potential peptide candidates within
the

sequence

of

LytFM1,

namely,

S38WGGGGIHGKSRGIGEGANT57,

M1KFFFTLALFCTLAISQVYC20,

P127HTGTKVREENIGGD141,

G84QYSDPKCHHVAYGSHQPGD103

(Figure

and

6.6).

As

M1KFFFTLALFCTLAISQVYC20 constituted the leader sequence of LytFM1 and
S38WGGGGIHGKSRGIGEGANT57 demonstrated significant sequence homology
(in 13 out of 20 amino acid residues) with the bacterial proteins belonging to the
NlpC/P60 Superfamily, particularly but not exclusively mycobacterial species (data
not

shown),

the

peptides

G84QYSDPKC

HHVAYGSHQPGD103

P127HTGTKVREENIGGD141 were used to raise polyclonal antibodies.

and

The two

polyclonal antisera raised against the former were designated polyclonal anti-peptide
Rb1001 and anti-peptide Rb1002, and the two raised against the latter were
designated anti-peptide Rb999 and anti-peptide Rb1000 antisera. The peptides are
numbered according to the deduced amino acid sequence of the protein containing
the leader sequence, as shown in Figure 6.6. Numbering from the start of the mature
protein sequence, the former peptide includes amino acids 64 to 83, and the latter
peptide includes amino acids 107 to 121.
6.3.5

Immunoreactivity of four polyclonal rabbit anti-peptide antisera with D.
pteronyssinus SGM by ELISA

All four polyclonal rabbit anti-peptide antisera detected the presence of the lytic
enzyme LytFM1 in SGM as judged by ELISA using antisera diluted from 1/1000 to
1/100,000 (Figure 6.7). Rb999 and Rb1001 showed the highest immunoreactivity,
with Rb1000 showing the weakest response. All four preimmune antisera showed
negligible

immunoreactivity

towards

SGM.

Therefore,

for

the

epitope

P127HTGTKVREENIGGD141, anti-peptide antiserum Rb999 was chosen, and for the
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Figure 6.5
Immunoreactivity of D. pteronyssinus SGM and S. aureus exoproducts.
Sheep anti-HDM antiserum was used to test the immunoreactivity of D. pteronyssinus SGM
(upper panel) and S. aureus exoproducts prepared from culture supernatant collected during
the death phase (lower panel). The amount of D. pteronyssinus SGM or S. aureus
exoproducts used to coat the plate was 0.5 µg (□), 1 µg (○) and 2 µg (♦). A sheep anti-Der p
1 antiserum was used as the negative control for both D. pteronyssinus SGM and S. aureus
exoproducts (upper and lower panel) and the amount of antigen used to coat the plate was 0.5
µg (∆), 1 µg (•) and 2 µg (◊). Assays were performed in duplicate and mean optical density
values are shown.

Figure 6.6

Secondary structure predictions and antigenic index for the 14 kDa mite
bacteriolytic enzyme.
The antigenic indices for all the potential epitopes on the 14 kDa bacteriolytic enzyme were
calculated as described previously (Jameson and Wolf, 1988) using the programs
PeptideStructure and PlotStructure (upper panel). The four epitopes with the highest indices
are highlighted within the amino acid sequence of the mature protein (lower panel). The first
epitope is the leader sequence highlighted in blue and the other three epitopes are highlighted
in green. Computer prediction of the most suitable epitopes and generation of the
diagrammes were performed by GL Biochem Ltd, Melbourne, Australia.

Figure 6.7

Reactivity of polyclonal rabbit anti-mite lytic enzyme peptide antisera
with D. pteronyssinus SGM.
The polyclonal anti-peptide antisera tested were Rb999, Rb1000, Rb1001 and Rb1002 and the
amount of SGM applied was 0.01 µg (*), 0.1 µg (∆), 1 µg (♦) and 5 µg (▲) of protein.
Preimune serum from the same rabbit served as the negative control for each of the four
antisera and was tested using D. pteronyssinus SGM at 0.01 µg (○), 0.1 µg (□), 1 µg (•) and 5
µg (◊) of protein. Assays were performed in duplicate and mean optical density values are
shown.

epitope G84QYSDPKCHHVAYGSHQPGD103, anti-peptide antiserum Rb1001 was
chosen to examine the acetone-precipitated culture supernatants from the HDMassociated bacterial species for the presence of LytFM1.
6.3.6

Immunoreactivity of anti-peptide antisera Rb999 and Rb1001 with
culture supernatants from the nine HDM-associated bacterial species

Anti-

P127HTGTKVREENIGGD141

antiserum

(Rb999)

and

anti-

G84QYSDPKCHHVAYGSHQPGD103 antiserum (Rb1001) did not show ELISA
immunoreactivity with the concentrated supernatants from all the nine HDMassociated bacterial isolates collected during the stationary phase of the growth
curve. The data obtained from the assays performed with B. licheniformis strain 2,
B. licheniformis strain 1 and S. aureus supernatants are shown in Figure 6.8 and
Figure 6.9. Data for the other six isolates are not shown but are referenced in Table
6.1. For concentrated supernatants obtained from the cultures collected during the
death phase of the growth curve, both anti-peptide antisera (Rb999 and Rb1001)
showed immunoreactivity with B. licheniformis strain 2, B. licheniformis strain 1
and S. aureus (Figure 6.10 and Figure 6.11). However, immunoreactivity was not
observed when both anti-peptide antisera were used to assay supernatants from the
other six HDM-derived endosymbionts, i.e. B. licheniformis strain 4, S. epidermidis,
M. luteus (Figures 6.12 and 6.13), B. cereus, B. licheniformis strain 3 and S. capitis
(Figures 6.14 and 6.15).
6.3.7

Verification of the specificity of anti-peptide antisera by inhibitionELISA

In an attempt to confirm the immunoreactivity of the anti-peptide antisera with the D.
pteronyssinus SGM and the exoproducts from the HDM-associated bacterial isolates,
inhibition-ELISA experiments were performed. As shown in Figure 6.16 (top left
panel), inhibition of anti-peptide antiserum Rb999 immunoreactivity was observed
with the D. pteronyssinus SGM. Preincubation of the anti-peptide antiserum with
SGM at 10 µg/ml prior to addition of the antiserum to the bound antigen in the assay
led to almost 90% inhibition of the detection of the antigen and 50% inhibition was
obtained with 0.23 µg/ml (Table 6.2).

Similar results were obtained with anti-

peptide antiserum Rb1001 (Figure 6.16, top left panel). SGM at 10 µg/ml inhibited
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Figure 6.8

Reactivity of polyclonal anti-peptide antiserum Rb999 with exoproducts
from the HDM-associated B. licheniformis strain 1, B. licheniformis strain
2 and S. aureus obtained during the stationary phase.
The polyclonal anti-peptide antiserum Rb999 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb999 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg (•)
and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in duplicate
and mean optical density values are shown.

Figure 6.9

Reactivity of polyclonal anti-peptide antiserum Rb1001 with exoproducts
from the HDM-associated B. licheniformis strain 1, B. licheniformis strain
2 and S. aureus obtained during the stationary phase.

The polyclonal anti-peptide antiserum Rb1001 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb1001 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg
(•) and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in
duplicate and mean optical density values are shown.

Table 6.1

Summary of ELISA performed on the bacterial culture supernatants from the nine HDM-associated bacterial species collected
during the stationary and death phase of the growth curve.

*Peptide

Antisequence, peptide
residues
antibody
number

HDM-associated bacterial species
B. cereus

B.
licheniformis
strain 1

B.
licheniformis
strain 2

B.
licheniformis
strain 3

B.
licheniformis
strain 4

M. luteus

S. aureus

S.
epidermidis

S. capitis

S

D

S

D

S

D

S

D

S

D

S

D

S

D

S

D

S

D

127-141

Rb999

-

-

-

+

-

+

-

-

-

-

-

-

-

+

-

-

-

-

84-103

Rb1001

-

-

-

+

-

+

-

-

-

-

-

-

-

+

-

-

-

-

*Peptide sequence based on combined leader and mature protein sequence. S and D indicate supernatants collected during the stationary and death phase of
the growth curve, respectively. “+” Indicates the presence of LytFM1 in the bacterial culture supernatant, and “-” indicates lack of immunoreactivity.

Figure 6.10

Reactivity of polyclonal anti-peptide antiserum Rb999 with exoproducts
from the HDM-associated B. licheniformis strain 1, B. licheniformis strain
2 and S. aureus obtained during the death phase.
The polyclonal anti-peptide antiserum Rb999 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb999 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg (•)
and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in duplicate
and mean optical density values are shown.

Figure 6.11

Reactivity of polyclonal anti-peptide antiserum Rb1001 with exoproducts
from the HDM-associated B. licheniformis strain 1, B. licheniformis strain
2 and S. aureus obtained during the death phase.
The polyclonal anti-peptide antiserum Rb1001 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb1001 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg
(•) and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in
duplicate and mean optical density values are shown.

Figure 6.12

Reactivity of polyclonal anti-peptide antiserum Rb999 with exoproducts
from the HDM-associated B. licheniformis strain 4, S. epidermidis and M.
luteus obtained during the death phase.
The polyclonal anti-peptide antiserum Rb999 reacted with with 0.01 µg (*), 0.1 µg (∆), 1 µg
(♦) and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb999 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg (•)
and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in duplicate
and mean optical density values are shown.

Figure 6.13

Reactivity of polyclonal anti-peptide antiserum Rb1001 with exoproducts
from the HDM-associated B. licheniformis strain 4, S. epidermidis and M.
luteus obtained during the death phase.
The polyclonal anti-peptide antiserum Rb1001 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb1001 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg
(•) and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in
duplicate and mean optical density values are shown.

Figure 6.14

Reactivity of polyclonal anti-peptide antiserum Rb999 with exoproducts
from the HDM-associated B. cereus, B. licheniformis strain 3 and S. capitis
obtained during the death phase.
The polyclonal anti-peptide antiserum Rb999 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rb999 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg (•)
and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in duplicate
and mean optical density values are shown.

Figure 6.15

Reactivity of polyclonal anti-peptide antiserum Rb1001 with exoproducts
from the HDM-associated B. cereus, B. licheniformis strain 3 and S. capitis
obtained during the death phase.
The polyclonal anti-peptide antiserum Rb 1001 reacted with 0.01 µg (*), 0.1 µg (∆), 1 µg (♦)
and 5 µg (▲) of exoproducts found in the bacterial culture supernatants. Preimune serum
Rbth1001 was used as the negative control and was tested using 0.01 µg (○), 0.1 µg (□), 1 µg
(•) and 5 µg (◊) of exoproducts in the culture supernatants. Assays were performed in
duplicate and mean optical density values are shown.

Figure 6.16

Inhibition of anti-peptide antibodies Rb999 (Black) and Rb1001 (red) by D.
pteronyssinus SGM, and exoproducts from B. licheniformis strain 1, B.
licheniformis strain 2 and S. aureus obtained during the death phase.
Plates were coated with 1 µg/ml D. pteronyssinus SGM and incubated overnight at 4ºC. Antipeptide antibody Rb999 (black) or Rb1001 (red) diluted 1 in 1/10,000 was preincubated with
doubling dilutions of 10 µg/ml D. pteronyssinus SGM or exoproducts from B. licheniformis strain
1, B. licheniformis strain 2 and S. aureus for 1 hr at room temperature and then, added to the wells
containing bound D. pteronyssinus SGM prior to the addition of the goat anti-rabbit biotinylated
IgG secondary antibody. Assay for the positive control D. pteronyssinus SGM was performed in
triplicate and all the other assays were performed in duplicate. Mean percent inhibition values are
shown.

Table 6.2

Summary of the analyses of ELISA-inhibition data obtained using antipeptide antibodies Rb999 and Rb1001.

Sample

Correlation coefficient
(Rb999/Rb1001)

IC50 (µg/ml)
(Rb999/Rb1001)

D. pteronyssinus SGM

0.99/.93

0.23/0.51

B. licheniformis strain 1

0.92/0.95

0.11/0.15

B. licheniformis strain 2

0.91/0.97

0.10/0.17

S. aureus

0.90/0.97

0.10/0.17

IC50 is defined as the concentration of the sample tested required to generate 50%
inhibition of the immunoreactivity of anti-peptide antibody Rb999.

almost 100% of the immunoreactivity of the anti-peptide antiserum and 50%
inhibition was obtained with 0.51 µg/ml (Table 6.2). Inhibition-ELISA data obtained
for exoproducts from B. licheniformis strain 1, B. licheniformis strain 2 and S.
aureus during the death phase of the growth curve using anti-peptide antiserum
Rb999 and anti-peptide antiserum 1001 are shown in Figures 6.16 (top right panel,
bottom left and right panels).

All three bacterial isolates demonstrated

approximately 90% inhibition at 10 µg/ml (Figures 6.16) with 50% inhibition
obtained with 0.11 µg/ml, 0.10 µg/ml and 0.10 µg/ml using Rb999, and 0.15 µg/ml,
0.17 µg/ml and 0.17 µg/ml using Rb1001 (Table 6.2). Inhibition-ELISA performed
with anti-peptide antisera Rb999 and Rb1001 on exoproducts from B. licheniformis
strain 4, S. epidermidis, M. luteus (Figure 6.17 and Figure 6.19), B. cereus, B.
licheniformis strain 3 and S. capitis (Figure 6.18 and Figure 6.20) collected in the
death phase did not lead to any significant inhibition of immunoreactivity with either
antiserum.
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Figure 6.17

Inhibition of anti-peptide antibody Rb999 by exoproducts from B.
licheniformis strain 4, S. epidermidis and M. luteus obtained during the death
phase.
Plates were coated with 1 µg/ml D. pteronyssinus SGM and incubated overnight at 4ºC. Antipeptide antibody Rb999 diluted 1 in 1/10,000 was preincubated with doubling dilutions of 10
µg/ml exoproducts from B. licheniformis strain 4, S. epidermidis and M. luteus for 1 hr at room
temperature and then, added to the wells containing bound D. pteronyssinus SGM prior to the
addition of the goat anti-rabbit biotinylated IgG secondary antibody. Assays were performed in
duplicate and mean optical density values are shown.

Figure 6.18

Inhibition of anti-peptide antibody Rb999 by exoproducts from B. cereus,
B. licheniformis strain 3 and S. capitis obtained during the death phase.
Plates were coated with 1 µg/ml D. pteronyssinus SGM and incubated overnight at 4ºC. Antipeptide antibody Rb999 diluted 1 in 10,000 was preincubated with doubling dilutions of 10
µg/ml exoproducts from B. cereus, B. licheniformis strain 3 and S. capitis for 1 hr at room
temperature and then, added to the wells containing bound D. pteronyssinus SGM prior to the
addition of the goat anti-rabbit biotinylated IgG secondary antibody. Assays were performed in
duplicate and mean optical density values are shown.

Figure 6.19

Inhibition of anti-peptide antibody Rb1001 by exoproducts from B.
licheniformis strain 4, S. epidermidis and M. luteus obtained during the
death phase.
Plates were coated with 1 µg/ml D. pteronyssinus SGM and incubated overnight at 4ºC. Antipeptide antibody Rb1001 diluted 1 in 1/10,000 was preincubated with doubling dilutions of
10 µg/ml exoproducts from B. licheniformis strain 4, S. epidermidis and M. luteus for 1 hr at
room temperature and then, added to the wells containing bound D. pteronyssinus SGM prior
to the addition of the goat anti-rabbit biotinylated IgG secondary antibody. Assays were
performed in duplicate and mean optical density values are shown.

Figure 6.20

Inhibition of anti-peptide antibody Rb1001 by exoproducts from B.
cereus, B. licheniformis strain 3 and S. capitis obtained during the death
phase.
Plates were coated with 1 µg/ml D. pteronyssinus SGM and incubated overnight at 4ºC. Antipeptide antibody Rb1001 diluted 1 in 1/10,000 was preincubated with doubling dilutions of
10 µg/ml exoproducts from B. cereus, B. licheniformis strain 3 and S. capitis for 1 hr at room
temperature and then, added to the wells containing bound D. pteronyssinus SGM prior to the
addition of the goat anti-rabbit biotinylated IgG secondary antibody. Assays were performed
in duplicate and mean optical density values are shown.

6.4

Discussion

The sheep anti-HDM antiserum raised against a D. pteronyssinus whole mite extract
enabled the detection of many proteins in both whole-mite extract and SGM and,
because of this, was used in the experiments described in this Chapter. Originally, at
least thirty-six immunogenic proteins were detected, and nine of them were shown to
be allergenic (Stewart et al., 1988). The N-terminal amino acid sequence of one of
the mite allergens detected by this method, i.e. Dpt36, was found identical to that of
the bacteriolytic enzyme LytFM subsequently (Mathaba et al., 2002). Therefore, the
pooled sera collected from sheep immunised with D. pteronyssinus whole mite
extracts were used to investigate whether the antibodies raised against the mite
antigens reacted with the exoproducts produced by any of the nine HDM-associated
bacterial isolates.

The pooled anti-HDM antiserum did not react with the

exoproducts produced by all the nine isolates during the stationary phases of their
growth curves. Interestingly, exoproducts expressed by all nine HDM-associated
bacterial isolates during the death phases of their growth curves were shown to
contain immunoreactive proteins.

With the exception of S. epidermidis and S.

capitis, the other seven isolates produced only one immunoreactive band. However,
at least three exoproducts were found in the supernatants from S. epidermidis and S.
capitis.

The secreted proteins in the culture supernatants from the isolates B.

licheniformis strain 1, B. licheniformis strain 2 and S. aureus corresponded to those
found in the D. pteronyssinus SGM as shown by the line of identity in the double
immunodiffusion assay.

These data are supportive of the presence of bacterial

proteins in the SGM.
A much higher ratio of antiserum to antigen, i.e. 1:5, was required to detect
immunoreactivity

with

the

sheep

anti-HDM

antiserum

in

the

double

immunodiffusion assay compared to that between the sheep anti-HDM antiserum and
the SGM or whole mite extracts of D. pteronyssinus (1:1) suggesting that
concentration of the anti-bacterial proteins antibodies in the antiserum was relatively
low.

This interpretation is consistent with the data obtained in the ELISA

experiment where the optical density at 450 nm obtained for S. aureus exoproducts
was approximately two- to three-fold lower than that obtained for the SGM at
equivalent protein concentrations. Although the preimmune sera of the sheep were
116

not available to be used in the experiments described, none of the isolates reacted
with the control immune antiserum prepared under similar circumstances in the
double immunodiffusion assays.

Although time did not permit analysis of the

exoproducts from all the nine HDM-associated isolates, direct ELISA performed
using the same antiserum was shown to react with the S. aureus exoproducts. In
addition, time did not permit a similar analysis using whole bacterial extracts.
The observation that immunoreactivity detected with the sheep anti-HDM antiserum
was only observed with bacterial culture supernatants collected from the death phase
but not culture supernatants collected from the stationary phase of the growth curve
for all the nine HDM-associated bacterial isolates was unexpected. The observation
may be accounted for by the possibility that the mites were starved before being
processed to reduce the contamination by media proteins and extraneous non-mite
related materials. This treatment of the mites was necessary as CSL sold its mites to
companies that used them to produce diagnostic and immunotherapeutic reagents.
Therefore, the starvation process might have detrimentally impacted on any HDMassociated bacterial species, especially in light of the effects of starvation on the
bacterial profiles of the microbiome of Tyrophagus putrescentiae (Nesvorna et al.,
2018). A possible explanation may be that concentrations of the antigens were
below the detection threshold of the double immunodiffusion technique. The
observation is also unlikely to be due to possible degradation of the secreted proteins
in the supernatants by bacterial proteases, as the protease activity in the stationary
phase was found to be comparable to that in the death phase (Refer to Figure 6.1.).
The antibodies raised against the C-terminal epitope (P 127HTGTKVREENIGGD141)
and the internal epitope (G84QYSDPKCHHVAYGSHQPGD103) were tested for
reactivity with the D. pteronyssinus SGM. All four rabbits immunised reacted with
the SGM although the titres varied between animals, (Rb999 versus Rb1000; Rb1001
versus Rb1002) so indicating that both epitopes were accessible, and that the
LytFM1 (or LytFM) protein was present in the SGM. Both of the polyclonal rabbit
anti-peptide antisera reacted with exoproducts obtained from the death phase of B.
licheniformis strain 1, B. licheniformis strain 2 and S. aureus but not in exoproducts
from the other isolates. In contrast, the antisera did not react with exoproducts
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obtained from the stationary phase of any of the nine isolates. These findings are
consistent with data obtained from the double immunodiffusion experiments. It was
possible that the expression of the bacteriolytic enzyme was higher during the death
phase compared to the stationary phase during which the expression fell below the
detection threshold of ELISA. The low level of immunoreactivity observed with
exoproducts obtained from S. aureus during the stationary phase was possibly
contributed by the binding of protein A in the culture supernatant to the biotinylated
rabbit anti-sheep IgG (Forsgren and Sjoquist, 1967). The peptides used to raise
antibodies

in

this

project

(P127HTGTKVREENIGGD141)

included
and

a
an

C-terminal

epitope

internal

epitope

(G84QYSDPKCHHVAYGSHQPGD103). The former epitope includes the sequence
shown to vary between LytFM (N112, W119, S120) and LytFM1 (K112, G119, G120) (the
amino acid residues in LytFM are numbered starting from the first residue in the
mature protein as shown in Mathaba et al., 2002). Only the LytFM1 sequence from
GenBank was used in the peptide, and it was not possible to repeat the work using
the corresponding LytFM sequence due to lack of funding. The question then arises:
do the antisera raised against the LytFM1 C-terminal epitope cross-react with
LytFM? The present data are insufficient to answer this question, although it is
apparent that all three amino acid substitutions are non-conservative, which may
make cross-reaction less likely. However, as the evidence presented in Chapter 5
indicated that LytFM1 was expressed by the three HDM-associated bacteria, and was
present in the SGM, it appears reasonable to conclude that the antisera were reacting
with the LytFM1 protein.
Inhibition-ELISA studies showed that HDM-derived B. licheniformis strain 1, B.
licheniformis strain 2 and S. aureus exoproducts (as well as the D. pteronyssinus
SGM) contained a protein equivalent to the LytFM1 protein. Similar IC50 values
were obtained with anti-peptide antiserum Rb999 but with anti-peptide antiserum
Rb1001, the IC50 for SGM was greater than that seen with the bacterial isolates.
With some of the bacterial extracts, maximum inhibition was about 10 percent lower
than that seen with the mite extract but the reasons for this are unclear. Further
studies are required to clarify these observations as well as provide statistical
significance.
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The observation that LytFM1 was secreted during the death phase of the bacterial
growth curve may be associated with the function of bacteriolytic enzymes in
cleaving the peptidoglycan in the cell wall of different populations within the same
bacterial species in the culture as they compete to survive when nutrients are fast
depleting and waste and toxin levels are fast increasing. Bacteriolysis associated
with the functions of peptidoglycan hydrolases has been observed to occur for both
Gram-positive and Gram-negative microbes in conditions of nutrient depletion
(Rosenbluh and Rosenberg, 1993; Vollmer et al., 2008). A population of starved
cells of B. subtilis was reported to secrete lytic enzymes during the early stages of
sporulation to lyse sibling cells that had not developed immunity against these
enzymes (Gonzalez-Pastor et al., 2003). The exact biological significance of the
observation was not known but it was proposed that the lytic enzymes enabled the
viable population of B. subtilis to obtain nutrients from the lysed cells to delay or
avoid sporulation (Gonzalez-Pastor et al., 2003; Ellermeier and Losick, 2006).
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6.5

Conclusions

Exoproducts from the death phase of all the nine HDM-associated bacterial isolates,
i.e. B. cereus, B. licheniformis strain 1, B. licheniformis strain 2, B. licheniformis
strain 3, B. licheniformis strain 4, M. luteus, S. aureus, S. capitis and S. epidermidis
contained proteins that reacted with a sheep anti-HDM antiserum suggesting that the
whole mite extract used as the immunogen contained these bacterial species.
However, the identity of the immunoreactive bands was not determined.
A bacteriolytic enzyme likely to be the variant LytFM1 was confirmed to be present
on the basis of reactivity with antisera raised against the C-terminal epitope bearing
the sequence “P127HTGTKVREENIGGD141” and the internal epitope with the
sequence “G84QYSDPKCHHVAYGSHQPGD103”. These antisera reacted with the
culture supernatants from B. licheniformis strain 1, B. licheniformis strain 2 and S.
aureus obtained during the death phase of the growth curve as detected by ELISA,
indicating that a protein likely to be LytFM1 was expressed by these HDMassociated bacteria.
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7.1

Introduction

The findings thus far, have indicated the existence of the gene lytFM in three of the
nine HDM-associated bacterial isolates, i.e. B. licheniformis strain 1, B.
licheniformis strain 2 and S. aureus. In addition, the bacteriolytic enzyme LytFM1,
originally isolated from D. pteronyssinus SGM was found to be expressed by the
three putative endosymbionts.

LytFM/LytFM1 were found to show significant

amino acid sequence homology with the C-terminal regions of members of the
NlpC/P60 Superfamily which comprised mainly fungal and bacterial proteins. In
addition, the SignalP 4.1 analysis of the leader sequence of LytFM described in
Chapter 4 was consistent with either a eukaryotic or Gram-negative prokaryotic
origin.

However, further work is required to elucidate the origin of the gene

encoding the bacteriolytic enzyme since acquisition of a bacterial gene by a
eukaryote through lateral gene transfer is not unprecedented (Doolittle, 1998; Nikoh
et al., 2008; Slamovits et al., 2011), and acquisition of a eukaryotic gene by the three
HDM-associated bacterial isolates is also possible (Monier et al., 2009; LurieWeinberger et al., 2010).
Thus, the approach adopted in this chapter was to screen a D. pteronyssinus genomic
DNA (gDNA) library by PCR for DNA sequences adjacent to both the 5’ and 3’ ends
of the lytFM gene. Such flanking sequences might provide evidence of a possible
occurrence of lateral gene transfer from a prokaryotic to a eukaryotic organism or
vice versa, for example the presence of integrase genes (Moura et al., 2009; Daccord
et al., 2012) and direct or indirect repeat sequences (Delihas, 2011; Lin and Kussell,
2012). The 5’ and 3’ flanking sequences of lytFM in the gDNA library might also
show homology to prokaryotic or eukaryotic sequences found in the nucleotide
database of NCBI, providing possible evidence of a prokaryotic or eukaryotic origin
of the gene.
In addition, if the lytFM gene was found to possess one or more introns in the D.
pteronyssinus gDNA library, a eukaryotic origin would be suggested, although it is
clear that whilst intronless genes are characteristic of prokaryotes, such genes may
also be present in eukaryotes (Louhichi et al., 2011; Zou et al., 2011).

A D.

pteronyssinus gDNA library availed access to restriction digest-generated DNA
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fragments that might contain the lytFM gene plus additional 5’ and 3’ flanking
nucleotides. Several HDM allergens including Der p 1 (Jacquet et al., 2000) and Der
p 2 (Chua et al., 1996) have also been studied at both gDNA and cDNA levels. The
gene coding for Der p 1 was found to possess four introns, two within the sequence
coding for ProDer p 1 and another two within the sequence coding for the mature
protein (Jacquet et al., 2000) whereas the nucleotide sequence coding for Der p 2
was found to possess an intron near the start of the gene (Chua et al., 1996).
The distances from the sites where the primers anneal to the left or right arms of the
λBlueSTAR™ vector (used to construct the D. pteronyssinus gDNA library) to the
5’ or 3’ ends of the lytFM gene are unknown as is the orientation of the gene in
relation to the vector arms in different clones within the library. Thus, a variety of
PCR kits and reagents have been used with various primer sets under multiple PCR
amplification conditions, in an attempt to achieve the aim of this chapter.
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7.2

Methods

7.2.1

Construction of the gDNA library of D. pteronyssinus

A sample of a gDNA library prepared from D. pteronyssinus was kindly provided by
Dr Wendy Ann Smith (Telethon Institute for Child Health Research, Perth, WA).
The construction of the genomic library was performed according to instructions
provided by the λBlueSTAR™ Xho I Half-site Arms Kit plus PhageMaker
(Novagen) as illustrated in Figure 7.1 and briefly described below.
7.2.1.1 Isolation of D. pteronyssinus genomic DNA
D. pteronyssinus mites were homogenised in a Dounce homogeniser before the RNA
was extracted using the ToTALLY RNA Isolation Kit (Ambion). Subsequently, the
organic phases including the interfaces obtained from the Solution 1 and Solution 2
extractions were pooled, and the genomic DNA extracted by mixing the sample with
an equal volume of genomic DNA extraction buffer (0.1 M NaCl, 10 mM TRIS-HCl,
pH 8.0, 1 mM EDTA and 1% SDS, adjusted to pH 12 with 5 N NaOH) for 1 min.
Following incubation on ice for 10 min, the sample was centrifuged at 4 °C for 10
min at 28,000 x g, the aqueous phase removed and the genomic DNA precipitated
with ethanol. The DNA was washed with 70% ethanol, air-dried and resuspended in
TE buffer.
7.2.1.2 Preparation of genomic DNA inserts
A partial digest of D. pteronyssinus genomic DNA was performed with Sau 3AI
(Promega) in 80 µl reactions. Sau 3AI was diluted 1/100 and 1 µl was added to 5 µg
D. pteronyssinus genomic DNA and Sau 3AI reaction buffer. The samples were
incubated at 37 °C for 30 min and the digest stopped by heating at 65 °C for 15 min.
The DNA was ethanol precipitated and resuspended in TE buffer before being added
to 25 units of Klenow DNA polymerase (Promega), 40 µM dATP, 40 µM dGTP, 20
µg/ml BSA and Klenow reaction buffer to a final volume of 200 µl. The Klenow
reactions were allowed to take place at 30 °C for 30 min before terminated by
heating at 75 °C for 10 min.

Subsequently, size fractionation of the DNA was

performed on a sucrose gradient (25% (w/v) sucrose solution with 1 M NaCl, 20 mM
TRIS-Cl and 5 mM EDTA, pH 8.0) and the resultant fractions heated at 70 °C for 5
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A

B

C

D

Figure 7.1

Construction
pteronyssinus

of

the

λBlueSTAR™

gDNA

library

of

D.

(A) The λBlueSTAR™ vector system provides both the uncut vector or the λBlueSTAR TM
Xho I half-site arms for cloning of the gDNA library. (B) The stuffer is removed following
Xho I digest and (C) a partial fill-in with dCTP and dTTP is used to prevent religation of the
arms to the stuffer and ligation of the arms to small tandem inserts. (D) The Sau3A I digested
gDNA of D. pteronyssinus is ligated to the arms of the λBlueSTAR TM vector. (The diagram
was taken from the λBlueSTAR™ Xho I Half-site Arms Kit plus PhageMaker manual
(Novagen)).

min. Following electrophoresis, DNA fragments between 7 to 20 kb were excised,
pooled and purified by ethanol precipitation before resuspension in TE buffer.
7.2.1.3 Ligation of inserts into λBlueSTAR™ (LambdaBlueSTAR) vector and
packaging of the genomic DNA of D. pteronyssinus into the λ phage
Xho I half-site arms (0.5 µg), 350 ng of Sau 3A1-digested insert, 1 µl of ligase buffer
and 4 units of T4 DNA ligase (Promega) were added in a total volume of 10 µl
before ligation at 4°C for 16 hr. The resulting genomic library was packaged into the
λ phage using the packaging extracts included in the λBlueSTAR™ Xho I Half-site
Arms Kit plus PhageMaker (Novagen) according to the manufacturer’s instructions.
7.2.2

Propagation of the λBlueSTAR™ gDNA library of D. pteronyssinus

7.2.2.1 Plating and determination of the λ phage titre
A single colony of the E. coli host strain ER1647 on LB agar was inoculated into LB
broth and incubated at 37°C until the OD600 nm reached 1.0. A series of dilutions of
the λ phage containing the gDNA library of D. pteronyssinus were prepared in SM
buffer. The appropriately diluted λ phage (100 µl) were added to 100 µl of the
culture of ER1647. The samples were incubated at 37⁰C for 30 min to allow the
phage to adsorb to the host. Subsequently, 3 ml of molten top agarose (prepared
according to instructions in the kit user manual) were added to each sample and
poured onto an LB agar plate containing tetracycline (prepared according to the
manufacturer’s instructions). The plate was incubated at 37 °C overnight. The
number of plaques formed was counted and the phage titre determined.
7.2.2.2 Amplification of the phage library
The recombinant λ phage was adsorbed to ER1647 cells at a ratio of 4 x 105 pfu/ml
host cells at 37°C for 30 min. Ten ml molten top agarose were added and the
mixture was poured onto a 150 mm H agar plate (prepared according to the
manufacturer’s instructions) and spread evenly over it.

After the top agarose

solidified at room temperature, the plate was incubated at 37°C until the plaques
were visible and semi-confluent, which usually required 5 to 6 hr. Ten ml SM buffer
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were then pipetted into each plate and incubated for 16 hr at 4°C to elute the phage.
The SM was collected and 100 µl chloroform added to every 10 ml before it was
centrifuged at 1100 x g for 10 min to remove debris. The resulting supernatant
containing the genomic DNA library of D. pteronyssinus was stored in aliquots at 80°C following the addition of 7% (v/v) DMSO.
7.2.3

PCR screening of the D. pteronyssinus λBlueSTAR™ gDNA library

7.2.3.1 Quantitation of the gDNA library
The gDNA library was diluted with sterile ddH2 O and the A260 nm of the samples was
determined as described in Section 3.3.2. Genomic DNA (100 ng) was applied as
template in each PCR.
7.2.3.2 PCR primers
The primers designed to amplify certain sequences within the D. pteronyssinus
λBlueSTAR™ gDNA library in an attempt to screen for the sequences adjacent to
the 5’ and 3’ ends of lytFM are listed in Table 7.1, and their annealing sites
illustrated in Figure 7.2. As the Sau3A I-digested genomic DNA of D. pteronyssinus
could be inserted in two possible orientations into the Xho I-digested and partially
filled in arms of the λBlueSTAR TM vectors (Figure 7.1), primers were designed to
anneal to the open reading frame (ORF) of lytFM in either direction as shown in
Figure 7.2.
7.2.3.3 PCR screening of the gDNA library
PCR was performed using the HotStarTaq Master Mix kit as described in Section
3.3.3. According to the user manual, the HotStarTaq DNA polymerase has the
capacity to catalyse the extension of the DNA molecule at a rate of 2 to 4 kb/min at
72°C. In addition, PCR was also performed using conventional reagents as described
in Section 3.5.3. PCR was also performed using the KAPAHiFi™ system (Section
3.5.2) in a Bio-RAD iCycler IQ PCR Thermal Cycler (96 wells) which enables
amplification of DNA sequences up to 15 kb in size. The following conditions were
used:Initial denaturation

95°C 5 min
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Table 7.1

Primers used in the screening of the λBlueSTAR™ gDNA library of D.
pteronyssinus

Primer function

Primer name

Primer sequence (5’ to 3’)

Vector-specific1

VP1

GCATACATTATACGAAGTTATGCG

VP2

GAAAAATAAACAAATAGGGGTTCCG

GSP1

TGTACAGAATAAAGCTAAAGTGAAG

GSP2

ATATGGAGTGATCATATTGCTAATG

GSP1F

GTTACATGTCTTATTTCGATTTCAC

GSP2R

TACATGCTCTTCTTTTATATACCTC

GSP3

TATTCATCATGTTGGTATTGTTTCG

GSUTR1

CTATTATGAAATTCTTCTTCACT

GS2

CAAATTGGTGTTCCATATTCATGG

GSR3

GCTAATGTTGCACGATGTTGGTAA

FSPR

TGAATATTTTTTGAACATCGTGCTG

FSPF

TAATGATCGTATCTGAAACAACAGATGG

PSPR

CCATCATGATCTTCACCAGAATTATCAA

Gene-specific2

179 bp-3’ sequencespecific3

PCR product-specific4
1A

primer designed to anneal to the left or right arm of the λBlueSTAR™ vector
primer designed to anneal to lytFM
3A primer designed to anneal to the 179 bp-3’ sequence (refer to Section 7.3.1.1)
4A primer designed to anneal to a PCR product obtained with the primer set GSP2/VP2
2A

Figure 7.2

Schematic diagram showing the annealing sites for all the primers used in the PCR screening of the λBlueSTAR™ D. pteronyssinus
gDNA library.

The primers used are listed in Table 7.1. The arrows and numbers above the primers indicate the directions of amplification and the nucleotide positions,
respectively, spanned by the primers within the λBlueSTARTM vector, lytFM and 179 bp-3’ sequence (described in Sections 7.3.1.1 and 7.3.1.2). Since the
Sau3A I- digested gDNA of D. pteronyssinus can be ligated to the Xho I-digested and partially filled in arms of the vector in either direction (refer to Figure
7.1), the lytFM gene could exist in orientation 1 (A) or inverted (B).

Denaturation

98°C 20 sec

Annealing

37°C 15 sec

Extension

72°C 2.5 min

Final extension

72°C 5 min

The cycle was repeated 30 times. Amplification was also performed using gradient
PCR for which the annealing temperatures used were 40°C, 41.4°C, 43.6°C, 46.9°C,
51.4°C, 54.6°C, 56.8°C and 58°C (40-58°C) or 29.6°C, 29.9°C, 31.2°C, 33.4°C,
36.6°C, 38.6°C, 39.8°C and 40.1°C (29-40°C).
7.2.3.4 Analysis of PCR products by agarose gel electrophoresis
Following PCR, the amplicons were analysed by agarose gel electrophoresis as
described in Section 3.3.4. A 3% (w/v) agarose gel was used for amplicons obtained
from PCR using the HotStarTaq Master Mix kit and conventional reagents. For PCR
carried out using the KAPA HiFi™ system, a 1% (w/v) agarose gel was used to
facilitate separation of amplicons greater than 1 kb in size (Sambrook and Russell,
1989).
7.2.4 DNA sequencing
7.2.4.1 Purification of amplicons from agarose gel and sequencing
Amplicons of interest were excised from the agarose gel, and the DNA purified as
described in Section 3.3.5 before the samples were sent for sequencing.

The

sequences of all amplicons were determined by the Lotterywest State Biomedical
Facility Genomics at the Royal Perth Hospital, Perth, Australia as indicated in
Section 3.3.6. Amplicons ≤ 1 kb in size were prepared at a concentration of 0.02
ng/µl/bp. For amplicons > 1 kb in size, samples were prepared at a concentration of
50 ng/µl.

The DNA sequences obtained were compared with sequences in the

nucleotide databank of the NCBI and the European Bioinformatics Institute (EBI)
using BLASTN. In addition, the translated nucleotide sequences were compared
with amino acid sequences in the protein and translated nucleotide sequence
databanks of the NCBI and EBI using BLASTX and TBLASTX, respectively.
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7.2.5

Bioinformatic analysis of the D. pteronyssinus cDNA library clone
containing the gene lytFM

The sequence of lytFM was compared with sequences in the nucleotide databank of
the NCBI and EBI using BLASTN. The translated nucleotide sequence of the gene
was also compared with amino acid sequences in the protein and translated
nucleotide sequence databanks of the NCBI and EBI using BLASTX and
TBLASTX, respectively. The alignment of the sequence coding for the enzyme of
interest or its amino acid sequence with any homologous sequence in the databases
was performed with CLUSTALW (Kyoto University Bioinformatics Centre). The
DNA sequence downstream of lytFM within the D. pteronyssinus cDNA library
clone was analysed by comparison with sequences in the nucleotide, protein and
translated nucleotide databases as described above. This DNA sequence was also
analysed for possible existence of a prokaryotic promoter using the Neural Network
Promoter Prediction at the Berkeley Drosophila Genome Project (BDGP)
(www.fruitfly.org/seq_tools/promoter.html)

and

SoftBerry

BPROM

(http://linux1.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=
gfindb).
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7.3

Results

7.3.1

Bioinformatics analysis of D. pteronyssinus cDNA library clone

7.3.1.1 The gene coding for the bacteriolytic enzyme LytFM found in one of the
clones of a D. pteronyssinus cDNA library
Since the genomic DNA sequence of D. pteronyssinus was not published during the
preparation of this thesis, a search was conducted to ascertain if lytFM could be
found in any of the nucleotide sequences deposited into the nucleotide database of
the European Bioinformatics Institute (EBI). A D. pteronyssinus cDNA clone with
the accession number EX163010.1 was found to contain a full-length sequence
coding for the bacteriolytic enzyme as shown in Figure 7.3 (a). Two other clones,
with accession numbers EX162735.1 and EX163553.1, were also found to contain
part of the sequence of the gene coding for the lytic enzyme (data not shown). These
sequences were deposited into the database by Dr Fook Tim Chew from the
Functional Genomic Laboratory 3, Department of Biological Sciences, National
University of Singapore.
7.3.1.2 Comparison of the D. pteronyssinus cDNA clone (Accession number
EX163010.1) with lytFM and lytFM1
The full-length clone (EX163010.1) was 657 bp long of which 453 bp showed
nucleotide sequence homology with both lytFM and lytFM1 (Accession number
AF409109; Mathaba et al., 2002) (Figure 7.3 (a)). Regarding the variable regions, at
nucleotide 421 the clone possessed G (as for lytFM1). At nucleotides 440-445, the
clone possessed TGGAGT (as for lytFM). In addition, the clone varied at nucleotide
positions 29, 37, 130 and 439, from both lytFM and lytFM1. Therefore, the sequence
coding for the bacteriolytic enzyme LytFM in the D. pteronyssinus cDNA clone has
been designated lytFM2.

Alignment of the amino acid sequence deduced from

lytFM2 with those of LytFM and LytFM1 revealed that LytFM2 shows complete
sequence homology with the other two variants except for residue 112, which is K112
in LytFM1 and LytFM2 in comparison to N112 in LytFM, and residues 119 and 120,
which are W119 and S120 in LytFM and LytFM2 compared with G119 and G120 in
LytFM1 (Figure 7.3 (b)).
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

-------------------------ATGAAATTCTTCTTCACTTTAGCTTTATTC
-------------------------ATGAAATTCTTCTTCACTTTAGCTTTATTC
GCACGAGGCTTTGACTTAAACAATCATNCAATTCTTTTTCACTTTAGCTTTATTC

55

lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

TGTACATTGGCTATCAGTCAAGTTTATTGTAATGGTGCCGCTATTGTATCGGCTG
TGTACATTGGCTATCAGTCAAGTTTATTGTAATGGTGCCGCTATTGTATCGGCTG
TGTACATTGGCTATCAGTCAAGTTTATTGTAATGGTGCCGCTATTGTATCGGCTG
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

CACGATCACAAATTGGTGTTCCATATTCATGGGGTGGTGGTGGTATTCACGGTAA
CACGATCACAAATTGGTGTTCCATATTCATGGGGTGGTGGTGGTATTCACGGTAA
CACGATCACAAATTGGTGTACCATATTCATGGGGTGGTGGTGGTATTCACGGAAA
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

ATCACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTG
ATCACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTG
ATCACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTG
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

GCACAATATTCTGTTTATCAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTG
GCACAATATTCTGTTTATCAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTG
GCACAATATTCTGTTTATCAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTG
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

GACAATATTCCGATCCAAAATGTCATCATGTTGCATATGGTAGTCATCAACCAGG
GACAATATTCCGATCCAAAATGTCATCATGTTGCATATGGTAGTCATCAACCAGG
GACAATATTCCGATCCAAAATGTCATCATGTTGCATATGGTAGTCATCAACCAGG
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

TGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGGCACAT
TGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGGCACAT
TGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGGCACAT
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lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

GGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATAT
GGTCGTATGATTAATGCACCACATACCGGTACAAAGGTACGAGAAGAAAATATAG
GGTCGTATGATTAATGCACCACATACCGGTACAAAGGTACGAGAAGAAAATATCT

440

lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

GGAGTGATCATATTGCTAATGTTGCACGATGTTGGTAA----------------GAGGAGATCATATTGCTAATGTTGCACGATGTTGGTAA----------------GGAGTGATCATATTGCTAATGTTGCACGATGTTGGTAAATTGATTTCAAATCGTA

495

lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

------------------------------------------------------------------------------------------------------------ATGATCGTATCTGAAACAACAGATGGCAGCACGATGTTCAAAAAATATTCATAAA

550

lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

------------------------------------------------------------------------------------------------------------ATGATTTTTCAAAAATTTTTTTCTTTTATTTCTTTTATTAATCCTCCAAATGAAA

605

lytFM
lytFM1
D. pteronyssinus cDNA clone EX163010.1

------------------------------------------------------------------------------------------------------ATCAAATAAATTTCAAAATAAGATCTTTTTAAAAAAAAAAAAAAAAAAAAAA

657

Figure 7.3 (a)

Alignment of the DNA sequence coding for lytFM, lytFM1 and a reported D. pteronyssinus cDNA clone (EX163010.1).

The DNA sequence of a clone (accession number EX163010.1) from a cDNA library of D. pteronyssinus obtained from the nucleotide database of European
Bioinformatics Institute (EBI), was aligned with lytFM (Chapter 4) and lytFM1 deposited into Genbank (accession number AF409109; Mathaba et al., 2002)
using CLUSTALW (Kyoto University Bioinformatics Centre). The cDNA sequence was deposited into the nucleotide database by Dr Fook Tim Chew
(Functional Genomic Laboratory 3, Department of Biological Sciences, National University of Singapore). The 179 bp 3’ extension to the lytFM sequence
(now called the 179 bp-3’ sequence) was shown to contain two predicted prokaryotic promoters. The prokaryotic promoter predicted within the 179 bp-3’
sequence (bold) using the Neural Network Promoter Prediction at the Berkeley Drosophila Genome Project (BDGP)
(www.fruitfly.org/seq_tools/promoter.html) is highlighted in red. The prokaryotic promoter predicted using the SoftBerry BPROM (SoftBerry, Inc., Mount
Kisco, New York) (http://linux1.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb) is highlighted in a box. ‘N’ represents a
nucleotide that could not be identified. Non-identified or non-homologous nucleotides are highlighted in red and gaps were introduced to maximise
homology in the alignment.
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LytFM

VSAHGRMINAPHTGTNVREENIWSDHIANVARCW

LytFM1

VSAHGRMINAPHTGTKVREENIGGDHIANVARCW

LytFM2

VSAHGRMINAPHTGTKVREENIWSDHIANVARCW

Figure 7.3 (b) Alignment of the amino acid sequences of LytFM, LytFM1 and that deduced from the D. pteronyssinus cDNA clone (Accession
number EX163010.1).
The amino acid sequences of LytFM and LytFM1 were aligned with the amino acid sequence deduced from the D. pteronyssinus cDNA clone (Accession
number EX163010.1) obtained from the nucleotide database of European Bioinformatics Institute (EBI). Non-homologous residues are highlighted in red.

7.3.1.3 Bioinformatic analysis of the 179 bp-3’ sequence
The last 179 bp of the clone starting after the stop codon of lytFM2 (479 bp - 657 bp)
have been termed the 179 bp-3’ sequence throughout this thesis. A reverse primer
FSPR was designed to anneal to the 179 bp-3’ sequence and used in conjunction with
the forward primer GSP3 which binds within lytFM (refer to Figure 7.2) in
subsequent PCR screening.
As an analysis of the nucleotide flanking sequences formed part of the thrust of this
chapter, a bioinformatic analysis of the 179 bp-3’ sequence was performed.

A

comparison of the 179 bp-3’ sequence with DNA sequences in the nucleotide
database by BLASTN did not reveal any close match. A search using BLASTX also
found that the translated 179 bp-3’ sequence did not show any homology with the
amino acid sequences in the protein database.
However, when promoter prediction was performed using the Neural Network
Promoter Prediction (NNPP) at the Berkeley Drosophila Genome Project (BDGP), a
prokaryotic promoter sequence at 76 bp - 125 bp from the start of the 179 bp-3’
sequence was predicted with a score of 0.97, i.e. well above the threshold of 0.80
(Figure 7.3 (a)).

When promoter prediction was repeated using the program

SoftBerry BPROM (SoftBerry, Inc., Mount Kisco, New York) which has a threshold
of 0.20, a prokaryotic promoter sequence (97 bp - 129 bp from the start of the 179
bp-3’ sequence) was predicted with a score of 34 (Figure 7.3 (a)).
7.3.2

PCR screening of the λBlueSTARTM gDNA library of D. pteronyssinus
lytFM flanking sequences

7.3.2.1 Combination of λBlueSTARTM vector-specific primers with lytFM genespecific primers
7.3.2.1 (a)

Control amplification of lytFM gene

The D. pteronyssinus gDNA library was first screened for the presence of lytFM or
its homologues using the primer set GSUTR1/GSR3 and the primer set GS2/GSR3
and PCR conditions shown to be optimum for amplification of the gene as reported
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in Chapter 4. Both primer pairs gave rise to amplicons of the expected size as shown
in lanes 10 and 11 of Figure 7.4 (a). Nucleotide sequencing of the amplicons showed
both to correspond to lytFM as shown in Figure 7.4 (b).
7.3.2.1 (b)

Amplification of

flanking

sequences of lytFM

with the

HotStarTaq Master Mix Kit
In an attempt to elucidate the DNA sequences flanking lytFM, PCR screening was
then performed using the HotStarTaq Master Mix Kit in the presence or absence of Q
solution.

Amplicon were not detected following gradient PCR with annealing

temperatures 40-58 °C using the four primer sets VP1/GSP1, GSP2/VP2 (testing for
lytFM, refer to Figure 7.2 A), VP1/GSP2R and GSP1F/VP2 (testing for lytFM
inverted, refer to Figure 7.2 B).

When PCR was performed at annealing

temperatures 29-40 °C using the same four primer sets with and without Q solution,
PCR using GSP2/VP2 in the presence of Q solution generated an amplicon of
approximately 400 bp as shown in Figure 7.4 (a) at the five lowest annealing
temperatures. The sequence of the 400 bp amplicon was found to show homology
only with the right arm of the λBlueSTAR TM vector from nucleotides 15 to 113 of
the amplicon (Figure 7.4 (c)). A BLASTN search revealed sequence homology only
in the same region with various cloning and expression vectors. A summary of all
amplicon homologies detected is shown in Table 7.5 at the end of this chapter.
Primer PSPR was designed to anneal to the 400 bp DNA sequence (nucleotides 160
to 187, Figure 7.4 (c)), and used later as described in Section 7.3.2.2.
7.3.2.1 (c)

Amplification of flanking sequences of lytFM with conventional
PCR reagents

Attempts to elucidate the DNA sequences flanking the 5’ and 3’ end of lytFM were
continued using the conventional PCR reagents at similar temperature gradients.
Neither of the two temperature gradients, i.e. 29-40 °C nor 40-58 °C gave rise to any
amplicons using any of the four primer sets (data not shown). Attempts to amplify
lytFM in the gDNA library at the annealing temperature 37°C using the conventional
PCR reagents only yielded an amplicon when the primer set GS2/GSR3 was used.
The sequence of the 360 bp amplicon was homologous to that of lytFM (data not
shown).
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Figure 7.4 (a) Agarose gel electrophoresis of the PCR products obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.
Lanes 1 and 20 show the 100 bp DNA marker ladder. PCR products obtained using the
primer set VP1/GSP1 at annealing temperatures of 29.6 °C, 29.9 °C, 31.2 °C, 33.4 °C, 36.6
°C, 38.6 °C, 39.8 °C and 40.1 °C, respectively are shown in lanes 2 to 9. PCR products
obtained using the primer set GSP2/VP2 at the same annealing temperatures are shown in
lanes 12 to 19. Lanes 10 and 11 show the PCR product obtained using the primer set
GSUTR1/GSR3 and GS2/GSR3, respectively using 37ºC as the annealing temperature. PCR
was performed using the HotStarTaq Master Mix Kit in the presence of Q solution.

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

ATGAAATTCTTCTTCACTTTAGCTTTATTCTGTACATTGGCTATCAGTCAAGTTTATTGTAATGGTGCCGC 71
-------------------NNNNNNNNNNNNNNNNNNNGNCTANNNNTNNANTTTATTNNAATGGTGCCGC
-----------------------------------------T----------------------------ATGAAATTCTTCTTCACTTTAGCTTTATTCTGTACATTGGCTATCAGTCAAGTTTATTGTAATGGTGCCGC

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

TATTGTATCGGCTGCACGATCACAAATTGGTGTTCCATATTCATGGGGTGGTGGTGGTATTCACGGTAAAT 142
TATTGTATCGGCTGCACGATCACAAATTGGTGTTCCATATTCATGGGGTGGTGGTGGTATTCACGGTAAAT
--------------------------------------------------------NNNNNNNNNNNNNNN
TATTGTATCGGCTGCACGATCACAAATTGGTGTTCCATATTCATGGGGTGGTGGTGGTATTCACGGTAAAT

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

CACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTGGCACAATATTCTGTTTAT 213
CACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTGGCACAATATTCTGTTTAT
NNCNTGNAN--NGNTGNNNNGCCNNTACAGTTGGTTTTGATTGTTCTGGCTTGGCACAATATTCTGTTTAT
CACGTGGAATAGGTGAAGGTGCCAATACAGTTGGTTTTGATTGTTCTGGCTTGGCACAATATTCTGTTTAT

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

CAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTGGACAATATTCCGATCCAAAATGTCATCATGTTGC 284
CAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTGGACAATATTCCGATCCAAAATGTCATCATGTTGC
CAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTGGACAATATTCCGATCCAAAATGTCATCATGTTGC
CAAGGTACACATAAAGTATTGGCACGTGTTGCTTCTGGACAATATTCCGATCCAAAATGTCATCATGTTGC

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

ATATGGTAGTCATCAACCAGGTGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGG 355
ATATGGTAGTCATCAACCAGGTGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGG
ATATGGTAGTCATCAACCAGGTGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGG
ATATGGTAGTCATCAACCAGGTGATTTAGTATTTTTCGGTAATCCTATTCATCATGTTGGTATTGTTTCGG

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

CACATGGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATATGGAGTGATCAT 426
CACATGGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATATGGAGTGATCAT
CACATGGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAAATATATGGAGTGATCAT
CACATGGTCGTATGATTAATGCACCACATACCGGTACAAATGTACGAGAAGAAANNNNNNNNNNNNNNNNN

lytFM
Mite gDNA library (GSUTR1)
Mite gDNA library (GS2)
Mite gDNA library (GSR3)

ATTGCTAATGTTGCACGATGTTGGTAA 453
ATTGCTAATGTTGCACGATGTTGGTAA
ATTGCTAATGTTGCACGATGTTGGTAA
NNNNNNNNNN-----------------

Figure 7.4 (b)

Alignment of DNA sequences of PCR products obtained from the control amplification of the lytFM gene with the DNA
sequence of lytFM.

The sequences of the PCR products obtained using the λBlueSTAR™ gDNA library of D. pteronyssinus as the template and the primer sets
GSUTR1/GSR3 and GS2/GSR3 were compared with lytFM sequence using the BLAST programme. Primers used to sequence the PCR products are
shown in parentheses. ‘N’ indicates that a nucleotide was not identified by the DNA sequencer. Gaps (GS2) were introduced to the alignment to maximise
homology.

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

NNNNNAAANNAANNAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGCGGC 66
---GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGCGGC

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

CTAATACGACTCACTATAGGGCGGCCGCGGATCCCGGGAATTCTCGATCCATCGTTGGCCATTTTG 132
CTAATACGACTCACTATAGGGCGGCCGCGGATCCCGGGAATTCTCGA-------------------

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

GTATCCTGATCCGGATCAACATTGATGCCATCATGATCTTCACCAGAATTATCAAAATCAGCATAT 198
------------------------------------------------------------------

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

TGTCACGTTGNGATGGTGGTTTCACTCGATTACCGTATGATGTTTGTGCCGATGTATAAAGGTCAT 264
------------------------------------------------------------------

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

TGGGATAGACATTTTGCTGTCCGCTTGGTGAACTAGCCATTCGATTGGAATGATAATCCGATTTCA 330
------------------------------------------------------------------

GSP2/VP2 PCR product (VP2)
λBlueSTAR vector

ATGNGGATGCCGAAGGCGACAGAANNNNNNNNNNNNNN
--------------------------------------

Figure 7.4 (c)

368

Alignment of the DNA sequence of the PCR products obtained with the primer set GSP2/VP2 with the 139 bp nucleotide
sequence of the right arm of the λBlueSTAR™ vector.

The PCR product was sequenced with the primer VP2 as shown in parentheses. The DNA sequence obtained was aligned with the DNA sequence of the
right arm of the λBlueSTAR™ vector (refer to Figure 7.2) using CLUSTALW (Kyoto University Bioinformatics Centre). The site where the primer VP2
anneals to the right arm of the vector is underlined. The primer PSPR was designed to anneal to the PCR product as indicated by a box, and used later
(section 7.3.2.2). ‘N’ represents a nucleotide that could not be identified by the DNA sequencer and gaps were introduced to maximise homology in
alignment.

7.3.2.1 (d)

Amplification of flanking sequences of lytFM with the KAPA
HiFi™ PCR Kit

Gradient PCR was repeated using the KAPA HiFi™ PCR Kit which enables
amplification of sequences up to 15 kb in length. Amplification was performed at
the temperature gradient 40-58°C using the primer sets VP1/GSP1 and GSP2 /VP2 in
the presence of either 2 mM MgCl2 or 3 mM MgCl2. Although a 1,000 bp amplicon
obtained with the primer set GSP2/VP2 showed nucleotide sequence homology with
Gram-negative bacterial genomic sequences, including the gene encoding 6phosphogluconate dehydratase of E. coli (data not shown), the amplicon did not
contain sequence homology with the primers used in the PCR. Therefore, it could
not be ruled out that the amplicon resulted from amplification of chromosomal DNA
of ER1647, i.e. the E. coli host strain used in the propagation of the D. pteronyssinus
gDNA library (refer to Section 7.2.2.2).
When gradient PCR was performed at 29-40 °C using KAPA HiFi™ PCR Kit in the
presence of 2 mM MgCl2, no visually distinct amplicon was generated using either
the primer set VP1/ GSP1 or GSP2/VP2 (data not shown).
7.3.2.2 Combination of 179 bp-3’ sequence-specific or PCR product-specific
primers with the gene-specific primer GSP3 and then combination of
GSP3 with VP2
A reverse primer that anneals to the 179 bp-3’ sequence (refer to Figure 7.2) termed
the 179 bp-3’ sequence-specific primer (FSPR) was designed and used in
conjunction with another lytFM gene-specific primer GSP3, that anneals further
upstream from where GSP2 anneals to the 3’ end of lytFM (refer to Figure 7.2).
PCR performed using the HotStarTaq Master Mix Kit and the primer set GSP3/FSPR
at the annealing temperatures of 40.1°C, 39.8°C and 37°C did not generate any
amplicons (data not shown). GSP3 was also used in conjunction with PCR productspecific primer PSPR (refer to Figures 7.2 and 7.4 (c)), which is a reverse primer
designed to anneal to the PCR product obtained that showed sequence homology
with the right arm of the λBlueSTARTM vector (described in section 7.3.2.1 (b)).
Following PCR performed at the annealing temperatures of 40.1°C, 39.8°C and 37°C
with the HotStarTaq Master Mix Kit, no product was observed (data not shown).
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When the PCR using the primer set GSP3/FSPR was repeated using the KAPA
HiFi™ PCR Kit, a 1,000 bp amplicon showed homology with genomic sequences
including the gene encoding valyl-tRNA synthetase of various strains of E. coli and
S. flexneri and a 1,500 bp amplicon showed homology with genomic sequences
including the gene encoding xanthine dehydrogenase of various E. coli strains (data
not shown). However, neither amplicon had sequence homology with the primers
GSP3 or FSPR. Therefore, amplification of ER1647 chromosomal DNA could not
be ruled out. PCR with the primer set GSP3/PSPR repeated using the KAPA HiFiTM
kit did not generate any amplicon (data not shown).
GSP3 was subsequently used in conjunction with the vector specific primer VP2 and
the PCR products obtained (Figure 7.5 (a)) were sequenced. Two of the three
amplicons of sizes >1,000 bp and <2,000 bp showed no homology with sequences in
the nucleotide or protein databases following searches with BLASTN and BLASTX,
respectively (data not shown). The sequence of the 700 bp product was found to
show homology with the right arm of the λBlueSTAR TM vector from nucleotides 2 to
109 of the amplicon as shown in Figure 7.5 (b). The remaining amplicon sequence
showed no homology to sequences found in the nucleotide and protein databases of
the NCBI and EBI. The sequence from nucleotide 110 onwards of the amplicon also
did not show any homology with the 179 bp-3’ sequence or the sequence of the 400
bp amplicon obtained in Section 7.3.2.1 (with the primer set GSP2/VP2). Further
optimisation of the PCR conditions performed with the primer set GSP3/VP2 by
increasing the MgCl2 concentrations and using a different PCR buffer, i.e. fidelity
buffer instead of GC buffer did not generate any amplicons (data not shown). The
KAPA HiFi™ GC Buffer which facilitates denaturation of GC-rich templates
(manufacturer’s user manual) had been used in all the PCR performed with the kit up
to this point. The use of the KAPA HiFi™ Fidelity Buffer, which is an alternative
buffer supplied in the kit has not been attempted thus far.
7.3.2.3 Combination of λBlueSTARTM vector-specific primers (VP1 and VP2)
with GS2 and GSR3
Since the primer GS2 and GSR3 enabled the amplification of lytFM from the
genomes of the HDM-derived bacterial isolates (Chapter 4), GS2 and GSR3 were
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Figure 7.5 (a) Agarose gel electrophoresis of the amplicons obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.
Lane 1 shows the 1 kbp DNA marker ladder. Lanes 2 and 3 show the PCR products
obtained with the primer set GSP3/VP2 at an annealing temperature of 37ºC in the presence
of either 2 mM MgCl2 or 3 mM MgCl2, respectively. The λBlueSTAR gDNA library of D.
pteronyssinus was used as the template and all bands circled were sequenced. PCR was
performed using the KAPA HiFiTM PCR Kit.

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

TGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGCGGCCTAA 68
-GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGCGGCCTAA

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

TACGACTCACTATAGGGCGGCCGCGGATCCCGGGAATTCTCCATTGTTTGAATTTGTTAGAATTTTCA 136
TACGACTCACTATAGGGCGGCCGCGGATTCCCGGGAATTCTCGA------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

AAACAAACAAAAAAATCAACCTTGATGGAAACAGTGAATGAATTGCGTAAACTTCTTGATATTGATCT 204
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

TGAATCATTAACAAATGGCGATTGTCGTGATCATAATCTGAGTGTGATCAATCGAAATTCAGATCGAT 272
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

TAAGTCAGTCATTGGGAACAGCTCTTGTTAGTGGTAAACCGAACGAACTTAGTGGTAAACCGAACGAA 340
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

CCTAAAGCCAAAGTACGATTCAGATTGGACAATGAGAAATTGAGCCAACATCAGAATATTGTCAAAAT 408
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

CGTAAGAGATGAACCGAAACCGAGTCGAATCGAAAAGCGTCCCTTTCTTCGCAAGGGTGACGGACTGA 476
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

AACGATTCGGTATTCAGAAAACCAATCTGAAACCGGCGAATGTTTTTCAGAACGTCGCTTACAGATCT 544
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

TCTGTTGAACCGGATAAAATCGAATGTGACAAATCAACAATCGATTATCAAGACAAAGGGACTGATCC 612
--------------------------------------------------------------------

GSP3/VP2 PCR product (VP2)
λBlueSTAR vector

GATCGACAGCGACACTCAACATCAATTGCAACTAGCGAAGTTTTGCC 658
------------------------------------

Figure 7.5 (b)

Alignment of the DNA sequence of the 700 bp PCR product obtained with the primer set GSP3/VP2 with the 139 bp
nucleotide sequence of the right arm of the λBlueSTAR™ vector.

The PCR product was sequenced with the primer VP2 as shown in parentheses. The DNA sequence obtained was aligned with the DNA sequence of the
right arm of the λBlueSTAR™ vector (refer to Figure 7.2) using CLUSTALW (Kyoto University Bioinformatics Centre). The site where the primer VP2
anneals to the right arm of the vector is underlined. Any non-homologous nucleotide is highlighted in red and gaps were introduced to maximise homology
in alignment.

used in conjunction with the vector-specific primers, i.e. VP2 and VP1, respectively
in continued attempts to amplify the flanking regions of the lytFM gene. PCR
performed in both GC and fidelity buffers using the primer set GS2/VP2 did not
generate any amplicons in the presence of 4 mM MgCl2 and 5 mM MgCl2 (data not
shown).

The same was also observed for PCR performed using the primer set

VP1/GSR3 in GC or fidelity buffer in the presence of 2 mM MgCl2 (results not
shown). However, amplicons were obtained using GS2/VP2 when repeated using
GC buffer in the presence of 2 mM and 3 mM MgCl2 (Figure 7.6 (a), lanes 2 and 3).
When sequenced, the 1,500 bp, 2,500 bp and 4,000 bp amplicons showed homology
with the sequence of the right arm of the λBlueSTARTM vector as shown in Figures
7.6 (b) and (c). (Alignment between the sequence of the 2,500 bp amplicon and that
of the right arm of the λBlueSTARTM vector is not shown.) The 4,000 bp amplicon
(Accession number KT595671) showed homology with genomic sequences
including the htrL gene of Gram-negative bacteria including E. coli and S. flexneri as
shown in Table 7.2 (a). Amino acid sequence homology was obtained between the
4,000 bp amplicon and the E. coli and S. flexneri HtrL following BLASTX search
(query coverage 79%; maximal identity 91%).

The amplicon showed complete

sequence homology with the reverse primer VP2 used in the PCR (Table 7.5).
In order to ensure that the 4,000 bp amplicon had indeed arisen from a clone within
the gDNA library, and not from ER 1647 contamination, the following analysis was
performed. ER 1647 is a derivative of E. coli K-12, via several defined mutations
(Woodcock et al., 1989; Raleigh et al., 1989; Imamura and Nakayama, 1982). A
BLASTN search between the sequence of the 4,000 bp amplicon and the complete
genome of E. coli K-12 substrain MG1655 (Accession number NC_000913.2) was
performed and the data shown as the first match in Table 7.2 (a). A maximal identity
of only 96% further lent weight to amplification of the 4,000 bp amplicon from the
λBlueSTAR gDNA library, instead of the chromosomal DNA of ER1647.
The 1,500 bp amplicon showed homology with genomic sequences including the
genes coding for lipoprotein A and rod shape determining protein RodA of Gramnegative bacteria including E. coli and S. flexneri as shown in Table 7.2 (b).
BLASTX search yielded similar but lower amino acid sequence homology with the
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Figure 7.6 (a) Agarose gel electrophoresis of the PCR products obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.
Lanes 1 and 10 show the 1 kbp DNA marker ladder. Lanes 2 and 3 show the PCR products
obtained using the primer set GS2/VP2 in GC buffer at annealing temperature of 37ºC in the
presence of 2 and 3 mM MgCl2, respectively. Lanes 4 to 7 show the outcome of PCR
performed using the primer set VP1/GSR3 in GC buffer (lanes 4, 5 and 6) or high fidelity
buffer (lanes 7, 8 and 9) at annealing of temperature 37ºC in the presence of 3 mM MgCl2
(lanes 4 and 7), 4 mM MgCl2 (lanes 5 and 8) and 5 mM MgCl2 (lanes 6 and 9). The
λBlueSTAR gDNA library of D. pteronyssinus was used as the template and all bands
circled were sequenced. Bands marked with an asterisk were found to show sequence
homology with the sequence of the right arm of the λBlueSTAR vector. PCR was
performed using the KAPA HiFi™ PCR Kit.

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

GAAAAATAAACAAATAGGGGTTCCGCCCGGNTNCTTGNCTGAAGTGCCACCTGACGTCGCGGNCTAATA 69
GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCNGACNTCGCGGCCTAATA

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

NNACTCANTATAGGGCGGNCGCGGATCCCGGGAATTCTCGATCCCCCGATTTGAAACCAAGGGTTGAAG 138
CGACTCACTATAGGGCGGCCGCGGATCCCGGGAATTCTCGA----------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

CGATTCGCAACGGAAAACCAACAACGGTTATCGTTATCGATATAAAAAAGAAATTTARATATATCASAA 207
---------------------------------------------------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

STCGTATCGAAAAAATTCAAAAAGATGAGTCGTAAATTTARATATATCASAASTCGTATCGAAAAAATT 276
---------------------------------------------------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

CAAAAAGATGAGTCGTTTACRAATAGACTTGAGCCTCGACAATTAAAAAACCCAGAGTACTGGTCACCA 345
---------------------------------------------------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

GAGTATGTTTTGGTATGTAACCTTAAGGSCTATTTTGTAAATAAAGCTATCAACRTGGGCTTARKGAAA 414
---------------------------------------------------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

ACGCCTCTTGTTGCGTGGATAGATTTTGGYTATTGCCRTAAGCCAAATGTAACTCGAGGATTGAAAATT 483
---------------------------------------------------------------------

GS2/VP2 PCR product (VP2)
λBlueSTAR vector

TGGGATTTCCCATTTSATGAATGTARGATGGGTC
----------------------------------

Figure 7.6 (b)
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Alignment of the DNA sequence of the 4000 bp PCR product obtained with the primer set GS2 /VP2 with the 139 bp
nucleotide sequence of the right arm of the λBlueSTAR™ vector.

The PCR product was sequenced with the primer VP2 as shown in parentheses. The DNA sequence obtained was aligned with the DNA sequence of the
right arm of the λBlueSTAR™ vector (refer to Figure 7.2) using CLUSTALW (Kyoto University Bioinformatics Centre). The site where the primer VP2
anneals to the right arm of the vector is underlined. Non-homologous nucleotides are highlighted in red and ‘N’ represents a nucleotide that could not be
identified by the sequencer.

PCR product (VP2)
GAAAAATAAACAAATAGGGGTTCCGCGCCGAKCTCCCCGCCGAATTGCGCCTGACGNNGCGGCCTNN 67
λBlueSTAR vector 139 bp → 1 bp GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGCGGCCTAA
PCR product (VP2)
TACTACTCACTATAGGGNGGCCGCGGATCCCGGGAATTCTCGATCCCGGYGGYGMGCTGGCGCTGGC 134
λBlueSTAR vector 139 bp → 1 bp TACGACTCACTATAGGGCGGCCGCGGATCCCGGGAATTCTCGA-----------------------PCR product (VP2)
AGGGATGCCGCCCTTCAACATTTTTCTTAGCTAATTTATGACCMTTACCGSCKGACTGGCACKWAAT 201
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------PCR product (VP2)
CACCTGCTGATTATCGTCCTGCTGTTATTGCTGTTAACGCTGGTGCTGGCGGGCCTGGWACRGATGG 268
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------PCR product (VP2)
CTGCGCGGGTGTTAATGGMGAAACCGCCGCAGGCCGTTAACCGGGGTGATCTCKGCTGGTTGACCAC 335
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------PCR product (VP2)
CTCACCAATGGTGATTCTGCTGGACCTGATTCTGGTKAYGGGAACGCWTATTCCGRAAATCGTCGAT 402
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------GS2/VP2 PCR product (VP2)
GCGAAACTGGGGGGCGCTTCCACTATCTCCCTCTCARGATTCCATYCTATGCCTGCAAAAGCTACCA 469
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------GS2/VP2 PCR product (VP2)
CCTCAACTCTTTTTTTCCCTTCTACACCWRAACTGTATCCTGGCTAACGGGCGAWATTAATTCGTGC 536
λBlueSTAR vector 139 bp → 1 bp ------------------------------------------------------------------GS2/VP2 PCR product (VP2)
GCATTAYGTATCGCGGCCATTCKGYATCACTGAAAAATTMCMCTTTC
λBlueSTAR vector 139 bp → 1 bp -----------------------------------------------
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Figure 7.6 (c)

Alignment of the DNA sequence of the 1500 bp PCR product obtained with the primer set GS2/VP2 with the 139 bp nucleotide
sequence of the right arm of the λBlueSTAR™ vector.

The PCR product was sequenced with the primer VP2 as shown in parentheses. The DNA sequence obtained was aligned with the DNA sequence of the
right arm of the λBlueSTAR™ vector (refer to Figure 7.2) using CLUSTALW (Kyoto University Bioinformatics Centre). The site where the primer VP2
anneals to the right arm of the vector is underlined. Non-homologous nucleotides are highlighted in red and ‘N’ represents a nucleotide that could not be
identified by the sequencer.

Table 7.2(a)

BLASTN search results indicating homology of amplicon obtained from D. pteronyssinus gDNA library with
bacterial proteins involved in lipopolysaccharide biosynthesis.

Accession
number

DNA sequences bearing
homology

NC_000913.2

Escherichia coli strain K-12
substrain MG1655 chromosome,
complete genome

AP012030.1

Gene showing
sequence
homology

Function of gene
product

Query coverage

E value

Maximum
identity

htrL

Protein involved in
lipopolysaccharide
biosynthesis

79%

3e-170

96%

Escherichia coli DH1 (ME8569)
DNA, complete genome

htrL

Hypothetical protein

79%

6e-166

96%

FN649414.1

Escherichia coli ETEC H10407,
complete genome

ETEC_3861

Putative
lipopolysaccharide
biosynthesis protein

79%

3e-163

95%

AE005674.2

Shigella flexneri 2a strain 301,
complete genome

htrL

Protein involved in
lipopolysaccharide
biosynthesis

79%

2e-160

95%

CP001383.1

Shigella flexneri 2002017,
complete genome

htrL

Protein involved in
lipopolysaccharide
biosynthesis

79%

2e-160

95%

CP000266.1

Shigella flexneri 5 strain 8401,
complete genome

htrL

Protein involved in
79%
2e-160 95%
lipopolysaccharide
biosynthesis
The 4000 bp amplicon was obtained with the primer set GS2/VP2 and found to align with the the right arm of the λBlueSTAR™ vector.

Table 7.2(b)

BLASTN search results indicating homology of amplicon obtained from D. pteronyssinus gDNA library with
bacterial lipoprotein A.

Accession
number

DNA sequences bearing homology

Gene showing
sequence homology

Function of gene
product

Query
coverage

E value*

Maximum
identity

NC_000913.2

Escherichia coli strain K-12
substrain MG1655 chromosome,
complete genome

rlpA

Lipoprotein A

95%

0

99%

mrdB

Rod shape-determining
protein RodA

Escherichia coli DH1 (ME8569)
DNA, complete genome

rlpA

Lipoprotein A

98%

1e-166

97%

mrdB

Rod shape-determining
protein RodA

Escherichia coli 042, complete
genome

rlpA

Lipoprotein A

98%

2e-165

97%

mrdB

Rod shape-determining
protein RodA

Escherichia coli ETEC H10407,
complete genome

ETEC_0661

Rare lipoprotein A

98%

7e-164

96%

ETEC_0662

Rod shape-determining
protein RodA

Shigella flexneri 2a strain 301,
complete genome

rlpA

Minor lipoprotein

98%

8e-163

96%

mrdB

Rod shape-determining
membrane protein

AP012030.1

FN554766.1

FN649414.1

AE005674.2

The 1500 bp amplicon was obtained with the primer set GS2/VP2 and found to align with the the right arm of the λBlueSTAR™ vector.
*An E value of 0 indicates the probability that a sequence with a similar alignment will occur in the database by chance is negligibly low.

E. coli or S. flexneri lipoprotein A and RodA (query coverage of 76% and maximal
identity of 96%). Although a BLASTN search between the sequence of the amplicon
and the complete genome of E. coli K-12 substrain MG1655 showed a maximal
identity of 99% (first match in Table 7.2 (b)), the possible amplification of the
amplicon from the ER1647 chromosomal DNA could be ruled out based on the
observation that sequence homology was found between the 1,500 bp amplicon and
the reverse primer VP2 (Table 7.5).
The 2,500 bp amplicon (Accession number KT595672) showed sequence homology
with genomic sequences including the gene encoding hydrogenase-4 of E. coli,
Shigella species and the proteobacterium Dickeya dadantii (Table 7.2 (c)). Lower
amino acid sequence homology (query coverage 64%; maximal identity 74%) with
the corresponding protein was obtained. A maximal identity of only 90% between
the amplicon and the complete genome of E. coli K-12 substrain MG1655 as shown
in the first entry of Table 7.2 (c), and complete sequence homology between the
amplicon and the reverse primer VP2 (Table 7.5) indicated the likelihood of
amplification of the 2,500 bp amplicon from the D. pteronyssinus gDNA library.
The amplicons generated from PCR using the primer set VP1/GSR3 in GC buffer in
the presence of 3, 4 and 5 mM MgCl2 (Figure 7.6 (a), lanes 4, 5 and 6) did not show
homology with DNA or protein sequences in the databases of NCBI and EBI.
7.3.2.4 The possibility of the lytFM gene inverted
To this point, the sequences flanking the 5’ and 3’ ends of lytFM had not been
elucidated. Thus far, PCR had only been performed for the case of the genomic
DNA insert being ligated in one direction (refer to Figure 7.2 A) using the
HotStarTaq Master Mix Kit and the conventional PCR reagents. For the possibility
of the insert ligated in the other direction (Figure 7.2 B), with lytFM inverted,
amplifications of the gene using the primer sets GSUTR1/GSR3 and GS2/GSR3
were repeated using the KAPA HiFi™ PCR Kit. In the presence of 3 mM MgCl2,
amplicons with sizes compatible with lytFM were amplified from the gDNA library
as shown in lanes 10 and 11 of Figure 7.7 (lower panel). DNA sequencing revealed
the sequences of the amplicons to be homologous to that of lytFM (data not shown).
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Table 7.2(c)
Accession
number
NC_000913.2

BLASTN search results indicating homology of amplicon obtained from D. pteronyssinus gDNA library with
bacterial hydrogenase-4.
DNA sequences bearing
homology
Escherichia coli strain K-12
substrain MG1655 chromosome,
complete genome

Gene showing
sequence
homology

Function of gene
product

Query
coverage

E value

Maximum
identity

hyfF

Hydrogenase-4
(membrane subunit)

56%

6e-119

90%

UMNK88_3082
UMNK88_3083

Hydrogenase-4
(subunits F/G)

77%

5e-124

85%

CP002729.1

Escherichia coli UMNK88,
complete genome

CP001846.1

Escherichia coli O55:H7 strain
CB9615, complete genome

hyfF

Hydrogenase-4
(subunit G)

67%

2e-122

85%

CP001063.1

Shigella boydii CDC 3083-94,
complete genome

SbBS512_E2858
SbBS512_E2859

Hydrogenase-4
(subunits F/G)

77%

8e-121

84%

CP002038.1

Dickeya dadantii 3937, complete
genome

hyfF
hyfG

Hydrogenase-4
(membrane subunit)

49%

9e-13

65%

The 2,500 bp amplicon was obtained with the primer set GS2/VP2 and found to align with the the right arm of the λBlueSTAR vector.
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Figure 7.7

Agarose gel electrophoresis of the PCR products obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.

Lanes 1 and 20 show the 1 kbp DNA marker ladder (upper and lower panels). On both
upper and lower panels, PCR products were obtained using the primer set VP1/GSP2R
(lanes 2 to 9), the primer set GSUTR1/GSR3 (lanes 10 and 11) and the primer set
GSP1F/VP2 (lanes 12 to 19), respectively. The annealing temperatures used were 29.6ºC,
29.9ºC, 31.2ºC, 33.4ºC, 36.6ºC, 38.6ºC, 39.8ºC and 40.1ºC (lanes 2 to 9 and lanes 12 to 19,
respectively) on the upper and lower panels. PCR products observed in lanes 10 and 11
were obtained at the annealing temperature of 37ºC (upper and lower panels). On the upper
panel, PCR was performed in the presence of 2 mM MgCl2 and on the lower panel, PCR
was performed in the presence of 3 mM MgCl2. The λBlueSTAR TM gDNA library of D.
pteronyssinus was used as the template and all bands circled or marked with an asterisk
were sequenced. PCR was performed using the KAPA HiFi™ PCR Kit.

PCR performed in the presence of 2 mM MgCl2 using both the primer sets
VP1/GSP2R and GSP1F/VP2 yielded bands that were sequenced (Figure 7.7, upper
panel). None of the amplicons showed homology to lytFM or to the λBlueSTAR TM
vector. However, the sequence of the 2,500 bp amplicon (marked with an asterisk)
obtained using GSP1F/VP2 showed homology with genomic sequences including the
gadA and gadB genes of various strains of E. coli and Shigella species as shown in
Table 7.3 (a). BLASTX search did not find any amino acid sequence homology with
sequences in the databank. Although no sequence homology between the amplicon
and either of the primers GSP1F and VP2 used in the PCR was observed (Table 7.5),
comparison of the sequence of the amplicon and the genome of E. coli K-12 (first
entry of Table 7.3 (a)) revealed a maximal identity of only 90% indicating
amplification of the 2,500 bp amplicon from the D. pteronyssinus gDNA library.
The 1,500 bp amplicon (marked with an asterisk) obtained using GSP1F/VP2
showed homology with genomic sequences including the genes encoding YhaC and
the RNA component of RNase P of various strains of E. coli and S. flexneri as shown
in Table 7.3 (b). Lower amino acid sequence homology was found with the same
proteins (query coverage 52%; maximal identity 93%). The 100% maximal identity
between the amplicon and the genome of E. coli K-12, as shown in the first entry of
Table 7.3 (b) and the observation that it showed no homology with sequences of the
primers used in the PCR (Table 7.5) indicated the possibility of the amplicon as
having resulted from contamination by ER1647.
7.3.2.5 The use of conventional PCR reagents revisited
The use of KAPA HiFi™ PCR Kit did not enable the identification of the regions
flanking the 5’ and 3’ ends of the lytFM gene. No amplicon had been obtained using
the primer sets VP1/GSP1 and GSP2/VP2, VP1/GSP2R and GSP1F/VP2 in the
presence of 1.5 mM MgCl2 with the application of the temperature gradients 2940°C and 40-58°C (refer to Section 7.3.2.1 (c)). Therefore, PCR was reattempted
with conventional PCR reagents under more optimised conditions (refer to Section
3.5.3). PCR using the same temperature gradient in the presence of 2.5 mM to 5.5
mM MgCl2 with the primer set GSP2/FSPR, was performed and the PCR products
obtained (Figure 7.8 (a) (upper panel)) of ~ 100 bp and ~ 1000 bp were sequenced.
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Table 7.3 (a)

BLASTN search results indicating homology of amplicon obtained from D. pteronyssinus gDNA library with
bacterial glutamate decarboxylase.

Accession
number

DNA sequences bearing homology

Gene showing
sequence
homology
gadA

Function of gene
product

Query
coverage

E value

Maximum
identity

NC_000913.2

Escherichia coli strain K-12
substrain MG1655 chromosome,
complete genome

Glutamate
decarboxylase

58%

3e-135

90%

CP002729.1

Escherichia coli UMNK28,
complete genome

UMNK88_4295

Glutamate
decarboxylase

36%

2e-37

70%

CP002516.1

Escherichia coli KO11, complete
genome

EKO11_0222

Glutamate
decarboxylase

36%

6e-37

70%

CP000970.1

Escherichia coli SMS-3-5,
complete genome

gadB

36%

8e-36

70%

CP001846.1

Escherichia coli O55:H7 strain
CB9615, complete genome

gadA

Glutamate
decarboxylase
alpha

36%

3e-35

70%

CP001063.1

Shigella boydii CDC-3083-94,
complete genome

gadB

Glutamate
decarboxylase
GadB

36%

3e-35

70%

CP000038.1

Shigella sonnei Ss046, complete
genome

gadA

Glutamate
decarboxylase
isozyme

36%

3e-35

70%

The 2500 bp PCR product was obtained with the primer set GSP1F/VP2.

Glutamate
decarboxylase
GadB

Table 7.3 (b)

BLASTN search results indicating homology of amplicon obtained from D. pteronyssinus gDNA library with
bacterial RNA component of RNase P and YhaC.

Accession
number

DNA sequences bearing homology

Gene showing
sequence
homology

Function of gene
product

Query
coverage

E value*

Maximum
identity

NC_000913.2

Escherichia coli strain K-12 substrain
MG1655 chromosome, complete
genome

rnpB

Hypothetical
protein

88%

0

100%

AP012030.1

Escherichia coli strain K-12 substrain
MDS42 DNA, complete genome

yhaC

Hypothetical
protein

88%

0

91%

EF392696.1

Escherichia coli strain H1173 YhaC
(YhaC) gene, partial cds; and RNA
component of RNaseP (rnpB) gene,
partial sequence

yhaC

YhaC

86%

0

92%

EF392697.1

Escherichia coli strain H1174 YhaC
(YhaC) gene, partial cds; and RNA
component of RNaseP (rnpB) gene,
partial sequence

yhaC

YhaC

77%

0

94%

rnpB

RNA component of
RNase P

AE005674.2

Shigella flexneri 2a strain 301,
complete genome

yhaC

YhaC

86%

0

89%

CP001383.1

Shigella flexneri 2002017, complete
genome

SFxv_3469

Hypothetical
protein

86%

0

89%

The 1500 bp amplicon was obtained with the primer set GSP1F/VP2.
*An E value of 0 indicates the probability that a sequence with a similar alignment will occur in the database by chance is negligibly low.
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Figure 7.8 (a) Agarose gel electrophoresis of the PCR products obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.
Lanes 1 and 18 show the 100 bp DNA marker ladder (upper and lower panels). On both
upper and lower panels, PCR products were obtained using the primer set GSP2/FSPR
(lanes 2 to 17). The annealing temperatures applied to the PCR were 29.6ºC, 29.9ºC,
31.2ºC, 33.4ºC, 36.6ºC, 38.6ºC, 39.8ºC and 40.1ºC (lanes 2 to 9 and lanes 10 to 17,
respectively) on the upper and lower panels. On the upper panel, from lanes 2 to 9, PCR
products were obtained in the presence of 2.5 mM MgCl2 and from lanes 10 to 17, PCR
products were obtained in the presence of 3.5 mM MgCl2. On the lower panel, from lanes 2
to 9, PCR products were obtained in the presence of 4.5 mM MgCl2 and from lanes 10 to
17, PCR products were obtained in the presence of 5.5 mM MgCl2. The λBlueSTAR TM
gDNA library of D. pteronyssinus was used as the template and all bands marked with an
asterisk were sequenced. PCR was performed using the conventional PCR reagents.

The 100 bp amplicon (Accession number KT595670) was found to contain a 42 bp
sequence that showed complete homology with the sequence of the 3’ end of lytFM
starting from where GSP2 anneals (Figure 7.8 (b)). The last 44 bp were identical to
the 179 bp-3’ sequence found in the D. pteronyssinus cDNA library (Section 7.3.1).
The reverse complement of the amplicon was also found to contain sequence that
aligned fully with this sequence, starting from the annealing site of the primer FSPR
(Figure 7.8 (b)).

A search through the nucleotide and protein databases using

BLASTN and BLASTX, respectively, did not reveal any other homology with the
sequence of the amplicon. Elucidation of the nucleotide sequence flanking the 3’
end of lytFM is summarised in Table 7.5.
PCR was also performed using the conventional reagents in similar conditions with
the primer set VP1/GSP1 (Figure 7.9 (a)). The 366 bp PCR product (Accession
number AKG95503) contained sequence that aligned fully with the left arm of the
λBlueSTAR TM vector (Figure 7.9 (b) and with the 5’ end of lytFM starting from
where the primer GSP1 anneals (Figure 7.9 (c)). BLASTN did not reveal any DNA
sequences that matched the sequence of the amplicon. BLASTX analysis revealed
(Table 7.4) that the translated sequence showed significant homology with part of the
amino acid sequence of a putative 3 hydroxysteroid dehydrogenase from the tick
Ixodes scapularis, prokaryotes and other invertebrates. Maximal identity was only
33% with the tick sequence although 81% of the translated sequence of the amplicon
exhibited homology. In addition, significant homology was observed with the amino
acid sequence of 3 beta-hydroxysteroid dehydrogenase from the Gram-negative
Geobacter lovleyi SZ: the maximal identity was 50% although it only covered 41%
of the translated sequence of the amplicon. Data obtained from elucidation of the
nucleotide sequence flanking the 5’ end of lytFM is summarised in Table 7.5.
7.3.3

Investigation of the presence of the gene coding for the bacteriolytic
enzyme in other mite species

Using BLASTN, a DNA sequence that showed partial homology (82% identity; E
value of 4e-18; length 453 nt/518 nt) to lytFM was found in a cDNA clone of the
mite species Psoroptes ovis (Accession number FR749374) and, using WU BLAST,
a DNA sequence with partial homology (69% identity; E value of 6.5e-23; length
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GSP2/FSPR PCR product (GSP2)

ATATGGAGTGATCATATTGCTAATGTTGCACGATGTTGGTAAATTGA

3’ end of lytFM

ATATGGAGTGATCATATTGCTAATGTTGCACGATGTTGGTAA-----

GSP2/FSPR PCR product (FSPR)

----------------------------CACGATGTTGGTAAATTGA

19

GSP2/FSPR PCR product (GSP2)

TTTCAAATCGTAATGATCGTATCTGAAACAACAGATGG---------

85

3’ end of lytFM

-----------------------------------------------

GSP2/FSPR PCR product (FSPR)

TTTCAAATCGTAATGATCGTATCTGAAACAACAGATGGCAGCACGAT

GSP2/FSPR PCR product (GSP2)

------------------------------------------------

3’ end of lytFM

------------------------------------------------

GSP2/FSPR PCR product (FSPR)

Figure 7.8 (b)

GTTCAAAAAATATTCA

47

66

82

Alignment of the DNA sequence of the 100 bp PCR product obtained with the primer set GSP2/FSPR with the 42 bp
sequence of the 3’ end of lytFM and the 179 bp-3’ sequence.

The PCR products were pooled and sequenced with the primers GSP2 and FSPR as shown in parentheses. The DNA sequences obtained were
aligned with the DNA sequence of the 3’ end of lytFM and that of the 179 bp-3’ sequence highlighted in bold (refer to Figure 7.2) using
CLUSTALW (Kyoto University Bioinformatics Centre). The sites where the primers GSP2 and FSPR anneal are underlined.
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Agarose gel electrophoresis of the PCR products obtained in the
screening of the D. pteronyssinus gDNA library to elucidate the
sequences adjacent to the 5’ and 3’ end of lytFM.

Lanes 1 and 10 show the 1 kbp DNA marker ladder. PCR products were obtained using the
primer set VP1/GSP1 in the presence of 2.5 mM MgCl2 and the annealing temperatures
applied were 29.6ºC, 29.9ºC, 31.2ºC, 33.4ºC, 36.6ºC, 38.6ºC, 39.8ºC and 40.1ºC (lanes 2 to
9, respectively). The λBlueSTAR TM gDNA library of D. pteronyssinus was used as the
template and all bands marked with an asterisk were sequenced. PCR was performed using
the conventional PCR reagents.

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

GCATACATTTTACGAAGTTATGCGGCCAATTAACCCTCACTAAAGGGAGC
GCATACATTTTACGAAGTTATGCGGCCAATTAACCCTCACTAAAGGGAGC

50

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

GGCCGCGGATCCCGGGAATTCTCGATCCACTATCTTGGTATCATCAGTGA
GGCCGCGGATCCCGGGAATTCTCGA-------------------------

100

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

TGATAAATTCTTCGCCAGTAATTTTCGGTCGATTTGAAACGTTTTTGCTT
--------------------------------------------------

150

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

TCAAACATGACCAAGCAACATTACCCACATAAACTGGTTGCATAGAGTGA
--------------------------------------------------

200

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

ATACATTATCAATGCGACGTAATTGACCAGAATTAGCTTTAGTGATGGAT
--------------------------------------------------

250

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

AATATTTTTGTAATGAAATGATTATCCTCTTCCCCATACATTAGATTTGG
--------------------------------------------------

300

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

CCGTATATTACTGTTTTCAATTGTCACTACCATTCGATAGTGACGGCCAT
--------------------------------------------------

350

VP1/GSP1 PCR product (VP1)
λBlueSTAR vector

GAATCTTATCACCGGG
----------------

366

Figure 7.9 (b)

Alignment of the DNA sequence of the 366 bp PCR product obtained with the primer set VP1/GSP1 with the 75 bp
nucleotide sequence of the left arm of the λBlueSTAR™ vector.

The PCR products were pooled and sequenced with the primer VP1 as shown in parentheses. The DNA sequence obtained was aligned with
the DNA sequence of the left arm of the λBlueSTAR™ vector (refer to Figure 7.2) using CLUSTALW (Kyoto University Bioinformatics
Centre). The site where the primer VP1 anneals to the left arm of the vector is underlined.

PCR product (GSP1)
5’ end of lytFM

TTGTACAGAATAAAGCTAAAGTGAAGAAGAATTTCATGAATTCAATGGCC
-TGTACAGAATAAAGCTAAAGTGAAGAAGAATTTCAT-------------

50

PCR product (GSP1)
5’ end of lytFM

GTCAACTATCGAATGGTAGTGAACAATTGAAAACAGTAATCATACGGCCA
--------------------------------------------------

100

PCR product (GSP1)
5’ end of lytFM

AATCTAATGTATGGGGAAGAGGATAATCATTTCATTACAAAAATATTATC
--------------------------------------------------

150

PCR product (GSP1)
5’ end of lytFM

CATCACTAAAGCTAATTCTGGTCAATTACGTCGCATTGATAATGTATTCA
--------------------------------------------------

200

PCR product (GSP1)
5’ end of lytFM

CTGTATGCAACCAGTTTATGTGGGTAATGTTGCTTGGTCATGTTTGAAAG
--------------------------------------------------

250

PCR product (GSP1)
5’ end of lytFM

CAAAAAGCGTTTGCAAATCGATCCGAAAATTACGGCGAAGAATTTATCAT
--------------------------------------------------

300

PCR product (GSP1)
5’ end of lytFM

CACTGATGATACCAGATAGTGGATCGAGAATTCCCGGGATCCGCGGCCGC
--------------------------------------------------

350

PCR product (GSP1)
5’ end of lytFM

TCCCTTAGAGGTATCTC
-----------------

367

Figure 7.9 (c)

Alignment of the DNA sequence of the 366 bp PCR product obtained with the primer set VP1/GSP1 with the 36 bp
nucleotide sequence of the 5’ end of lytFM within the λBlueSTAR™ gDNA library.

The PCR products were pooled and sequenced with the primer GSP1 as shown in parentheses. The DNA sequence obtained was aligned with
the DNA sequence of the 5’ end of lytFM within the λBlueSTAR™ gDNA library (refer to Figure 7.2) using CLUSTALW (Kyoto University
Bioinformatics Centre). The site where the primer GSP1 anneals to the genomic DNA library is underlined. Gaps were introduced to
maximise homology in alignment.

Table 7.4

BLASTX search results indicating homology of the deduced amino acid sequence of the amplicon obtained from a D.
pteronyssinus gDNA library with bacterial and invertebrate 3 hydroxysteroid dehydrogenase.

Accession
number

Amino acid sequences bearing homology

Query
coverage

E value

Maximum
identity

XP 002434360.1

Putative 3 hydroxysteroid dehydrogenase from Ixodes scapularis (tick)

81%

8e-08

33%

XP 001603803.2

Predicted 3 Beta-hydroxysteroid dehydrogenase/Delta 5 →4-isomerase type 1-like
hydroxysteroid dehydrogenase from Nasonia vitripennis (wasp)

43%

3e-05

43%

XP 002741261.1

Predicted putative 3 hydroxysteroid dehydrogenase from Saccoglossus kowalevskii
(worm)

63%

7e-04

46%

YP 001952508.1

3 Beta-hydroxysteroid dehydrogenase/isomerase from Geobacter lovleyi SZ
(bacterium)

41%

8e-04

50%

XP 002408860.1

Putative 3 hydroxysteroid dehydrogenase from Ixodes scapularis (tick)

81%

0.001

28%

YP 001230770.1

3 Beta-hydroxysteroid dehydrogenase/isomerase from Geobacter uraniireducens
(bacterium)

41%

0.004

45%

XP 001844442.1

Hydroxysteroid dehydrogenase from Culex quinquefasciatus (mosquito)

83%

0.004

27%

Hypothetical protein LNTAR_10476 from Lentisphaera araneosa (bacterium)

41%

0.007

45%

ZP 01873877.1

PCR product was obtained with the primer set VP1/GSP1 and found to align with the 5’ end of lytFM within the λBlueSTAR TM D.
pteronyssinus gDNA library.

Table 7.5

Primer
pair

Summary of homologies detected after PCR screening of the gDNA library of D. pteronyssinus for regions flanking
lytFM.
Amplification
5’ or 3’ from
lytFM

Approximate
amplicon size
(bp)

DNA/amino acid sequence homology

GSP2/VP2

3’

400

х



-

7.3.2.1 (b)

GSP3/VP2

3’

700

х



-

7.3.2.2

GS2/VP2

3’

4,000
1,500
2,500

х
х
х





E. coli/htrL/LPS biosynthesis (KT595671)
E. coli/rlpA/lipoprotein A/mrdB/RodA
E. coli/hyfF/hydrogenase-4 (KT595672)

7.3.2.3
Table 7.2 (a),
(b) and (c)

GSP1F/VP23.

3’

2,500
1,500

х
х

х
х

E. coli/gadA/glutamate decarboxylase
E. coli/rnpB/RNA component of RNase P

7.3.2.4 Table
7.3(a) and (b)

GSP2/FSPR

3’

100





3’ end of lytFM and 5’ end of the 179 bp-3’ sequence
(KT595670)

7.3.1.3
7.3.2.5

VP1/GSP1

5’

366





Ixodes scapularis/hydroxysteroid dehydrogenase
(AKG95503)

7.3.2.5
Table 7.4

F primer1.

R primer2. Organism gene/function (Accession number)

Amplicon contained () or did not contain (х) sequence of forward primer used.
Amplicon contained () or did not contain (х) sequence of reverse primer used.
3. Indicates lytFM as an inversion of orientation 1 (see Figure 7.2).
1.
2.

Results
section

453 nt/495 nt) to lytFM was found in a cDNA clone of the mite species Blomia
tropicalis (Accession number CB282085). Both DNA sequences were translated
into amino acid sequences using the ExPaSy translation tool and the PIR protein and
Swiss protein databanks searched for homologous sequences using the NCBI
BLAST programme as described in Section 3.3.6. The amino acid sequences of the
LytFM homologues from P. ovis and B. tropicalis were aligned with the amino acid
sequence of LytFM and the sequence homology is shown in Figure 7.10.

The

phylogenetic analysis of all LytFM homologues is shown in Figure 7.11. In addition,
phylogenetic analyses of the genes encoding the mite Group 1 and Group 2 proteins
Der p 1 and Der p 2 from their respective species were performed (Figure 7.11).
Phylogenetic analyses of the relevant translated protein sequences gave similar
results (data not shown).
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Figure 7.10

Alignment of the amino acid sequence of LytFM with the deduced amino acid sequences of LytFM homologues from
Psoroptes ovis and Blomia tropicalis.

The DNA sequences coding for the P. ovis and B. tropicalis LytFM homologues from which the deduced amino acid sequences were obtained are
deposited into the nucleotide database of European Bioinformatics Institute (EBI) with the accession numbers FR749374 and CB282085, respectively.
The alignment was performed with using CLUSTALW (Kyoto University Bioinformatics Centre). Non-homologous amino acid residues are
highlighted in red and gaps were introduced to maximize homology in alignment.

A

LytFM1
LytFM
LytFM2
P. ovis LytFM homologue (FR749374.1)
B. tropicalis LytFM homologue (CB282025.1)

B
D. pteronyssinus (EU148599.1)
D. farinae (EU095368.1)
E. maynei (AF047610.1)
P. ovis (AM269885.1)
B. tropicalis (AY291322.1)

C

D. farinae (AB195580.2)
D. pteronyssinus (JN222808.1)
E. maynei (AF047613.1)
P. ovis (AF187083.1)
B. tropicalis (DQ788678.1)

Figure 7.11

Phylogenetic relationships of D. pteronyssinus, D. farinae, E. maynei, P. ovis and B. tropicalis.

The analyses were performed based on the sequences of genes encoding LytFM, LytFM1, LytFM2 and LytFM homologues (A), the cysteine protease
Group 1 allergens (B) and the Group 2 allergens (C) of the corresponding mite species. The dendrograms were constructed using the neighbourjoining algorithm with the Kimura two-parameter model in MEGA 5.0. The branch lengths are proportional to the scale given and numbers at the
nodes are bootstrap values (percentages) obtained from 1,000 bootstrap replications.

7.4

Discussion

In this chapter, various PCR and bioinformatics approaches were used, in an attempt
to elucidate the origin of the gene(s) encoding the bacteriolytic enzyme. The main
approach adopted was to amplify the sequences adjacent to the 5’ and 3’ ends of the
lytFM gene from a D. pteronyssinus gDNA library. The DNA region between the
left arm of the λBlueSTAR TM vector and the 5’ end of lytFM was successfully
amplified. Although none of the PCR attempts to amplify the DNA region between
the 3’ end of the gene and the right arm of the vector were successful, the 3’
sequence flanking lytFM was amplified using a reverse primer that bound to the 179
bp-3’ sequence.
In initial BLASTN searches, it became evident that no exact homologue of lytFM or
lytFM1 existed in the NCBI and EBI database. However, the discovery was made of
a close homologue in a cDNA clone of D. pteronyssinus (Accession number
EX163010.1) within the nucleotide database of European Bioinformatics Institute
(EBI). This sequence not only contained the lytFM2 gene, but additional sequence.
The gene sequence exhibited 98.7% homology to lytFM and was named lytFM2
because of the differences detected.

Bioinformatics analysis of the sequence

flanking the 3’ end of lytFM2 was then performed in an attempt to elucidate the
origin of lytFM2 and thus, perhaps, of the lytFM family. Of the 657 bp cDNA clone,
453 bp constituted the lytFM2 sequence leaving a downstream 179 bp of flanking
sequence which for convenience, was termed the 179 bp-3’ sequence. This short
sequence did not match any DNA sequence in the nr and EST databases of NCBI and
the nucleotide database of EBI. However, it was possible that it might contain one or
more regulatory sequences.

A search for potential promoters using the NNPP

program revealed a prokaryotic promoter 75 bp downstream of the 3’ end of lytFM2,
a finding supported by the SoftBerry BPROM program, where a prokaryotic
promoter 97 bp - 129 bp from the start of the 179 bp-3’ sequence was predicted,
overlapping 58% of the sequence of the prokaryotic promoter predicted with NNPP.
The presence of a prokaryotic promoter in the vicinity of the 3’ end of lytFM2 as
predicted by two programs lends weight to a prokaryotic origin of the lytFM variant.
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Apart from amplification of the 179 bp-3’ sequence immediately downstream of the
3’ end of the lytFM gene in the D. pteronyssinus gDNA library, a few of the other
attempts to amplify the 3’ end-flanking sequence of the gene also generated PCR
products that showed the highest sequence homology with genomic sequences of
substrains of E. coli K12. Therefore, a search through the archive of E. coli K12
promoter sequences at RegulonDB (http://regulondb.ccg.unam.mx/), a primary
database of curated information on the regulatory network of E. coli K12 genome
was performed to determine whether any regulatory sequence matched the sequences
of the two prokaryotic promoters predicted within the 179 bp-3’ sequence. No
sequence within the database showed homology with either prokaryotic promoter.
The two functional regions of prokaryotic promoters, i.e. the -35 and -10 regions
upstream of the transcriptional start site codon contain poorly conserved motifs and
are widely different with regards to the different σ factors that bind to them
(Mendoza-Vargas et al., 2009; de Avila et al., 2011). The σ factor of the prokaryotic
RNA polymerase regulates gene expression by dictating sequence-specific binding of
the RNA polymerase holoenzyme to the promoter (Borukhov and Nudler, 2003; Li
and Lin, 2006). E. coli has six σ factors, each of which has different functions
characterised by its binding to specific motifs on the promoter (de Avila et al., 2011).
For example, σ28 plays a role in the regulation of genes coding for the flagellar
components during growth and σ32 is involved in the transcription of genes
associated with heat shock responses (Borukhov and Nudler, 2003; Lewin, 2008).
Two copies of one of the two conserved motifs recognised by the σ32 factor, i.e.
YTKRWWW (Wang and deHaseth, 2003) were found in the prokaryotic promoter
predicted using the NNPP software.
The main series of experiments described in this chapter involved PCR attempts to
elucidate sequences flanking the 5’ and 3’ ends of the lytFM gene in a D.
pteronyssinus gDNA library.

As it was important to ensure that this gene was

present in the library, control PCRs were undertaken using the primer set
GSUTR1/GSR3 and primer set GS2/GSR3, and these successfully amplified lytFM
from the library. However, neither lytFM1 nor lytFM2 were ever amplified from the
library using the same primer sets. Despite numerous trials to amplify the sequences
flanking the 5’ and 3’ ends of lytFM in the D. pteronyssinus gDNA library, there
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were only two cases in which the amplicons obtained could be demonstrated to
contain the sequences of both forward and reverse primers, as summarised in Table
7.5. In these cases, it was possible to be confident that the intervening sequence of
the amplicon was indeed flanking the lytFM gene.
The nucleotide sequence flanking the 5’ end of the open reading frame of lytFM did
not show homology with any sequences in the nr and EST databases of NCBI and the
nucleotide database of EBI.

However, the corresponding deduced amino acid

sequence (Accession number AKG95503) was found to show significant homology
with the putative 3 hydroxysteroid dehydrogenases from a variety of organisms
including the tick Ixodes scapularis (which had the highest homology and is
phylogenetically related to the mite), the wasp Nasonia vitripennis, the worm
Saccoglossus kowalevskii and the Gram-negative bacterium Geobacter lovleyi in the
protein database of NCBI. The genomes of the house dust mites D. pteronyssinus,
D. farinae and E. maynei were not published at the time these studies were
performed, so it would be useful to reevaluate these data to look for the presence of
the 3 hydroxysteroid dehydrogenase gene. cDNA libraries of two mites belonging to
different genera, i.e. the scab mite Psoroptes ovis (Lee et al., 1999) and the “itch
mite” Sarcoptes scabiei (Fischer et al., 2003) have been constructed and
characterised.

No sequences encoding any homologue of 3 hydroxysteroid

dehydrogenase were found in the cDNA libraries of either mite. This result suggests
a eukaryotic origin for the lytFM gene, but because of the invertebrate homology,
some ambiguity remains because of the significant amino acid sequence homology
obtained with a Gram-negative bacterium G. lovleyi.

Although the homology

covered only 41% of the amplicon, as opposed to 81% for I. scapularis, maximum
amino acid sequence identity was higher (50% versus 33%).
Another case in which the amplicon showed complete sequence homology with the
right arm of the λBlueSTARTM vector and the 3’ end of lytFM starting from where
the forward and reverse primers annealed revealed the sequence flanking the 3’ end
of lytFM (Accession number KT595670). The significance of this finding is that no
intron splicing had occurred in this DNA region, as cDNA and genomic DNA
sequences were identical, confirming the presence of the 179 bp-3’ sequence
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immediately downstream of the 3’ end of lytFM. In addition, no introns were present
in the lytFM sequence obtained from the gDNA library, which was found as a
complete open reading frame. These results are suggestive of a prokaryotic origin of
the lytFM gene, in at least one clone of the gDNA library, given that intronless genes
do exist in eukaryotes (Louhichi et al., 2011; Zou et al., 2011). Thus, none of the
findings reported in this chapter have led to the unambiguous determination of
whether the gene is of a prokaryotic or eukaryotic origin.
In the remaining PCR experiments, the amplicons obtained contained either the
λBlueSTAR TM vector right arm sequence (reverse primer) but not the lytFM primer
sequence (forward primer), or neither the vector right arm sequence nor the lytFM
primer sequence.

These results highlight the shortcomings of this experimental

approach, as in the absence of a specific target (i.e. lytFM) within a suitable distance
from the vector reverse primer sequence, specific products will not be amplified, and
any amplicons will be due to the forward primer binding at some other region of the
genome. Nevertheless, the data were considered to be of some value, as on more
than one occasion with the use of primer sets including the reverse primer VP2, DNA
sequences that matched the genomic sequences of Gram-negative bacteria including
Escherichia coli and Shigella flexneri (Accession number KT595671 and KT595672)
were found in the gDNA library of D. pteronyssinus.
Although the E. coli genomes might have been acquired through contamination from
the chromosomal DNA of the host strain ER 1647 used in the propagation of the
library, the observation that the amplicons obtained showed complete sequence
homology with the right arm of the λBlueSTAR TM vector rendered that unlikely. In
addition, several of the amplicons showed only limited homology with the relevant
gene in E. coli K-12, from which ER 1647 was derived by a series of defined
mutations. As PCR performed with the primer set GSP2, which anneals at the 3’ end
of the open reading frame and VP2, did not generate amplicons that showed the
DNA sequences flanking the 3’ end of the open reading frame, it could not be
concluded whether the prokaryotic promoter found within the 179 bp-3’ sequence
was potentially the promoter that regulates the transcription of any genes found in the
genomes of E. coli or S. flexneri.
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Thus, it is clear that there are several DNA clones arising from one or more Gramnegative bacteria, likely to be E. coli or a close relative, within the gDNA library
suggesting that the mites used in the library contained such microorganisms at the
time of processing.

In retrospect, this may not be unexpected as both D.

pteronyssinus cDNA and gDNA libraries had been prepared from surface-sterilised
mites, but no attempt had been made to remove internal residents or transient
microorganisms. Thus, there may well have been several lytFM/FM1/FM2 DNA
templates within the libraries. This may even explain why the two flanking regions
identified appeared to have different origins, one (5’) being eukaryotic and the other
(3’) prokaryotic.
It might be useful to design primers that anneal to the microbial prokaryotic genomic
DNA sequences that showed high homology with sequences of some of the
amplicons obtained using primer sets including the primer VP2. These primers could
then be used as reverse primers with GSP2 that anneals to the 3’ end of the open
reading frame of interest in an attempt to amplify DNA region downstream of the
end of the 179 bp-3’ sequence in the D. pteronyssinus gDNA library. It is possible
that the sequence of any amplicon obtained will shed light on the gene(s) that is
potentially under the regulation of the prokaryotic promoter within the 179 bp-3’
sequence. It was not possible to identify a gene/operon potentially regulated by this
promoter, due to the short length of available sequence.
Homologues of the lytFM gene were found to be present in cDNA clones of the
mites P. ovis and B. tropicalis, with nucleotide homologies of 82% and 69%,
respectively. The absence of a leader sequence in the B. tropicalis homologue is an
obvious characteristic that distinguishes it from LytFM and the P. ovis homologue as
shown in Figure 7.10. An analysis using SignalP 4.0 (Petersen et al., 2011) and
SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) verified the B. tropicalis
LytFM homologue as to be without a leader sequence and the P. ovis LytFM
homologue as to have a cleavage site at VYG-NGA (data not shown) which aligns
with that of LytFM. Whether either protein is expressed, and if expressed, whether
either is secreted within the mite is unknown. In the case of secreted bacterial
proteins, the majority are exported via well-studied secretion systems that require a
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leader sequence encoding a signal peptide.

However, a number of alternate

mechanisms not requiring leader sequences have been reported (Yang et al., 2011).
To date, no work on whether the B. tropicalis or P. ovis homologues are secreted by
these mite species have been published. Their nucleotide and amino acid sequences
were deposited into the relevant databases by Dr Fook Tim Chew (Functional
Genomic Laboratory 3, Department of Biological Sciences, National University of
Singapore) and Dr S. Burgess (Parasitology Laboratory, Moredun Research Institute,
Pentlands Science Park, Bush Loan, Midlothian, EH26 0PZ, United Kingdom),
respectively.
The deduced amino acid sequences of the B. tropicalis and P. ovis homologues were
found to show partial homology with the amino acid sequence of LytFM. These
findings may be accounted for by the fact that although the Astigmatid mite B.
tropicalis is a storage mite species that shares the same niche with D. pteronyssinus,
it

belongs to

a

different taxonomic

grouping,

namely

the

superfamily

Glycyphagoidea, and family Echimyopodidae (Colloff, 2009). Astigmatid mites in
the genus Psoroptes including Psoroptes ovis, cause psoroptic mange in various
animals including cattle, sheep and goats (Mullen and O’Connor, 2009) and belong
to superfamily Sarcoptoidea (Bates, 1999). The three HDMs belong to superfamily
Analgoidea (Colloff, 2009) and are, thus, phylogenetically distinct from the other
two members of the order Astigmata as indicated by the dendrogram in Figure 1.2
(taken from Colloff, 2009) and that shown in Liana and Witalinski (2005).
The variants of LytFM may have evolved in these different lineages over time, which
is a hypothesis consistent with the phylogenetic analysis of lytFM, lytFM1, lytFM2
and their homologues from P. ovis and B. tropicalis (Figure 7.11). The analyses of
the genes encoding homologues of the mite allergens Der p 1 and Der p 2 yielded
trees that were very similar, i.e. with the gene from P. ovis more closely related to
the gene cluster from D. pteronyssinus than the gene from B. tropicalis, and with all
genes having arisen from a common ancestral gene (Figure 7.11). These trees mirror
phylogenetic trees of the same and closely related mite species, based on COI and
18S rDNA sequences (Wang et al., 2012) and of 18S rDNA, 28S D1-5 rDNA and
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EF-1α sequences (Klimov and OConnor, 2008). Thus, the phylogenetic analysis
provided no evidence of a more recent acquisition of lytFM in D. pteronyssinus.
7.5

Conclusions

In an analysis of a D. pteronyssinus gDNA library, the amino acid sequence
(Accession number AKG95503) deduced from the DNA sequence flanking the 5’
end of lytFM showed significant homology with that of a 3 hydroxysteroid
dehydrogenase from invertebrates including the tick Ixodes scapularis. However,
the maximum amino acid sequence identity was found with the 3 betahydroxysteroid dehydrogenase from the Gram-negative Geobacter lovleyi.

The

presence of DNA sequences of Gram-negative bacteria including E. coli and S.
flexneri (Accession number KT595671 and KT595672) was also detected within the
gDNA library. The DNA sequence flanking the 3’ end of lytFM (Accession number
KT595670) was found to contain a putative prokaryotic promoter. The lytFM gene,
originally amplified from a cDNA library, was amplified from the gDNA library as a
complete open reading frame without any introns, suggesting a prokaryotic origin for
lytFM. However, given the presence of intronless genes in both prokaryotes and
eukaryotes, it is not possible to determine the origin of the gene encoding the LytFM
enzyme at present. Variants of the gene were found to be present in two other
Astigmatid mite species. Further work is required to elucidate the possible
prokaryotic or eukaryotic origin of the gene.
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Chapter 8

General Discussion

146

8.1

Final discussion

8.1.1 Introduction
Following its isolation from the D. pteronyssinus SGM, the deduced amino acid
sequence of LytFM was found to show homology with the C-terminal region of a
group of fungal and bacterial proteins belonging to the NlpC/P60 Superfamily. The
lytFM sequence amplified from the HDM cDNA library codes for a 130 amino acid
mature protein with a 20 amino acid leader sequence. Although analysis of its leader
sequence using SignalP 4.1 (as shown in Chapter 4) and TargetP (data not shown)
revealed the possibility of a eukaryotic origin, reanalysis performed with the Gramnegative data set using the same softwares revealed the same cleavage site as that
determined with N-terminal amino acid sequencing (Mathaba et al., 2002). This
leads to the hypothesis that the 14 kDa bacteriolytic enzyme might have originated
from one or more HDM-associated bacterial species coexisting within the HDM
(Mathaba et al., 2002).
The possibility that bacteria might be a source was based on the findings that bacteria
were present in house dust (Dawson, 1971; Jin et al., 1984; Tsukamura et al., 1985;
Horak, 1987; Ichyama et al., 1988; Horak et al., 1996; Vogel et al., 2008; Kim et al.,
2012; Tang et al., 2013) and that a range of bacterial species have been reported in
the HDM (Stefaniak and Seniczak, 1976; Smrz and Trelova, 1995; Mathieson and
Lehane, 1996; Cazemier et al., 1997; Hogg and Lehane, 1999), including
unpublished studies by Srinivasan (1998) using surface-sterilised D. pteronyssinus.
After sterilisation of D. pteronyssinus with either 96% (v/v) ethanol or 5% (v/v) HCl
followed by 70% (v/v) ethanol to remove any bacteria from the mite surfaces, the
mites were removed by centrifugation (Srinivasan, 1998). The resultant supernatants
were homogenised before plated onto blood agar plates and incubated under the
same growth conditions as homogenates prepared from whole mite bodies of surfacesterilised D. pteronyssinus, i.e. aerobic, microaerophilic and anaerobic conditions at
25°C, 30°C, 37°C and 42°C for up to 7 days. No bacterial growth was observed on
blood agar plates for agents used for surface sterilisation under all the growth
conditions applied (Srinivasan, 1998).
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8.1.2

LytFM and the HDM

Thus far, apart from LytFM, two other variants have been found, i.e. LytFM1 and
LytFM2, with the approaches that enabled the detection of the proteins and the genes
encoding them tabulated in Table 8.1.

The isoelectric point (pI) and molecular

weight (MW) of LytFM, LytFM1 and LytFM2 were determined using the Compute
pI/MW tool on the Expert Protein Analysis System (ExPaSy) proteomics server of
the Swiss Institute of Bioinformatics (SIB) as shown in Table 8.1. The observed
changes in nucleotides (Chapter 7) and therefore, amino acid residues as shown in
Figure 8.1 gave rise to slight changes in the likely pI and/or MW of the three
variants. LytFM and LytFM2 were similar in MW but varied in pI, with LytFM2
slightly more basic than LytFM, reflecting the substitution of asparagine at position
112 with the basic lysine in the latter (Figure 8.1).

In contrast, LytFM1 was

approximately 145 Da smaller than LytFM and 159 Da smaller than LytFM2 but
possessed the same pI as LytFM2, reflecting the substitution of tryptophan and serine
at positions 119 and 120 with two structurally simpler glycine residues in LytFM1
(Figure 8.1).
Although lytFM1 was amplified from one of the clones (Mathaba et al., 2002) and
lytFM2 was found in another clone of the D. pteronyssinus cDNA library (Accession
number EX163010.1) deposited into the nucleotide databank of EBI by Dr Fook Tim
Chew, only the lytFM variant was amplified from the D. pteronyssinus genomic
DNA library as reported in Chapter 7. The reverse primer, GSR3 in the primer sets
that enabled the amplification of lytFM from the HDM genomic DNA library was the
same reverse primer that led to the amplification of lytFM and lytFM1 from the D.
pteronyssinus cDNA library (Mathaba et al., 2002). Its annealing site is downstream
from the codons that code for the amino acid residues N112, W119 and S120 which
distinguish the three variant enzymes from one another.
Previously reported chromatofocusing studies of the bacteriolytic activity present in
D. pteronyssinus SGM revealed five major peaks of activity (Mathaba et al., 2002)
as shown in Figure 8.2. The three variants possibly corresponded to the three peaks
of bacteriolytic activity observed in the unbound (starting buffer) part of the
chromatofocusing studies (Figure 8.2) undertaken by Mathaba et al. (2002). In the
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Table 8.1
Gene variant

Comparison of the three variants LytFM, LytFM1 and LytFM2.
Isoelectric point of
predicted protein, (pI)

Theoretical molecular
weight of predicted
protein, (MW)

Approaches used in the detection of the gene variant or corresponding protein

lytFM

8.57

13715.24

(1) PCR of D. pteronyssinus cDNA library (Mathaba et al., 2002)
(2) N-terminal amino acid sequencing of the bacteriolytic enzyme purified by
hydroxyapatite chromatography (Mathaba et al., 2002)
(3) PCR of HDM-associated bacterial genomes (Chapter 4)
(4) PCR screening of D. pteronyssinus genomic DNA library (Chapter 7)

lytFM1

8.92

13570.12

(1) PCR of D. pteronyssinus cDNA library (Mathaba et al., 2002)
(2) MS analysis of HDM-associated bacterial culture supernatants (Chapter 5)
(3) ELISA on HDM-associated bacterial culture supernatants (Chapter 6)

lytFM2

8.92

13729.31

(1) Bioinformatic analysis of lytFM revealed the highest sequence homology
with lytFM2 found in the D. pteronyssinus cDNA clone (Accession number
EX163010.1) (Chapter 7)

The pI and MW were determined using the Compute pI/Mw tool in the Expert Protein Analysis System (ExPaSy) proteomics server of the Swiss Institute of
Bioinformatics (SIB).
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Figure 8.1
Alignment of the amino acid sequences of LytFM, LytFM1 and LytFM2.
The amino acid sequences of LytFM and LytFM1 were aligned with the amino acid sequence deduced from the DNA sequence of lytFM2 found in the D.
pteronyssinus cDNA clone (Accession number EX163010.1). The two polyclonal antibodies used in ELISA to successfully detect the presence of LytFM1
were raised against epitopes with amino acid sequences as shown in boxes. Non-homologous residues are highlighted in red.
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Figure 8.2

Chromatofocusing analysis of bacteriolytic activity in D.
pteronyssinus SGM.
The chromatofocusing analysis of SGM bacteriolytic enzymes was performed over the pH
range of 9 - 3 on a column (1 x 17 cm) of DE 53 diethylaminoethyl cellulose. Proteins are
first eluted using the starting buffer 0.001 M sodium chloride followed by a
chromotofocusing buffer as described by Lake et al. (1991). Bacteriolytic activity in the
fractions was determined using plate lytic assay as described in Section 3.1.5. The first
three arrows (left to right) indicate the possible contribution of LytFM1, LytFM2 or LytFM
to the corresponding peaks of activity eluted at approximately pH 9.0 with the starting
buffer. The next two arrows indicated another two peaks of activity eluted at pH 8.0 and
3.0 with the chromatofocusing buffer (Figure reproduced from Mathaba et al., 2002).

chromatofocusing studies, three bacteriolytic activity peaks were eluted with the
starting buffer and two were eluted with the chromatofocusing buffer at
approximately pH 8.0 and 3.0, respectively (Figure 8.2). The first and major peak of
activity eluted at approximately pH 9.0 might correspond to the variant LytFM1,
which possibly explains its relative abundance and therefore, detection by MS and
ELISA in the D. pteronyssinus SGM. Although one of the fragments detected in the
D. pteronyssinus SGM by MS spanned a region of the protein covering the residue
K112 which distinguishes LytFM1 and LytFM2 from LytFM, none of the fragments
detected spanned a region of the protein covering the residues G119 and G120 which
distinguish LytFM1 from LytFM2 (Figure 8.1).

However, since the polyclonal

antibody used in ELISA was raised against the epitope P127HTGTKVREENIGGD141
as shown in Figure 8.1 (Numbering of residues in epitope based on the mature
protein), the results obtained lent weight to the presence of LytFM1 in the SGM of
the HDM.
Although lytFM was amplified from the D. pteronyssinus gDNA library as an
intronless gene, whether lytFM1 and lytFM2 share the same characteristic as lytFM
remains to be investigated.

In contrast to their intronless isoforms, genes that

contained introns have been reported to coexist in the genomes of various organisms
ranging from the tick Ixodes ricinus to the plant Magnolia tripetala (Rudenko et al.,
2007; Roy and Gilbert, 2006; Hepburn et al., 2012). In addition, homologues that
contain an intron have been reported, for e.g. the lytFM homologue of D. farinae
(Erban et al., 2013; Chan et al., 2015). Although intronless genes are characteristic
of prokaryotes, they have been reported to be present in eukaryotes (Louhichi et al.,
2011; Zou et al., 2011). Analysis of the leader sequence of LytFM/LytFM1/LytFM2
using the softwares SignalP 4.1 and TargetP revealed a eukaryotic cleavage site at
AIS-5 - -4QV as having the highest score compared to a Gram-negative and Grampositive prokaryotic cleavage sites. Unlike the Gram-negative prokaryotic cleavage
site predicted at VYC-1 -

+1NG,

the eukaryotic cleavage site did not coincide with

that of the mature protein LytFM as determined by N-terminal amino acid
sequencing (Mathaba et al., 2002). However, if the eukaryotic cleavage site is valid,
it is possible that the data obtained suggest that the leader sequence is cleaved by
other mite peptidases.
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Homologues of lytFM have also been found in P. ovis and B. tropicalis cDNA
libraries (Accession numbers FR749374.1 and CB282025.1, respectively) as reported
in Chapter 7. Phylogenetic analysis of lytFM/lytFM1/lytFM2 and their P. ovis and B.
tropicalis homologues revealed that they shared a relationship very similar to those
observed between the genes coding for Der p 1 or Der p 2 and their respective
homologues from D. farinae, E. maynei, P. ovis and B. tropicalis, i.e. with the P. ovis
homologue being more closely related to the gene cluster constituting
lytFM/lytFM1/lytFM2 (homologues from D. pteronyssinus) than the B. tropicalis
homologue.

Although

the

phylogenetic

tree

indicated

that

the

lytFM

variants/homologues have possibly evolved over time in the different lineages, the
possibility of a eukaryotic origin of lytFM remains to be verified.
The biological function(s) of LytFM or its variants remains to be elucidated. Thus
far, its bacteriolytic activity is only associated with the lysis of a number of Grampositive bacteria and the cleavage of long chains of cells of p60-deficient RIII
mutants of Listeria monocytogenes into single cells (Mathaba et al., 2002), which is
in agreement with its high amino acid sequence homology with those of a group of
fungal and bacterial proteins belonging to the NlpC/P60 Superfamily. Members of
the superfamily including the Listerial P60 proteins from Listeria monocytogenes
(Wuenscher et al., 1993), the D-glutamyl-L-diamino acid endopeptidase from B.
sphaericus (Bourgogne et al., 1992; Hourdou et al., 1992), and the LytF hydrolase
from B. subtilis were reported to possess bacteriolytic activity that was enhanced by
thiols and found to be involved in sporulation or vegetative bacterial growth. The
level of synthesis of the bacteriolytic enzyme lysin was observed to correlate
inversely with cell chain formation for L. monocytogenes (Wuenscher et al., 1993;
Bubert et al., 1997) and S. faecalis (Beliveau et al., 1991). Therefore, the 14 kDa
bacteriolytic enzyme has been named with reference to the B. subtilis autolysin LytF
(Chapter 4), a member of the NlpC/P60 Superfamily (Margot et al., 1999) and an
endopeptidase that cleaves peptidoglycan between γ-D-glutamyl-L-diamino acid (γD-Glu) and meso-diaminopimelic acid (DAP) (Margot et al., 1999, Smith et al.,
2000). PHYRE 2.0 modelled LytFM to the NlpC/P60 domain of M. tuberculosis
RipA endopeptidase that cleaves between γ-D-Glu and DAP (Tang et al., 2015).
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Evidence of a digestive role for bacteriolytic enzymes was obtained by Erban and
Hubert (2008) who showed that there was a positive correlation between lysozyme
activity in the gut of D. pteronyssinus (in which the passage of fluorescein-labelled
Micrococcus lysodeikticus cells could be followed from the esophagus to the
postcolon) and the growth of the mite population following feeding on a diet
containing M. lysodeikticus.

Bacteriolytic enzymes in certain tissues of D.

pteronyssinus, including the haemolymph and fat body were also associated with a
defensive role against potential pathogens when it was shown that lysozyme activity
in the whole mite extracts correlated negatively with that in the gut of the HDM
(Erban and Hubert, 2008). The observation that thirteen populations of laboratoryreared synanthropic mites, including D. pteronyssinus and D. farinae showed 100%
prevalence of the pathogen Cardinium hertigii (Kopecky et al., 2013) further lent
weight to the possible defensive role of bacteriolytic enzymes in the HDM. Further
investigation into the biological role(s) of LytFM or its variants is warranted to
possibly verify their eukaryotic origin.
8.1.3

LytFM and bacteria

The identities of nine of the HDM-associated bacterial isolates obtained from
homogenates prepared from surface-sterilised D. pteronyssinus were verified to the
genus level with 16S rRNA, rpoB and tuf gene sequencing, following their
phenotypic identification by Srinivasan (1998). After the attempts to verify their
identities by 16S rRNA gene sequencing, rpoB gene sequencing led to the
identification of five of the Gram-positive rods as B. cereus, B. licheniformis strain
1, B. licheniformis strain 2, B. licheniformis strain 3 and B. licheniformis strain 4
and one of the Gram-positive cocci as M. luteus while tuf gene sequencing identified
the remaining three cocci as S. aureus, S. epidermidis and S. capitis.
Although 16S rRNA gene sequencing did not enable verification of the identities of
all nine HDM-associated isolates, phylogenetic comparison of the 16S rRNA
sequences of the four B. licheniformis strains (B. licheniformis strain 1 to B.
licheniformis strain 4) with those of the B. licheniformis strains analysed by Porwal
et al. (2009) led to the observation that the four HDM-associated strains formed a
separate cluster distinct from the 13 clusters reported (Porwal et al., 2009), a finding
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possibly attributed to their unique niche within the surface-sterilised HDM.

A

similar phenomenon was reported for the 16S rRNA sequences of sixty Bartonella
strains isolated from the synanthropic mites Acarus siro and Tyrophagus
putrescentiae which formed two separate clusters from other clones of Bartonella
spp. obtained from a public database (Hubert et al., 2012a). Twenty Sphingobacteria
strains isolated from A. siro and thirty-four Cardinium strains isolated from D.
farinae were also found to form a cluster distinct from clones of Sphingobacteria and
Cardinium spp, respectively isolated from other sources (Hubert et al., 2012a). 16S
rRNA sequence analysis of Cardinium clones isolated from thirteen populations of
synanthropic mites including D. pteronyssinus, D. farinae, Glycyphagus domesticus
and Lepidoglyphus destructor revealed that they were clustered separately in a
dendrogram from those originating from other arthropods (Kopecky et al., 2013).
High-throughput sequencing of the microbiome of the red poultry mite, Dermanyssus
gallinae revealed that Bartonella-like bacteria originating from the mite were
clustered separately from those that were originally symbionts of ants (Hubert et al.,
2017).
Using the primer set that enabled the amplification of lytFM and lytFM1 from the D.
pteronyssinus cDNA library (Mathaba et al., 2002), with the reverse primer binding
downstream from the variable codons that code for the three amino acid residues
which distinguish the three variants from one another, lytFM was amplified from the
genomic DNA of three of the nine HDM-associated bacterial isolates, namely B.
licheniformis strain 1, B. licheniformis strain 2 and S. aureus. The three isolates
were also found to secrete the LytFM variant, LytFM1 into their culture supernatants
as detected by MS and ELISA.

This was consistent with previously published

findings, that LytFM and LytFM1 were amplified from different clones of the D.
pteronyssinus cDNA library using PCR primers designed based on results obtained
from N-terminal amino acid sequencing of LytFM (Mathaba et al., 2002).
Comparison of the %G + C content of lytFM with the average genomic %G + C
content of the HDM-associated B. licheniformis strain 1, B. licheniformis strain 2
and S. aureus (Garcia-Vallve et al., 2000) indicated the possibility of the gene being
acquired by the three isolates through horizontal gene transfer from other HDMassociated isolates that remain to be identified and characterised. Analysis of the
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signal peptide of LytFM using SignalP 4.1 with the Gram-negative prokaryotic data
set revealed a Gram-negative prokaryotic origin with the signal peptidase cleavage
site coinciding with that previously determined by N-terminal amino acid sequencing
(Mathaba et al., 2002).
8.1.4

Direction of horizontal gene transfer of lytFM/lytFM1/lytFM2

Despite analysis of the 5’ and 3’ flanking sequence of lytFM in the D. pteronyssinus
gDNA library indicating a eukaryotic and prokaryotic origin of the gene,
respectively, previously published phylogenetic analysis of D. pteronyssinus LytFM
and its mite homologues with bacterial, fungal and other eukaryotic homologues
showed that the LytFM mite homologues formed a monophyletic cluster that shared
a common ancestor with the homologues of actinomycetes and ascomycetes (Tang et
al., 2015). When the amino acid sequences of bacterial LytFM secreted by B.
licheniformis strain 1, B. licheniformis strain 2 and S. aureus were included in the
phylogenetic analysis (with sequence of Ceratitis capitate (XP 012159888) that has
been withdrawn from GenBank excluded), the bacterial LytFM sequences formed a
separate, distinct group clustered with the mite LytFM homologues (Figure 8.3),
further indicating acquisition of lytFM by the three HDM-derived isolates from D.
pteronyssinus (Tang et al., 2017).

Similar phenomena involving an arthropod

(Duplouy et al., 2013) and humans (Anderson and Seifert, 2011; Patrick et al., 2011)
and their microbial endosymbionts have been reported.
8.1.5

Future studies

8.1.5.1 Verification of the mite/eukaryotic origin of lytFM/lytFM1/lytFM2
Any future studies should include molecular identification of at least twenty of the
other bacterial species isolated from surface-sterilised D. pteronyssinus (Srinivasan,
1998) not covered in this thesis, especially those that were already tested as Gramnegative by phenotypic identification (unpublished observation), in light of results
obtained from the analysis of the signal peptide cleavage site of LytFM using
SignalP 4.1 and comparison of the %G + C content of lytFM with the average
genomic %G + C content of the three HDM-associated isolates found to contain the
lytFM gene (Garcia-Vallve et al., 2000). The identity of the nine HDM-associated
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Figure 8.3

Phylogenetic analysis of sequences of LytFM secreted by the HDMderived B. licheniformis strain 1, B. licheniformis strain 2 and S. aureus
and the mite LytFM homologues with NlpC/P60 proteins of other
bacteria, fungi and other eukaryotes.
According to the GenBank records, the accession numbers of Aspergillus fumigatus (XP
753281), Neosartorya udagawae (GAO84874), Tetrahymena thermophila
(XM001014103) and Dictyostelium fasciculatum (GL883007) are updated to EAL91243,
GAO82962, XP001014103 and EGG24385, respectively (Tang et al., 2017). Approximate
likelihood ratio test was used and the confidence values shown on the branches.

bacterial isolates characterised and encompassed in this thesis, and the observation
that majority of the isolates derived from surface-sterilised D. pteronyssinus thus far
were tested Gram-positive (Srinivasan, 1998) were consistent with reported findings,
i.e. bacterial species isolated from D. pteronyssinus and D. farinae were
predominated by Bacillus and Staphylococcus spp. with Gram-positive genera such
as Kocuria and Streptococcus and Gram-negatives such as Rhizobium and
Enterobacteriaceae also reported (Oh et al., 1986; Saleh et al., 1991; Hubert et al.,
2012a; Hubert et al., 2016b). However, when 16S rRNA clones of HDM-derived
bacterial isolates were investigated, the diversity of Gram-negatives increased
markedly to include Bartonella, E. coli and Acinetobacter (Valerio et al., 2005;
Hubert et al., 2012a).
The range of endosymbionts or transients present within the mites is affected by the
diet on which they feed. For example, a shift from a diet consisting of oat flakes,
wheat germs and Pangamin (dried yeast extract) to the fungus Fusarium
verticillioides completely changed the bacterial community in Tyrophagus
putrescentiae

from

one

consisting

of

Micrococcaceae,

Bacillaceae,

Staphylococcaceae and Rhizobiaceae to one composed of only Bacillaceae (Hubert
et al., 2012b). Addition of an extract of spent growth medium prepared from 1- or 3month-old mite cultures to the diet altered the microbiome composition of D.
farinae, but not that of D. pteronyssinus (Molva et al., 2018).

Although what

constituted the growth medium on which the D. pteronyssinus mites (obtained from
the company CSL) used in all the work covered in this thesis were reared was
proprietary, it will be pertinent to prepare whole mite extracts and plate them on
selective media that may promote the growth of bacterial species, for example,
enteric bacteria whose growth might have been masked by overgrowth of other
species on non-selective media such as blood agar.
It is highly likely that to date, there are HDM-associated bacterial species that have
evaded cultivation. The approaches of metagenomics (Tringe and Rubin, 2005) and
metatranscriptomics (Todaka et al., 2007; Todaka et al., 2010) have enabled
identification and characterisation of some of the uncultivable microorganisms with a
number of them being obligate pathogens and symbionts (Andersson et al., 1998;
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Fraser et al., 1998; Shigenobu et al., 2000; Cole et al., 2001; Akman et al., 2002;
Tamas et al., 2002; Bentley et al., 2003; Gil et al., 2003; van Ham et al., 2003;
Oshima et al., 2004; Wu et al., 2004; Foster et al., 2005; Salzberg et al., 2005).
Metatranscriptomic analysis of the gut microbiome of the medicinal leech Hirudo
verbana was reported to shed light on the metabolic characteristics and physiologies
of the most abundant Gram-negative microbes Rikenella spp and Aeromonas veronii
under optimal growth conditions, leading to the successful culturing of both
symbionts (Lindsey et al., 2011). Although no metagenomic or metatranscriptomic
analysis of the microbiota of D. pteronyssinus has been reported, the approaches
should be attempted to reveal any uncultivable microorganisms within D.
pteronyssinus, taking into account that the absence of lytFM or its variants in the
genome of any of these species may verify the mite origin of the gene, and the
presence of them may further shed light on the origin of the gene. These approaches
will be especially imperative in the event that any of the uncultivable HDMassociated bacterial species is amongst the most predominant microbes in the D.
pteronyssinus microbiota (Hongoh et al., 2008; Hongoh, 2010).
Following molecular identification, any of the isolates not covered in this thesis
found to contain lytFM, lytFM1 or lytFM2 in their genomes should be further
investigated using MS and ELISA for the possible presence of the corresponding
enzyme in their culture supernatants. Although one of the two polyclonal antibodies
used to successfully detect the presence of LytFM1 in the culture supernatants of the
three isolates, B. licheniformis strain 1, B. licheniformis strain 2 and S. aureus as
well as the D. pteronyssinus SGM (positive control) was raised against the epitope
P127HTGTKVREENIGGD141 as shown in Figure 8.1 (Numbering of residues in
epitope based on the mature protein as indicated in Chapter 6), it did not totally rule
out cross-reactivity with LytFM and LytFM 2.

Although the three amino acid

residues that distinguish all three variants from one another found within the epitope
(Figure 8.1) are non-conservative amino acid substitutions that make cross-reactivity
less likely, polyclonal antibodies raised against similar epitopes of LytFM and
LytFM2, and recombinant LytFM, LytFM1 and LytFM2 should be prepared and
applied to ELISA in an attempt to substantiate the argument.
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Successful amplification of lytFM, lytFM1 and lytFM2 from the D. pteronyssinus
genomic DNA library will enable their DNA sequences to be cloned and the
corresponding recombinant proteins to be expressed and purified. The recombinant
proteins may serve as positive controls in MS analysis of the expression of the three
variants by all the HDM-associated bacterial isolates obtained thus far. Due to
serious time and financial constraints, D. pteronyssinus SGM was used as the
positive control instead of the recombinant LytFM1 in the MS analysis as reported in
Chapter 5.
Two possible trypsin cleavage sites for LytFM1 that were not observed in the MS
analysis of the culture supernatants of the HDM-associated B. licheniformis strain 1,
B. licheniformis strain 2 and S. aureus were at the C-terminus of R114 and R128
(“Sequencing Grade Modified Trypsin”. www. promega.com), which would generate
peptide fragments spanning a region covering the two residues that distinguished
LytFM1 from LytFM2 (Figure 8.1). One of the possible reasons is low protein
expression by D. pteronyssinus and the three isolates, which may be ascertained if
the use of recombinant LytFM1 as the positive control leads to cleavage at R114, R128
or both. Recombinant LytFM, LytFM1 and LytFM2 can also be used as positive
controls in Western blotting to investigate the expression of any of the three variants
by all the HDM-associated isolates as they can be distinguished from one another
based on their different molecular weights.
Since the whole genomic sequence of D. pteronyssinus became available (Waldron
et al., 2017; Liu et al., 2018) after the project encompassed by this thesis was
completed, in the event that time and funding become available, advantage should be
taken of the data to locate and verify the presence of lytFM and its variants. The
same approach should be applied to ascertain whether lytFM1 and lytFM2 are also
intronless as lytFM, in light of the finding that not all introns found in the gene
encoding Der p 1 to date are present in all of its variants reported thus far (Shafique
et al., 2014). In addition, the D. farinae lytFM homologue is found to contain an
intron within its leader sequence (Erban et al., 2013; Chan et al., 2015). Since there
is still ambiguity in the origin of lytFM based on the eukaryotic and prokaryotic
nucleotide sequences flanking its 5’ and 3’ ends, respectively, a search of the
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nucleotide sequences flanking the 5’ and 3’ ends of lytFM1 and lytFM2 may shed
light on the origin of the variants or verify their mite origin. Since it is possible that
not all lytFM variants reported to date will be found in all the clones within a HDM
population, it may be desirable to repeat whole genome sequencing of D.
pteronyssinus with the availability of funding. Taking genetic variation within a D.
pteronyssinus population into consideration has been suggested to be useful in the
identification of isoforms of genes encoding allergens, including Der p 1 (Randall et
al., 2018).
However, whole genome sequencing of D. pteronyssinus may render detection of
lytFM or its variants acquired by any of its bacterial endosymbionts elusive as
preparations of mite gDNA library for next generation sequencing may be biased
towards isolation of mite gDNA and not optimized for isolation of bacterial gDNA,
which can require extended treatment with proteases, SDS and lysozyme, especially
for Gram-positive bacterial species (Chan et al., 2015). This limitation and the
differences in susceptibility of bacterial cells to lysis (Tringe and Rubin, 2005) may
result in differences in the dominant bacterial species being detected with whole
genome sequencing compared to conventional culturing approaches (Chan et al.,
2015). In the event that any of the bacterial isolates that acquired the lytFM gene are
detected with whole genome sequencing, this approach may also reveal sequence
information on whether there is any codon mismatch and how any codon mismatch is
overcome or circumvented following inter-kingdom lateral gene transfer (Bedhomme
et al., 2017). When horizontal gene transfer of an antibiotic resistance gene into E.
coli cell lines was mimicked, codon mismatches generated differences in
chloramphenicol

resistance,

which

was

increasingly

erased

down

the

generations/lineages of cell lines, eventually resulting in the cell populations showing
equivalent growth rates with equivalent cell densities (Bedhomme et al., 2017).
Application of the Expand Long Template PCR System (Roche, Basel, Switzerland)
kit with a formulated blend of proofreading and high-fidelity polymerase that was
reported to enable amplification of the intronic flanking sequences of the two large
breast cancer genes BRCA1 and BRCA2 that contain many exons (Hernan et al.,
2012) may be attempted as a less costly alternative to D. pteronyssinus whole
157

genome sequencing. The distances between the 5’ and 3’ ends of lytFM and the left
and right arms of the λBlueSTAR vector in some of the clones of the genomic DNA
library may still be too large for amplification using the KAPA HiFi™ PCR Kit,
which enables amplification of sequences up to 15 kb in length. It is possible that
any of these clones contain any of the three variant genes with flanking sequences
that may further shed light on or confirm the origin of lytFM, lytFM1 or lytFM2.
To date, the bacterial proteins from the NlpC/P60 Superfamily that showed sequence
homology with LytFM have been displaced due to an exponential increase in the
number of amino acid sequences deposited into the protein databank of the NCBI.
When BLASTP search was repeated, LytFM was found to show the highest degree
of sequence homology with NlpC/P60 proteins produced by fungal species, e.g.
Pochonia chlamydosporia P60 protein and Metarhizium guizhouense NlpC/P60-like
cell-wall peptidase, ahead of sequence homology with the NlpC/P60 proteins
synthesised by the Gram-positive Actinobacterial species. This largely agreed with
results from the analysis of the signal peptide of LytFM using SignalP 4.1, which
yielded the highest score for a eukaryotic origin of the bacteriolytic enzyme and the
second highest score for a Gram-negative prokaryotic origin, with the latter showing
the first amino acid residue of its signal peptidase cleavage site as coinciding with
that of the mature LytFM as determined by N-terminal sequencing (Mathaba et al.,
2002).
Fungi form an essential part of the diet of D. pteronyssinus grown in laboratory
cultures (Saint Georges-Gridelet, 1984, van der Lustgraaf, 1987, Hay et al., 1992) or
found in natural dusts (Saint Geroges-Gridelet, 1987, Hay et al., 1992). Although an
endosymbiotic relationship between the fungus and mite was proposed based on the
observation that spores ingested germinated within faecal pellets in the gut of the
mite (Colloff, 1992), there was the counter argument that fungi are transient
inhabitants that are excreted in the faecal pellets (Hay et al., 1992) which was
sustained by the observation that a fungal species was detected in the D.
pteronyssinus SGM (Srinivasan, 1998). Whether D. pteronyssinus harbours fungi as
endosymbionts or transients, they were found to transmit various fungal species from
their body surfaces (Sinha et al., 1970; Chirila et al., 1981; Maraun et al., 1998;
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Abdel-Sater and Eraky, 2001) and digestive tracts (Ragunathan et al., 1974; AbdelSater, 2001).

The DNA sequences of the ITS and LSU regions of the nuclear

ribosomal DNA of mite-associated fungal species found on mite body surfaces were
amplified from the mite genomic DNA (Renker et al., 2005). Therefore, the studies
reported in this thesis should be extended to plating out of whole mite extracts
prepared from surface-sterilised and non-surface-sterilised D. pteronyssinus as well
as its SGM on media that promote fungal growth. Identification of any fungal
species in the whole mite extracts or SGM should be followed by investigation of the
presence of lytFM, lytFM1 or lytFM2 in the fungal genome(s). The absence of any
of the three variant genes, with the corresponding protein bearing a signal peptidase
cleavage site that coincides with that predicted using SignalP 4.1 with the eukaryotic
data set will largely confirm a mite origin of the enzyme.
8.1.5.2 Investigation of LytFM and its homologues taken in various directions
Recombinant LytFM and its variants will likely yield sufficient amount of the
enzymes to be used in X-ray crystallographic analysis to determine their threedimensional structures which are likely to facilitate investigation of their biological
functions. Classification of several allergens from D. pteronyssinus and D. farinae
into specific groups based on their biological functions was made possible through
elucidation of their functions by X-ray crystallography (Chapter 1).

N-terminal

amino acid sequencing should also be repeated with recombinant LytFM and its
variants in an attempt to shed light on the eukaryotic signal peptide cleavage site(s)
predicted using SignalP 4.1 and TargetP (Mathaba et al., 2002) to possibly further
shed light on the origin of lytFM or confirm its mite origin, taking into account the
limitations of SignalP 4.0/4.1 (Petersen et al., 2011).
The preponderance of Gram-positive bacteria in dust samples and their association
with asthma and allergic diseases have been reported (Malmberg and Larsson, 1993;
Horak et al., 1996; Wang et al., 1997; Andersson et al., 1999).

Exposure of

previously unexposed individuals to dust samples containing high concentrations of
Gram-positive bacteria was reported to result in bronchoalveolar hypereactivity and
an increased recruitment of immune cells to the upper and lower respiratory airways
which are two of the characteristics of asthma and allergic diseases (Burvall et al.,
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2003; Burvall et al., 2004).

Dust samples collected from the same swine

confinement building stimulated an enhanced expression of IL-6 and IL-8 by the
human respiratory cell line A549 both at the mRNA and protein levels (Burvall et
al., 2003; Burvall et al., 2004).
Gram-positive S. aureus has been linked to the development of asthma and allergic
diseases through the presence of immunoglobulins specific for its antigen detected in
serum samples of children suffering from atopic dermatitis (Heaton et al., 2003;
Bachert et al., 2003), its enterotoxins detected in serum samples of patients suffering
from HDM-associated persistent allergic rhinitis (Rossi and Monasterolo, 2004) and
its inhalant allergens in patients suffering from atopic dermatitis (Szakos et al.,
2004). In addition, the cell wall components of Gram-positive bacteria, for example
peptidoglycan (PG) and lipoteichoic acid (LTA) and their secretory proteins, for
example cholesterol-dependent cytolysin (CDC) were also found to possess
immunomodulatory properties associated with the pathogenesis of asthma.
Apart from inducing chronic (Simelyte et al., 2003) and experimental arthritis
(Moreillon and Majcherczyk, 2003), Gram-positive PG was reported to bind to
Pathogen Recognition Receptors (Chisolm et al., 2004) or nuclear oligomerisation
domain (NOD)-like receptors (Iyer and Coggershall, 2011) to trigger downstream
events, including perturbation of the TH1/TH2 ratio (Agrawal et al., 2003;
Lambrecht and Hammid, 2003; Qi et al., 2003; Chisolm et al., 2004; Redecke et al.,
2004) and induction of eosinophilia (Heijink et al., 2002). LTA from Gram-positive
bacteria upregulated the secretion of cytokines that stimulated the innate immune
response in mice (Donna et al., 2000) and humans (Kimbrell et al., 2008). CDC
stimulated the innate and adaptive immune response through upregulation of
cytokines (Lievin-Le Moal et al., 2002; Thale et al., 2005; Bou et al., 2009) or
activation of NF-κB (Kayal et al., 2002; Park et al., 2004).
In light of the findings that a range of HDM-associated bacterial species, with the
majority of them being Gram-positive has been isolated from surface-sterilised D.
pteronyssinus and LytFM1 was secreted by the HDM-associated B. licheniformis
strain 1, B. licheniformis strain 2 and S. aureus into their culture supernatants, and
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given that LytFM was shown to be allergenic by immunoblotting in about 22 percent
of mite allergic individuals (Stewart et al., 1988), this thesis should be extended to
the investigation of the contribution of LytFM and its variants to the development of
asthma and allergic diseases. For example, recombinant LytFM, LytFM1 or LytFM2
should be used to stimulate the human respiratory cell line A549 and any change in
the expression of cytokines of interest, including IL-6 and IL-8 measured at the
mRNA and protein levels.

The investigation of the capacity of LytFM and its

variants to stimulate the innate and adaptive immunity through binding to TLR-2 and
TLR-4 and an upregulation of NF-κB in A549 is also well-justified.
There is a significant likelihood of LytFM and its variants originating from one or
more bacterial species coexisting in D. pteronyssinus.

Although these HDM-

associated bacterial species are potential endosymbionts, their relationship with the
HDM warrants further investigation. Although no bacterial isolate was detected in
the SGM of the HDM (Srinivasan, 1998), and Gram-positive bacteria were isolated
from subsequent generations of D. pteronyssinus, the possibility of the
microorganisms as transients can only be ruled out by investigating the effects of
antibiotic treatment on the mites.

Electron microscopic examination of D.

pteronyssinus before and after its treatment with antibiotic is pertinent as it does not
only enable observation of the degenerative effects of antibiotic on the potential
endosymbionts (Ghedin et al., 2009), but also the exact localisation of the
microorganisms in their eukaryotic hosts prior to their elimination (Sauer et al.,
2002). Since it was reported that microbial absence in the host was sustained for
months following antibiotic treatment, subsequent generations of D. pteronyssinus
exposed to antibiotic should be examined for the presence of any internal microbes
(Sauer et al., 2002). The reproductive rates of the HDM exposed and unexposed to
antibiotic can be examined as it was reported that termination of an endosymbiotic
relationship led to disruption of embryogenesis (Taylor et al., 2005), retardation of
offspring development (Albers et al., 2012) and sterility of the female eukaryotic
host (Hoerauf et al., 2001). Antimicrobial treatment of male eukaryotic hosts can
also result in fertility defects that are inherited by their progenies (Zeh et al., 2012).
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