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ABSTRACT

Although A. fumigatusstrains are generally susceptible to azoles, rgceatquired
resistance to a number of antifungal compounds been reported, especially to
triazoles possibly due to widespread clinical u$driazoles orthrough exposure to
azole fungicides in the environment. The signiftcaimical problem of azole resistance
has led to study the antifungal resistance mechemi$or developing effective
therapeutic strategies.

Of 230 clinicalA. fumigatussolates submitted during 2008 and 2009 to the Nbgyo
Reference Centre Manchester, UK (MRCM), 64 (28%j)enazole resistant and 14%
and 20% of patients had resistant isolates, reispgctAmong the resistant isolates, 62
of 64 (97%) were itraconazole resistant, 2 of 6%)3vere only voriconazole resistant
and 78% were multi-azole resistant.

The gene encoding ldtsterol demethylasecyp51A was analyzed in 63 itraconazole
resistant (ITR-R) and 16 ITR-susceptible clinicadaenvironmental isolates @A.
fumigatusrespectively Amino acid substitutions in theypb1A, the commonest known
mechanism of azole resistance An fumigatuswere found in soméTR-R isolates.
Fifteen different amino acid substitutions wererfdun thecyp51Athree of which,
A284T, M220R and M220W, have not been previousported. In addition, several
mutations were found in theyp51Agene in one of thd. fumigatusenvironmental
isolates. Importantly, a remarkably increased fesmy of azole-resistant isolates
without cyp51Amutations was observed in 43% of isolates and Bfipiatients. Other
mechanisms of resistance must be responsible dmtaace.

In order to assess the contribution of transportard other genes to resistance,
particular resistant isolates that did not carrgyp5JA mutation were studied. The
relative expression of three novel transporter gehBC11,MFS56andM85 as well as
cyp51A, cyp51BAfuMDR1, AfuMDR2 AfuMDR3, AfuMDRahd atrF were assessed
using real-time RT-PCR in both azole susceptibkd r@sistant isolates, withoayp51A
mutations. Interestingly, deletion 8BC11 MFS56 and M85 from a wild-type strain
increasedA. fumigatussusceptibility to azoles and these genes showeages in
expression levels in many ITR-R isolates. Most IRRisolates withoutcyp51A
mutations showed either constitutive high-levelresgion of the three novel genes or
induction of expression upon exposure to itracolsaz®ne isolate highly over-
expressea@yp51B a novel finding. Our results are most consistatit over-expression
of one or more of these genes in ITRARfumigatusvithoutcyp51Amutations being at
least partially responsible for ITR resistance. fifplé concurrent possible resistance
mechanisms were found in some isolates. My worbkalnty explains the mechanism(s)
of resistance inA. fumigatusisolates withcyp51A mutations. Other ITR resistance
mechanisms are also possible.

To determine taxonomic relationships amakgfumigatusclinical and environmental
isolates, the sequences of the IBSubulin, actin and calmodulin gene of 23 clinical
and 16 environmental isolates were analyzed phyleieally. Actin and calmodulin
sequences proved to be good for species diffetemtiaf A. fumigatusvhile bothITS,
B-tubulin regions did not, in this dataset. Many ptiy species ofA. fumigates
(complex) were found. All environment#l. fumigatescomplex isolates were ITR
susceptible and no cross resistance was found.
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1. Introduction
1.1 Epidemiology ofAspergillus infections

Aspergillusis a genus of fungi distributed worldwide. Thisngs is found extensively
in nature, and grows and survives on organic d€btidlins et al. 1984;Debeaupuis et
al. 1997;Zander 2005)Although there are more than 300 species of Aslhesgionly a
few are described and known to cause humans anthhitiness (Femenia et al. 2009).
Aspergillosis is a life-threatening infection in iminocompromised patients (Anaissie
et al. 2002) Aspergillus fumigatuss the most commocause of invasive aspergillosis
(IA)(Balajee et al. 2006) followed bg. flavus, A. niger, A. terreusnd A. nidulans
(Hope et al. 2005b).

Aspergillus fumigatugs a saprophytic ubiquitous fungus with airboroaidia (Mullins

et al. 1984). It has become one of the most pathiodangi in industrialized countries
(Debeaupuis et al. 1997). Daily, humans inhaleeastl severadiundredA. fumigatus
conidia. The small size of conidia (2 to 3 um) akothem to reach the alveoli of the
human lungs (Goodley et al. 1994;Hedayati et aQ720A. fumigatusis harmless to
individuals whose immune system has not been comigeal by disease. However,
fungal infection depends on exposure to sufficismdculum of organism and the
competence of the host defence mechanism (Zand¥s).2Bxposure té\. fumigatus
spores may cause an inflammation in sensitive iddals. In recent years there have
been an increasingly large number of opportunistngal infections. These infections
may present in a wide spectrum, varying from lanablvement to dissemination and
invasive secondary, to other diseases (Rippon 1#83)ently, acquired resistance to a
number of antifungal components have been preddelineeported especially triazole
due to the widespread use of triazole antifungahtgy(Calderone 2002;Nascimento et
al. 2003;Howard et al. 2009) tirough exposure of isolates to azole fungicidethe

environment(Van Der Linden et al. 2011).
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1.2 History

Aspergilluswas first described in 1729 by Micheli, the Italiiologist, who was the
first to distinguish stalks and spore heads. He waminded of the shape of an
aspergillum (holy water sprinkler), and named thenug (Aspergillug accordingly
(Hedayati et al. 2007;Rippon 1982;Kurup and Kum291). Mayer in 1815 described
an infection (aspergillosis) in the lung of a jagofvus glandarius (Rippon
1982;Denning et al. 1998). John Hughes Bennett8#21recognized human fungal
infection and first described pulmonary aspergiosr a person from Edinburgh
(Denning et al. 1998;Rippon 1982;Ross 1951). $luyt 1847 describeAspergillus
pneumomycosis (Rippon 1982;Kurup and Kumar 1991)chéw in 1856 described
A.fumigatusas the etiologic agent for bronchial and pulmorgisgase (Rippon 1982).
A. fumigatusas a species was described by Fresenius in 18&{Bg 1998). Allergic
disease of the lungs was recognised by Popoff 8v 18 1890, the first fatal invasive
case was in a 3-year-old child witspergillusdisease (Denning et al. 2002a). Cleland
in 1924 found aspergillosis in necrotic lung tissuepham in 1926 described
Aspergillosis as an infection secondary to tubersisl (Rippon 1982). In 1926 Thom
and Church first classified the genus (Denning 1998eve in 1938 defined
aspergilloma (fungal ball). Henrici in 1939 desedbtwo endotoxins frorAspergillus
(Denning et al. 2002a;Tilden et al. 1961). By 19®&6re than 150 species were
classified in different groups. Samson and Pitthfeir refined the species using the new
technologies such as DNA hybridization and thirelaghromatography of secondary
metabolites (Denning 1998).

However, the number of patients at risk of deveigpnvasive aspergillosis has been
increased for many reasons, including AIDS, solgha transplant recipients, increased
use of immunosuppressive regimens for autoimmueeagdes and using an intensive
chemotherapy regimens for solid tumors (Denningaket 1998;Richardson 2005).
Currently, invasive aspergillosis is the leadingfeatious cause of death in
immunocompromised patients such as bone-marrowgjitant patients and those with

leukaemia (Denning et al. 2002a).
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1.3 Distribution of Aspergillus

Aspergillusspecies are commonly found in soil and plant detbnioughout the world
(Debeaupuis et al. 1997;Rippon 1982), in air antew@Varris et al. 2003;Dillon et al.
2007), in almost all oxygen-rich environments beaeathey are strictly aerobic grow as
moulds on the surface of a substrate. Fungi comyngidw on carbon-rich substrates
such as glucose (Rippon 1982;Evans 1989). Evelottlg pillow contains substantial

guantities ofA. fumigatusand other species (Woodcock et al. 2006).

1.4 Laboratory identification

Identification and typing of fungi is one of the imassues in medical microbiology
(Evans 1989). Some species A$pergillus are resistant to certain antifungals for
example Aspergillus terreusis an amphotericin B resistant mould Thereforgida

identification of cultures is essential for treatmh®f these infections. Unfortunately,
many laboratories have little or no experiencehef $pecialized methods required for

diagnosis of these infections (Evans 1989).

Several methods have been used for phenotypicifidation of A. fumigatusstrains,
primarily methods based on cultural and morphologigcaracteristics (Rippon
1982;Evans 1989). Currently protein profiling, deien of antibodies (humoral
response) or the detection of fungal antigens amdalbolites such as enzymatic
substrates in body fluids or tissues using serolidiests do not distinguish species
reliably. Other research techniques such as 2D eprotelectrophoresis and
immunoblotting can be more reliable but are notiraly available (Rippon 1982;Lin
et al. 1995;Latge 1999).

Unfortunately, these methods have disadvantages; #me labour intensive, time-
consuming, and may lack sufficient discriminatogwer to distinguish phenotypic

variability. Therefore, these disadvantages liiné tise of phenotypic identification for
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routine typing of isolates from clinical and epidelagic studies (Lin et al. 1995). In
contrast, genotypic methods are faster, more atxuead reliable for fungal
identification than phenotypic methods. Howeversame circumstances pre-molecular

methods can be useful for analysis at subspeaies le

1.4.1 Phenotypic characterization/ Diagnosis

The morphological characteristics of the conidia aonidiophores oA. fumigatusis
the common method used in identification and clasdion. The presence of
Aspergillushypae and or conidiophores on microscopical exatimn, in addition to
positive culture, enhances and provides a defmitifagnosis (Rippon 1982;Evans
1989). There are some closely related species varelbest identified using molecular
tools (seénttp://www.ncbi. nim. nih.gov/ pubmed/ 21510879

1.4.1.1 Colony morphology

A. fumigatuscommonly grows on almost all laboratory media (®ip 1982), and
usually grows rapidly on defined media such as 8eha Agar or Czapek-Dox media
(25°C to 36°C) producing a flat white colony. The colony sizanceach 4 +1 cm
within a week, and quickly becomes grey- green vptbduction of conidia (Latge
1999). Morphological features & fumigatushyphae are described as septate with
abundant dichotomous branching (Evans 1989). Septgthae and conidiophores may
be seen under the microscope using a wet preparsti@zoned with lactophenol cotton
blue (Rippon 1982).Spore heads are rarely founddimect microscopy of tissue
specimens, and usually only when the fungus is gr@within air space such as the

bronchial lumen or a pulmonary cavity during ifigalonization (Evans 1989).

Under the microscope, the short, smooth-walleddiophores (up to 300 um in length
and 5 to 8 um in diameter) gradually enlarge fronfioat cell towards the apex,

terminating in a flask-shape vesicle. The conidmpk have hyaline green or brownish
coloration especially at the tip near the vesi€lee vesicle (20 to 30 um in diameter) is

fertile over its upper half, giving rise to pegdikconidium producing cell phialides (6 to
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8by 2 to 3 um in size, the phialides bend upwarthe $terigmata (phialides) produce
unbranched chains of conidia. The conidial chaims @oduced in a columnar mass
with rough conidia (2.5-3.0 um) appear green insn@ippon 1982;Evans 1989). A
few isolates ofA. fumigatusare pigmentlesand produce white conidia (Latge 1999).
A. fumigatusis a thermophilic species. Rinyu et al. examineches strains at different

temperature and different media and found that amorphologies of these strains are
variable in colony morphology, pigment productiaand growth rate (Rinyu et al.

1995).

1.5 Clinical manifestations

The respiratory tract, which is the main site ofeation for A. fumigatus,and the
immunological status of the host play an essential in pulmonaryliseases caused by
A. fumigatus (Zmeili and Soubani 2007;Kousha et al. 201A)fumigatushas been
associated with a wide spectrum of diseases in hamBxposure toAspergillus
antigens in normal hosts can lead to allergic doo, ranging from asthma to allergic
bronchopulmonary aspergillosis (ABPA) (Kurup andnkar 1991). Normal hosts rarely

develop invasive disease.

The incidence of invasive aspergillosis has in@dasluring the last decade
(Vassiloyanakopoulos et al. 2008).fumigatusis the most common aetiological agent
causing aspergillosis in humans (Li et al. 201lhvasive aspergillosis (IA) and
aspergillomas may develop in preexisting pulmonagvities. However, severe
infection can also occur in patients with chronisedses such as diabetes, alcoholism,

and cancer(Kurup and Kumar 1991).

The major predisposing factors for infection in@udrolonged neutropenia, chronic
administration of adrenal corticosteroids, the ifisa of prosthetic devices, and tissue
damage due to prior infection or trauma. The orgrans capable of invading across all
natural barriers, including cartilage and bonehds a propensity for invading blood

vessels causing thrombosis and infarction (Bodey\artivarian 1989).
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1.5.1 Allergic Bronchopulmonary Aspergillosis

Allergic bronchopulmonary aspergillosis (ABPA) islang hypersensitivity disease
mediated by an allergic late-phase inflammatorypaoase to certain antigens éf
fumigatus(Almeida et al. 2006). Clinically, ABPA manifests bronchial asthma with
transient pulmonary infiltrates (Agarwal 2009). eTlprimary criteria for ABPA
described by Rosenberg and colleagues for a deémiagnosis are: Personal history
of atopic disease such as asthma, food allergy el ag a history of pulmonary
infiltrates and supporting serological tests; eledablood eosinophilia; immediate skin
reactivity to A. fumigatusantigene; precipitating antibodies (IgG and Ighmd IgE
against Aspergillus antigen and elevated levels of serum IgE (Almegeta al.
2006;Rosenberg et al. 1977).

ABPA occurs in patients sufferirigpm atopic asthma or cystic fibrosis (CF). Thedon
term treatment with antibiotics is one of the pspdising factors for the colonization of
the respiratory tract with. fumigatusn CF patients (Laufer et al. 1984).

1.5.2 Aspergilloma

An aspergilloma, also known as fungus ball, coesidta mass of fungal hyphae and
compacted mucolage. In 1938, Deve coined the tespergilloma to describe the
mycetoma like lesion caused Bgpergillus(Kurup and Kumar 1991), which exists in a
body cavity such as the pulmonary cavities espgcidlose typically caused by

sarcoidosis in black patients or by tuberculosisgélet al. 2005a;lIsrael et al. 1982).

A pulmonary aspergilloma is a rounded conglomeddtbyphae, mucus, and cellular
debris contained within a fibrotic and thickenedllwvand occupying a pre-existing
cavity (Hope et al. 2005a). Non-invasive aspergis may form following repeated
exposure to conidia and target preexistinglung tesvisuch as the healed lesions in

tuberculosis patients (Dagenais and Keller 2009).
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A common symptonof aspergilloma is hemoptysis (Gupta et al. 2010)nflesions in
blood vessels leading to thrombosis, hemorrhagd, ewentual dissemination. High
antibody titters (precipitinsare detected in patients with aspergillomas and ABP
(Kurup and Kumar 1991;Tomee et al. 1994). Pulmoraspergillomas can often be
diagnosed by their characteristic appearance istcheays (Kurup and Kumar 1991).

1.5.3 Invasive Aspergillosis (I1A)

A.fumigatuds the most common species associated with |Asinguaround 90% of all
cases (Li et al. 2011), although this varies ggaigcally for unclear reasons. IA has
become a leading cause of death, mainly among loéoggt patients. 1A following
solid-organ transplantation is most common in ldrapsplantpatients (19 to 26%).
Opportunisticfungal infections seen in transplant recipientssedubyAspergillusand
yeasts are associated with the highesttality rates (Promper et al. 1993). IA is
recognized today as the mdumngal infection in cancer patients. Fungal infecs
represent a common complication in cancer patieespecially in patients with
leukemia (Weinberger et al. 1992;Patel and Payd;(3thi et al. 2011).

1.6 Immunology of Aspergillosis

A. fumigatusconidia (spores) are ubiquitous in the atmosphEignan beings are
exposed to spores every day(Debeaupuis et al. 19¢tural immunity plays an
important role in the elimination of spores in immeagompetent people and prevents the
establishment of infection(Schaffner 1989) by mpbages (Kurup and Kumar 1991).
A. fumigatuscan cause different diseases like allergic bropahmonary aspergillosis,
aspergilloma, and invasive aspergillosis (Debeaugtiial. 1997;Zmeili and Soubani
2007). The latter can occur in immunocompromisetiepts such as those with AIDS
(Denning 1998). The small size and ability of irdthtonidia to germinate and grow at
temperatures higher than 37°C without any spearfidritional requirement are

important to cause aspergillosis (Debeaupuis €t987). The lack of efficiency of the
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normal phagocytic is contributory to the pathog#yiof opportunisticA. fumigatus
(Debeaupuis et al. 1997).

The major innate defense mechanisms agasgergillusare the barrier formed by
alveolar macrophages (Kurup and Kumar 1991;Stembaad Stevens 2003),
complements and phagocytic cells (Brown 2011). ddridia ofA. fumigatusare also

eliminated from the lungs through the ciliary antmf the lung epithelium.

A. fumigatugproduces several toxic secondary metabolites ssighi@oxin(Amitani et
al. 1995) and protease. These toxins can damagepttieelial tissue and might inhibit
spore clearance from the lung. Gliotoxin not omllyibits macrophage phagocytosis but
it also blocks T- and B- cell activation and thengmation of cytotoxic cells (Latge
1999). The lung surfactant proteins A (SP-A) and3P-D) play a protective role
against fungal infections caused b4&. fumigatus. SP-A and SP-D enhance
agglutination, phagocytosis, and the killing of icba of A. fumigatusby alveolar

macrophages and neutrophils (Madan et al. 1997).

The complement system is a biochemical cascadectmdtibutes to humoral defense
against microorganisms. The biochemical pathwags ithitiate the cascade occur via
the classical or alternative pathway (Kozel 1996)reactive protein activates the
complement cascade as a protection agaisgtergillus (Latge 1999;Kozel 1996).
Kozel reported that alpathogenic fungi examined have the ability to atéi the
complement cascade. The complement system playseanr the pathogenesis of
aspergillosis; one study found that C5-deficienterire more susceptible to infections
than areC5-sufficient mice (Cenci et al. 1997). Generaltyivation of the alternative
complement pathway helps phagocytes in the kilihfyingus.

Phagocytic cells include macrophages and neut®p¥hich play an important role of
protection againsf. fumigatusAlveolar macrophages are the major resident «élls

the lung alveoli. Both macrophages and neutrorsthe major cells involved in the
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phagocytosis oA. fumigatusvia inhibition of germination and spore killingeveral
studies reported that killing of conidia starts exaV hours (3-6h) after phagocytosis
(Schaffner et al. 1983). Nonoxidative mechanisms essential for the killing of
conidia. No study has reported a 100% killing ohaled conidia by alveolar
macrophages (Latge 1999). After phagocytosis, gatian of the inhaled conidia into
the invasive hyphal form is inhibited and killecsite the phagolysosome (Steinbach
and Stevens 2003). Conidia that are not killed lagnmphages can be transformed into
invasiveAspergillushyphae which become susceptible to neutrophilnjlihrough the

release of toxic oxygen radicals (Steinbach andeie2003).

1.6.1 Humoral immune responses

High levels ofA. fumigatusspecific circulating antibodies of the IgG and Ightypes
were found in sera from patients with ABPA (KurupdakKumar 1991;Knutsen et al.
2002). ElevatedAspergillusspecific IgE and total IgE levels and eosinophikare
reported in ABPA (Knutsen et al. 2002). Kurup et sthowed that the levels of
subclasses of IgG, particularly IgG1 and 1gG2, also elevated in ABPA patients.
These subclasses of IgG are also the predominghbéwy in patients with aspergilloma
(Kurup and Kumar 1991).

1.6.2 Cellular immune response

Lymphocytes (T cells) are involved in the cellulaamune response and play a major
role in host defense agaimsspergillus(Grazziutti et al. 2001). Several studies reported
that a cellular immune responseAspergillusantigens in ABPA, as well as in allergic
asthmatic and cystic fibrosis patients, is charaagd by a Th2 CD4+ T-cell response
(Kurup and Kumar 1991;Knutsen et al. 2002). ABPAassociated with a pulmonary
eosinophilia, a Th2 cytokine profile manifestedtbg productiorof IL-4, IL-5, and IL-

10, and an increase in levels of total apdcific IgE, 1gG1, and IgA, reflecting the Th2

humoral responde A. fumigatusantigens (Latge 1999).
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Immunocompromised people are vulnerable to oppatiacrfungal infections because
the ability of the immune system to fight infectimncompromised. Neutropenia is one
major risk factor for invasive aspergillosis, theher is corticosteroid therapy.
Generally, corticosteroids suppress the abilityrafcrophages to kill conidia through
inhibition of nonoxidative processes and impairmehtlysosomal activity, whereas
cytotoxic chemotherapy decreases neutrophil nundmer function (Steinbach and
Stevens 2003).

1.7 Diagnosis of fungal infection

1.7.1 Biochemical and molecular characterizationssed in species

Some secondary metabolites including antibiotia$ maycotoxins are produced iy
fumigatusand are similar to those produced by other spedibsrefore, most are
insufficient for species classification, with thesgible exception of fumigaclavine C,
festuclavine and fumagillin (Evans 1989;Latge 188#tsuda et al. 1992).

1.7.1.1 Serological diagnosis

The simplest serological test is double diffusidD} or immunodiffusion (ID), which

is cheap and easy to read but relatively insemsénd time consuming. Ig M antibodies
migrate more slowly than IgG and are not deteated 24 h test. These techniques are
useful to diagnose aspergilloma and chronic bropahlmonary aspergillosis (CBPA).
In contrast, most patients with allergic bronchopomhary aspegillosis (ABPA) and
invasive aspegillosis (IA) have weak positive seri@wvels (Evans 1989). Therefore,
other serological tests for example, passive haghatagation,
counterimmunoelectrophoresis (CIE) e.g immunoebgttoresis, indirect fluorescent
antibody (IFA), ELISA, and radioimmunoassy, shoble used with IA and ABPA
especially for the detection of antigens because patients are often
immunocompromised and may be unable to producéatiés as a response to fungal

infection (Evans 1989). IgG againat fumigatusin individuals with CF with or
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without ABPA was detected (Barton et al. 2008). BB associated with high total
serum IgE levels,specific IgE and IgG agaiAstfumigatusantigen (Kraemer et al.
2006) that may affect the specificity of diagnosikile detection of 1gG4, a specific

subclasses of IgG, may improve the specificityiafjdosis (Barton et al. 2008).

1.7.1.1.1 CIE

Counterimmunoelectrophoresis (CIE) has advantagesisadvantages. Detection of
A. fumigatusserum precipitins by counterimmunoelectrophorissise method most
commonly used in the clinical laboratory due tosigssitivity, rapidity, simplicity, and
economy. But precipitins will form only if antigeand antibody equivalence become
established in the area of the gel between theswlielladdition, precipitins will not form
if antigens migrate in the same direction with laodiies (Evans 1989;Latge 1999;Dee
1975). Indirect Fluorescent Antibody (IFA) is ra@idd sensitive. Titres greater than
1:20 toA. fumigatusare uncommon in healthy subjects, and in patwittsnon-
invasive forms of aspergillosis (ABPA, aspergilloni&res usually range from 1:40 to
1:640 or higher (Evans 1989;Gordon et al. 1977)
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1.7.1.1.2 ELISA

The diagnosis of invasive aspergillosis (lA) is l@aging in immunocompromised
patients. Conventional techniques like culture amest commonly used for the
diagnosis of (IA) and may take several days (Khoale 2008). Early diagnosis and
therapy has been shown to improve outcomes (vdre&#l. 1995) but it can difficult to
reach a definitive diagnosis quickly. DetectionGdlactomannanis (in serum and BAL
fluid) and beta-glucan (in serum) are alternatigiegynostic assay. Recently, Enzyme-
Linked Immunosorbent Assay (ELISA) technique thettedts galactomannan has been
approved for use in the USA. However it has beesdus Europe for many years
(Aquino et al. 2007). Enzyme-Linked Immunosorberdsdy (ELISA) is sensitive,
cheap and safe with stable reagents, and may lgetosetect not only antibodies but
also antigenaemia. Moreover, sophisticated equipmien not required (Evans
1989;Richardson et al. 1982). Galactomannan igexd@olysaccharide soluble antigen
of the cell wall of theAspergillusreleased during hyphal growth in tissues (Aquitho e
al. 2007). Many studies found that detection ohgiEdmannanis by ELISA in high-risk
patients with invasive Aspergillosis (IA) is morensitive than culture and allows IA to
be diagnosed before clinical manifestations oc8ut rear false positive and false
negative results remain problematic for such aggdpt et al. 2008;Adam et al.
2004;Kedzierska et al. 2007).

1.7.1.2 Molecular identification and typing

Invasive aspergillosis (IA) has now become a majause of death in
immunocompromised patients with mortality ratesa@0% (Li et al. 2011). Early and
accurate diagnosis of IA is important for seveedsons; to investigate the source of
infections and to control the progress of fungé&tdtion by using appropriate antifungal
therapy (Tuon 2007).

Aspergillusantigen (galactomannan) detected by ELISA and R;Bglucan is useful

for early diagnosis of IA in patients with hemamilcal malignancy or hematological

33



transplant recipients. but not for solid-organ sgaant recipients (Pfeiffer et al. 2006).
It may result in improved outcomes (Mengoli et 2009) for the diagnosis of IA
Aspergillus antigens detected by EIA and shows lower sengitithtn PCR tests.
However,Aspergillusinfection is difficult to confirm by blood culturand the immune
status of patients such as severe thrombocytoperiants, may effect the detection of
antibodies (Tuon 2007). Isolation of fungus from patients samples (sputum and
bronchoalveolar lavage (BAL) fluid) are relativébyv (50%) and can take several days.
Detection ofAspergillusDNA in BAL using a molecular diagnostic techniquels as
PCR is more a sensitive and rapid technique fodthgnosis of 1A (Spiess et al. 2003)
(Khot et al. 2008;Tuon 2007;Spiess et al. 2003CRFhas a higher specificity and
sensitivity than culture (Tuon 2007) but PCR asssyunable to differentiate

Aspergillusconidial colonization from true tissue invasion.

Early diagnosis of IA remains a challenge, and sdiagnostic tools such as PCR, are
being investigated to improve the diagnosis of &nea aspergillosis (Mengoli et al.
2009). Molecular technologies have been utilized for macganism identification.
Molecular approaches such as Polymerase Chain iBea®@CR) have emerged as
diagnostic methods which are more accurate andbielifor microbial identification
than phenotypic methods (Petti et al. 200%@cently, PCR tests have been developed
for the detection of the circulating genomic seaasn Sincé\. fumigatugs responsible
for about 80% of invasive aspergillosis, typing &ss have become required to
differentiate between isolates, and to investigagesource of infections (Bertout et al.
2001) for epidemiological studies. In addition, P€&h be used to show variations in
the virulence and antifungal resistance of indiaidstrains within a species. For rapid
diagnosis of IA a Real-time PCR has been usedendéantification of Aspergillus in
bronchoalveolar lavage (BAL) and blood samples (dbdinet al. 2009) (Tuon
2007;Baxter et al. 2011).

Molecular technologies have been invested for setjng of Aspergillus.The complete

sequence of Aspergillus helps identify new tardetsantifungal drugs and enables
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investigative study of the basic biology of fun@irect identification of repeated
sequences such as microsatellites, which are IUsefstrain typing, will allow a better
understanding of the epidemiology of aspergillo3ise information derived from the
first complete genome sequence of a human pathogefiumigatuswill help for early

diagnosis of IA (Denning et al. 2002a).

Studies have used PCR to detect fungal nucleicsauid found that the PCR assay has
reasonable sensitivity and specificity when usedeth samples from patients at high
risk for 1A (Tuon 2007). Several methods based enagnic differences have been used
for fingerprinting Aspergillus,(Anderson et al. 1996), including specific DNA m&r
(SSDP), Multi Locus Enzyme Electrophoresis (MLE#)gerprinting with moderately
repeated DNA sequences (Bertout et al. 2001), Raduaplified Polymorphic DNAs
(RAPD)(Anderson et al. 1996;Loudon et al. 1993y amcrosatellite methods.

RAPD and microsatellite techniques are based on BQRuse differerprimers and
different amplification protocols (de Valk et aD@7b;de Valk et al. 2007a). Restriction
fragment lengtipolymorphism (RFLP) is the other method used fping. Fragments
are visualized after cutting with a restriction yme (Latge 1999;Anderson et al. 1996).
Other methods include Southern hybridizations wehiousrepetitive sequence-based
probes (Anderson et al. 1996Fach of these methods has advantages and

disadvantages.

1.7.1.2.1 RAPD

RandomAmplified Polymorphic DNAs (RAPD) was first desceitt by Welsh and
McClelland in 1990. RAPD is the most common methused for fingerprintingA.
fumigatus(Anderson et al. 1996) (Lin et al. 1995;Andersorale 1996;Loudon et al.
1993;Aufauvre-Brown et al. 1992;van Belkum et al993;Buffington et al.
1994;Leenders et al. 1996;Mondon et al. 1997), quslifferent primers. The R108
primer (GTATTGCCCT) is used in the RAPD genotypwmith A. fumigatudo give the
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best discrimination betweeisolates (Anderson et al. 1996;Aufauvre-Brown et al
1992;Raclasky et al. 2006). It utilises a singlersprimer at low annealing temperature

and can be performed quickly for a large numbesaifites (Bertout et al. 2001).

RAPD typing is easy to perform, rapid, with goodesbility, reproducibility and is less
labour-intensive than phenotypic techniques (Loueoral. 1993). However, RAPD
patterns are difficulto interpret due to the mismatches between the l&eagand the
primers during the low temperature annealing in RC&ge 1999). Furthermore, the
distance of migration of bands is very short (Loud al. 1995;Verweij et al. 1996).
Factors such as buffer composition, primer conegiotn, thermal cycler performance
and gel electrophoresis time may play an impontalgt in the band pattern and affect
the discriminatory power of the primer (Verweij et 1996). According to some
observations, a combination of RAPD, Southeyhridization and RFLP gave better a

discrimination than a single procedure (Andersoal.€1996).

1.7.1.2.2 Microsatellites length polymorphism

Microsatellites are short segments of DNA that haspecific repeated sequence such
as CACACACA, (known as CA4) from two to up to teask pairs long (tandem
repeats) (de Valk et al. 2007b), there are aldleccaimple sequence repeats (SSR),
short tandem repeats (STR), or variable number emandrepeats (VNTR).
Microsatellites are numerous and found throughletgenome of organisms, in coding
and non-coding regions, ranging from yeasts through mammals (Latge
1999;Legendre et al. 2007). Microsatellite methosiglely used for the strain
identification and discrimination in a wide varieif/microorganisms (van Belkum et al.
1997;van Belkum et al. 1998) displayed excellestuiminatory powers and showed
100% typeability (de Valk et al. 2007b). This teicjue has been successfully applied to
A. fumigatugBart-Delabesse et al. 1998Jhe method is rapid and highly reproducible
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(Lair-Fulleringer et al. 200. In contrasto RAPD, it uses unique primers and spec

sequences flanking t microsatellite (Bart-Delabesse et al. 1998)

In order to obtain stable and reproducible resutgortant for any successful typii
technique, highly standardized reaction conditiale needed for the RAPD techniq
in contrast to microsatellite methods, which asslsensitive to variation with varyil
conditions(de Valk et al. 2007I.

One other fingerprinting system that has been wideted is Southern bl
hybridization. Southern blot hybridized with vars repetitive segence-based probes;
ribosomal or mitochondrial DNA(Wills et al. 1985;Magee et al. 19t or with
nonmitochondrial genomic sequence, have been ddratet to be effective in mar
fingerprinting studie (Girardin et al. 1993)Hybridization with moderately repetiti\
DNA probes gave species specific banding pati(Girardin et al. 199.. Southern blot
hybridized with phageA3.9) probe which contains a specigsecific repeat sequen
provided unique and highlyscriminative patterns for each strain tes(Girardin et al.
1993).

1.7.1.2.3 RFLP

Restriction fragment length polymorphism (RFLP) lgsia offers an simple, rapid ai
inexpensive way to identify several microorgani (Aravindhan et al. 200, and has
been used worldwide for species identificat(Aravindhan et al. 200. The restriction
endonucleases recognise specific DNA sequenceswdnihe DM in the recognition
site. To obtain adequate power to discriminate amnignlates it is necessary to
other target gendg#ravindhan et al. 200.
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In spite of the RFLP technique showing high repwoilility and reliability among a
large population oA. fumigatusstrains (Debeaupuis et al. 1997), it has disadgasta
it shows a limited degree of discrimination amoiifedent strains (Burnie et al. 1992)
and interpretation of outcome results on staindd igedifficult (Latge 1999). Another
study has shown RFLP patterns did not effectivebyigle discrimination among strains
of A. fumigatusof the same species even with EcoRI digested D{@irardin et al.
1993). Denning et al. used RFLP with digested DAl and Sall) to distinguish
among strains but band patterns were variable atdenmough to differentiate large
group of isolates in epidemiological studies (Daegniet al. 1990). Additionally,
Girardin et al. found that RFLP patterns of EcoRjedted DNA do not adequately
discriminate among strains Af fumigatudgsolated from diverse sources (Girardin et al.
1993).

1.7.1.2.4 AFLP

Amplified fragment length polymorphism (AFLP) is [BNfingerprinting technique
which, described in 1995, is based on the seled®@&® amplification of restriction
fragments from a total digest of genomic DNA (Vasak 1995). The main advantage
of the AFLP is no prior sequence knowledge is negliwhen using a limited set of
generic primers. Other advantages of the AFLP nustlame that it is rapid, easy to use,
and can generate hundreds of highly replicable erarkom the DNA of any organism
(Mueller and Wolfenbarger 1999). Therefore, AFLPrkeas are a major genetic marker
with broad application in DNA fingerprinting, pog@tion genetics, and quantitative trait
loci (QTL) mapping (Mueller and Wolfenbarger 1998jowever, AFLP method has
successfully been used with a large variety of agmganisms with relatively large

genomes including fungi (Warris et al. 2003).

1.7.1.2.5 MLEE

Multilocus enzyme electrophoresis (MLEE) was fitgted for Candida albicans

(Bertout et al. 2000 MLEE is one of many typing methods developed feestigating
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the diversity ofA. fumigatus It has good discriminatory power and allows assent
of the structure and differentiation Af fumigatugpopulations, including their genetic
diversity (Bertout et al. 2001).

1.7.1.2.6 MLST

Multilocus sequence typing is a tool used for ddfaiating isolates; it compares
nucleotide polymorphisms within regions of fivedeven genes. MLST was developed
to investigate bacterial and pathogenic fungi papohs includingA. fumigatugBain

et al. 2007).

1.7.1.2.7 Sequence based identification

Determining the order of the nucleotide bases; m#emguanine, cytosine and thymine,
in a DNA oligonucleotide, is called DNA sequencinhis is useful in diagnhostic

research and for future understanding of the fuegalogy in infections (Ronning et al.
2005). Many projects have generated the completeA B&quences of microbial

genomes. Initially, the first DNA sequencing (196®@gs carried out with the chain-
termination method (Hutchison 2007) and in 1975 waseloped using the Sanger
chain technique(Sanger and Coulson 1975;Maxam abdrG1977).

However, the first complete cellular genome seqgesritom bacteria, appeared in 1995
and eukaryotic genomes were subsequently sequghtdhison 2007). The first
eukaryotic genome sequence for the yeBstcerevisiaewas completed in 1996
(Hutchison 2007). The genome Af fumigatusAf293 was sequenced by the whole
genome random sequencing method in 2005. Af293aameight chromosomes. There
are 9,926 predicted protein-coding genes. Abouttbmd of these predicted genes
(3,288) are of unknown function. Additionally, tkeerare approximately 12

mitochondrial genome copies per nuclear genomer{iRgret al. 2005).
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1.7.1.2.8 Probe labelling

The basic mechanism for DNA hybridization basedgdasis occurs when a single
strand of oligonucleotide probes finds its complatmén order to increase sensitivity
and specificity of hybridization, Tyagi and Kramaeveloped novel labelled nucleic
acid probes (stem-loop oligonucleotide) that re@srand report the presence of
specific nucleic acids in homogeneous solutionga@lnand Kramer 1996). Labelling of
primers, probes or amplicon is essential for thenitoong of the accumulation of
amplicon in a real time PCR(Mackay et al. 2002)ve®al different conventional
methods of probe labelling exist some of which aaglioactive/ nonradioactive
chemicals. Recently, fluorescent probes labelliag been used. Radioactive chemicals
encountered difficulties in a real-time detectidnnacleic acid amplification botim
vivo andin vitro besides the toxic effects (Basich et al. 1981;Kkistret al. 1998).
Therefore, several real-time PCR detection chermassthave been produced with

advantages associated with each method (Wong addahie 2005).

1.7.1.2.9 Real-time PCR detection chemistries

DNA Binding Dye is one of the chemistries used éal#time PCR detection, which
emits a fluorescent dye when bound to dsDNA (Figlir#A). The fluorescence
intensity is proportional to the dsDNA concentrati@hese assays give false positives
as a result of non-specific PCR products bindin@®A binding dyes (Simpson et al.
2000). Hybridization probes are oligonucleotideattlare labelled with a reporter
fluorescent dye at the 5' end and a quencher f#gerd dye at the 3' end (Gibson et al.
1996). The fluorescence resonance energy transter®when the donor and acceptor
fluorophores are in close proximity (Bernard andttvér 2000). The nucleolytic
activity of DNA polymerase cleaves the hybridizatiprobe and releases the reporter
dye during the extension phase of the PCR cycla fitee probe (Gibson et al. 1996).
There is three or four oligonucleotide methods uddek four oligonucleotide method
consists of two specific probes and two primerst thiad adjacent to each other
(Figurel.1B) (Simpson et al. 2000). The downstreaabe is used to detect a mutation
(Lay and Wittwer 1997). Hydrolysis Probes is sanito hybridization probes (Figure
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1.1C). The quencher reduces the reporter fluorescamensity by FRET when the
probe is bound, while FRET increases intensityyhridization probes when annealed
to the target sequence. Probe degradation by DNyAr@wase’s 5nuclease allows for

separation of the reporter from the quencher dgsulting in increased fluorescence

emission(Gibson et al. 1996).

A. DNA binding dyes B. Hybridization probes
. 4 oligo method 3 oligo method
. _‘prilln.-[~ 2 prodes 2 probes
® - Q—E o
__Q,
C. Hydrolysis probes D. Molecular beacons

e 2 I

g !
< b ®

E. Scorpions F. Sunrise primers

&3 ¥ '@
G. LUX primers
DNA polymerase
‘ DNA polymerase blocker
e Light-emitting fluorescent
fluorophore

Figure 1.1 Real-time PCR detection chemistries. Pbe sequences are shown in blue while
target DNA sequences are shown in black. Primers ar indicated by horizontal
arrowheads (Wong and Medrano 2005).

Quencher fluorophore
Reporter fluorophore
Acceptor fluorophore
Donor fluorophore
Quenched fluorophore

1#0A00000

1.7.1.2.10 Molecular beacons

Since a double-stranded complex is thermodynargioatire stable than a probe hairpin
structures, hairpin probes tend to have greatecifspty (Bonnet et al. 1999).
(“Molecular beacon” fluorescent probes that produfluorescence on hybridization

with the target sequence of nucleic acids have beastructed (Goel et al. 2005).
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Molecular beacons are an alternative to TagMantHerdetection of polynucleotides.
Structurally, they are single—stranded stem looigoalcleotide molecules (Figure
1.1D). The loop portion of the molecule is a prebguence for a complementary target.
The stem consists of two self annealing complenmgrdam sequences, unrelated to

target sequence, at the ends of probe sequencgi @iyd Kramer 1996).

A fluorophore is covalently attached to one end3atof the oligonucleotide, and a

nonfluorescent quencher is covalently attachedh&o dther end (5' end of the arm)

(Tyagi et al. 1998). The annealing of stems caasemtramolecular energy transfer

from fluorophore to quencher. The energy transéemuch more efficient at shorter

distances (Goel et al. 2005) in contrast, fluoeese when unwind stem occurs
consequent of the probe binds to its target (Tgagil. 1998). As the stem keeps these
in close approximately to each other fluorescerme®ot occur in the absence of a target
(Tyagi and Kramer 1996).

There are two synthesized forms available for mdécbeacons; soluble (Tyagi et al.
1998) or glass bound probes, which are preparéibtinylated or controlled pore glass

bound probes (Tyagi and Kramer 1996).

The most significant factors that affect the mejtiemperature of molecular beacons
are the length of the stem hybrid, percentage G@r(me and cytosine) content of arm
sequence and concentration of salt(Tyagi and KratB66). Generally, the length of

the probe sequence should range from 15 to 35 atiskds with 5 to 8 nucleotide long

arm sequences respectively. Probes should not &mynfurther secondary structure.
Tyagi and Kramer found the probe sequence shouklt least twice the length of each
arm sequence to maximize the separation betweemetp@mter and quencher when
hybridization occurs (Tyagi and Kramer 1996)Thegténand sequence of probe and
stem of molecular beacons can exist in three diffestates in stem-loop, bound-to-

target, and random-coil (Bonnet et al. 1999).

Specificity is enhanced by thermodynamic analydighe transitions between these
states (Bonnet et al. 1999). Increase in the plahgth results in improved affinity but
leads to reduced specificity (Tyagi and Kramer 1B®6trikis et al. 1998) and leads to

disruption of unimolecular stem-loop conformatioBogl et al. 2005) .Molecular
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beacons with short stem length have faster hylaitin kinetics but suffer from lower
signal to background ratio (Goel et al. 2005). Tigedity of the probe-target sequence
forces the hairpin stem to unfold, leading to flyminore and quencher separation and
thus emitting fluorescence of a characteristic wevgth (Goel et al. 2005). Molecular
beacons open up when the temperature is higherttieammelting point and vice versa.
As the temperature in the PCR reaction used isrédle for hybridization, the
molecular beacon will interact with the target sttg, resulting in fluorescence (Bonnet
et al. 1999).

Recently, some probes have been modified to enhiecepecificity and sensitivity of
conventional probes. Whitcombe et al. developed Sherpion technique for allele
discrimination. Scorpion primers are bi-functionaholecules which function
simultaneously as a PCR primer and a beacon pi®berpions perform better than
bimolecular methods under conditions of rapid eyglsuch as the Light Cycler because
priming and probing is a unimolecular event (Thsttgam PCR primer is covalently
linked to the probe at the 5' end. The moleculascsirally contain a fluorophore, a
quencher and a PCR blocker (HEG, nonamplifiablenoneers) at the start of the
hairpin loop (Figure 1.1E). In the initial PCR ogs] the primer hybridizes to the target
and extension occurs due to the action of polynee(®¢hitcombe et al. 1999). The
PCR stopper prevents the hairpin loop opening & dhsence of the specific target
sequence (Thelwell et al. 2000).

Sunrise primers are commercially called AmplifluoThirpin primer, which work

similarly to scorpion primer (Figure 1.1F)(Mackay &. 2002), acting as the PCR
primer. When unbound, the hairpin is intact, cagisiaporter quenching via FRET.
Upon integration into the newly formed PCR produbg reporter and quencher are

held far enough apart to allow reporter emissiom@/and Medrano 2005).

Light upon extension (LUX) technology representseav type of primer design and
labelling. One primer is a self-quenched singleftyphore similar to Sunrise primers

(Figure 1.1G); the second one is not marked. Howewather than using a quencher
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fluorophore, the secondary structure of tHeeBd reduces initial fluorescence to a
minimal amount and relies on only two oligonucldes for specificity (Wong and
Medrano 2005).

Catalytic molecular beacons (CMBs) as modular debggymes are another variant
that can detect the target sequences without aogtldn. In this design, the molecular
beacon module interacts with a target oligonucteotand a deoxyribozyme module
amplifies this signal. Catalytic molecular beaceas discriminate between target and
mutant oligonucleotides that differ in a single &4Stojanovic, de Prada et al. 2001).
PNA is a DNA analogue with a polyamide backbondeiad of a sugar phosphate
backbone. Specificity has been demonstrated irdéection of ribosomal DNA from
Entamoeba histolyticéEgholm et al. 1993). PNA molecular beacons wése geported
to be superior to conventional molecular beaconbgsobecause of their faster
hybridization kinetics, In addition, PNA probes daybridize to targets at a very low
salt concentration, high signal to background ratid achieve much better specificity
(Xi et al. 2003).
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1.7.1.2.10 .1 Applications of molecular beacon tecblogy

It has become a very powerful tool in different lgadions in human, animal and plants
aspects. Some important applications of this teghmiare summarized in the (Table
1.1).

Table 1.1 Application of molecular beacons

Application Examples References
Real-time PCR rDNA from Entamoeba histolytica | (Ortiz et al. 1998)
monitoring
Genetic analysis the rpoB gene for rifampin resistq (Piatek et al. 1998)
in Mycobacterium tuberculosis
Molecular beacon | molecular beacon DNA biosensors (Liu and Tan 1999
and array
technology
Detection of HPV type (Nascimento et al.
pathogens , ) 2003;Takacs et al.
Aspergillus fumigatus 2008)
Nucleic acid—protein interactions between Single (Tan et al. 2000)
interactions o )
Strand Binding (SSB) proteins and
DNA
In vivo RNA MRNA transcripts (Matsuo 1998)
detection

1.8 Genetic diversity among clinical and environmetal isolates ofA. fumigatus

A. fumigatuss a saprophytic fungus and a soil inhabitantuligjuitous spores released
into the atmosphere (Debeaupuis et al. 1997)as#yaenhaled and can cause infection
in an immunocompromised host. The airborne spoaesocause nosocomial invasive
aspergillosis (Warris et al. 2003). Some studiegeal an association between
aspergillosis infections and hospital sites (Gopdieal. 1994). A genetic relationship
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betweenA. fumigatusairborne strains and those causing invasive disbasebeen
shown (Warris et al. 2003Dn the other hand, a lack of genetic relatedness also
observed(Chazalet et al. 1998). Thus the role cdll@irborne spores in nosocomial

disease is unknown.

Morphologically, A. fumigatusis a variable species. A slight variation was obsa
when 21A. fumigatussolates from 8 patients with an aspergilloma wamalyzed by
Immunoblot fingerprinting (Burnie et al. 1989) asichht variations were also observed
when analyzed by restriction fragment length polgphésm (Burnie et al. 1992),
amplified fragment polymorphism, random amplificati of polymorphic DNA
(RAPD)(Loudon et al. 1993) and mitochondrial cytaxzhe b gene sequence analysis
(Wang et al. 2000).

Continuous genetic exchange of the environmehtdlimigatugpopulation (Chazalet et
al. 1998) may explain the different genotypes froine same geographic area
(Debeaupuis et al. 1997). Nowadays, a polyphasxortomy that combines
morphological and molecular phylogenetic analysassed to characterize fumigatus
and analyse genetic variation of strains or closelgted species. Recently, Balajee et al
2005 found a new clinical specigsspergillus lentulusA phylogenetic analysis based
on multilocus sequence typing was used in analjgasajee et al. 2005). In addition,

soil-borneA. lentuluswas isolated from Korean soil (Hong et al. 2005).

Several studies have found that fumigatushas many characteristics of a sexual
species. 215 genes implicated in sexual developmemt found to be present
(O'Gorman et al. 2009). The presence of sexualestmmessuggested that such a
cryptic sexual stage exists in the human patho§efumigatus (Debeaupuis et al.

1997). This finding may explain the observed genedriation.

A number of different algorithms have been used atmlyse the phylogenetic

relationships ofA. fumigatusstrains. These include the unweighted pair groeghod
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with the arithmetic mean (UPGMA), neighbor joini(hJ), maximum parsimony (MP),
and maximumlikelihood. Hong et al., 2005 used neighbor joining and maximum
parsimony methods to determined taxonomical pasibiotheA. fumigatusstrains. The
amino-acid-basedeighbor joining tree showed nearly the same tapobs those of the

DNA-basedrees obtained by maximum parsimony (Hong et @520

1.9 Therapy

Over the past decade, new opportunistic pathogé&mgi have been increasing
especially in immunocompromised patients (Nascimattal. 2003)A. fumigatusis

the most common species A$pergillusthat causes life-threatening pulmonary disease
in severely immunocompromised patients (Nascimesttoal. 2003). Treatment of
aspergillosis depends on the type of the diseagenamunological status of the patient.
Currently, the effective antifungal drugs usedighif fungal infections are polynes such
as amphotericin B, echinocandins and azoles suthaaenazole Table 1.2 (Calderone
2002). Until recently amphotericin B and ITR wehe tmain antifungal drugs used for

the treatment of invasive aspergillosis.

Recently, the FDA approved several new compoundmsagAspergillusspecies and
they are now licensed for treatment of invasiveeagifiosis: D-AMB and its lipid
formulations (AMB lipid complex [ABLC], L-AMB, andAMB colloidal dispersion
[ABCD]), ITR, VOR, POS, and CASP (Walsh et al. 2D0B the United States only
voriconazole is licensed for the primary treatmehinvasive aspergillosis. ITA, POS,
CASP, L-AMB, ABLC, ABCD are all licensed in both @ghUnited States and the
European Union for second line treatment of invasigpergillosis. The two classes of
echinocandins; micafungin and anidulafungin, hagerblicensed in Europe for other
indications, but micafungin is approved in Japandspergillosis (Walsh et al. 2008).
There are two classes of aASpergillustriazoles active against invasive aspergillosis;
(VOR, ravuconazole, and isavuconazole) and (ITRR@&). Both of them vary in their
pharmacology and mechanisms of resistance. Fluotsyawhich is also an antifungal
triazole and similar to VOR, is not active againsiasive aspergillosis
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The antifungal triazoles inhibit the cytochrome B4&ependent enzyme lanosterold 4-
demethylase, a key reaction in ergosterol bioswmsheathway resulting in altered cell
membrane function and cell death or inhibition ell growth and replication (Walsh et
al. 2008;0sherov et al. 2001).

In spite of the toxicity of amphotericin B, whiclauses nephrotoxicity, it has been the
‘gold standard’ in antifungal chemotherapy for manyears (Calderone
2002;Nascimento et al. 2003;Petrikkos and Skiad¥ 2However, newer more azole
potent compounds have recently been synthesizedleAagents activities and
properties againshspergillusstrainsin vitro andin vivo were first reported in 1984
(Van Cutsem et al. 1984). In 1990, the first getenaof triazoles (fluconazole and
itraconazole) were introduced and offered the naditeld new alternatives to
amphotericin B effective treatment of invasive agp®sis with less toxic side effects
(Petrikkos and Skiada 2007). ITR was the first oaatifungal available for the

treatment of invasive aspergillosis (Denning efl8P7b;Howard et al. 2006).

VOR is now the drug of choice for invasive aspéogis (Herbrecht 2004). CASP was
also recently licensed for the treatment of invasagpergillosis (Maertens et al. 2004).
However, despite availability of these drugs, invasaspergillosis is often associated
with significant morbidity and mortality. Thdailure of treatment of invasive
aspergillosis is unclear so the morbidity and mibytaate is still high. One of the major
barriers to unsuccessful treatment of aspergillasiglelay and improper diagnosis
(Paterson et al. 2003).
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1.10 Antifungal drugs used in treatment

1.10.1 Amphotericin B

Amphotericin B (AmB) is a polyene antifungal agemwhich has been used against a
wide range of fungal pathogens yeast; mould andesdimtomaceous fungi (Loeffler
and Stevens 2003). It has been used as standaapyhr treating life-threatening
fungal infections for decades. Its basic mecharo$ection is the interaction with the
membrane sterol, results in the production of pareébe membrane leading to altered
permeability and consequently to depolarization aetl death (Traunmuller et al.
2011). Some fungal species are intrinsically tesisto AmB, such agandida
albicans (Sterling and Merz 1998However, it has side effects including nausea and
nephrotoxicity. The lipid formulation of amphotend has the advantages of reduced
nephrotoxicity and better delivery to the lungsefi and spleen(Steinbach and Stevens
2003). Sodium deoxycholate is an emulsifying agentAmB that gives (D-AmB). A
review by Denning of the scientific literature shemthat the efficacy of conventional
D-AmB given for>14 days exhibited response rates that varied higitly the nature

of the underlying disease. Renal and heart transpiecipients with pulmonary 1A
showed average response rates of 83%, whilst figmesplantation was associated with
poorer outcome (20%). Patients with bone marrowmsjpéantation, haematological
malignancies or AIDS responded by 33, 54 and 378gpectively. None of the
immunocompromised patients with cerebral aspesidlosurvived, while non-
immunocompromised patients from the same casessdrael a better prognosis
(response rate 33%) (Traunmuller et al. 2011;Denri®96). In many hospitals,
conventional D-AmB, despite its lower cost, is kElygabandoned as a therapeutic agent
against IA (Kleinberg 2006). Despite its unfavoueatsafety profile,AmB still
represents the best proven and most importantgbetia option in salvage situations
and in the management of breakthrough infectionsayfimuller et al. 2011).
Aerosolization of amphotericin B has recently gdiri@vour in transplant centres, and

studies have demonstrated this strategy to beuellasafe (Alvarez et al. 2007).
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1.10.2 Azoles

The ergosterol biosynthetic pathway is the tardedzmles. The mode of action of all
azoles antifungal is the same (Petrikkos and Ski@/) inhibition of the enzyme
cytochrome p450 lanosterol d4lemethylase, the gene product BRRG11in yeast
(cyp51Ain Aspergillug. This enzyme catalyses an intermediate stepnosk&rol into
ergosterol that is required in fungal cell membrapethesis (Calderone 2002;Howard
et al. 2006).

Ergosterol is the predominant component and thennséerol of the fungal cell
membrane (Kelly et al. 1997). The function of etgosl has been examined in several
studies. It is important for modulating the fluidiand permeabilityof the plasma
membrane and is responsible for maintaining ceégrity and control of the cellular
cycle (Ghannoum and Rice 1999;Munn et al. 1999¢. dlbsence of ergosterol in human
cell and its functions make it and its biosynthg@@thway a useful target for antifungal

agents(Alcazar-Fuoli et al. 2008).

The reduction of the intracellular levels of ergwoet, the main sterol of fungi, without
removal of the 1d4-demethyl group results, in growth arrest (Kellyaet1995). Kelly,
showed cell growth arrest correlates with the aeadation 14i-demethylase-erogosta-
8, 24 (28)-dien-B,6a-diol in a yeast strains with a sterol ctdemethylase gene
disruption(Kelly et al. 1995).

1.10.3 ltraconazole

Two formulations of ITR were used; commercially dafale ITR oral solution and
amorphous nanostructured SFL ITR (Alvarez et aD730ITR is a broad-spectrum
triazole antifungal agent with godd vitro activity againstAspergillus spp, Several
studies have shown that vitro activity of ITR againstA. fumigatusis high, and in
some of these studies moaconazole-resistant (ITR-R) isolates have bekmtified
(Dannaoui et al. 1999). ITR has been successfidgduo treat patients with invasive

aspergillosis, aspergilloma and chronic necrogiisaspergillosis (Dannaoui et al.
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2001). Inadequate absorption of ITR in AIDS andtregpenic patients can limit the use
of this drug (Oakley et al. 1998). However, it leen available as oral capsules or oral
solution for a long time. ITR is available for orahd intervanous administration for

clinical use againsA. fumigatugHoward et al. 2006).

Azole is an inhibitor of the cytochrome P-450 (c¥p%. However, ITR continues to
play a role in antifungal prophylaxis in the eaplyase after allogeneic HSCT and is
recommended in the therapy of allergic bronchopulanp aspergillosis and allergic
Aspergillus sinusitis because of its corticoid-sparing effeat these conditions
(Traunmuller et al. 2011). New formulation, aer@=ad nano-structured ITR was
reported forin vitro efficacy in preventing pulmonary aspergillosis daé\. fumigatus
(Alvarez et al. 2007).

1.10.4 Voriconazole

Voriconazole (VOR) is a triazole antifungal agesitilar to Fluconazole, with a broad
spectrum of activity against the majority of humamgal pathogens even those
resistant to AmB and ITR (Traunmuller et al. 201 jas also proved clinically useful
in patients with both acute and chronic invasiveeagillosis (Oakley et al. 1998;Felton
et al. 2010). AntiAspergillusactivity of VOR was reported in 1996 (Petrikkosdan
Skiada 2007;0akley et al. 1998). It was first mégklean 2002 after approval by the US,
FDA (Greer 2003), and can be given both intravelyoasd orally. VOR inhibits the
fungal enzyme 1l14-lanosterol demethylase, which catalyses a key steghe
membrane synthesis, hamely the conversion of larmisio ergostero (Traunmuller et
al. 2011).

Because of its efficacy and relative safety, VOR lh@come the first-line therapy
(Petrikkos and Skiada 2007) for invasive aspergigl@specially giveA. terreusandA.
nidulans resistance to amphotericin B (Espinel-Ingroff &t 2001). It has broad

inhibitory activity against filamentous fungi andast (Johnson et al. 1998).

51



The drug has been shown to have good effigacyitro activity againstAspergillus
spp, and it has shown encouraging clinical efficacyanimal models of IA (Herbrecht
2004). Consequently, between1994 and 1996, Derstirad. conducted an open, non-
comparative clinical trial on VOR treatment of bisathologically or microbiologically
proven or probable IA. In a total of 116 eligiblatignts with various underlying
conditions, the proportion of patients with comeletr partial response at their
respective end of VOR therapy was 48%. 2 out ofpaients showed complete
response (Denning et al. 2002b). It has been prawetneat bone infection due to
Aspergillus (Petrikkos and Skiada 2007;Mouas et al. 2005) asdprophylactic,
empirical therapy in severe immunosuppression ate bmarrow transplant patients
(Traunmuller et al. 2011), it has also been sudalgsused to treat patients with
invasive aspergillosis (Calderone 2002). Broadvégtiof VOR was reported against
other pathogenic fungi includinBlastomyces dermatitidis, Histoplasma capsulatume,
FusariumandCryptococcus neoformaifki et al. 2000;Paphitou et al. 2002).

In animal model, VOR was evaluated by Kirkpatrick al., 2000 in an
immunosuppressed-guinea pig model of invasive gdfmmis. They reported that VOR
was more effective than amphotericin B or similases of ITR in the clearance of
Aspergillus from tissues (Kirkpatrick et al. 2000)The efficacy of VOR in the
treatment of patients with acute invasive aspeargi$l (Denning et al. 2002b;Grau et al.
2006), and cerebral aspergillosis (Stiefel et @07) has been demonstrated.

1.10.5 Posaconasole

Posaconazole (POS) is a broad-spectrum triazolat aagainstAspergillus species
(Felton et al. 2010). Whilst European Commissiod hpproved the use of POS as a
prophylactic agent for invasive aspergillosis foamp years (Petrikkos and Skiada
2007) it was not approved by the FDA until 2006.

Posaconazole is currently used for the treatmedt @evention of invasive fungal

infections. POS is a derivative of ITR, which bleckrgosterol synthesis through
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inhibition of lanosterol 14-demethylase (CYP51). POS has a narrow drug irtterac
profile (Petrikkos and Skiada 2007;Pfaller et @02). Posaconazole is a safe and
effective agent and the most active triazole agdiifamentous fungi (Felton et al.
2010). It is more active than ITR against invasiveulds, includingAspergillus
(Kontoyiannis and Lewis 2002). A certain degreemiss-resistance between POS and
ITR has also been reported faspergillus fumigatussolates (Mosquera and Denning
2002). Point mutations in theyp51Agene, specifically in codon 54, are associatet wit
POS resistance ik fumigatugMann et al. 2003).

1.10.6 Echinocandins

Recently, Scientists developed novel antifungalnggé&nown as echinocandins that
were approved for use in fungal infection treatm@strosky-Zeichner 2004). The
echinocandins are a novel class of semisynthetghgrhilic lipopeptides composed of
a cyclic hexapeptide core linked to a variably agurfed N-acyl side chain (Walsh et al.
2008). Echinocandin antifungal agents kpergillusby inhibiting the (1, 3) $-D-
glucan synthase, a polysaccharide in the cell efaihany pathogenic fungi. The end
result of inhibition of (1, 3B-D-glucan synthase is cell death because 1, 3-tagland
chitin are important in maintaining the osmoticemntity of the fungal cell and play a
key role in cell division and cell growth.

Both in vitro andin vivo, echinocandins are fungicidal against mGandidaspp. and
fungistatic againstAspergillus spp (Shao et al. 2007). There are three types of
echinocandin available for intravenous use: CASKcafungin and anidulafungin
(Petrikkos and Skiada 2007). All current echinotamdare only available for IV
administration (Walsh et al. 2008). Caspofungirthe most common echinocandins

agent used for treatment of invasive aspergill@etrikkos and Skiada 2007).

Micafungin has the same spectrum of antifungalvagtas CASP. Micafungin blocks
the synthesis of a major fungal cell wall compondn8- - D-glucan. Several case
reports have reported success with micafungin wersty compromised hosts with
refractory aspergillosis (Petrikkos and Skiada 200The mode of action of
anidulafungin is the same as the other echinocandinidulafungin is highly active in
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vitro against a wide range @fandidaspp. as well as again&spergillus spZhanel et

al. 1997).

Table 1.2 the sites of action of antifungal drugsral mechanisms of resistance

Anti fungal Site of action Mechanism of Mechanism of resistance

drugs action

Echinocanding Cell wall Inhibits 1-38- Mutation in enzyme encoding 1-

glucan synthase 3-B-glucan synthase

Amphotericin | Plasma Interact with Alteration in ergosterol

B membrane  ergosterol (membrane lipid)

Azoles Ergosterol Inhibits P450 1.Alteration in the target
biosynthetic 14a-demethylase enzyme
pathway 2.Alterations in enzyme of

1.11 Azoles Resistance

ergosterol pathway
3.0Overexpression of genes
encoding drug extrusion pumps

Some fungal species are intrinsically resistanarttfungal drugs such asspergillus

terreuswhich is intrinsically resistario AmB (Blum et al. 2008). Primary resistance to

amphotericin B is well recognized in sorAe terreus, A. flavusand A. ustusisolates

(Howard and Arendrup 2011), while others acquiredistance due to transient

genotypic alteration. Unfortunately, the widespreae of triazole antifungal agents to

fight these infections has resulted in increasedesistance to a number of these

components (Kelly et al. 1995;Nascimento et al.308zole-resistanfspergillushas

been isolated in azole naive patients, in azol®segh patients and in the environment
(Howard and Arendrup 2011).

Higher minimum inhibition concentrations (MICs) lealveen recorded for some clinical

isolates (Denning et al. 1997b). In spite of theammon azole drug resistance, there

have recently been several articles demonstratinga and cellular aspects of multi
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drug resistance (MDR) in human pathogenic fungi fanalysis (Calderone
2002;Mellado et al. 2006).

Efforts are being made to identify the antifungadistance mechanisms for developing
effective therapeutic strategies. Therefore, aaok&fungal resistance has been studied
in several other species of fungi. The first remdrazole resistance . fumigatusvas
published in 1997 (Denning et al. 1997b). ITR-RAInfumigatushas been reported for
both clinical isolates and laboratory mutants (Majvet al. 1998), and resistance to
VOR was described in laboratory mutants (Manavathal. 2001) and clinical isolates
(Bueid et al. 2010). Resistance has currently beparted in Belgium, Canada, China,
Denmark, France, Norway, Spain, Sweden, the Nethésl, UK and the USA. Where
reported, the frequency of resistance differs $igpmtly. However, the UK
(Manchester) and the Netherlands (Nijmegen) havecrideed particularly high
frequencies (5 and 6% respectively), and a sigmitiancrease in azole resistance in
recent years (Howard and Arendrup 2011). There rasmy factors including
penetration, distribution of the drug into the &trgrea immunological state of the host
and antifungal resistance that lead to treatmeloiréa

1.12 Antifungal susceptibility testing

1.12.1 Susceptibility testing methods anth vitro in vivo correlations

In vitro susceptibility of fungi to antifungal agents wasely reported before 1990

(Manavathu et al. 2000;Denning et al. 1992). Thpeecipal methods have been used
to determine MIC values fokspergillusspp.; macrodilution broth, microdilution broth,

and agar dilution tests. However, many other meailomic variations have been used
that included inoculum size, PH, medium composjtitemperature of incubation,

duration of growth and end-point determination. Afl these may effect antifungal

activity and MIC (Denning et al. 1992).
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Several laboratories have used a number of differegthods of determiningn vitro
susceptibility, and they documented thaist isolates of. fumigatusaresusceptible to
ITR (Denning et al. 1997b). Increased numbers wédsive fungal infections and reports
of resistance to antifungal drugs . fumigatushave highlighted the need for

reproducible methods @f vitro testing with clinical relevance.

The minimum inhibitory concentration (MIC) is thewest concentration of an
antifungal drug that will inhibit the visible grolwif a microorganism within a defined
period of time usually 48 hours incubatidar Aspergillus Minimum inhibitory
concentrations are important in diagnostic labar@soto confirm the resistance of
microorganisms to an antifungal drug. However,ats can be reported as susceptible,
inhibited by an antifungal agent, or resistant wttezy exhibit viable growth against an
antifungal agent.

Two published standardised methods; the CLSI (€dinend Laboratory Standards
Institute) and EUCAST (European Committee on Antnmibial Susceptibility Testing)
were used forin vitro susceptibility testing for filamentous fungi. Bothre
microdilution but differ with respect to glucosencentration in the medium (0.2 vs. 2%
for CLSI and EUCAST respectively), fungal inoculsie (0.4— 5 x 16vs. 2— 5 x16
CFU/ml) and shape of the microtitre wells (U-shapsd flat bottom) (Howard and
Arendrup 2011).
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Table 1.3 The CLSI M38 and EUCAST method for testig the susceptibility of

A. fumigatus to Azoles

CHARACTERISTICS EUCAST CLSI M38-A (NCCLS)
Test medium RPMI-1640 mediupRPMI-1640 medium
with 2% glucose
Inoculum concentration| 2-5 x 1@fu/ml 0.4-5 x 16 cfu/ml
Spores counting Haemocytometer Spectrophotomiyreiab30 nm
Incubation time 48h 48h
Filter 450nm 490nm
End point Visual, no growth Visual, no growth

Thein vitro activity of antifungal agents, posaconazole, drezole, and voriconazole,
against 200 clinical isolates &. fumigatusrecovered from 26 immunocompromised
patients with invasive aspergillosis or bronchialonization were used. This study
concluded that the emergence of resistancA.ifumigatusduring antifungal therapy

with ITR is an uncommon phenomenon (Dannaoui 2G04).

A large number of yeasts and moulds of high MICgehbeen reported in one study
which used 19,000 clinically important strains ehgts and moulds. Susceptibility tests
were performed in 45 laboratories using Clinicatl draboratory Standards Institute
broth microdilution methods using RPMI 1640 mediutowever, 1119A. fumigatus
isolates were used. The MIC90 values Aorfumigatudsolates were 1.0mg/l for ITR,
0.5 mg/l for VOR, and 0.5 mg/l for POS (Sabatellak 2006).

As a result of emergent ITR resistanceAinfumigatus it is important to perfornin
vitro in vivo correlations to guide therapy (Denning et al. EQ9'Resistance testing
might be a more accurate term for describingvitro methods used to assess drug
activity (Kontoyiannis and Lewis 2002). Standardtleaal susceptibility methods have

been used by clinical laboratories as a result gbad correlation between vitro
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results andn vivo outcome (Aviles et al. 2001). Recently a good @atron has been
demonstrated betweeam vitro susceptibility data and the clinical outcome difangal
treatment in aspergillosis (Velez et al. 1993;Gehdl. 1995).

Investigators have used animal models (mice, raphit establish invasive pulmonary
aspergillosis and then to study the efficacy ofifangal drugsin the treatment of
aspergillosis (Verweij et al. 1998). For examplajnaal studies have been used to
determine the efficacy of amphotericin B in rabbit#¢h pulmonary aspergillosis
(Allende et al. 1994) and the efficacy of itracoolazcyclodextrin solution against.
fumigatus(Patterson et al. 1993). Animal studies were alsed to evaluate diagnostic
methods such as (ELISA) (Weiner and Coats-Stepl8f9;Patterson et al. 1988).
These issues are especially important for immung@comised patients who have
immune deficits that may vary over time in addititm infection of different organ
systems and may respond differently to antifungainés (Denning et al. 1992;Dixon et
al. 1989;Jensen and Schonheyder 1993;Richard E926).

In vitro in vivocorrelations are beginning to emerge in yeasttidas (Powderly et al.
1988;Galgiani 1990). Standardized methods wereldpgd for Candidaspp.(Wanger
et al. 1995) and one study documented for thetfirst thein vivo relevance oin vitro
susceptibility to an azole antifungal f@ryptococcus neoformar(¥elez et al. 1993).
There was good evidence of correlation of MIC vdlinical outcome in patients and in
animal models of yeast infection (Denning et aB7#&). Johnson et al. were unable to
correlate between susceptibility test results @ndivo outcome for amphotericin B in
A. fumigatus(Johnson et al. 2000;Mosquera et al. 2001)

In vitro resistance to ITR (confirmed in a neutropenic meiranimal model) has only
recently been described M fumigatusThis finding was used to establish the validity
of the MICs. Denning et al. observed animals survived (90 to%0@vith the
susceptible isolate (AF210) whereas the contrahats had 90% mortality with AF72
that was treated with the ITR (25 mg/kg) and 20%tediby with the ITR (75 mg/kg).
The control mice injected with AF90 had a 100% raldst when treated with 25 mg/kg
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and 80% mortality for those treated with 75 mg/Eerining et al. 1997b). Rabbits
treated with POS showed significant improvement in survival and signifita

reductionsn pulmonary infarct scores (Mosquera et al. 2001).

Denning et al. were able to identify and differatei the resistant strains from the
susceptible ones and the correlation ifRitro testing results witn vivo outcome for
A. fumigatusn vitro test, with either an agar dilution method with RPRkkedium or a
broth microdilution method with RPMI medium with getl glucose (Denning et al.
1997a).

1.12.2 Other antifungal susceptibility testing metbds for moulds

The most useful alternative methods for antifungasceptibility testing are agar
diffusion and Etest strip. F&kspergillus spp good correlations of amphotericin B and
ITR with Etest and MICs by the M38 method have bdemonstrated. In one study
RPMI-based agars gave 96% correlation with thereefee microdilution method (Rex
et al. 2001). In one study, the susceptibilities26f clinical isolates ofAspergillus
species, to itraconazole and amphotericin B werterggned. The results were
compared with those obtained by an agar diffusitutidn method (the Etest method)
and a colorimetric broth microdilution method (t8ensititre method) with the CLSI
document M38-A. Low levels of agreement betweenNRELS and the Etest methods
using the recommended MIC endpoints were found nimst Aspergillus species,
especially after 48 h of incubation (<50%), whew tiICs obtained by the Etest
method were up to 9 twofold dilutions higher thhe torresponding MICs obtained by
the NCCLS method. Overall, better agreement wasdauhen MIC-0 was used as the
MIC endpoint for the NCCLS method for both drugsl avhen the MICs by the Etest
method were determined after 48 h of incubationlTét and after 24 h of incubation
for amphotericin B (Meletiadis et al. 2002). Etektsre been evaluated against CLSI

methodology and show excellent correlation for V@Rward and Arendrup 2011).
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Flow cytometry has also been used for antifungsteptibility testing. Lass-Florl, Nagl
et al. 2001 developed a cell viability assay teeasghe activities of antifungal against
fungal hyphae using the halogenated dye FUN-1, mbn@ne-permeant fluorescent
probe. This dye is converted to a red fluorescgentin actively metabolizing fungal
cells. Cells with impaired metabolism do not fored fluorescent. The use of FUN-1 is
a simple and rapid way to assess the viabilityAepergillusspp. under antifungal
treatment. This method can distingusspergillusisolates susceptible to amphotericin
B from those resistant (Lass-Florl et al. 2001;saand Marr 2002). All of these
alternative methods (colorimetric microdilution,eBt and Disk diffusion) correlate
more or less with the standard method (Lass-FI&0Q5).

European Committee on Antimicrobial Susceptibiligsting (EUCAST) was set up to
standardise antimicrobial breakpoint and suscdpyibiesting methods in Europe.
AFST-EUCAST is a subcommittee on Susceptibility tirgs that aims to standardise
susceptibility testing methods and determine angjé breakpoint for antifungal drugs
(Kahlmeter et al. 2006). AFST-EUCAST has develofesl Clinical andLaboratory
Standards Institute (National Committiee Clinical Laboratory Standards) reference

method for mould.

The minimum inhibition concentration (MIC) of theoiate is determined using the
broth microdilution method witmodifications details in table1.3. All drugs weested
in a RPMI-1640 medium with 2% glucose.

1.13 Mechanisms of resistance iAspergillus fumigatus

Intrinsically antifungal resistant isolates mayfband in nature or develop through the
exposure of isolates to azole fungicides in theirenment (Van Der Linden et al.
2011) or the development of azole resistance dusirme treatment. Azole-resistant
Aspergillushas been isolated in azole naive patients, in a@qd@sed patients and in
the environment (Howard and Arendrup 2011;Arendatpal. 2010;Snelders et al.
2008). Recently, ITR-resistanf. fumigatus, with elevated minimum inhibitory
concentrations for VOR, POS and ravuconazole, weneasingly detected in clinical

and environmental specimens in distinct Europeamit@s and China (Verweij et al.
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2009b;Lockhart et al. 2011). There is evidence #mile fungicide agents used in
agriculture may be in part responsible for thistkéVerweij et al. 2009b).

The primary mechanism of triazole resistanceAinfumigatesis a mutation of the
cyp51Agene encoding 14 -demethylase at the target site and decreaseatdatiular
drug accumulation or efflux (Xiao et al. 2004), #dugh in some centres the number of
resistant isolatesvithout cyp51A-mutations is increasing(Bueid et al. 2010). Some
Aspergillus species less commonly causative for 1A show aninsitally reduced
susceptibility to triazoles and AmB, eAy. lentulus and A.viridinutan@/an Der Linden

et al. 2011).

Other mechanisms that decrease the intracellutaunaglation of triazole compounds,
such as overexpression of the efflux pumps andedsed cellular permeability may
also play a role in resistance (Denning et al. b99&navathu et al. 1999;Cannon et al.
2009;Lockhart et al. 2011). Other molecular mecérasi of antifungal resistance A
fumigatusare described below in Figure 1.l 2001, two l4-demethylase genes
(cyp51Aandcyp51B were identified in pathogenispergillusspp Figure 1.2 shows
the structure of the homology model of AF-CYP51/0¢4rd et al. 2006;Mellado et al.
2001).

Ergosterol is a major and essential component efcéll membrane in most fungi.
Minor changes in sterol composition were reportethree isolates (AF72, AF90, and
AF91) of A. fumigatusa mutation ircyp51Agene being responsible for resistance. This
was the first published case of ITR-resistént fumigatus(Denning et al. 1997b),
although this has also been shown to be a mechasfisesistance itJstilago maydis
(Joseph-Horne et al. 1995, cerevisiaandC. albicans(Denning et al. 1997b).

Mutation at codons 54, 98 and 220 have reporteguéetly in A. fumigatesesistant
isolates while mutations in codons 46, 172, 248, 2bhd 427 have also been found in

both azole susceptible and resistant strains(Hoveardl. 2009). Expression of the
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cyp51Agene in a resistant isolate is more than the asagdeeptible isolates (Arendrup
et al. 2010) and decreasing the intracellular angjél concentration by upregulation of
efflux pumps genes was found and characterizeld agsistance mechanisms in yeasts
(Sanglard et al. 2009). Few reports have beerstigated efflux pump expression in

Aspergillusstrains (Howard and Arendrup 2011).

1.13.1 Mutation in thecyp51A

A single mutation at codon 138 (G138C) was deteateithe target genecyp51A of
two strains. The mutant was altered from GGC to T@&ubstituting the amino acid
glycine for cysteine (138C) (Howard et al. 2006hisTresidue is located near the heme

cofactor.

Replacing G138 with Arg and G448 with Ser woulddredicted to disturb the heme
environment. Specifically, the large charged sitlair of Arg at position 138 would

clash with one of the heme’s vinyl side chains wilth the side chains of neighboring
residues (Xiao et al. 2004). The G138C mutatiorckvkisturbs the heme environment
(near the heme cofactor ofp51A reduces drug binding affinity (Howard et al. 2D06

Other point mutations reported include G138 and&ddd are associated with VOR
and RVC cross-resistance, with a lesser reductiosusceptibility to ITR and POS

(Howard et al. 2006).

Another point mutation has been identified in thdumigates cyp514ene from a

laboratory strain that was resistémtazole drugs. Alterations at (G54)app51Ahave

been described both in clinical ITR-resistaqt fumigatusstrains and in laboratory
mutants (Nascimento et al. 2003;Diaz-Guerra et2803;da Silva Ferreira et al.
2004;Chen et al. 2005) (Howard et al. 2006). ITBigt@ant isolates induced the (G54E)
(G54K) (G54R) mutation. The G54R mutation is lodate a very conserved region,
which is demonstrated to induce structural chamgéise enzyme molecule (Xiao et al.
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2004;Diaz-Guerra et al. 2003). Replacing G54 witheg Glu or Arg resulted in a 30-
fold increase in the POS MIC.

In fact, both ITR and POS occupy the same binditgg(Eigure 1.3). Consequently, the
substitutions at G54 also resulted in large in@sas the ITR MIC (Xiao et al. 2004).
This alteration was associated with cross resistdoclTR and POS (Howard et al.
2006;Mellado et al. 2006) but not VOR or Ravucomaz@®VC). This is probably
because the VOR lacks a long side chain that wsp&h channel 2 (Figure 1.3), and
therefore substitutions at G54 would be predictetidave no impact on VOR binding.
This was shown to be the caseAnfumigatusisolates with substitutions at G54 that
remained susceptible to VOR (Xiao et al. 2004).tefstions at glycine 54 (G54) in
cyp51Ahave been described both in clinical ITR-resistlanfumigatusstrains and in
laboratory mutants (Nascimento et al. 2003;Howardale 2006;Diaz-Guerra et al.
2003;da Silva Ferreira et al. 2004). However, tkaceapproach by which substitutions
at M220 and G54 ofCYP51A interfere with the binding of azole antifatg is
uncertain (Chen et al. 2005).

Methionine 220 (M220) may also be a hot-spot fdrssitutions conferring resistance in
Aspergillus(Chen et al. 2005;da Silva Ferreira et al. 200)tations incyp51Aresult

in the replacement of methionine at residue 220diyne, lysine, or threonine (Mellado
et al. 2004) and therefore reduction in the sudnéfy (elevated MICs) to all azole
(ITR, POS, RVC and VOR) drugs associated with amawd substitutions at
methionine M220 (Howard et al. 2006;Mellado et2&l06). Mellado et al. reported that
M220 in the A. fumigatus cyp51Agene is a hot-spot for substitutions conferring
resistance to azole antifungal drugsAspergillusin vitro (da Silva Ferreira et al.
2004;Mellado et al. 2004). The relationships of Gyl M220 modifications with
resistance have both been confirmed by transfoomati the alteredyp51Agenes into

wild-type strains.
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Cross-resistance to all azole drugs related toptesence of Cyp51A substitutions at
leucine 98 for histidine (L98H) linked to duplicai in tandem of a 34 bp repeat in the
cyp51Apromoter region. Mutation in leucine 98 linkedtémdem repeated of 34 bp in
the cyp51Apromoter seem to be responsible for increasgablA gene expression
(Mellado et al. 2006).

The second azole-resistance mechanism results diteration in cellular content of
azole by altered uptake or efflux mechanisms (Depret al. 1997b), or azole
resistance mechanism mediated by increasing irexpeession of cytochrome P-450
mediating sterol 14a-demethylase (Denning et a@7b® There are two classes of
efflux transporters; ABC and MFS (major facilitasarperfamily). InA. fumigatusfour

genes which encode ABC type transporters have tetatted, the mdrl, mdr2, atrF
and mdr4genes and also a gene which encodes a proteired8F class, the mdr3

gene (Rementeria et al. 2005).
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Figure 1.2 Overall structure of the homology modebf AF-CYP51A. Helices and strands
are shown in brown and blue. The heme cofactor isiglighted in green (Xiao et al. 2004)
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Figure 1.3 Mapping of substitutions in AF-CYP51A that cause azole resistance. The heme
cofactor is highlighted in green. POS (A) and VORE) are shown as ball-and-stick models
with their carbon atoms in yellow. The atoms of theresidues at the sites of substitutions
are depicted using space filling models (Xiao et.a2004)

1.13.2 Drug import

Most drugs are hydrophobic and enter the cell lsgipa diffusion(van den Hazel et al.
1999). Membrane alterations have been relatedsistamce t@ntimicrobial agents in
bacteria. These alterations may reduce drug peiwgtrégHernandez-Alles et al. 2000).
Reduced accumulation of drug was possible due dacexl penetration, by a great
permeability barrier in the resistance strainsTiB (Manavathu et al. 1999). The lipid
phase of the plasma membrane plays an importaet irolMDR (Ferte 2000).
Alterations in the lipid composition by impairinge plasma membrane appear to cause
the increased drug sensitivity. For example datetf PDR16 from Saccharomyces
cerevisiae resulted in hypersensitivity of yeast to azole lmors of ergosterol
biosynthesis (van den Hazel et al. 1999)
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1.13.3 Drug efflux

The second major mechanism of antifungal drug taste is the overexpression of
efflux pumps. Overexpression of the ABC transpori@nd major facilitator
superfamilies confer resistance to many antifurgags in like fungi such aSandida
albicans and Candida glabrata .A fumigatusMDR pumpshave been shown to be
associated with increased resistance to ITR inrakgtudies. Bioflm is another azole
resistance mechanism, which can increase resistdndeamigatusas in shown by
Morschhauser (Morschhauser 2010;Rajendran et all)2@. fumigatushas 278
different MFS and 49 ABC transporters accordingeéquence analysis. Some of which

have been investigated in clinical resistance (fthpn et al. 2011).

Expression of atrF, an ABC transporter, was fountd induced in the presence of ITR
in an ITR-R isolate, but not in other isolatestadbnazole-inducible expression of the
major facilitator MDR3 and the ABC transporters MDRMDR2, MDR4, and atrF was

observed in several in vitro generated ITR-Rstréiuhsrschhauser 2010)

Overexpression of genes encoding drug efflux pursmmne of the major mechanisms
responsible for development of multiple drug resise not only in human beings but
also in bacteria and fungi. An overexpression -gfi\foprotien, ABC transporter, has
been found to be associated with treatment failuteumans (Higgins 1992;Ambudkar
et al. 1999), bacteria (Escribano et al. 200ygast (Sanglard et al. 1997) and
Aspergillus(Andrade et al. 2000).
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1.13.3.1. ABC drug transporter ofAspergillus

ABC transporters are involved in the export or impaf a wide variety of substrates.
However, the ABC transporters are characterizedoi®gsence of nucleotide-binding
domains (NBDs) and multiple transmembrane stret¢iiéss) (Walker et al. 1982).
However, The NBDs of ABC-transporters utilize teeergy of ATP hydrolysis to

facilitate drug extrusion, while TMs traverse thembranes (Prasad et al. 2002).

The NBDs of ABC-transporters contain Walker A ahd Walker B motifs (Walker et
al. 1982).A. fumigatusencodes more than 40 ABC transporters comparé&f taBC
transporters irs. cerevisiae(Mellado et al. 2007) and. fumigatushas more than 100
major facilitator superfamily (MFS) proteins.

Two genes (AfuMDR1 and AfuMDR2) encoding proteirishee ABC transporters were
identified inA. fumigatugTobin et al. 1997). The ABC transporters protévfisMDR1
in A. fumigatusand the ABC transporters proteins in yeast contkn putative
transmembrane regions and two ATP-binding sites{NBAs6)2 (Figure 1.4) (Prasad
et al. 2002;Tobin et al. 1997). The AfuMDR2 M fumigatushas four putative

transmembrane domains and an ATP binding domaibiTet al. 1997).

The AFUMDR1 gene has been expressedSincerevisiaeconferring resistance to
cilofungin (LY121019), an echinocandin B analog lfiro et al. 1997). Recently,
overexpression of atrF gene, encoding proteink®®™BC transporters was found to be
correlated with ITR-RA. fumigatus(Slaven et al. 2002). Overexpression of one on bot
of two efflux pump geneAfuMDR3andAfuMDR4 of A. fumigatusare linked to high-

level itraconazole resistance (Nascimento et &320
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1.13.3.2 MFS drug transporter ofAspergillus

The major facilitator superfamily (MFS) represeote of the two largest families of
membrane transporters. They are present in bacadaeukaryotes (Pao et al. 1998).
These transporter proteins are involved in drugsjpart; sugars, oligosaccharides,
amino acids, nucleosides, organophosphate esteekeypuptake of Krebs cycle
metabolites, and a large variety of organic andganic anions and cations (Pao et al.
1998;Prasad et al. 2002). Proteins of the MFS thekNBDs of ABC transporters and
utilize a proton motive force for drug efflux butely possess multiple transmembrane
stretches that traverse the membrane (Figure P& €t al. 1998;Prasad et al. 2002).
MFS transporters do not hydrolyze ATP (Del Sorbale2000). AfluMDR3 is the first
fungal MFES transport gene identified which can lwekdd to drug resistance
(Nascimento et al. 2003)spergillusspp. have proportionally more MFS transporter
encoding genes thaf. cerevisiae, S. pomband Neurospora crass&Ferreira et al.
2005). ABC and MFS transporters can also play aomajle in fungicide sensitivity
and resistance (Del Sorbo et al. 2000).

Figure 1.4 Representation of ABC transporters witha (NBF-TMD6)2 topology (A) and a
MFS transporter with 12 TMDs (B) (Del Sorbo et al.2000)
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Figure 1.5 A schematic representation of the moletar factors that contribute to

antifungal drug resistance inA fumigatus

1.14 Ergosterol biosynthesis pathway idspergillus fumigatus

Ergosterol is the predominant component and thennsérol of the fungal cell
membrane (Kelly et al. 1997). The function of etgosl has been examined in several
studies. It is important for modulating the fluidiand permeabilityof the plasma
membrane and is responsible for maintaining ceégrity and control of the cellular
cycle (Ghannoum and Rice 1999;Munn et al. 1999¢. dbsence of ergosterol in human
cell and its functions make it and its biosynthg@@thway a useful target for antifungal

agents such as amphotericin.B (Alcazar-Fuoli e2@0D38).
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Ergosterol is essential for fungal growth. Studyl amderstanding of the ergosterol
biosynthesis pathway iA. fumigatus especially in resistant strains may lead to
alternative mechanisms of antifungal drug resisgtarMoreover, it is helpful in the
design of new antifungal drugs (Ferreira et al. 0the route of the ergosterol
biosynthesis pathway has been studie8.icerevisia¢Fryberg et al. 1973) routes have
been reported (Ruan et al. 2002). About 20 enzymseding genes are involved in the
ergosterol biosynthesis pathway (Ferreira et @520 Several of these genes have been
studied in other fungi and in plants (Alcazar-Fueli al. 2008). The ergosterol
biosynthesis steps in the pathway from lanostemldéferent in fungi composed with
other organisms, depending on growth conditionsrivet al. 1999).

Efforts have recently been made towards understgriie mechanisms of resistance in
A. fumigatusfrom clinical isolates. In order to describe thegyasterol biosynthesis
pathway inA. fumigatusand the sterol intermediates participating in gaghway, thes.
cerevisiaeergosterol biosynthesis pathway needs to be ceresid Moreover, study of
sterol compositions of th&. fumigatuswild type strain and strains that are defective in
genes encoding enzymes involving in the ergostbrosynthesis pathway may be

particularly useful.

Changes in the sterol composition hadween reported to increase or decrease the
sensitivity of the yeastell to certain drugs (Ghannoum and Rice 1999A.Ifumigatus
few studies exist regarding ergosterol biosyntheseps and biochemistry of this
pathway. For example, two different &dsterol demethylasexyp51Aand cyp51B
(Ferreira et al. 2005) have been identified. Howewp51 a gene that encodes thex14
sterol demethylase that acts half way along theostegol biosynthetic pathway,
converts the methyl group at position C-14 of prsou sterol (Kelly et al.
1997;Alcazar-Fuoli et al. 2006) Moreover, three 6-Sterol desaturases (Erg3)
(Alcazar-Fuoli et al. 2006) have been identifiecheGtudy has shown that the absence
of C-5,6 sterol desaturase or mutation in C-5,Gtlease leads to an accumulation of
ergosta-7-22-dienol, ergosta-7-enol, and episterdl. Albicans(Alcazar-Fuoli et al.
2006) and azole resistance $1 cerevisiaeand accumulated ergosta-7,24(28)-dienol
(episterol) (Kelly et al. 1997)ERG3, a gene that encodes the C-5,6 sterol desaturase

70



acts at the end of the ergosterol biosyntheticvpayh It catalyzes the introduction of a
double bond between C-5 and C-6 in the B ring @& developing sterol molecule,
converting episterol to 24-methylcholesta-5,7,28){@ien-3B-ol (Alcazar-Fuoli et al.
2006). Alcazar-Fuoli, et al. have identified difet ERG3sequences that could encode
C-5,6 sterol desaturases proteing\ifumigatus Moreover, they reported that deletion
of theerg3 genes inA. fumigatusdoes not cause total ergosterol synthesis ambgst
deletion of theerg3 genes in yeast dose leads to growth arrest (Kadllgl. 1997).
Therefore, more than one C-5,6 sterol desaturasgrenhas been identified (Alcazar-
Fuoli et al. 2006).

Another enzyme patrticipating in ergosterol bioswtith pathway i£RG2 a gene that
encodes the C-8 sterol isomerase that acts imatbephrt of the ergosterol biosynthetic
pathway. Erg2 converts fecosterol to episteroldmymerizing a C-8,9 double bond to a
C-7,8 double bond in the B ring of the sterol malec(Munn et al. 1999). Yeast strains
containing mutations in thERG2gene lack the C-8 sterol isomerase activity and are

not able to synthesize ergosterol (Munn et al. 1999

Alcazar-Fuoli et al., 2008, have reported thatgtexol composition between the azole
sensitive strains and the azole resistant straare wimilar, and they suggested that the
ITR resistance irA. fumigatusis due to single amino acid substitutions in tkel@a
target affecting the azole drug affinity but noetenzyme activity. Therefore, other
enzymes might be involved to continue the biosyithpathway to ergosterol in
different routes. Figure 1.6 illustrates possibteutes for ergosterol biosynthetic
pathway inA. fumigatus

71



Figure 1.6 A schematic representation of the ergostol biosynthetic pathway in A.
fumigatus.
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Aims of study

Although the majority oAAspergillus fumigatussolates are highly susceptible to azoles,
reports of resistance in clinicAl fumigatushave increased. Consequently, treatment of
aspergillosis is becoming more difficult. Therefanew rapid and accurate methods are
needed for detection of resistant strains Af fumigatusin clinical samples.

Additionally, resistance mechanisms need to benddfmore clearly.

The mechanism of azole resistance appears to béoduge or more of the following;
membrane alterations, overexpression of genes @rmgodrug efflux pumps or
alterations in the enzyme of ergosterol pathway tu@verexpression or mutation.
However, the most common known mechanism of azsdestance irA. fumigatuss

mutation in the drug target enzyme d4terol demethylasesy(p51A.

The main aim of the project was to determine whetlesistance iPA. fumigatus
isolates in the Mycology Reference Centre Manche&t (MRCM) is the result of
amino acid substitutions in the drug targatpb1A or other known mechanisms, and to

look for novel resistance mechanisms. To achieige th

1. Clinical A. fumigatusisolates in (MRCM) were assessed for azole rasista
using MIC and MFC.

2. The occurrence otyp51A point mutations in azole resistaAt fumigatus
isolates were evaluated by sequencingciypEblAgene

3. The presence ofA. fumigatusin the soil of Wythenshawe hospital was
investigated and these isolates were assessecktwissther drugs are azole
sensitive or resistant and whetlerfumigatusn the environment is linked tA.
fumigatusclinical isolates. Furthermore, the relationshipaien environmental
and clinicalA. fumigatudsolates was assessed by sequencing thefHighulin,
calmodulin, actin andyp51Agenes.

4. A number of genes were previously identified toifbelved in azole resistance

by insertional mutagenesis. In order to assessdhé&ibution of these genes to
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azole resistance we characterized possible resestamechanisms in azole
resistant isolates that do not carry ayp51Amutation.

. Gene expression ofcyp51A, cyp51B, AfuMDR1 AfuMDR2, AfuMDR3,
AfuMDR4, atrF, ABC11, MFS5and M85 was analysed in susceptible and
resistance isolates, both with and withayp51A mutation. The biological
activity of efflux pumps inA. fumigatusand their differential expression with
respect to ITR treatment were investigated usirantjtative RT-PCR.
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Materials and mehods
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2. Materials and methods
2.1 Materials

2.1.1 Isolates
2.1.1.1 Clinical isolates

A total of 63 A. fumigatusclinical isolates, obtained from the Regional Mgy
Laboratory, Manchester, United Kingdom were usemuphoutthis work. These
isolates were selected from a total of Z8Gumigatu<linical isolates received between
01.01.2008 and 31.12.2009. Of these, A6Tumigatusclinical isolates were sensitive

to azoles.

The majority of specimens were isolates from sputdirpatients. 63 of 230 were azole
resistant upon isolation. Fouk. fumigatuswith known cyp51A mutations (G138C,
G54R, M220T and L98H) from a previous study (F11&2®l F12219, F15390 and
D1357 respectively) were used as control strainaliolatethis work.

Candida kruzel/ATCC 6258 was included among the isolates as exarte straifor
antifungal MIC testing.
2.1.1.2 Environmental (soil) isolates

A total of 9A. fumigatusenvironmental isolates were used. These isolages i8olated
during July 2008 from soil samples obtained fronme tlgrounds surrounding

Wythenshawe hospital. They were collected fromiblager of 10cm depth.

2.1.1.3 Environmental (compost) isolates

Eight A. fumigatusisolates were isolated during October 2009, froommercial
compost (The Compost shop, Orrel Hill lane, UK) avete kindly provided by Urooj

Zafar from the University of Manchester.
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2.1.2 Chemical reagents

Agarose

Melford, UK

Ammonium nitrate (NENO3)

BDH England

Citic Acid.1H20

BDH England / Fisher agtific -UK

CTAB Sigma- Aldrich Company Ltd,UK
CuSQ. 5H20 BDH England

D (+) Glucose BDH England / Fisher scientific -UK
DMSO Sigma- Aldrich Company Ltd,UK
EDTA Sigma- Aldrich Company Ltd,UK
Ethidium bromide Sigma- Aldrich Company Ltd,UK
FeSQ BDH —England

Glycerol Sigma- Aldrich Company Ltd,UK
High fidelity polymerase Invitrogen, Paisley, UK

H3BGOs. 1H20 BDH England

Hyperladder 1kb Biolab, UK

Hyperladder 100bp Biolab, UK

Potassium chloride (KCI)

Fisher scientific -UK

K2 HPG

BDH England/ Sigma- Aldrich Compar

Ltd,UK

Potassium dihydrogen
phospate (KEPOy)

BDH England/ Sigma- Aldrich Compar

Ltd,UK

Magnisum sulphate
heptahydate (MgS£7rH20)

BDH England / Fisher scientific -UK

Microtiter plates

Appleton Woods —UK

MgSO,. 7H20 Fisher scientific -UK

MnCl, BDH /England

MOPS Sigma- Aldrich Company Ltd,UK
NacCl Sigma- Aldrich Company Ltd,UK
NaOH Sigma-Aldrich Company Ltd,UK

(NHs)MO7 Oz

BDH/ UK

Nutrient broth

Fluka/ Sigma-Aldrich Company Ltd,UK

PEG-6000 sigma

Sigma- Aldrich Company Ltd,UK

Peptone Appleton Woods —UK
RNas Sigma- Aldrich Company Ltd,UK
RPMI Sigma- Aldrich Company Ltd,UK

Sodium acetate

Sigma- Aldrich Company, Wkl

Sodium chloride (NaCl)

Sigma- Aldrich Company Ltd,UK

Sucrose

Sigma- Aldrich Company Ltd,UK

TBE buffer

Severn Biotech Ltd

Trisodium citrate dihydrate
(CsHsNagO7. 2H0)

BDH- England

Trizma base Sigma- Aldrich Company Ltd,UK
Tween TM 20 Sigma- Aldrich Company Ltd,UK
Tween TM 80 Sigma- Aldrich Company Ltd,UK
yeast extract Appleton woods

ZnSQ,. 7TH20 BDH- England
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2.1.3 Buffers and Solutions

All solutions and buffers were prepared in@Hand sterilized by autoclaving at 121°C
for 15 minutes at 15 pounds per square inch (pdbydiltration through a 042M filter
(Sartorius) and then stored at an appropriate temtyre. The pH was adjusted to the
desired value using a bench pH meter (Hanna ingtintsrpH210) and adjusted with 0.1
M NaOH or 0.1 M HCI.

2.1.3.1 Phosphate Buffered Saline (PBS)

NacCl 4.00 g
K, HPO2 0.605 g
KH,PO4 0.17 g

All the ingredients were dissolved in 500ml of dlistl water. The pH was adjusted to
7.3 using NaOH or HCI. The PBS buffer was autodfaae 121°C at 15 psi for 20

minutes.

2.1.3.2 Phosphate Buffered Saline (PBS) with 0.05%ween 80

0.25 ml of Tween 80 was warmed gently and then édol&00 ml PBS buffer. The pH
was adjusted to 7.3 using NaOH or HCI. The PBS-tw&@ was autoclaved at 121°C

and 15 psi for 20 minutes.

2.1.3.3 TBE buffer (1L, 10x stock)

EDTA 7449
Tris-base 108 g
Boric acid 55¢g
dH,O wupto 1L
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2.1.3.4 TAE buffer (1L, 10x)

EDTA 18.0g
Tris-base 242 g
Acetic acid 57 ml
dH,O up to 1L

2.1.3.5 Tris-HCI pH 8.0

Tris-base 121.19g
HCI 42 mi
dH,O upto 1L

2.1.3.6 DNA extraction buffer

Dissolve the following in 80ml dyD

mMTris-HCL 1.20 g
1.4M NaCL 8.12¢g
10mM EDTA 0.379g

2% CTAB 2.00g

Volume was then adjusted t0100 ml with,Hand pH adjusted to 8.0 then autoclaved.
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2.1.4. Media

All media were prepared in @B in loosely capped bottles and then autoclaved at
121°C and 15 psi for 15 minutes. They were theowadt to cool to approximately
50°C before adding an appropriate amount of artitoar antifungal, 4 mg/l of ITR and
25 pg/ml of chloramphenicol to inhibit bacteria amdvanted fungi and yeast. Once the

media was ready it was poured into sterile Peshels in a laminar flow hood.

2.1.4.1 Sabouraud dextrose agar (Oxoid)

6.5 g Sabouraud dextrose agar powder (Oxoid) wesollied in 100ml distilled water.

Media was autoclaved and stored at 4°C for not rtftae 2 weeks before use.

2.1.4.2 Sabouraud dextrose broth (Oxoid)

3 g Sabouraud dextrose broth (Oxoid) was dissalvd®Oml distilled water.

2.1.4.3 Glycerol nutrient broth

This was composed of nutrient broth (Fluka-UK) agigcerol (Sigma-UK). The
nutrient broth (used to store fungal spores) wascaved and stored at RT.

2.1.4.4 Minimal media
Stock solution 1
NaNG; 120 g
KCI 10.4 g
KH, PO, 30449

Hunter’s trace elements 0.1 ml
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All the ingredients were dissolved in 1 L of died water and autoclaved at 121 °C and
15 psi for 20 minutes.

Stock solution 2

MgSQOy. 7H20 (10.4 g) was dissolved in 10 ml of distille@ter and autoclaved at
121°C and 15 psi for 20 minutes.

Hunter's trace elements 0.1ml

Citic Acid.1H,0 059
ZnS0O4. 7THO 05¢g
FeSQ 0.1g
CuSQ. 5H,0 0.25¢g
MnCl, 0.05¢g
H3BGs. 1H,0 0.05¢
(NH)MO7 Os4 0.05g

All the ingredients were dissolved in 100 ml oftidlisd water. 1 ml of chloroform was
added as preservative. Minimal media was made 8a@tock solutions; 50 ml of stock
1, 1.5 ml of stock 2, and 10% glucose were contbitteen made up to 1 L with
distilled water before autoclaving.

2.1.4.5 Vogel's minimal medium

1x Vogel's medium

50 x salt stock solution 20 ml/l
10% glucose 100 ml/I

Four stock solutions were used to prepare Vogelrsmal medium;
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50x stock salt solution, biotin solution (recipddwe), Hutner’s trace elements (recipe

above), and 1 ml chloroform (as preservative) wesed to supplement the above

solution then stored at room temperature

50x stock salt solution

Trisodium citrate dihydrate ¢ElsO7; Nag.2H,0)
Potassium dihydrogen phospate {Ridy)
Ammonium nitrate (NEHNO,)

Magnisum sulphate heptahydate (MgS®i20)
Calcium Chloride diHydrate (Cag£IH0)
Biotin solution

Hutner's trace elements

125.9 g/l
250 g/l
100 g/l
10 g/l
5 g/l
2.5 ml

5ml

All the ingredients were dissolved in 900ml diswl water with stirring at room

temperature. 1 ml chloroform was used then storedcan temperature

2.1.4.6 Stockoiotin solution (0.1mg/ml);

3 mg of D (+) Biotin (Melford) was dissolved in 38l of dH,O, then sterilised by

filtration and stored at 4°C.

2.1.4.7 100 stock glucose solution

100 g of glucose was dissolved in 900 ml o,@Hand adjusted to a final volume of 1

L. The solution was then sterilised by autoclavamgl stored at room temperature.
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2.1.4.8 RPMI Medium with 2% Glucose

RPMI powder (Sigma, Cat NoR-8758) 104 ¢
MOPS 3453 ¢
Glucose 18 ¢

All the ingredients were dissolved in 500 ml oftdlisd water for a final volume of
double strength media. The solution was stirred aompletely dissolved. The pH was
adjusted to 7.0 using 10 M sodium hydroxide, thtenilsed by filtration and stored at
4°C.

2.1.4.9 Media for transformation

The Aspergillus A1160 strain was prepared for tiamsation by culture in liquid SAB
medium at 37°C for 14-16 hours.

2.1.49.1YPS

YPS medium was used for gene knock-out constrgasg-GFP-PgpdA-hph-TrpC). It

was composed of

Yeast extracts 20.0 g/l
Special peptone 5.0 g/l
Sucrose 342.3 g/l
Agar 15 g/l

This medium was adjusted to pH 8.2 with Tris-HCH(|8.8) before autoclaving.
200ug/ml hygromycin B was added to cooled medium atG0
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2.1.4.9.2 Fungal minimal medium

This was used for gene knock-out constructs (getna-gene). It was composed of

NaNG; 6.0 g/l
KC1 0.52 g/l
MgSQOq. 7H0 0.52 g/l
KH,PO, 1.52 g/l
Glucose (dextrose)  10.0 g/l
Agar 15.0 g/l

This medium was adjusted to pH 6.5 with 1 N NaO¥kbteeautoclaving. 0gdg/ml PT

was added to cool medium.

2.1.5. Vectors
Plasmids used for gene knock-out and GFP-generfesiperiments.
2.1.5.1pPTRII

pPTRII(10.0kb) (Kubodera et al. 2002), was kindly prodidey Dr Paul Bowyer from
the University of Manchester. It was used in 8tigdy as a template to amplify a 2.0 kb
PtrA cassette. This cassette was combined with gpsieeam and downstream flanking

regions and used . fumigatugransformation as a gene knock-out construct.

2.1.5.2. pAN7-1

PAN7-1(6756 pb) Punt et al., 1987(Punt et al. 19&Ane Bank 232698.1), was kindly
provided by Dr Marcin Fraczek from the University Manchester. pAN7-1 has a
~2.8kb (PgpdA-hph-TrpC) cassette which was amplifead subsequently combined
with gene flanking regions. This cassette was uagda selectable marker iA.

fumigatustransformation experiments.
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2.1.5.3. pFNO3

pFNO3 (6.5kb) was purchased from FGSC (www.fgsfptetmid/vector.html), was
kindly provided by Dr Marcin Fraczek from the Unisgy of Manchester. It was used
in this study as a template to amplify ~0.7kb céegr fluorescent protein gene (GFP).
The amplified fragment (GFP) was subsquently coedbiwith A. fumigatugupstream
of interest gene) flanking regions and used to taosa gene-GFP-hph fusion.

2.1.6 Plasmids used for cloning of PCR amplified DA fragments
2.1.6.1 PGEM-T easy

The PGEM-T easy (Promega) was used for cloningagf golymerase-based PCR

products of constructs such as gene knock-out natgtn and gene GFP fusion.
2.1.7 Antibiotics
2.1.7 .1 Ampicillin (Sigma, UK)

100 mg /ml of fresh stock ampicillin solution wasepared in sterile diD filter
sterilised and stored at'@. It was used to sele@. coli containing PGEM-T easy

plasmids and for LB broth of transformationfffumigatus.

2.1.7.2 Hygromycin B (Calbiochem, USA)

A stock solution of 50 mg/ml was obtained from mfacturer and stored stored at
4°C). Only 200ug/ml of hygromycin B was used iA. fumigatustransformation

experiments to select transformed colonieé.dfumigatus.

2.1.7.3 Pyrithiamine (Sigma-Aldrich Ltd)

A stock powder of 1.0 mg Pyrithiamine was dissolired ml dHO in a dark vial and
stored at 4°C until required. It was used as &csable marker imPA. fumigatus

transformation experiments at a final selective cemration of 0.1 pg/ml.
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2.1.8 Antifungal drugs
2.1.8.1 Itraconazole (ITR)
Pure powder with 98% potency was purchased from&igldrich Ltd.

2.1.8.2 Posaconazole (POS)

Kindly provided by D. Peter Warn, University of Marester, with 100% potency, and

obtainedas standard powder.

2.1.8.3 Voriconazole (VOR)
Pure powder with 98% potency was kindly suppliedPliger, Kent.
2.1.9 Oligonucleotide primers

All primers used in this project were obtained frttiG-biotech (Germany).

Table 2.1 Primers used forcyp51A amplification and sequencing

Primer Sequence (5'to 3) Reference
Afcyp51A1152F CGTTGACATCATCAATCAGCGQ (Howard et &006)
Afcyp51A1173R GCGCTGATTGATGATGTCAACAH

Afcyp51A1619F TCAGCGACGAACACTTCCCCAA

Afcyp51A668F GGGAACGAGTTTATTCTCAACG

Afcyp51A2026R TACACCTATTCCGATCACACCA

Afcyp51A2101F GTCTCTCATTCGTCCTTGTCCT

Afcyp51A1640R TTGGGGAAGTGTTCGTCGCTGA

Afcyp51A709R CGTTGAGAATAAACTCGTTCCC
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Table 2.2 Primers used for ITS amplification and sguencing

Primer Sequence (5'to 3") Reference
ITS1 TCC GTAGGT GAACCT GCG G White et al., 1990
ITS4 TCC TCC GCT TAT TGA TAT GC

Table 2.3 Primers used for partial beta-tubulin, cédmodulin and actin amplification and
sequencing, used in conduct taxonomy work in aspetiys

Genel/region | sequence (5’-3’) References

bt2a GGTAACCAAATCGGTGCTGCTTTC (Hong et al. 2005;64a
and Donaldson 1995)

bt2b ACCCTCAGTGTAGTGACCCTTGGC (Hong et al. 200564
and Donaldson 1995)

cmdb CCGAGTACAAGGAGGCCTTC (Hong et al. 2005)

cmd6 CCGATAGAGGTCATAACGTGG (Hong et al. 2005)

act-512F ATG-TGCAAGGCCGGTTTCGC (Hong et al.

2005;Carbone 1999)

act-783R TACGAGTCCTTCTGGCCCAT (Hong et al.
2005;Carbone 1999)
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Table 2.4cyp51A Promoter primer amplification and sequences usedithis study

Primer

Sequence (5’ to 3’)

Reference

cyp51Apro-1

GTGACAAGCGAAGATTCCACACAT

(Albarrag el.&2011)

cyp51Apro-2

ACAACAGAAGCGACTTTCTCTTCAG

cyp51Apro-3

GTCTTTAGATTCGGTGGACGC

cyp51Apro-4

GCTGCCGCTGAGGAACATATG

cyp51Apro-5

GTAAGCCATAGCATCGGCACCAT

Primers listed in Tables 2.5 — 2.7 were used in RGN to make GFP and disruption

constructs used in this study.

Table 2.5 ABC11 gene (AFUA_1G14330) primers

Primer Sequence (5'to 3")

ABC11-F ACCAAGTGTCATGGCCCAGG
ABC11-R CACCTGGGTCCGTGACTGGA
Abcll-R nest GTCTCCAAACCCAAGAGCAG
Abcl1-F nest CAGGACCTTCTTGAGTTGC

PtrA-F

GATCTGACAGACGGGCAATTG

PtrA- R

TCTATCATGGGGTGACGATG

ABC11 PtrA pro R

AATTGCCCGTCTGTCAGATCGATGGCCGATTGAGAGAC

ABC11 PtrAter F

TCATCGTCACCCCATGATAGAAGGGTTCGACGIACAGCC

GFP-R

ATTTGTATAGTTCATCCATGC

GFP-F

ATGAGTAAAGGAGAAGAAC

ABC11GFP pro R

AGTTCTTCTCCTTTACTCATGATGGCCGATTGAGR&AC

ABC11 GFP hph ter A

CATGGATGAACTATACAAATTCGAGTGGAGREGTGGAGT
G

hph R

CTATAGAATCATCCTTATTC

hph R nest

ACCCAGAGGGTCATGACTTG
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Table 2.6 MFS56 (AFUA-1G05010) primers

Primer Sequence (5'to 3")

MFS56-F AGTGTTGCCGAAATCGAGGG
MFS56-R TGCGACCAGGATGTGCAGTG
MFS56 pro nest CAGAAGCAGGGTGATATCG
MFS56 ter nest TTGATTTACTCCTGTTATG

PtrA-F

GATCTGACAGACGGGCAATTG

PtrA-R

TCTATCATGGGGTGACGATG

MFS56 PtrA pro R

TGCCCGTCTGTCAGATCCCCCGGAATGCAAGCEBGT
CAG

MFS56 PtrA ter F

AGAGCGGCTCATCGTCACCCCATGATAGATAGOMG
CAAGCATAGAGCAGC

GFPR

ATTTGTATAGTTCATCCATGC

GFP-F

ATGAGTAAAGGAGAAGAAC

M56 pro GFP R

GTTCTTCTCCTTTACTCATCGGAATGCAAGCGCTGRC
GT

MFS56 GFP hph ter F

CATGGATGAACTATACAAATTCGAGTGGAGKGTGG
AGTG

Hph-R

CTATAGAATCATCCTTATTC

hphR nest

ACCCAGAGGGTCATGACTTG
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Table 2.7 M85 (AFUA-5G07550) primers

Primer Sequence (5'to 3")

M85-F ATTTCGAGCTCCTCGGTACG
M85-R ATCCACCTCGTGTGCTTCCC
M85 pro nest CCCCAGGATGAAGATGAAGA
M85 ter nest CGCCTACACGGAACCATACT
PtrA-F GATCTGACAGACGGGCAATTG
PtrA-R TCTATCATGGGGTGACGATG

M85 PtrA pro R

AATTGCCCGTCTGTCAGATCATGCCAAAGGGAATG
GGGAA

M85 PtrA ter F

TCATCGTCACCCCATGATAGATATCTAGCGTGAS
TAGGC

GFPR

ATTTGTATAGTTCATCCATGC

GFP-F

ATGAGTAAAGGAGAAGAAC

M85 GFP pro R

AGTTCTTCTCCTTTACTCATATGCCAAAGGGAATGG
GGAA

M85 GFP hph ter F

CATGGATGAACTATACAAATTCGAGTGGAGATTG
GAGTG

Hph-R

CTATAGAATCATCCTTATTC

hph R nest

ACCCAGAGGGTCATGACTTG
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Table 2.8 Gene expression primers

Primer

Sequence (5'to 3")

cyp51 AgPCR- For

TGCAGAGAAAAGTATGGCGA

(Albarrag at. 2011)

cyp51 AgPCR- Rev

CGCATTGACATCCTTGAGC

cyp51 BgPCR- For

AGCAGAAGAAGTTCGTCAAATAC

cyp51 BgPCR- Rev

TCGAAGACGCCCTTGTG

MDR1-for TTCCCTTGTTCACAATTCTCTTCG
MDR1-rev TGACATAGACTGTGACAAACTCG
MDR2-for TTTAGCTCCACCGGGTTTG
MDR2-rev TCGAAAGACCGAACATGCTTGA
MDR3-for TCTGATGGCGGTCATCACT
MDR3-rev ATATCCATCCCCCAGGC
MDRA4-for TATGGCTTAGTTTGTTTGTGTCACC
GA
MDRA4-rev AGAGCAATTCGTTGCTTCTG
Atr-F-for AGAGAAATCGGACAACTGCTGA
Atr-F-rev CCTCGTCGCAGATAGTCTTGTA
Tub6 For CGACAACGAGGCTCTGTACG Marcin Fraczek

Tube 6 Rev (792)

CAACTTGCGCAGATCAGAGTTGAG

ABC 11QPCR-for

GAGTGCGTACGATGTATTCGAC

This study

ABC 11QPCR-rev

GGCAGGACTGGTGAGAGAAG

MFS56QPCR-for

GGGGGTATGGTAATTGGAGGT

MFS56QPCR-rev AAGAAGCGCAGACCATCG
M85 QPCR-for GCCAAGCACTATGAGCCTTC
M85 QPCR-rev GCCCAGTTCCTTCCAGATAA
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2.2 Methods

2.2.1.Handling and Culturing of Samples and Isolates

Precautions were taken when working wigh fumigatusspores to prevent cross-
contamination between samples. All work wah fumigatusspore stocks was carried
out in a Biological Safety Cabin@BSC) Classll. The work surface of the cabinet,
work bench and all materials were decontaminatddréeand after use with 10%
Trigene (Medichem International, UK). Roll tissugper soaked with 10% Trigene was
used as a mat to prevent the spread of spores

Safety precautions were taken when working withfamgal components, DNA and
RNA reagents. Gloves, lab coat, and eye proteatiere worn to prevent skin contact
and prevent inhalation of reagent aerosols anduropson of liquid during use. The
work bench and all materials, including all instemts, were decontaminated before

and after use with 10% Trigene and RNase.

For long term storage of Aspergillus isolates spawepension was mixed with 10%
sterile glycerol and stored at -80 °C.

2.2.1.1 Growth of clinical isolates

A. fumigatugsolates (clinical culture collection) from stosgore suspensions stored in
sterile glycerol nutrient broth at -80°C were sulftared on SAB agar (Oxoid) at 37
for 48 hours.

2.2.1.2 Growth of environmental (solil) isolates

Approximately 20 g of soil from 9 different fieldgound Wythenshawe hospital were
collected from a layer at 10 cm depth. 2 g of esmhwere suspended in 8 ml of 0.2 M
NaCl 1% Tween 20. 100l of this suspension was then plated on Sabouravtiake

agar containing 4 mg/l of ITR with 259/ml chloramphenicol and 1Q0 was plated on
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Sabouraud's dextrose agar medium containingg2®| chloramphenicol (SC), and both
were incubated at 37°C for 48 hours.

2.2.1.3 Growth of environmental (compost) isolates

A. fumigatussolates (culture collection) were kindly providieg Ms Urooj Zafar from
the University of Manchester. These isolates heenbobtained from compost (The
Compost shop, Orrel Hill lane, UK) during Octob@02.

2.2.1.4 Growth of wild-type and mutantAspergillus fumigatus

Stock cultures of wild-type (Af293) and mutant AD1§trains were grown on a solid
SAB for 48 hours at 37°C. Conidia were harvestadgia sterile cotton swab soaked in
PBS with 0.05% Tween 80 and spores were countengusn Improved Neubauer
haemocytometer (Weber Scientific International Caddge, UK), then used for

experiments such as DNA extraction or transfornmatio

2.2.1.5 Growth ofEscherichia coli

StockE. coli culture from -86C or freshE. coliwas grown in LB medium in 37°C in a

shaking incubator at 250 rpm.

2.2.1.6 Growth ofA fumigatus for protoplast transformation

300l of a1 x 16 conidia/ml stock of either AF210 or A1160 was inlated into 100
ml of liquid LB medium supplemented with 1@@/ml Ampicillin then distributed to
at least 5 Petri dishes. Subsequently, the cultmer® incubated at 37°C for 14-16

hours without agitation.
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2.2.1.7 Growth of transformed (mutant) A. fumigatus for MIC and for DNA

extraction

SAB agar was inoculated with frozen (°8) culture of transformed (mutanA.
fumigatusthen incubated at 37°C overnight. Fungal mycelisewaarvested for MIC as
described in (2.2.2) and for DNA as described i2.@1)

2.2.1.8 Growth ofA fumigatus for genomic DNA extraction

A. fumigatusisolates were grown in Sabouradextrose agaat 37°C, then moistened
sterile swabs were used to transfer spores to FB®En 80. After thal. fumigatus
spores were counted using a haemocytometer, thensgensions were adjusted to 1 x
10° conidia/ml appropriate for a direct inoculatiortarminimal media (2.1.4.4) and
incubated at 37°C in a shaking incubad250 rpm(311DS Labnet) overnight

2.2.1.9 Growth ofA fumigatus for genomic RNA extraction

A. fumigatudsolates were grown on Sabouralektrose agaat 37°C, then moistened
sterile swabs were used to transfer spores to FB®En 80. After thal. fumigatus
spores were counted using a haemocytometer, thensgensions were adjusted to 1 x
10" conidia/m| appropriate for a direct inoculationiarVogels medium supplemented
with 1% glucose and incubated at 37°C and 240 mpra shaking incubator (311DS
Labnet) for 14-16 hours.

2.2.1.10 Spore and protoplast counting

Spores were prepared in PBS with 0.05% Tween 8032.), or 50 mM CaGl+ 0.6M
KCIl then counted in an Improved Neubauer haemocgtem (Weber Scientific
International Cambridge, UK) and adjusted to 1 Xctony-forming units (cfu) per ml
for MIC and adjusted to 1 x i@fu/ml for transformation or for cultivation for RN

extraction .
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2.2.2 Susceptibility testing

2.2.2.1Test inoculum preparation for MICs

All isolates were grown in Sabouraudextrose agaat 37°C, then moistened sterile
swabs were used to transfer spores to PBS/ TweeAf8f) thatA. fumigatusspores
were counted using Improved Neubauer haemocytométen all suspensions were
adjusted to 1 x T0(cfu) conidia/ml, appropriate for direct inocutati (100pl) into the
serial drug concentrations (108 each). The resulting the microtiter plate was
incubated at 37°C for 48 hours.

2.2.2.2Control inocula

Drug dilutions were controlled using fresh colon@sCandida krusei ATCC strain
6258; a singl colony was suspended in 1 ml of lthstiwvater and the suspension was
adjusted to (1 x 1 which was diluted to 1 x £afu/ml. This control inoculum was
used by the EUCAST method for ITR and VOR. A furtdéution of 1 x 18 cfu/ml
was used by the NCCLS M27-A method for POS. Pasitwithout drug) and negative
(without spore) controls were used for each drugtidn series for each isolate. The
target range of expected MICs far fumigatugan the presence of ITR, VOR or POS is

given below.

Quality control target range

Antifungal Target range (mg/l)
Itraconazole 0.03-0.125
Voriconazole 0.125-0.5
Posconazole 0.06 — 0.25
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2.2.2.3Drugs preparation

Itraconazole (ITR), posaconazole (POS) and vorizolea(VOR) were prepared at 1600
mg/L by dissolving the drugs in 100% dimethyl sultte (DMSO) (Sigma). The stock
solutions were diluted (2 fold) in DMSO then evsiggle diluted solution was diluted
by 1/100 in a RPMI-1640 medium with 2% glucose. Tihal drug concentration range
was 8 — 0.015 mg/L. Then 96 well flat bottom mitey plates (Appleton Woods Ltd,
Birmingham, UK) were used for the MIC method. Tdreig dilutions were dispensed
into columns 1-10. Columns 11 and 12 were usedpfusitive (without drug) and

negative (without spore) controls respectively.

2.2.2.4Antifungal and susceptibility testing

The minimum inhibition concentration (MIC) of theolates was determined using the
broth microdilution method. Thdividual MICs were determined by following the
Clinical andLaboratory Standards Institute (National CommitteeClinical Laboratory
Standards) reference method, witldifications details in (Table 2.9). All drugs wer
tested in a RPMI-1640 medium with 2% glucose. MiiZe read by eye, with a no
growth end point.

Table 2.9 the CLSI M38 and EUCAST method for testig the susceptibility ofA.fumigatus
to azoles

Characteristics MEUCAST EUCAST CLSI M38-A (NCCLS)
Test medium RPMI-1640 RPMI-1640 RPMI-1640 medium
medium with 2% | medium with 2%
glucose glucose
Inoculums 2-5x 10 cfu/ml | 2-5x 16 cfu/ml | 0.4-5 x 16cfu/ml

concentration

Spores counting Haemocytometer Haemocytometer tSpbotometrically

at 530 nm
Incubation time 48H 48H 48H
Filter 450nm 450nm 490nm
End point Visual, no growth Visual, no growth| Visual, no growth
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2.2.2.5Purity and viability count

Purity and viability count was performed for eashlate by diluting 1 x 0spores/ml
1/10 to 1 x 16spores/mlthen 1/5 to 2 x 10spores/ml, then 1/10 to 2 x 4@nd a
further 1/10 dilution to 2 x Foconidia/ml. The purpose of doing dilutions wagrtore
easily count colonies per plate and to ensure ateunoculum concentration was
achieved. The general ranges in a common accept@mceountable numbers of
colonies on a plate are 1 to 4 colonies in fDontaining 2 x 1&spores and 10 to 40

colonies in 10Qu containing 2 x 10spores.

2.2.2.6 Minimum fungicidal concentration

100 pl from each well showing complete growth intndm in the MIC plate were
inoculated onto SAB. After the inocula had driethtgs were streaked and then were
incubated at 37 °C for 48 hours.

2.2.3 Extraction of nucleic acids

2.2.3.1 DNA extraction

Two DNA extraction protocols were used in this stud

A. The Mycxtra kit (Myconostica Manchester, UK)

A.fumigatusisolates were grown in 20 ml of minimal media iB@Gml centrifuge tube
(Corning) incubated with shaking at 200 rpm at @7f6r 24 hours. The mycelia from
overnight culture were harvested by centrifugation15 minutes at 10000 rpm in a
Thermo BR4I centrifuge. The mycelial pellets weransferred to bead tubes of the
Mycxtra kit (Myconostica Manchester, UK). DNA extteonwas done according to the
Mycxtra manufacturer'mstructions. DNA vyield was quantified by gel elegthoresis.

5 ul 1kb (Appleton Woods, UK) markers were used. DNéneentration was also
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measured at 260 nm using a spectrophotometer amd iDthe sample was compared

to marker bands for verification of quantification.

B. Fungal DNA isolation using Cetyl Trimethyl Ammonium Bromide (CTAB)

and glass beads

A. .fumigatusmycelia were transferred to bead tubes contairingnl of DNA
extraction buffer (composed of 20 mM EDTA, 50 mN4 tHCl (pH8), 1% CTAB and
1M NaCl). Tubes were mixed for 10 minutes on a ¥orimixer at maximum speed
then incubated for 10 minutes at 60°C. After thabes were centrifuged at 13500 xg (-
9000 rpm) for 2 minutes at room temperature (R supernatants were treated with a
final concentration of 100 pg/ml RNase. Subseqyef00 ul of phenol chloroform-
isoamyl alcohol (25.24.1) was added, inverted sdviemes and was centrifuged at
13500 xg for 2 minutes at RT. The supernatant wassterred to new tubes and an
equal volume of chloroform was added and invertedesal times. 0.6 volumes of
isopropanol were added to the supernatant to ptai@pDNA and tubes were
centrifuged at 13400 rpm for 5 minutes at RT. Témulting pellet was washed with 0.5
ml 70% ethanol, transferred to a sterile Eppentldré and centrifuged for 5 minutes at
3000 xg at RT. The pellet was air-dried for appnaiely 10 minutes and re-suspended
in 50 ul of DNas and RNase free water. Subsequently, DN&& wieasured using a
spectrophotometer and approximatelyllof each sample was visualized on an 0.8%

ethidium bromide stained agarose gel alongside BdAdards.

2.2.3.2 RNA extraction

A. fumigatugsolates were grown on Sabouraud dextrose agabated at 37 °C for 48
hours. Spore suspension was prepared in PBS Twedn@® baffled conical flasks
containing 40 ml liquid medium (Vogel's minimal meoh containingl% glucose )
were inoculated with spores to a final concentratid 1 x 10 spores/ml. Spores were
adjusted to a final spore concentration of 4fore/ml using a haemocytometer. Then
both flasks were incubated at 35°C with shakin@%@rpm for 14 — 16 hours (mid
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exponential phase). ITR was added to one of twgkfldo a final concentration of 4.0
mg/l for >8mg/L resistant isolates. The secondkflags used as a control and mock
inoculated with an equivalent amount of DMSO. Sgosatly, fungal mycelia were
collected by centrifugation, then ~ 100 mg funggteiia were transferred to a red-cap
tube containing 1ml of RNgro™ Solution (Lysing Matrix). RNA was extracted using
the FastRNA Pro Red kit (Qbiogene, Europe) according to thenufecturer's
instructions. RNA was measured using Eppendorf Babgpmeter (Germany).Then two

aliquots of RNA were stored immediately at -80°Gilwrsed.

2.2.4 Agarose gel electrophoresis

Gel electrophoresis was performed using 1% w/v ouwée biology grade agarose
(Melford, UK) dissolved in 1 x Tris/Borate/EDTA (B buffer (Severn Biotech Ltd,
UK) and stained with ethidium bromide (0.5ug/mlp. d@stimate the quantity and size of
DNA a 5 x loading dye (Bioline, London, UK) or a6 bromophenol blue buffer
(0.01%o0f bromophenol blue, 30% glycerol, Tris-H@H7.0) mixed with DNA and 1kb
DNA marker (Appleton Woods, UK) were loaded on ¢&. The gel was run at 80 V
(Biorad, USA) in 1 x TBE buffer for 80 minutes th#re DNA was visualised on an UV

transilluminator (Universal Hood Il imager, Biordthly).

2.25PCR

To prevent cross- contamination, the work benchg¢lvivas set up specifically for PCR
and all materials were decontaminated with 10%eingy(Medichem International, UK)
before and after use. Gloves and a lab coat wera woprevent contamination. PCR
was set up using a separate set of micropipettdssterilized filter tips. All PCR

reactions were prepared on ice. For qRT-PCR, @ativere prepared in 96 well
polypropylene plates (Stratagene, UK) and sealetth wptical thermo transparent

polyester film (Alpha Laboratories, UK)
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PCR for DNA was run on a QB-96 thermal cycler (QaaBiotech, UK). Negative
controls containing the same reaction constituesttsout a DNA template, was used to
check contamination. Post-amplification, producteravrun on an agarose gel to

guantify the product with markers.

QRT-PCR was run in an Mx3005p Real time PCR macli8teatagene, US). Two
negative controls (master mix-SYBR green withoutARtémplate or without reverse
transcriptase [RT]) were used to check contaminatidter the RT-PCR, 5ul of each

sample was analysed by gel electrophoresis on age¥ose gel.

One cycle PCR product melting curve programme wasat the end of each PCR cycle
for each amplifiled gene to verify single produst@ification. This cycle consisted of 1

minute denaturation at 95°C, followed by 30secagldagation at 55°C and 30 seconds
denaturation at 95°C. The fluorescence was readdeet 55°C and 95°C every 0.5

seconds.

2.2.5.1 Amplification of cyp51A amplicons for sequencing

PCR was carried out in a 2breaction mixture, containing 048V of each forward and
reverse primer, approximately 20 ng DNA and PCR tsfablix (Promega). Primers
Afcyp51A2101F and Afcyp51A2026R (Table 2.1) wereedisfor cyp51A gene
amplification. Negative controls containing the sameaction but without DNA
template were used to check contamination. PCRruaon a QB-96 thermal cycler
(Quanta Biotech, UK) under the following conditiordenaturation at 94°C for 5
minutes, followed by 45 cycles of denaturation 4t® for 30 seconds, then annealing
at 60°C for 30 seconds and extension at 72°C fani2utes, followed by a final

extension step at 72 °C for 10 minutes.
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2.2.5.2Amplification of ITS amplicons for sequencing

A ribosomal internal transcribed spacer (ITS) regiwas sequenced for the
environmental clinical isolates. PCR was performad?25 pl reaction mixtures,
containing 0.5uM of each primer ITS1 and ITS4 (Table 2.2), appmeadely 20 ng
DNA and PCR Master Mix (Promega, UK). PCR was earout under the following
conditions: 2 minutes at 8@, followed by 40 cycles of denaturation a’®@4or 30
seconds, then annealing at°@4for 30 seconds, and extension at(Z2or 1 minute,
followed by a final extension step at®@2for 10 minutes.

2.2.5.3 Amplification ofactin amplicons for sequencing

PCR was performed in gbreaction mixture, containing 04V of each primer (ActF
and ActR) (Table 2.3), 20ng DNA and PCR Master NiBromega, UK). PCR was
carried out under the following: 2 minutes at°®4 followed by 35 cycles of
denaturation at € for 1 minute, then annealing at°&4for 1 minute, and extension at

68°C for 1 minute, followed by a final extension sw®B&C for 10 minutes.

2.2.5.4 Amplification of calmodulin amplicons for sequencing

A partial calmodulin gene was amplified using pnsmemd5 and cmd6. (Table 2.3)
Then all PCRs were performed in gbreaction mixture, containing 0.4M of each
primer, approximately 20ng DNA and PCR Master Mdmega, UK). PCR was
carried out under the following: 8@ at 10 minutes, 35 cycles of a denaturation step a
94°C for 50 seconds, then annealing at&%or 50 seconds, and elongation at@ 2or

1 minute, followed by a final elongation at®@2for 7 minutes.
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2.2.5.5 Amplification ofbeta tubulin for sequencing

PCR was performed in 28 reaction mixtures, approximately 20 ng DNA andRPC
Master Mix (Promega), containing OM of primers bt2a and bt2b (Table 2.3) . PCR
conditions were as follows: 2 minutes af@4followed by 35 cycles of denaturation at
94°C for 1 minute, then annealing at’&4for 1 minute, and extension at°68for 1

minute, followed by a final extension step at@&or 10 minutes.

2.2.5.6 Amplification of upstream and downstream flanking sequence of ABC11,

MFS56 and M85 for construction and cloning

Each upstream and downstream flanking sequencachf gene from genomic DNA of
the Af293 strain was amplified separately.PCR wer$opmed in 25l reaction mixture,
containing 0.5uM of each primer for ABC11 (Table 2.5), for MFS5Baple 2.6) and
for M85 (Table 2.7), 20ng DNA and PCR Master Mixdfega, UK). PCR was carried
out under the following: 2 minutes at°@4 followed by 35 cycles of denaturation at
94°C for 30 sec, then annealing at’63for 0.45 sec, and extension af@gor 1.45
minute, followed by a final extension step at@&or 10 minutes

2.2.5.7Amplification of amplicons for gene disruption andfusion constructs

In this technique two different genes are joinedhike a new gene construct. Fusion of
genes may lead to a gene product with a new oerdifit function from the two fusion

partners.
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Figure 2.1 Construction of gene replacement constals using fusion PCR.

(A and B) The first PCR amplifies two regions flankng the target gene are amplified with

primers (ABC11F and ABCptrA-R) plus (ABCPtrA-F and ABC11-R) as indicated. (C)

The second PCR amplifies the pyrithiamine (PtrA) gee which functions as a selectable
resistant marker with primers (PtrA-F and PtrA-R). (D) Fusion PCR is completed with

the three amplified fragments and gene-specific pmers ABC11F and ABC11-R. (E)

Cloning in PGEM-T Easy. (F) Transformation and fina product of homologous reaction

For the production of fusion PCR products that wesed to transform the wild-typgke
fumigatus to replace target genes, of interest, ABC11l (AFL&t4330), MFS56
(AFUA-1G05010) and M85 (AFUA-5G07550) gene fragnsemiere first amplified
separately by PCR using primers that produce qupeit@ endsas (Figure2.1). The
selective cassette pyrithiamine resistance gené\)(ptras amplified by 2 specific
primers using plasmid pPTRIIl. Additionally, 2 nebtprimers were used to check
product specificity and to amplify the final constts for transformation in the second
PCR step.

An outline of the fusion PCR for the ABC11 genalescribed here and the two other
genes (MFS56 and M85) are similar with correspogginmers.
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For the first fragment, an upstream targeting nmeg{figure 2.1A), consisting of
approximately ~1 kb of upstream flanking regiontleé ABC11 gene, was amplified
with primers (ABC11F andBCptrA-R). PrimerABCptrA-R was complimentary to the
3’ end of the upstream ABC11 flanking region befdre start (ATG) codon of the
ABC11 gene and has 4 Z0-bp extension corresponding to the reverse cemmght of
the PtrA gene sequence (Figure. 2.1 A).

For the second fragment (Figure 2.1B), approximyatelkb downstream flanking
sequence of the ABC11 gene was amplified using gmsn\BCptrA-F and ABC11R).
Primer ABCptrA-F has a 5extension of 20 bp identical to the last 20 bghaf PtrA
gene before the stop codon (Figure 2.1B). PrimeCABR was complimentary to the

3’ end of the flanking region of the gene

For the third fragment (Figure 2.1C), the PtrA edies is amplified with specific
primers (PtrA-F and PtrA-R). The sequence of PtrAsRcomplementary to the’5
extension oABCptrA-F.

The three purified amplification fragments wereefdigogether using long PCR. 10 ng
of the each fragments, @M of each primer (ABC11F and ABC11R), 2.5 ul of 20
AccuPrime buffer, and 0.gl 5U/ ul of AccuPrime (InvitogenPaisley, UK) and made

up to a final volume of 28 with H,O.

The PCR cycling conditions were 94°C for 2 minwad then 10 cycles of 94°C for 20
seconds, 50°C for 50 seconds, and 68°C for 6 msnfwéowed by 5 cycles of 94°C for
20 seconds, 50°C for 50 seconds, and 68°C for Gitednthen followed by 10 cycles of
94°C for 20 seconds, 50°C for 50 seconds, and 6&°6 minutes. The final step is 10
minutes extension at 68°C. The resulting final afigol construct was cleaned by gel
purification (QIAGEN, UK,) before cloning and trdasmation.
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2.2.5.7.1 Step 1 amplification of gene flanking sagnces

Each segment of disruption or fusion PCR was amglif Each upstream and
downstream flanking sequence of each gene frommgEnBNA of the AF293 strain

was amplified separately (2.2.5.6).

The pyrithiamine resistance cassette (ptrA) usea sslectable marker in the knock out

experiment was amplified from pPTRII (2.1.5.1).

Hgromycin B phsphotransferase gene (hph) with ptem@gpdA) and terminator
(TtrpC) of A. nidulanswas amplified from pAN7-1 (2.1.5.2). It was usededective

marker in the fusion (upstream- GFP-hph) experiment

The GFP cassette was amplified from pNO3 (2.1.5.3) ased in the promoter-GFP

fusion (upstream- GFP-hph) experiment.

One set of primers was used to amplify each ofatbh@ve fragments as a described in
(2.2.5.7). PCR was carried out in 25 pul Phusioth Hidelity DNA polymerase reactions
containing 0.5uM of each primer (Xfor and Xrev) for each segméot, ABC11 (Table
2.5), for MFS56 ( Table 2.6) and for M85 (Table)2approximately 20 ng of AF293
genomic DNA, or 10 ng of plasmid DNA. Sterile DNas®& RNase free water was then

added to a final volume of 28 and PCR was carried out for each gene of interest

2.2.5.7.2 Step 2 amplification of gene flanking sagnce

To recombine the segments frori dtep PCR, a high fidelity Accuprime Tag DNA
polymerase (Invitrogen, Paisley, UK) was used, Wwhitas higher fidelity than
conventional Taq alone and is effective over a walgge of target sizes up to 20 kb.
This enzyme was used for th& &tep of the gene disruption and tagging PCR. After

3 segments (upstream and downstream flanking regibthe gene and marker cassette
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were amplified in the L PCR, the 3 segments were combined in a single R&&ion

as shown in Figure 2.1

For the GFP gene fusion, the GFP, marker casdgtie) @nd the upstream flanking
region of target gene were amplified in th step. The 3 segments were combined

downstream.

PCR was carried out in 25 ul reaction volumes ufi2giM of each primer forward of
upstream flanking sequence and reverse of dowmstiftenking sequence for gene
knock out. For GFP fusion, the forward primer of thpstream flanking sequence and
the reverse primer of the hph cassette were usezhcti®ns also contained
approximately 20 ng of each segment, 2U of AccuPramd 2.5ul of 10X AccuPrime™
PCR Buffer Il and the reactions were adjusted fma volume of 25ul with DNase
and RNase free water. PCR was then run on a QB&@énal cycler (Quanta Biotech,
UK). Using the following conditions: 1 cycle of demration at 95°C for 2 minutes, 10
cycles of denaturation at 95°C for 20 seconds, therr0°C for 1 second, before
annealing at 50°C for 30 seconds and extensior24t Tor 6 minutes, followed by 5
cycles of denaturation at 94°C for 20 secondsQaC7or 1 second, annealing at 50°C
for 30 seconds and extension at 72°C for 6 minuféss was then followed by 10
cycles of denaturation at 94°C for 20 seconds, 7@ second, annealing at 50°C for
30 seconds and extension at 72°C for 6 minutesaafidal step of elongation for 6

minutes at 72°C.

2.2.5.8 PCR set up for fusion and PCR screening &. coli and transformed A.

fumigatus

To screen plasmid PGEM-T easyHn coli carrying new gene constructs a colony PCR
was performed using a proofreading Phusion Highelifd DNA polymerase
(Finnzymes, Finland).

white colonies were chosen from blue/white popatatihen the presence of an insert
and its size can be determined by growing eachngoio LB liquid for 4hour in a

shaking incubator at 37°C and the plasmid purifigé boiling (100°C) for 10 min then

108



at least 10 minutes at -80°C subsequently 0.6f colony suspention was used for a
25ul PCR reaction.

PCR cycle conditions for colony PCR: 1 cycle of aemation at 95°C for 2 minutes, 10
cycles of denaturation at 95°C for 20 seconds, 7@tCl second, then annealing at
50°C for 30 seconds and extension at 72°C for 6utes) followed by 5 cycles of

denaturation at 94°C for 20 seconds, 70°C for brsgcthen annealing at 50°C for 30
seconds and extension at 72°C for 6 minutes, fatbwy 10 cycles of denaturation at
94°C for 20 seconds, 70°C for 1 second, then amgealt 50°C for 30 seconds and
extension at 72°C for 6 minutes and a final steplofigation for 6 minutes at 72°C.

2.2.5.9 PCR set up for gPCR

QRT-PCR reactions were performed in 12.5 ul reactiolumes using 50 ng dA.
fumigatusRNA, 0.2 uM of each forward and reverse primer for each & ¢enes
cyp51A, cyp51B, MDR1, MDR2, MDR3, MDR4, atrF, betaslin, ABC11, MFS56 and
M85 (Table 2.8) and Brilliant Il SYBR green PCR Madiéix (Stratagene, USA). PCR
was carried out under the following conditions: GOfor 60 minutes (for reverse
transcription), then 95°C for 10 minutes, followleg 40 cycles at 95°C for 30 seconds,

60°C for 1 minute and then extension at 72°C foridute.

One cycle PCR product melting curve programme wasat the end of each PCR cycle
for each amplifiled gene to verify single produst@ification. This cycle consisted of 1
minute denaturation at 95°C, followed by 30secagldagation at 55°C and 30 seconds
denaturation at 95°C. The fluorescence was readdeet 55°C and 95°C every 0.5
seconds. The starting amount of cDNA is calcul&tech the cycle of PCR at which the
fluorescence of SYBR green first arises above backgl (cycle threshold; ct).
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2.2.6 Purification of PCR products

PCR products were purified using the QIAquick PQRification kit (Qiagen, UK)
according to manufacturer’'s instruction. Post peaitfon products were run on an

agarose gel to quantify the product using markers.

2.2.7 Sequencingf A. fumigatus cyp51A gene DNA

The cyp51Agene for all isolates in this study was sequenceding sequence and
promoter). Eight primers listed in Table 2.1 wergedl for sequencing to provide
overlap between sequenced amplicons produced byaheus primer sets. The full
coding sequences and promotercgp51Awere amplified in research laboratory and
then sequencing was performed by The UniversityMahchester DNA Sequencing
Facility, Manchester. Sequencirgnalyses were done using the Vector NTI 10

programme (Invitrogen, Paisley, UK)

At least two overlapping complementary sequencee wgenerated for each consensus.
Then consensus sequences were aligned to a redeAdfz93 cyp51Asequence and
mismatches identified. Sequences of clinical andrenmental isolates used in this
study were compared to an azole susceptible stf@enbank accession number
AF338659). Basic local Alignment Search Tool (BLASTNational Center for
Biotechnology Information U.S. National Library bfedicine) was used for sequence
identity and similarities. Mutations were confirmdéy repeat PCR analysis, with

forward and reverse primers.

2.2.8 Cloning PCR products

The PCR fragment (final construct) was purifiedngsithe QIAgen gel extraction

system according to the manufacturer’s instructi@sigen, UK) and ligated into the
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pPpGEM-T Easy cloning vector (Promega, UK) at a 3idert-vector ratio. A ligation
reaction was transferred to competent JMEO%oli or E. coli (DH5alpha) and plated
into (LB) Agar containing 10Qug/ml ampicillin (sodium salt,), 5Qg/ml 5-bromo-4-
chloro-3-indolyl-_-d-galactoside  (X-gal) and 0.1 mMisopropyl- -d-
thiogalactopyranoside (IPTG). Plates were incubate@d7°C overnight. Then, white
colonies were selected and grown overnight in 0@B broth and colony PCR was
carried out. Minipreps were performed according n@nufacturer's instructions
(QlAprep Spin Miniprep kit (QIAGEN, UK) to isolatelasmid and restriction analysis
was performed to check for the presence of theaggdensert with size analysis on 1%
(w/v) agarose-TBE gels.

2.2.9 Transforming gene constructs intd. coli plasmids

The clean recombinant PCR product (final gene fusionstruct) was cloned into the
pPGEM-T Easy vector according to manufacturer'srutsions (Promega, UK). Spores
of AF210 and A1160 Ku-80 pyrGare grown in 100 ml SAB broth containing
100ug/ml ampicillin for 14-16 hours in a static incubatat 37°C, harvested by
centrifugation at 10000 rpm at 4°C for 10 minut&esulting mycelia were digested in
15 ml sterile 50mM CaCl2 + 0.6M KCI with 6% glu@n(Novo Nordisk Ferment)
incubated at 37°C for 3 hours with gentle mixin@{dpm) to form protoplasts. Once
protoplasts are ready, the protoplast suspensianfiltared using a sterile lens cloth
filter then centrifuged at 2000g (3300 rpm) for dlnutes at 4°C. The pellet was
suspended with appropriate volume of 50mM CaCI26MOKCI to give a final count
of 1 x 10 as assessed by an improved Neubauer haemocytofiégeer Scientific
International, Cambridge, UK) and transferred te. i& 30 -10@l PCR construct or
PGEM-T easy plasmid including target construct, added to protoplasts followed by
incubation in ice for 25 minutes prior to addingdgDpolyethylene glycol 6000. After
10 minutes incubation at RT, the mixtures weredf@med to fungal minimal media
containing appropriate selective compound and iataat 37°C. After 2 days actively
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growing colonies were picked, and streaked outgl8iresulting colonies were picked
and used for further analysis.

2.2.10 Phylogenetic analysis of clinical and envinontal A. fumigatus isolates

All clinical and environmental isolates used insthstudy were characterized for
genotype by sequencing the ITBtubulin, calmodulin, actin andyp51Agene. To

investigate the relationship of these isolates @lqgenetic analysis was conducted
using maximum parsimony bootstrapping with 2,000licates (MEGA4) (Tamura et

al. 2007). Analysis was performed using single geoeby concatenation of several
genes to achieve greater sensitivity. The phylogegryormed on all susceptible and
resistant isolates used in this study for classgythe isolates and for an understanding

of the evolution of resistance.

All positions containing gaps and missing data weleninated from the dataset
(Complete Deletion option). There were a total 22 positions in the final dataset, out
of which 63 were parsimony informative. Phylogeoetnalyses were conducted in
MEGA4 (Tamura et al. 2007).

A: The evolutionary history was inferred using tReighbor-Joining method (Saitou

and Nei 1987) The bootstrap consensus tree inféroead 2000 replicates (Felsenstein
et al. 1985) is taken to represent the evolutionaistory of the taxa analysed

(Felsenstein et al. 1985). Branches correspondingattitions reproduced in less than
50% of bootstrap replicates are collapsed. Thegmage of replicate trees in which the
associated taxa clustered together in the bootsdsi{2000 replicates) are shown next
to the branches (Felsenstein et al. 1985).Theidgrdeawn to scale, with branch lengths
in the same units as those of the evolutionaryade#s used to infer the phylogenetic
tree. The evolutionary distances were computed gusire Maximum Composite

Likelihood method (Tamura et al. 2004) and arehie tnits of the number of base

substitutions per site.

B: The evolutionary history was inferred using theGMA method (SNEATH 1973).
The bootstrap consensus tree inferred from 200lcatps (Felsenstein et al. 1985) is
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taken to represent the evolutionary history oftthe analysed (Felsenstein et al. 1985).
Branches corresponding to partitions reproducedless than 50% of bootstrap
replicates are collapsed. The percentage of replitaes in which the associated taxa
clustered together in the bootstrap test (2000aaels) are shown next to the branches
(Felsenstein et al. 1985). The tree is drawn tteseath branch lengths in the same
units as those of the evolutionary distances usethfer the phylogenetic tree. The
evolutionary distances were computed using the Mawm Composite Likelihood
method (Tamura et al. 2004)and are in the unith@humber of base substitutions per

site.

C: The evolutionary history was inferred using Maximum Parsimony method (Eck
and Dayhoff 1966). The bootstrap consensus trered from 2000 replicates is taken
to represent the evolutionary history of the taxalgsed (Felsenstein et al. 1985).
Branches corresponding to partitions reproducelgsa than 50% bootstrap replicates
are collapsed. The percentage of replicate treeghioh the associated taxa clustered
together in the bootstrap test (2000 replicates)sh®wn next to the branches
(Felsenstein et al. 1985). The MP tree was obtainskdhg the Close-Neighbor-
Interchange algorithm (Nei 2000) with search leveh which the initial trees were

obtained with the random addition of sequencegéplcates).
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Chapter 3

Resistance inAspergillus fumigatus
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3.1 Introduction

Although Aspergillus fumigatusstrains are generally susceptible to the azole
compounds, (Pfaller et al. 2008) acquired resigtdras been documented. Itraconazole
resistance reported . fumigatudor the first time in 1997 (in isolates obtainedthe
late 1980s). The isolates originally were from th8A (Denning et al. 1997b). Since
then, many reports have described resistancé\.ifumigatusclinical isolatesin
Belgium, Canada, China, Denmark, France, Norwagjr§Bweden, India, Japan, the
Netherlands, the UK and the USA (Howard and Arepd2011). Itraconazole
resistance irA. fumigatuswas a rare phenomenon until 2004 in Manchester,ad&
also in the Netherlands (Snelders et al. 2008)i®usly, a rising frequency of azole
resistance inA. fumigatusto the end of 2007 was reported in reference nogpol
laboratories in Manchester, United Kingdom (Howast al. 2009). The global
frequency is not clearly defined as results frormynkboratories do not routinely test
the susceptibility of their isolates Akpergillusand they do not use a common standard

method for susceptibility.

In vitro susceptibility of fungi to antifungal agents wasely reported before 1990
(Manavathu et al. 2000;Denning et al. 1992). Thpeecipal methods have been used
to determine MIC values foAspergillusspp.; including macro/micro broth dilution,
disc diffusion and Etest (Lass-Florl and Perkho2608) but many methodologic
variations were used that included inoculum sizéd, RAnedium composition,
temperature of incubation, duration of growth and-point determination. All of these
may effect antifungal activity and MIC (Denningadt 1992). Several laboratories have
used a number of different methods of determinimgitro susceptibility and they
documented thamost isolates oA. fumigatusare susceptible to ITR (Denning et al.
1997b).

Increased numbers of invasive fungal infections eambrts of resistance to antifungal
drugs inA. fumigatushave highlighted the need for reproducible methofds vitro
testing with clinical relevance. Recently there am® standard methods used, the
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Clinical Laboratory Standards Institute (CLSI; farty NCCLS) M38-A (CLSI 2002),
and the European Committee for Antibiotic Suscelgyblesting (EUCAST) methods
for filamentous fungi (SAST 2007). Several modifioas to the standards have been
carefully studied and may provide solutions to lietations of the methods currently
available. Improved MIC determinations have ledntore reproducible and accurate
detection of resistance, which has benefited thalystof resistance mechanisms
(Verweij et al. 2009a).

In this report chapter we update azole resistarperence to include 2008 and 2009
data, in reference to mycology laboratories in Measter, United Kingdom using a
(slightly) modified EUCAST method.
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3.2 RESULTS

3.2.1 Frequency

Since the first case of azole resistance was regpothe percentage of clinical azole
resistanceA. fumigatushas risen (Denning et al. 1997b). Howard et aD0O®
calculated the rate of azole resistamcelinical A. fumigatudgsolates in the Mycology
Reference center Manchester (MRCM) between 19920GY. A rising frequency of
5%, 7% and 17% of azole resistanceAinfumigatusin 2005 and 2006 to the end of
2007 (Figure 3.1) has been reported (Howard €0419).

In the current study, we update azole resistanperesnce in the MRCM to include

2008 and 2009 data. The overall rate of azoleta@ste in a period from 01/01/2008 to
the end of December 2009 was calculated. Of 23ate® (2008 and 2009), 64 (28%)
were azole resistant. In 2008 and 2009, 14% and @Opatients had resistant isolates
respectively (Figure 3.1). Repeat resistant iselat@h similar susceptibility profiles

from the same patient were removed from the pa#iaatysis. During this period 62 of
64 (97%) were ITR resistant, 2 of 64 (3%) were OoWYR resistant and 78% cases

were multi-azole resistant.

Although the susceptibility of 23A. fumigatusMRCM culture collection isolates was
determined in MRCM, allA. fumigatusresistant isolates (64) were re-tested in this
study for susceptibility against itraconazole (ITRposaconazole (POS) and
voriconazole (VOR) to confirm the MRCM results. Aist all MIC values for allA.
fumigatus resistant isolates were consistent with clinicabdratory results with
variation within ~ two-fold difference. Identifitan of all A. fumigatusresistant
isolates were performed using macro- and micro-malqgic characteristics, with
confirmation by ITS sequencing. ResistAspergilliwere sub-cultured onto Sabouraud
glucose agar (Oxoid, Basingstoke, UK) for 48 hair§0°C to eliminate nofumigatus

species
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3.2.2 Susceptibility testing

Antifungal susceptibilities against ITR, POS and @ere determined for 64 azole
resistant clinical isolates provided by the MRCMn& susceptible isolates were used
for validation. Candida kruselATCC 6258 was tested as a quality control strain f
every single MIC plate. All control results (datat shown) were within the acceptable
target range. Almost all MIC values for all. fumigatusresistant isolates were
consistent with clinical laboratory results withriadion within ~ two-fold difference.
In vitro susceptibility data for all 6A. fumigatusclinical resistant isolates are displayed
in Table (3.1, 3.2, and 3.3).

In 2008, 92A. fumigatusisolates were tested for triazole susceptibiltfywhich 21
(23%) were resistant to at least one azole in Taldeln 2009, 43 of 138 (31%) isolates
tested were azole resistant in Table 3.3 and FigureOf these resistant isolates, 3 of
21 (14%) and 9 of 43 (21%) were resistant to ITR/@am 2008 and 2009 respectively.
Only 2 (10%) isolates from 2008 were VOR resistdiie remainders (16 in 2008 and
34 in 2009) were multi-azole resistant. Thus dutimg period, 62 of 64 (97%) were
itraconazole resistant, 2 of 64 (3%) were only Vf@Ristant and 50 of 64 (78%) cases
were multi-azole resistant. Using patients as tleeodinator rather than isolates
(discounting additional isolates from patients witle same susceptibility pattern), the
frequency of resistance remains high in the casfesred to our laboratory during 2008-
9 at 14% (9 of 64 patients) and 20% (19 of 93 p&tjerespectively Table 3.1. In 2007
we found a sharp rise from 5 - 7% azole resistam@904-2006 to 17% (Howard et al.
2009) (Figure 3.1). This high frequency of resistanontinued in 2008 (14%) and 2009
(20%).
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Figure 3.1 Azole resistance frequency iA. fumigatus by patient 1997 — 2009. Overall azole
resistance for each year is shown above each coluras a percentage. The data from 1997
to 2007 have been published previously (Howard et.&009).

Table 3.1 In vitro susceptibility data for all (64)A. fumigatus clinical resistant isolates

Rate Year Resistance

21 of 92 (23%) 2008 at least one azole

43 of 138 (31%) 2009 at least one azole

9 0f 64 (14%) 2008 patients had resistant isolates
19 of 93 (20%) 2009 patients had resistant isolates
62 of 64 (97%) 2008-09 Itraconazole only

2 of 64(3%) 2008-09 Voriconazole only

78% cases 2008-09 Multi-azole resistant
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Table 3.2 MIC values for azole resistanf. fumigatus clinical isolates in 2008

NO Isolates MIC mg/I
ITR VOR POS

1 F/17582 >8 [R] 1 [S] 0.25 [S]
2 FII17727 >8 [R] 8 [R] >8 [R]
3 F/17918 >8 [R] >8 [R] [R] 2

4 F/17999 >8 [R] 8 [R] 0.5 [I]
5 F/18085 >8 [R] [R] 4 [S] 0.25
6 F/18149 >8 [R] >8 [R] [R] 2
7 F/18205 >8 [R] >8 [R] >8 [R]
8 F/18304 >8 [R] 2[1] 0.125 [9]
9 F/18329 1[S] 4 [R] 0.25 [S]
10 F/18454 0.5[S] >8 [R] 0.06 [S]
11 F/19020 >8 [R] 4 [R] 2 [R]
12 F/19029 >8 [R] 2[1] 0.25 [9]
13 F/19130 >8 [R] >8 [R] 2 [R]
14 F/19131 >8 [R] >8 [R] 2 [R]
15 F/19132 >8 [R] >8 [R] 2 [R]
16 F/19133 >8 [R] >8 [R] 2 [R]
17 F/19134 >8 [R] >8 [R] 2 [R]
18 F/19135 >8 [R] >8 [R] 2 [R]
19 F/19136 >8 [R] >8 [R] 2 [R]
20 F/19137 >8 [R] >8 [R] 2 [R]
21 F/19138 >8 [R] >8 [R] 2 [R]
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Table 3.3 MIC values for azole resistanf. fumigatus clinical isolates in 2009

No Isolates MIC mg/l
ITR VOR POS

1 F/19483 >8 [R] >8 [R] >8 [R]
2 F19657 >8 [R] 210 0.125 [S]
3 F19734 4[R] 1[S] 0.125 [S]
4 F19736 >8 [R] >8 [R] >8 [R]
5 F19755 >8[R] >8 [R] >8 [R]
6 F19756 >8 [R] >8 [R] >8 [R]
7 F19838 >8 [R] 211 1[R]
8 F19896 >8 [R] 119] 0.125 [S]
9 F19980 >8 [R] >8 [R] 0.5[1]
10 | F20005 >8 [R] 1[9] 0.25[S]
11 | F20063 >8 [R] 1[9] 0.5 1]
12 | F20132 >8 [R] 4[R] 0.5[1]
13 | F20140 >8 [R] 210 0.5[1]
14 | F20141 >8 [R] >8 [R] 1[R]
15 | F20142 >8 [R] 211 0.5 1]
16 | F20151 >8 [R] 0.25[S] 1[R]
17 | F20153 >8 [R] 211 2 [R]
18 | F20325 >8 [R] 4[R] 0.5[1]
19 | F20451 >8 [R] 1[9] 0.25[S]
20 | F20478 >8 [R] >8 [R] >8 [R]
21 | F20500 >8 [R] >8 [R] >8 [R]
22 | F20699 >8 [R] 8 [R] 2 [R]
23 | F20702 >8 [R] 211 2 [R]
23 | F20720 >8 [R] 210 4R
25 | F21019 >8 [R] 0.5[9] 1[R]
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26 F21038 >8 [R] >8 [R] >8 [R]
27 F21057 >8 [R] 8 [R] 1[R]
28 F21116 >8 [R] 0.5[S] 1[R]
29 F21118 >8 [R] 0.5[S] 1[R]
30 F21119 >8 [R] 0.5[S] I [R]
31 F21201 >8 [R] 4[R] 0.5[1]
32 F21202 >8 [R] 0.5[S] >8 [R]
33 F21215 >8 [R] 1[S] 1101
34 F21294 >8 [R] >8 [R] >8 [R]
35 F21295 >8 [R] >8 [R] >8 [R]
36 F21407 >8 [R] 0.25 [S] >8 [R]
37 F21465 >8 [R] >8 [R] >8 [R]
38 F21522 >8 [R] 1[S] 1[R]
39 F21705 >8 [R] 1[S] 1[R]
40 F21732 >8 [R] 2 [S] 0.25[S]
41 F21746 >8 [R] 2 [S] 2 [R]
42 F21799 >8 [R] 1[S] 1[R]
43 F21857 >8 [R] 11 >8 [R]
Breakpoint ltraconazole (ITR)  Voriconazole(VOR)  Posaconazole (POS)
Resistant  (R) 24 24 20.5
Intermediate (1) 2 2 0.5-1
Sensitive (S) <1 <1 <0.25
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3.2 Minimum fungicidal concentration (MFC)

MFC is the lowest drug concentration in an MIC eldtat showed either no growth or
fewer than 5 colonies (approximately 99 to 99.5%ing activity). In this study, the
MFC values were re-determined for the 15 of 63icdihisolates: Table 3.4 and Figure
3.2. Almost all MFC values for all clinical isolatewere consistent with clinical
laboratory results with variation within two foldifiérence in azole concentration.
Briefly: 13 of 15 (87%) isolates (F17582, F177217899, F18085, F18149, F 18205,
F182304, F/19020, F/19029, F/19130, F/19483, F19%&5d F19734) showed high
MFC values>8 mg/ | to ITR. For POS, 6 of 15 (40%) isolates {#45, F18149, F
18205, F/19130, F/19483 and F19657) showed ME&sng/L. For VOR, 9 of 15
(60%) isolates (F17727, F17999, F18149, F 1820384594, F/19029, F/19130,
F/19483 and F19657) showed high MFC values8mhg/L and 2 (13%) (F18085 and
F/18329) at4 mgl/l.
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Table 3.4 MFC results for clinical A. fumigatus isolates.

MFS ITR VOR POS
1 F/1758: >8 2 0.25
2 FII1772 >8 8 >8
3 F/1799¢ >8 8 0.5
4 F/1808! >8 4 0.25
5 F/1814¢ >8 >8 >8
6 F/1820: >8 >8 >8
7 F/1830: >8 2 0.12¢
8 F/1832¢ 1 4 0.25
9 F/1845: 0.5 >8 0.06
10 F/1902( >8 4 2
11 F/1902¢ >8 >8 2
12 F/1913( >8 >8 >8
13 F/1948: >8 >8 >8
14 F1965° >8 >8 8
15 F1973¢ >8 1 0.12¢

Figure 3.2 MFC values for 1EA. fumigatus clinical isolates
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12 B ITR mYVOR POS
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Number of
isolates

O N & O W
|

>8 8 2 1 0.5 0.25 0.125 0.06

mg/l MFS

Figure 3.2 shows the distribution ITR, VOR and POSMFCs for 15 clinical A.
fumigatusisolates. Overall these isolates were shown to haadigh MFC value
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3.4 Discussion

The incidence of IA has increased during the l&stade (Vassiloyanakopoulos et al.
2006).A. fumigatusis the most common aetiological agent of aspesgélan humans.
Identification and typing of fungi is the one ofetlmain issues in medical mycology
(Evans 1989;Latge 1999).

Treatment of aspergillosis depends on the typéhefdisease and the immunological
status of patients. Until recently, amphotericinaBd itraconazole were the main
antifungal drugs used for the treatment of invasispergillosis. The widespread use of
triazole antifungal agents to fight these infectiomas resulted in development of
resistance to a number of these components (Nastone¢ al. 2003;Kelly et al. 1995).

Higher MICs have been recorded for some clinicalkites (Denning et al. 1997b). The
rate of the emergence of resistance to antifungag @ increasing globally. Denning et

al. 1997 reported the first ITR resistance.

The percentage of azole resistance had increaseel 2004 (Howard et al. 2009). 64 of
230 A. fumigatusisolateswere azole resistant to one or more azole compau2008
and 2009. In this study, two methods, minimum iitleh concentration and minimum

fungicidal concentration, were employed to investiggelinical azole resistant isolates.

3.3.1 Susceptibility

Sensitivity testing was performed for 230 clinicsdlates from the Regional Mycology
Laboratory Manchester (MRCM) culture collection 8008 and 2009. The
susceptibility test for the resistant isolates watested in this study. The reason behind
this replication was that resistance might be dnsing storage and to improve accuracy
for strains included in this study and also becaugean approximate method and so
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repeats are always required to completely chaiaetesolates. The MIC values
achieved here were consistent with the MRCM withiateon within a two-fold

difference.

According toin vitro data, the majority of isolates were POS sensififerefore, POS
may be the best option as antifungal treatmens. hiot surprising that cross-resistance
to azoles imMA. fumigatusoccurs because they inhibit the same target andibin have

a similar mode of action. POS resistance was obdenv 38 clinical isolates which
were also ITR resistant. On the other hand, 18celinsolates showed resistance to ITR
but not to POS (Table 3.2 and 3.3). Although VOR good option for primary therapy
of invasive aspergillosis (Petrikkos and Skiada7)00the rate of VOR resistance is
increasing. VOR resistance was observed in 2 dingolates with MIC>8mg/L. One
clinical isolate (F18329) demonstrated variable VIECs on repeat testing. Possibly
the isolate had been affected by long storage.

The increasing number of isolates submitted refleeterral of patients to the National
Aspergillosis Centre and increasing awareness sistece. The increasing rate of
resistance is of concern. There appear to be diftas in the geographical distribution
of azole resistance iA. fumigatus which cannot be explained by differences in
methodology (as excellent concordance has beenrshetween CLSI and EUCAST
methods). Since not all centres monitor the suguépt of Aspergillito azoles the true
incidence is unknown. Nonetheless, resistance loag lbeen reported from many
countries in Europe, Asia and N. America, as welparticularly high frequencies from
the Netherlands and the north-west of the UK.

3.3.2 Comparison of our method with the EUCAST metbd

Detection of antifungal resistance in filamentousdi remains a challenge. ITR MICs
increased during the 1990s, although no resistaasdeen seen before; perhaps because
the filamentous fungi susceptibility method has nged more than once. Several

laboratories have used a number of different methofl determiningin vitro
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susceptibility, and they documented thaist isolates of\. fumigatusare susceptible to
ITR (Denning et al. 1997Db).

The current methodology uses EUCAST (a microtitrethad using medium RPMI-
1640 with 2% glucose, dimethyl sulfoxide (SigmapkRp UK) as drug solvent and a
lower final inoculum concentration of 5 x “bu/mL (Table 1.3 and 2.9) while CLSI
method uses 0.2% of glucose. Before 2001 the matked 50:50 acetone/0.2 M HCI
as drug solvent and a final inoculum concentratérs x 10cfu/mL. The EUCAST

method may be better than CLSI as result of redutiailing by increasing glucose
concentration to support growth. The CLSI inculanoiwer than the EUCAST method.
Endpoint determination was problematic for somelaies; trailing growth of

filimentous fungi remains a challenge because emdtps read visually rather than
specrohoptmtically. However as growth is usually simall micro-colonies, optical

endpoint reading is likely to be more sensitiventepectrophotometric reading.

In this study, we used a modified EUCAST method¢iium concentration of 5 x
10%cfu/mL), which has been used in MRCM since 2001.aA=esult, detection of the
change in frequency of resistanceAinfumigatusbetween 2001 and 2009 was possible.
Ongoing comparison of our method with EUCAST metisbdws equal or 1 dilution
higher result with EUCAST, e.g. the resistance vatebe slightly higher if we use the
EUCAST method. There was a recent proposal of p@aks forA. fumigatusomplex
using the proposed EUCAST susceptibility testinghmdology: for ITR and VOR, <2
mg/L (susceptible), 2 mg/L (intermediate) and >2/Imgesistant); for POS, <0.25, 0.5
and >0.5 mg/L respectively (Verweij et al. 2009a).

Varying methods, inoculum concentration, medium gosition, PH, temperature of
incubation, duration of growth, end point and bpeakts, contribute to antifungal
activity and MIC (Denning et al. 1992).

Trailing growth at higher drug concentrations, esgéy ITR, can result in end point

variability that cause problems for determining M)Qoarticularly for filamentous
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fungi, as end points are determined by eye ratfar tsing the spectrophotometer. As a

result, care must be taken with comparisons.

However, a modification of methodology by redustim inoculum size reduces the

appearance of trailing end points that allows areleMIC determination.

Increasing specimen numbers received from patfailiisg therapy or problematic cases
in MRCM as a regional and proper clinical diagnostervice have substantially
increased the numbers Aspergillusisolates tested. This is another possible reason f
the increasing overall rate of resistance foundemdg compared to other centres.
Several modifications to the standards have beesefully studied and may provide
solutions to the limitations of the methods curenavailable. Improved MIC
determinations have led to more reproducible ancurate detection of resistance,
which has benefited the study of resistance meshani(Verweij et al. 2009a).The
breakpoint is not yet decided so further vitro studies to determine the optimal
conditions for determine MICs are required. Moreowe vivo correlation studies are
required to determine the endpoints. Improved M#&ethinations have led to more
reproducible and accurate detection of resistamtech has benefited the study of
resistance mechanisms (Verweij et al. 2009a).

Comparison of the difference between MIC and MFGwstd 100%, 93.33% and 80%,
of isolates tested for ITR, VOR and POS, respeltiveere within 2-fold limits.
Standardized methods for MFC determination are irequand could be a better

measure of the efficacy of drug, especially in inmmeompromised patients.
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Chapter 4

Cyp51A sequence analysis
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4.1 Introduction

Invasive aspergillosis is the leading infectiousseaof death for immunocompromised
patients (Denning et al. 2002aAspergillus fumigatuss the most commooause of
invasive aspergillosis (IA)(Balajee et al. 2006arl¢ diagnosis and therapy has been
shown to improve outcomes (von Eiff et al. 19950 rr€ntly, the effective antifungal
drugs used as primary therapy have been largelytelimto polyenes such as
amphotericin B and the azole compounds ITR and \(O&derone 2002;Walsh et al.
2008).

The primary mechanism of triazole resistanceAinfumigatusis a mutation of the
cyp51Agene encoding l4-demethylase, which is a component of the ergadstero
pathway and the target of the triazoles (Howaral.€2009;Mellado et al. 2007;Snelders
et al. 2008). Specific mutations ayp51Amay result in single, multi or pan resistance
to azoles (Mellado et al. 2007;Verweij et al. 200%0ome amino acid substitutions
have already been reported: F219C, F495L, G54R8K2#H147Y, G448S, M220I,
M220k M220R, M220V, M220R, M220W, G448S, P216L, FA8/1172V/ E427K,and
FA6Y/ M172V/ N248T/ D255E/ E427K (Nascimento et2003;Howard et al. 2006;da
Silva Ferreira et al. 2004;Mellado et al. 2004;Dizzerra et al. 2003;Chen et al. 2005).
Mutations at codons 54 and 220 were confirmed tsseaesistance (Howard et al.
2009).

In fact, F46Y/ M172V/ E427K/ mutations are likelgtrto be associated with resistance,
as they have been described previously in bothegtibte and resistant isolates
(Howard et al. 2009;Rodriguez-Tudela et al. 2008)tation at L98 with duplication in
tandem of 34bp repeated in ttyg51Apromoter region has been found to be associated
with resistance to all triazoles A& fumigatugMellado et al. 2007). Resistance to VOR
was described in laboratory mutants with mutatiahsodon 138 (G138) or at codon
G488 (Manavathu et al. 2001) and clinical isolatgbout cyp51Amutations (Bueid et

al. 2010).
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A recent study found that mechanisms other thygpblAmutations may be becoming
more common, i.e., 39% of resistafit fumigatusfrom 2006—-2009 demonstrated a
wild-type cyp51Asequence compared to 0% prior to 2006. Harrisoidwyard SJ,
Buied A, et al. The changing prevalence of azole resistance mesinarnA. fumigatus
Interscience Conference on Antimicrobial Agents &ttemotherapy, San Francisco
USA, September 2009, Abstract M1720). Up-regulatiérihe cyp51Agene has also
been implicated in azole resistance (Mellado e@Q7). A recent report described a
four- to six-fold increase expression of ttyp51Agene in a resistant isolate without
mutations in the target gene (Arendrup et al. 20T¥gcrease in the intracellular
accumulation of triazole compounds, such as oveesgmon of the efflux pumps and
decreased cellular permeability, are mechanismshwimay play a role in resistance in
A. fumigatugHoward and Arendrup 2011).

This chapter reports on our attempt to sequeypdlAfrom a panel of all resistance
and some susceptible clinical isolates and findagsociation between mutations in the
cyp51Aand reduced azole susceptibility in the isolate@82td 2009 inA. fumigatus
MRCM culture collection.
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4.2 Results

The DNA of all isolates ofA. fumigatuswas extracted using the MycXtra kit
(Myconostica, Manchester, UK) and thgp51Agene was amplified and detected by
PCR using primer Afcyp51A2026R and Afcyp51A2101mIEa2.1. Both strands of the
entire coding region of theyp51Agenes of all 64 isolates &&. fumigatuswere
sequenced as previously described (2.2.7) and aexhpia an azole susceptible strain
(Genbank accession number AF338659) (Mellado e2@01) using the software tool
AlignX (VectorNTl; Invitrogen, Paisley, UK). We udethe amino acid found in the
reference sequence to represent the substitutiatatidns were confirmed by repeating
DNA extraction, PCR and sequencing of both stramisg four forward primers and

four reverse primers listed in Table 2.1(2.2.7).

Repeat resistant isolates from the same patierg vegnoved from the patient analysis
(but not isolate analysis), even if isolated 1 yagaart, unless their susceptibility profiles
differed by interpretative breakpoint for at leaste azole. The two previously
characterised clinicah. fumigatug(F11628 and F12219) isolates (Howard et al. 2006)
were sequenced and traces were examined. F11628122d9 showed two mutations,
G138 and G54 respectively, as expected (data rmwrgh The sequences of all azole
sensitive isolates were identical to that of thielwype (AF338659) (data not shown).

Fifteen different amino acid substitutions were fduin the cyp51A Twelve have
already been reported: F219C, F495L, G54R, N248K4#Y, G448S, M220Il, M220k
M220R, M220V, M220R, M220W, G448S, P216L, FA46Y/ NaV7 E427K and F46Y/
M172V/ N248T/D255E/ E427K/ (Nascimento et al. 200@yard et al. 2006;da Silva
Ferreira et al. 2004;Diaz-Guerra et al. 2003;Mdalad al. 2004;Chen et al. 2005), but
the others, A284T, M220R and M220W, have not beewipusly reported. Table 4.1
shows mutations found, with consensus suscepidsilitMost remarkable is the
increasing frequency of azole-resistant isolateshaut cyp51A mutations. These
isolates have rarely been reported elsewhere (Hbetal. 2009;Bellete et al. 2010).
Prior to 2007 very few resistant isolates in ountce had a wild-typeyp51Asequence
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(Howard et al. 200%. In 2008, of the 13 resistant isolates studied, d &avi220K
mutation, 3 had the F46Y/ M172V/ 27K combination (which is probably not linke
to resistance) and the remaining 9 isolates hacyp51Amutations. In 2009, 10 of ¢
(32%) isolates tested had a v-type cyp51Asequence (Figure 4.1). For patients,
frequency of mutations found in at le one isolate was 22% and 58% in 2008
2009, respectively (Figure 4.1). Thus 43% of issdadnd 54% of patients did not hav
cyp51Amutation known to confer resistance (including tisolates that were VO
resistant only). Interestingly, three pats had serial resistant isolates, some

cyp51Amutations, and others with w-type sequences.

Figure 4.1 Percentage frequencies of mutations cafing resistance in 2008 and 200¢
Overall percentage of mutation found [G54R, H147Y M220 (I, K, V, R, W), P216L,
A284T, G448S] in isolates and patients for each ye#& shown above each column. Th
percentage figure above each column refers to thoséth demonstrated mutations (single
nucleotide polymorphisms
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Table 4.1 A summary of mutation in the cyp51A gene andMICs for 64 Aspergillus
fumigatus resistant isolates fron MRCM culture collection, 2008-200¢

MRCM = Mycology Reference Centre Manchester; NDotdgone.

Breakpoint Itraconazole (ITR) Voriconazole (VOR) Posaconazole (POS)
Resistant (R) =4 =24 =0.5
Intermediate (I) 2 2 0.5-1
Sensitive (S) <1 <1 < 0.25
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4.3 Discussion

Many reports have found that the common mechanisnmesistance folA. fumigatus
clinical isolates is mutation in theyp51Agene, which is the target of azoles. Mutations
at codons 54 and 220 have been confirmed to cassgtance (Howard et al. 2009).
Other mutationsin the cyp51A gene have been reported but have yet to confirm
resistance. In this study, we investigated theueagy ofA. fumigatudTR resistance
(ITR-R) in MRCM culture collection during 2008 ar2D09 (see chapter 3) and
identified mutations in theyp51Agene. Most remarkable is the increasing frequeficy o
azole-resistant isolates withamtp51Amutations so efflux-mediated resistance could be
responsible, as it is a common mechanism in yealstgyugh it has rarely been mooted
in Aspergillus(Moore et al. 2000;Slaven et al. 2002) regulabbthe cyp51Agene has
also been implicated in azole resistance, but kasoybe found in isolation (Mellado et
al. 2007). It is not certain whether all tbgp51Amutations found in Manchester confer
resistance, so other mechanisms could also beilwotatry in these isolates. Despite the
influence of other mechanisms, cross-resistancterpat appeared to remain closely
linked with thecyp51Aamino acid substitution. Isolates with G54R, P236ld G448S
mutations are all associated with ITR and POS taasi®, whilst remaining susceptible
to VOR.

We found isolates with five different amino acidstitutions at position M220, namely
isoleucine (1), lysine (K), valine (V), arginine YRnd tryptophan (W), of which M220R
and M220W have not been previously reported to lowowledge. All alterations at
codon 220 are associated with ITR and POS resistanat result in variable VOR
MICs (typically raised). A novel finding is that dbapatients had one isolate each with a
cyp51A A284T mutation (alanine to threonine substitutjormpnferring reduced
susceptibility to ITR, VOR and POS. Two patientsiged an isolate each with F46Y/
M172V/ E427K mutations, one of which also had thetations N248T and D255E.
However, it is likely that these mutations are metociated with resistance, as they
have been described previously in both suscepdifieresistant isolates (Howard et al.

2009;Rodriguez-Tudela et al. 2008). These resugiklight the continuing increasing
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frequency and evolution of resistance mechanisn#s ifmmigatusin both azole-naive
and azole-treated patients (data not shown). Theeasing rate of resistance is of
concern. Furthermore, the emergence of alternateehanisms of resistance other than
cyp51Amutations, including isolates resistant only to R/@ith no target mutations

detected, implies a quite distinct mechanism coegbawith previously reported
resistant isolates.
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Chapter 5

Taxonomy in clinical and environmental

Aspergillus fumigatus
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5.1 Introduction

Aspergillus fumigatuss a saprotrophic fungus and a soil inhabitant, ead cause
infection in the immunocompromised host (Debeaupets al. 1997). Invasive
aspergillosis acquired from the environment of Huspital has been reported with
genetic relatedness betweén fumigatusisolates (Warris et al. 2003;Balajee et al.
2007b;Verweij et al. 2009a).

In another study, a lack of genetic relatednessobasrved (Chazalet et al. 1998). The
1:1 ratio of MAT1-1:MAT1-2 inA. fumigatusound in the environment and although
the species is only known to reproduce by asexean®A. fumigatugpossesses a fully
functional sexual reproductive cycle as the preseof mating-type genes and
expression of sex-related genes in the fungus df@n et al. 2009). However the
recently discovered sexual cycle functionAnfumigatuss consistent with substantial
genetic change in the environment. Several studge® found tha#. fumigatushas
many characteristics of a sexual species (O'Gorhah 2009). The presence of sexual
stage genesuggested that such a cryptic sexual stage exidtgeihuman pathogeh
fumigatus This may explain the multiple genotypes from #aene geographical area

and may explain the observed genetic variation.

Nowadays, a polyphasic taxonomy that combines nubogiical and molecular
phylogenetic analyses is used to charactekiZemigatuscomplex and analyse genetic

variation of strains or closely related species.

Various molecular methods have been used to tfa&sperqilli; including multilocus
sequence typing (MLST), restriction fragment Ilenggolymorphism (RFLP),
polymorphic microsatellite markers (Balajee et 2007b) and internal transcribed
spacer (ITS), calmodulin (calm), actin and parbata-tubulin regions (Balajee et al.
2007a;Hong et al. 2008).
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Unfortunately, misidentification ofAspergilli is common as a result of unstable
morphological characteristics and some clinf&gpergilli are slow to sporulate (Balajee
et al. 2007a). Although recently some isolates haeen previously identified aA.
fumigatus, they have been reclassified as different spece&®rding to genotypic
classification (Alcazar-Fuoli et al. 2008). Thisudy and others demonstrated several
cryptic species within théspergillusSectionfumigati which are indistinguishable on
morphological characters alone. For this reasanjcel laboratories may report out

isolates of apparet. fumigatusasA. fumigatuscomplex.

In recent years, azole resistaht fumigatuspathogenic fungi have increased, some
limited to certain geographical regions (Verweipet2009a). Recently, azole resistance
was frequently observed in clinical isolates (Ckagt, (Bueid et al. 2010), which may
be partly due to azole treatment (Arendrup et 8103 or azole exposure in the
environment (Snelders et al. 2008). Althougispergillus species are generally
susceptible to azoles, intrinsic and acquired t@sce has been documented including
azole cross-resistance in patients (Verweij et2809a).Therefore, identification of
Aspergillusclinical isolates to species may be importantthe choice of appropriate
antifungal therapy and epidemiological studiesfetént species oAspergillushave
variable susceptibilities to multiple antifungalugs. For examplé. nidulansisolates
are resistant to amphotericin B (19th European @mggof Clinical Microbiology and
Infectious Diseases (ECCMID 19th) Peldez T., Guihe®&ama B., Flores R., Recio S.,
Torres-Narbona M., Muiioz P., Bouza E. 2009 P 129A. nidulanssusceptible to all
antifungal agentsth vitro activity of an updated panel of antifungal ageagainst 63
clinical isolates)A. terreusandA. ustusappears be resistant to azol&sjentulusand
Petromyces alliaceuhave exhibited decreased susceptibility to amigél drugs,
especially the azoles and echinocandins and amtiotd3 (Balajee et al. 2007a).
These species may be separated fAanfumigatusby phylogenetic analyses based on

seqguence typing.

139



In the Netherlands and some EU countries gendatedness has been found between
clinical and environmental. fumigatusisolates (Snelders et al. 2008). Therefore, the
main purpose of this study was to see whegdumigatusenvironmental isolates are
azole sensitive or resistant and to investigateréhationship between environmental
(around hospitals) and clinical isolates A&f fumigatusfrom patients with invasive

aspergillosis.

A number of different algorithms have been used atmlyse the phylogenetic
relationships ofA. fumigatusstrains. These include the unweighted pair groethod
with the arithmetic mean (UPGMA), neighbor joiniidJ), maximum parsimony (MP),
and maximumlikelihood. Hong et al. (2005) used neighbor joining and maxmu
parsimony methods to determined taxonomical posibiotheA. fumigatusstrains. The
amino-acid-basedeighbor joining tree showed nearly the same tapols those of the

DNA-basedrees obtained by maximum parsimony (Hong et 80520

In this study, we performed a polyphasic analysiAofumigatusfrom clinical and
environmental sources in order to examine the kdit\a within the species and

determine relatedness of the strains.
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5.2 Results

5.2.1 Mutations in thecyp51A in A. fumigatus environmental isolates

The full coding sequence of tikgp51Agene was determined by PCR amplification and
subsequent sequencing (Bueid et al. 2010) . Fdysisathecyp51Asequence under
accession number AF338659 in GenBank was usedfoparison to detect mutations.

Twenty-three clinical isolates from MRCM clinicalulture collection and 16
environmental isolates were investigated. (Theseptes were collected in July 2008
from different areas around Wythenshawe hospiliaikiplly, all isolates were identified

asA. fumigatusaccording to macro- and micro-morphological chimastics.

Antifungal susceptibilities against ITR, POS and®/@ere determined for all isolates.
Susceptibilities were determined using a modifiediropean Committee on
Antimicrobial Susceptibility Testing (EUCAST) metho as previously described
(Howard et al. 2009). The MIC results for clinigsblates mentioned in Tables (3.1, 3.2
and 3.3).

The susceptibility of 16A. fumigatusenvironmental isolates (9 were collected from
around Wythenshawe Hospital and 7 were from comiadecompost samples) was
determined. All isolates were tested for suscedpybagainst ITR, VOR and POS.
Values are shown in Table 5.1. Commercial comgastumigatusisolates showed
higher MICs than the MICs of isolates from hospsail.
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Table 5.1 MIC results for environmental A. fumigatus isolates and CYP51A amino acid
substitutions in A. fumigatus environmental isolates

Cyp51A codon No. MIC, mg/L
isolates
ITR VOR POS
F46Y,M172VN248T, D255E, E427K , 1 0.125-0.5 0.5-2 0.03-0.06
No mutation 8 0.125-0.5 0.5-2 0.03-0.06
No mutation 7 0.25-0.5 1-4 0.125

a F46Y found with M172V N248T, D255E and E427K irsblate with 3 silent mutations, b isolates
around Wythenshawe Hospital, c commercial comr&takpoints used for resistance id@smg/L for
ITR and VOR, an@5.0 mg/L for POS.

5.2.2 Taxonomy

Molecular methods were employed to identify andssifg these isolates, including
internal transcribed spacer (ITS), calmodulin (cagtin and partial beta-tubulin

regions.

23 clinical and 16 environmental isolates from MRGiHihical culture collections,
environmental isolates and isolates from compostewaolecularly identified a#\.
fumigatus Bothstrands of each PCR amplicon were sequenced ampsgvdescribed
(Bueid et al. 2010). Primers used for sequencird)fan PCR are listed in Table 2.1.
Two primers per isolate per target were used fguseces. Sequences were aligned
with ClustalW or MEGA 4.0. (Tamura et al. 2007)ptB maximum parsimony (MP)
and the neighbor-joining (NJ) methods were usedtlier phylogeneti@analysis. To
determine the support for each clade, bootstrapysieavas performed with 2000
replicationsNeighbor-joining, NJ tree of phylogenetic relatibips are displayed in all
cases. Isolates resistant to ITR are in the red basceptible strains green: bootstrap
values are shown above branch length. In this sttidy nucleotide sequence of the

reference strains &. fumigatusAF293 was used for comparison.
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Sequence alignment for each gene was conductedaselga The ITS region was
sequenced for each isolate using primers ITS1 &6d (Table 2.2) Figure 5.1 shows
an NJ tree constructed from around 500 base painraént of ITS sequences. Two
clades, one with 65% bootstrap values thereforeddi& was not useful in determining

species in these isolates.

A region of the beta-tubulin gene was amplified PR and sequenced using the
primers bt2a and bt2b (Table 2.3).The beta-tubdéta suggested the existence of a
new clade of 1 isolate (soil). Beta-tubulin sequsnwere aligned and the resulting NJ
tree is shown in Figure 5.2. Beta-tubulin was nettdy than ITS at discriminating

between this group of isolates.

The actin gene was amplified with primers act-51&#;783R (Table 2.3) and the actin
sequences were aligned and the resulting NJ treleoin in Figure 5.3. The actin data
suggested the existence of 5 different clades aatiss with well bootstrap values of
65%. Generally, actin data is useful for discriniiol among these isolates. Actin was
significantly better than both beta-tubulin and &g discriminating between these

isolates.

The calmodulin gene was amplified by PCR using ith@rs cmd5 and cmd6 (Table
2.3). A problem was faced when we were amplifyinigyi PCR due to poor PCR yield
and irregular and multiple peaks in the same pwsitf the sequence chromatogram.
DNA of these isolates was re-extracted and the adilin was re-amplified then

sequenced. The calmodulin sequences were aligrietharresulting NJ tree is shown
in Figure 5.4. Examination of the calmodulin datawd suggest the existence of 5
different clades of isolates with good bootstrajuea of 65%. Generally, actin data is
useful in discriminating these isolates. Calmoduiias significantly better than both

beta-tubulin and ITS at discriminating between ¢hieslates.
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Initially sequence alignment for each gene was ootatl separately. Subsequently ITS,
beta tubulin, actin and calmodulin sequences werebined, and a phylogenetic tree
constructed. The combination of 4 gene datasetawess consistent with the existence
of different clades of isolates with very poor txitdp values of less than 50% except
for 3 isolates (F/21295, F/21215 and soil 1) wid%®6 Figure 5.5 shows a tree of a
phylogenetic analysis produced by neighbor-joinohgoined of ITS, partiaB-tubulin,
actin and calmodulin sequences. The tree was gdotlgeisolates into a minimum of 7
different clades. All isolates were identified As fumigatus.Two groups of clinical
isolates grouped together, and these were sequéstlates from the same patient,
introduced as ‘similarity control’ for the analysidppropriately the 2 sets grouped
together, but were in distinct clades. The founichl isolates were grouped with
bootstrap values of 64%. But clades containing roib@ates were not well supported

by the bootstrap analysis suggesting differentinsig

The clade comprisingAspergillus (soil 3) was distinct fromA. fumigatescomplex.

Nevertheless; this species was able to grow &C 48nd was azole susceptible.
Moreover, no alterations have been found in @yp51A gene from this isolate.
However, it appears to be a taxonomically discatganism, possibly a new cryptic

species, although this requires further investigati

A. fumigatuslinical and environmental isolates have been gedunto different clades
using a phylogenetic analysis produced by neigldiarng of combined ITSB-tubulin,
calmodulin and actin sequences. This finding dasssnpport the hypothesis that the
origin of the resistant isolates could be the cqueace of azole exposure in the
environment but may support the hypothesis that twuld be the consequence of

prolonged azole therapy.
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Figure 5.1 Phylogenetic tree obtained by phylogenetanalysis with 2,000
bootstrap replicates on the basis of the ITS sequees from 23 clinical and 16
environmental isolates included in the study
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Figure 5.2 Phylogenetic tree obtained by phylogenetanalysis with 2,000
bootstrap replicates on the basis of the partial da-tubulin sequences from 23
clinical and 16 environmental isolates included ithe study
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Fig ure 5.3 Phylogenetic tree obtained by phylogetie analysis with 2,000
bootstrap replicates on the basis of the actin segaces from 23 clinical and 16
environmental isolates included in the study
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Figure 5.4 Phylogenetic tree obtained by phylogenietanalysis with 2,000
bootstrap replicates on the basis of the calmodulisequences from 23 clinical
and 16 environmental isolates included in the study
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5.3 Discussion

The 9A. fumigatusenvironmental isolates from natural soil were azmlsceptible with
MIC ranges of 0.125-0.5 mg/l against ITR, 0.5-2 Inag/ainst VOR, and 0.03-0.06 mg/I
against POS. Likewise the AX. fumigatusenvironmental isolates from compost were
also susceptible with MIC ranges of 0.125-0.5 ragéinst ITR, 1-4 mg/l against VOR,
and 0.125 mg/l against POS (Table 5.1). These teedound thatA. fumigatus
environmental isolates were susceptible to ITR, V&Rl POS. These results also
suggest that environmental isolatesAspergilluscollected from natural soil are more
susceptible to VOR thaA. fumigatusenvironmental isolates that were collected from

compost, although numbers are small.

The sequence analysis of ttyp51Arevealed that noyp51Amutations were found in

A. fumigatuenvironmental isolates (Table 5.1) except onatsalith many mutations.

The mutations found (F46Y, M172V, N248T, D255E, &#P7K) do not confer azole
resistance as they have been found in azole-suisieeptrains (Rodriguez-Tudela et al.
2008).

5.3.1 Phylogenetic analysis

Macroscopic and microscopic morphology are not ghdor Aspergillusidentification
to the species level. Misidentification was commuwmen only morphological
characteristics were used. Therefore multilocusisege-based phylogenetic analyses

have been used as a tool for phylogenetic anadyspecies in this study.

Initially, A. fumigatusin this study were identified morphologically andnfirmed by

culturing them on SAB at 50°C, which excludés lentulusa closely related azole-
resistant species (Alcazar-Fuoli et al. 2008;Yagueh al. 2007). The multilocus
sequences were compared to GenBank records usiA& Bl(Blastn) to confirm that

each isolate waa. fumigatusHigh identity toA. fumigatusvas found with all isolates.
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Sequences were compared with thosA.dumigatusclinical isolates, all obtained from
the Mycology Reference Centre, Manchester, UK (2B0@9). Sequence alignment for
each gene was conducted separately. Subsequerly Wé&ta tubulin, actin and

calmodulin sequences were combined, and a phyldgdree constructed.

Several studies have shown that sequence-baseddfiaion using the ITS1 and ITS2
could be employed for species complex-level idaaifon of Aspergillus(Hinrikson et

al. 2005) and mog¥lucoralesspecies (Schwarz et al. 2006) and for identifazatvithin
some species complexeskisarium(Zhang et al. 2006;0'Donnell et al. 2008). In this
study we evaluated the utility of the ITS1 and ITS2quences as targets for the
identification and differentiation of our collectioof environmental and clinicaA.
fumigatiusisolates. High identity té\. fumigatuswas found with all isolates when a
systematic comparison of these sequences to thaslalde in the GenBank database
was conducted. In terms of differentiation, ouradat grouped into two clades using the
ITS sequence (Figure 5.1) or the partial beta tnbséquence region (Figure 5.2).
Bootstrap values were all zero and branch lengtlie vghort. ITS sequences did not
help classify the species in this closely relatexig of organisms.

Confirming others’ work, our finding suggests that fumigatuscould not be
differentiated by ITS alone (Hendolin et al. 200@gikson et al. 2005). Similarly
partial beta - tubulin sequences provided insudfitiresolution for our data perhaps due
to the particularly close genetic relatedness eb¢hisolates. Whereas beta — tubulin,
actin and calmodulin have been used and recommeragedgood targets in
differentiation (Balajee et al. 2005;Hong et al030raguchi et al. 2007;Samson and
Varga 2009). The actin sequences were aligned fadetsulting NJ tree is shown in
Figure 5-3. The actin was significantly better tHamth beta - tubulin and ITS at
discriminating between these isolates. The actita daiggested the existence of 5
different clades of isolates with bootstrap valoe§5%. Generally, actin data is useful
in discrimination within these isolates. The calmlod sequences were aligned and the

resulting NJ tree is shown in Figure 5.4. The calolim data suggested the existence of
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5 different clades of isolates with bootstrap valoé 65%. Therefore, ITS and beta -
tubulin data was not useful in discrimination withhese isolates. The calmodulin was
found to be valuable as a molecular taxonomic taggee. It is significantly better than
both beta-tubulin and ITS at discriminating betwdbase isolates. Both actin and
calmodulin grouped our dataset into 5 clades. Thyogenetic trees based on actin and
calmodulin were largely in agreement. The calmattrike alone or actin tree alone was
more supported than trees based on ITS or theapb#gta- tubulin gene. Furthermore,
we found calmodulin alone was better supported thancombination of the ITS and
the partial beta beta - tubulin (data not shower&fore the data was useful in
determining species in these isolates.

The ITS sequences were aligned and the resultingedJs shown in Figure 5.1. With
poor bootstrap values, the ITS region proved insieffit resolution between this group
of closely related organisms. Therefore ITS data nat useful in determining species

in these isolates.

The combination of sequences from 4 genes suggtsteekistence of different clades
of isolates with very poor bootstrap values of lggs 50% except 3 isolates (F/21295,
F/21215 and soil 1) with 60%. The calmodulin oriracire significantly better than

beta-tubulin and ITS at discriminating between ¢hiselates. More subdivisions were

possible using the combination of four loci.

A. fumigatulinical and environmental have been grouped different clades using a
phylogenetic analysis produced by neighbor-joinio§ joined ITS, B-tubulin,
calmodulin and actin sequences. In this study, cdlfin or actin sequences are the
most promising loci foA. fumigatusdentification, whereas partial beta tubulin oSIT
sequencing is not enough for identification tospecies level.

The clade comprisindAspergillus (soil 3) was distinct fromA. fumigatuscomplex.

Nevertheless; this species was able to grow &C48nd was azole susceptible.
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Moreover, no alterations were found in thygw51Agene. However, it is a discrete clade,
possibly a new species, although this requireb@urinvestigation.

Many cryptic species are found in clinical and eomwmental isolates of thé.
fumigates (complex). All environmentalA. fumigatuscomplex isolates were ITR
susceptible and no cross resistance was obsentadigroup of isolates. Our findings
are in agreement with the previous report thatearesistant isolates were never found
in natural soil (Verweij et al. 2009b). The mogeely explanation for this result is that

natural soil, wheré\. fumigatusvas isolated, was not exposed to azole compounds.

The susceptibility pattern of nonA.fumigatusmay be different from that oA.
fumigatus.The taxonomy of the species in this study doessoggest that any of the
isolates were divergent and that there are no nbiling species in these isolates.
Furthermore, the taxonomy emphasises the MIC Higions of the species. Molecular
identification of Aspergilli is important becaugestefficacy of antifungal agents against
different Aspergillus species that cause invasive infections vari@serefore,
identification of Aspergillusclinical isolates to species level may be impdrfan the

choice of appropriate antifungal therapy and epidégical studies.
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Chapter 6

Disruption of the transporter gene ABC11),
the major facilitator superfamily (MFS56)
and hypothetical protein (M85) in Aspergillus
fumigatus and their role in azole drug

susceptibility
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6.1 Introduction

Aspergillus fumigatuss the most frequent causative agent of invasspge@illosis in
immunocompromised patients, chronic pulmonary aglpesis and ABPA (Langfelder

et al. 2002;Slaven et al. 2002). The triazoles (IVRR and POS) are widely used to
treat Aspergillus infection (Denning et al. 201&A)though A. fumigatusresponds to
these antifungals, som&. fumigatusstrains have acquired resistance to antifungal
agents, increasing the frequency of therapeutituriof antifungals (Qiao et al.
2008;Verweij et al. 2009a). Thus, study of the namibms of antifungal resistance is

important to understand and develop strategiesnomize and overcome resistance.

In resistant Aspergillus, the overexpression ofuaffpumps contributes to reduce
susceptibility by decreasing effective intraceliutancentration of azoles (Del Sorbo et
al. 2000;Langfelder et al. 2002). There are twass#a of efflux transporters: ATP-
binding cassettes (ABC) and major facilitator stgreily (MFS). ABC transporters are

involved in the export or import of a wide varietf/substrates.

A. fumigatusencodes more than 40 ABC transporters compar8@ #BC transporters

in S. cerevisiag(Mellado et al. 2007) and\. fumigatushas more than 100 major

facilitator superfamily (MFS) proteins (Tekaia ahdtge 2005). Recently genome
sequencing ofA. fumigatushas identified at least 327 genes that encodetipeita

multidrug resistance efflux pumps, including 49 AB@e genes, and 278 genes that
encode MFS proteins (Abad et al. 2010;Nierman.e2@0)5b)

In A. fumigatus, four genes which encode ABC type transporters hbheen
characterised: thAfuMDR1, AfuMDR2atrF and AfuMDR4 genes and a gene which
encodes a protein of the MSF class, thieiMDR3 gene. These genes have been
described and related to azole resistancd.ifumigatus.Other genes (abcA-E and
mfsA—E) that encode for these types of transpateid be related to VOR resistance
(Rementeria et al. 2005;Abad et al. 2010).
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Two genes AfuMDR1 and AfuMDR2 predicted to encode ABC transporter proteins
were identified inA. fumigatugTobin et al. 1997). Recently, over- expressioratF
gene was found to be correlated wih fumigatusresistance to ITR (Slaven et al.
2002). Over - production of the. fumigatusABC transporteAfuMDR1in S. cerevisiae
led to a significantly decreased sensitivity tovgattte antibiotic cilofungin (Tobin et al.
1997). Overe-xpression of one or both of two geAdsMDR3and AfuMDR4 efflux
pump genes, oA. fumigatusare linked to high-level ITR resistance (Nascimegti@l.
2003). The major facilitator superfamily (MFS) repents one of the two largest
families of membrane transporte&fuMDR3is the first fungal MFS transport gene
identified which is linked to drug resistance (Nasento et al. 2003).

The ABC and MFS transporters can also play a nrajerin antifungal resistance. As a
result, these transporters are possible targetarfofungal drugs. Here in this chapter
we describe the functional characterization andegeisruptionA. fumigatusof new
members of the ABC and MFS multidrug transporteregamily which have not yet
been investigatedRBC11 MFS56andM85.

In vitro gene disruption or gene knock-out where fitnctional gene was replaced by a
reporter gene such as the pyrithiamine)(f&Bistance gene (ptrA). A specific single
gene knock-out, which leaves other genes untouchad, been used in order to
investigate whether or not the specific gene i®lved in modulating susceptibility to

azoles.

Knowledge of the subcellular localization of proteiwithin the cell of Aspergillus
plays a significant role in characterizing the newliscovered protein and its
corresponding gene and in the organization of glleas a whole (Huh et al. 2003;Scott
et al. 2005). Localization of a protein and itsresponding gene is established by
visualization of GFP fusion proteins which have rbdagged by fusion to green
fluorescent protein (GFP) (Kumar et al. 2002). @Grdleorescent protein (GFP), an
intrinsically fluorescent molecule obtained frometifellyfish Aequorea victoria is
widely used to study protein-protein interactiocsl] division, and gene expression in a
variety of organisms in real time (Kumar et al. 20Cenri et al. 2004).
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Reporters and epitope tags are fused to targetsgéfemar et al. 2002). Over -
expressed protein products and reporter tags ssui€hF® increase in direct proportion
to each other and vice versa, however weakly egpteprotein may not yield sufficient
protein to be visualized under fluorescence miapgc(Kumar et al. 2002). Few
studies have characterized protein localizatiom(fSon et al. 2000;Kumar et al. 2002).
Niedenthal et al. (1996) constructed GFP reportsiohs to three unknown open
reading frames (ORFs) froB cerevisia€€hromosome XIV and subsequently localized
these chimeric GFP-fusion proteins by fluorescemiéeroscopy (Kumar et al. 2002).
250 independent gene products were localized uGRBg (Ding et al. 2000). GFP
fluorescence does not require external cofactoF$? &gnal can be monitored in living

cells without disrupting cellular integrity in angple eukaryotic cell (Huh et al. 2003).
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6.2 Results

The DNA extraction methods; Mycxtra kit (2.2.3) amide method described in
2.2.3.1B, have been exploited in this study. Thiedgproduced a sufficient quantity and
quality of the extracted genomic DNA froA. fumigatusto perform PCR-based
reactions and also to be used for other DNA maaimrn techniques, such as DNA
construction. However, amplification of a largegin@ent (>5 kb) such a&BC1l1lgene
using genomic DNA extracted by the Mycxtra kit (Myostica Manchester, UK) failed
to produce PCR product, although the yield of DNAswgood enough. Nevertheless,
DNA was re-extracted with a new kit of Mycxtra, aatthough PCR conditions
(annealing and extending temperature) were changedjid not succeed in obtaining
PCR product.

Table 6.1 Amplification of novel gene flanking segences from Af293 gDNA, the hph gene
from pAN7-1, the PtrA gene frompPTRII and the GFP coding sequence from pFN@

DNA fragment Gene Length of the amplicon

Upstream flankging sequences ABC11 1021 bp inctpy@bp overlap

MFS56 1020 bp including 20 bp overlap

M85 1518 bp including 20 bp overlap

Downstream flankging sequences ABC11 1035 bp imetud0 bp overlap

MFS56 1037 bp including 25 bp overlap

M85 998 bp including 20 bp overlap
Hygromycin resistance gene sequences  hph 282&hyling 20 bp overlap
GFP coding gene sequences GFP 715 bp
Pyrithiamine resistant gene sequences PtrA 2025bp
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Several published fusion PCR protocols had preWohesen tested (Shevchuk et al.
2004) in our laboratory but they were irreprodueifDr Marcin Fraczek, Manchester
University, 2008-2011 personal communication). Rrindesign is a crucial step for
fusion constriction. During this study, some att¢snfailed to create a gene knock-out
fusion construct; for example, when we used primdesigned to amplify the
downstream flanking sequence, and one primer waplemnentary to the 5' end of the
downstream flanking sequence and contained extensb 25 bp identical to the 5’
reverse sequence of the PtrA cassette. The otireempwas complimentary to the 3’
sequence of PtrA. However, two modified protocathtéques were used from Dr
Marcin Fraczek (2010) and Dr Michael Bromley (2Q1kpth of the University of
Manchester, to provide the quantity and quality fa$ion constructs required for

transformation (2.2.9).

To analyse the importance of the 3 novel geA&J11 MFS56andM85) in the azole
resistance mechanism M fumigatusthe corresponding genes were deleted fAam
fumigatusstrains A1160pyrGA 2-step fusion PCR (2.2.5.7) was performed far 3n
gene disruption constructs. 3 sets of primers weesl for each gene (Table 2.5, 2.6 and
2.7). The upstream and downstream flanking regmitarget genes from gDNA of
Af293 and the pyrithiamine resistance germrA) from plasmid (pPTRII) were
amplified (Figure 6.1, 6.2 and 6.3). A Phusion Higdelity DNA polymerase was used
to generate blunt-ended PCR products (2.2.5.7).

6.2.1 Disruption and PCR construction

To study the function cABC11(AFUA-1G14330) MFS56(AFUA-1G05010) andi85
(AFUA-5G07550) genes, disruption mutants were cocgtd using the methodology
previously described (2.2.5.7).

For gene disruption, in order to splice 3 DNA framts into a fusion PCR product, 6
specific primers were required to amplify thesegfn@nts. Four of these were used to

amplify the upstream and downstream flanking sece®mf the gene of interest to be
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disrupted. The flanking gene fragments were firaplified separately by PCR using
primers that produce ends overlapping the ptrA ddmble 2.5, 2.6 and 2.7) and two
specific primers (ptrA-F and -R) were designed riqpbfy the selective pyrithiamine-
resistance geneP{rA) from plasmid pPTRII (Takara, Japan). In additi@ nested
primers were used to generate final constructschedk product specificity in the long
PCR reaction used for cloning or transformatiothaf complete fusion product (Tables
2.5, 2.6 and 2.7 and Figures 6.1, 6.2 and 6.3)il&iy for GFP fusion, in order to
splice 3' promoter DNA fragments into a fusion P@duct, 6 specific primers were
required to amplify these fragments. Two of thenremesed to amplify the upstream
(promoter) of the interest gene (Table 2.5, 2.6 ang), two of them were used to
amplify GFP sequences, and two specific primerseweesigned to amplify the
selective marker cassette (hph). In addition, 2ateprimers were used to generate the
final constructs in the long PCR reaction usedcfoning or transformation (Tables 2.5,
2.6 and 2.7 and Figures 6.7, 6.8 and 6.9).

Table 6.2 Expected fusion PCR amplified after theexond step PCR for gene disruption

construct Length of the amplicon (bp)
Forward & | Nested X-F nest | PtrA-F & | PtrA-F
reverse primers (F | & PtrA-R | PtrA-R & X-R-
primers &R) nest
ABC11-ptrA-ABC11 | 4040 3947 3009 2025 2964
MFS56-PtrA-MFS56 | 4037 3956 2947 2025 3017
M85-PtrA-M85 4534 3832 2922 2025 3003

X, gene of intrest
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Figure 6.1 Construction of gene replacement constais using fusion PCR.
The first PCR amplifies the upstream and downstreanflanking region of ABC11 with 2
sets of primers. The second PCR amplifies the pyhtamine (PtrA) gene which functions
as a selectable resistant marker with primers (PtrAF and PtrA-R). Fusion PCR is
completed with the three amplified fragments and gee-specific primers

ABC11-R

ABC11-F Ptra-F
5 € —3

5'——3» 3° —
ABCll-upstream | I PirA I |ABC:l:l—|:Inwnstre=rn
Af293 ABC11 Ptra R Ptra-R ABC11 PtrA ter F npres
Py ra pro oo racter EDNA
Ptra Prra

ABC11-F nest overlap overtap

S

—| ABCll-upstream I Prra IABC].].- downstream |—

= 3
ABC11-R nest

Figure 6.2 Construction of gene replacement constais using fusion PCR.
The first PCR amplifies the upstream and downstreanflanking region of MFS56 with 2
sets of primers. The second PCR amplifies the pyhtamine (PtrA) gene which functions
as a selectable resistant marker with primers (PtrAF and PtrA-R). Fusion PCR is
completed with the three amplified fragments and gee-specific primers
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Figure 6.3 Construction of gene replacement constails using fusion PCR.
The first PCR amplifies the upstream and downstreanflanking region of M85 with 2 sets
of primers. The second PCR amplifies the pyrithiamme (PtrA) gene which functions as a
selectable resistant marker with primers (PtrA-F ard PtrA-R). Fusion PCR is completed
with the three amplified fragments and gene-specifiprimers.

nMB85-F PtrA-F MB35-R
5° > 3’ = 5° c 37
MEB5-upstream | I PtrA I | MEB5- downstream |—

Aafraz
MES PtrA pro R I PtrA-R MBS PtrA ter F DA
Pira
overlap

Af2a3z
gDMNA
Ptra
overlap

MES5-F nest
L e -

—| MES-upstream I Prra I MSE5- downstream |—
=

5

3
MEB5-R nest

161



An outline of the fusion PCR fokBC11gene is described earlier (Table 2.5) (2.2.5.7)
and Figure 6.1. Disruption constructs for the twbeo genedMFS56 Figure 6.2 and
M85 Figure 6.3 are made in a similar manner but witteient primers (Tables 2.6 and
2.7). . The sequences of three fragments W& amplified as previously described
(2.2.5.6 and 2.2.5.7). For the first fragment afyéd gene ABC1]), ~1kb (1021bp)
upstream flanking region (Table 6.1, Figure.6.1 B/HA) was amplified with primers
(ABC11F and ABCptrA-R). The second fragment, ~2RB2A5bp)PtrA cassette (Table
6.1, Figure.6.1 and 6.4 B) was amplified with spe@rimers (PtrA-F and PtrA-R). For
the third fragment (Table 6.1, Figure.6.1 and 6)Y €lkb (1035 bp) downstream
flanking region was amplified using primers (ABGpt= and ABC11R) (Table 2.5).

A Phusion High Fidelity DNA polymerase was usedP{@R for fragment amplification.
Most fragments generated were a with single bagt lguantity PCR product. The
three amplification fragments were purified usihg QIAquick PCR purification kit
(2.2.6). However, for the PCR products with moranttone band, which was a non-
specific band, a correct band and size was gefigdiifrom an agarose slice using the
QIAquick Gel Extraction Kit (Qiagen) (2.2.6).Ther¢le purified fragments from the
first step PCR were analysed on a 1% agarose ggroXimately Ll of PCR product
containing ~20 ng of each fragment was used in sheond PCR step for PCR
construction. To amplify and minimise any sequecitanges during fusion PCR for a
high molecular weight or a long construct, we uadugh fidelity polymeras&@aqDNA
polymerase (Promega), AccuPrime Taq DNA Polymekigh Fidelity (Invitogen) and
Phusion High Fidelity DNA Polymerase (Finnzymes).
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Figure 6.4 Agarose gel electrophoresis of*istep fusion PCR. ~1kb upstream flanking
region (A), ~2kb PtrA cassette (B), ~1kb downstream flanking region (Chpproximately
4.0kb final construct bands (D, E and F) . 1kb DNAadder (NEB) is presented in lan€_.

We found AccuPrime Taq DNA Polymerase High Fidelilpvitogen) was the most

reliable and specific for long PCR products provgda good and specific yield of PCR
product more reproducibly than others used in 8tigdy. Others used, mentioned
above, produced a low quantity of specific targed, not amplify the desired products,
or generated many non-specific low molecular wefghgments (data not shown). No
fusion or non-specific fragments were generatedhm second step PCR when the
fragments of DNA included in the reaction wereowlor high concentration, or owing

to incorrect annealing temperatures. As a resulguantified the purified PCR products
and used not more than 20ng for each fragmentgaation. Nested primers (Tables
2.5, 2.6 and 2.7) were used for the final stepusidn PCR to increase the specificity of
the reaction. Furthermore, the primer concentrati®ed in this step was important. 0.2-
0.4 uM of each primer was found to be reliable and gateel the expected size of
constructs. The final fusion construct was cleanél gel purification (Qiagen) before

cloning and transformation. The expected bandgy(igrof three fragments, as well as
the final constructs (Tables 6.1 and 6.2), are shmwFigures 6.4 and 6.5B. In order to
determine whether the gene disruption construct regdaced the native gene in
transformed strains genomic DNA isolated from muttrains was amplified by PCR

with a different set of a forward primer and a meeprimer located in a different region
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of the new construct, and all PCR reactions reduhethe expected products To test
whether or not the gene was not disrupted, a éifeprimer set was used:ABC11-F
and ABC11-R, ABC11-F nest and PtrA-R and PtrA-F &BILC11-R-nest for ABC11;
MFS56-R nest and MFS56-F nest, MFS56-F nest arAlRtand PtrA-F and MFS56-
R-nest for MFS56 and M85-R nest and M85-F nest, M8test and PtrA-R and PtrA-F
and M85-R-nest for M85. The expected PCR produs# 8r untransformed genomic
DNA was.6682 bp, 4010bp, and 2350 bp ABC11 MFS56 and M85, respectively
(Figure 6.5A) and the expected PCR product sizesfains which carried a precise
gene replacement was 3947 bp, 3956 bp and 383arABC11 MFS56 and M85,
respectively (Figure 6.5B) confirmed by sequencismg nested primef&ppendix,A,

B, and C)Strains which carried an insertion of the transiioig DNA at a different site
are expected to give a PCR product of ~2kb of eAdttifferent size PCR product was
obtained from the gDNAs extracted from some coleiter transformation. Therefore,
PCR reactions confirmed that this gene was notupisd by pyrithiamine, and may be
the construct, ABC11-PtrA-ABC11, was transformetb ianother locus in the genomic
DNA of this mutant (Figure 6.5A). Similarly, th®IFS56 and the M85 was not
disrupted.On the other hand, the PCR succeeded to amplifgahstruct from gDNAs
extracted from some other mutants after transfaonatHowever, the single PCR
product and expected size confirmed that &8 1gene was disrupted from genomic
DNA of mutant (Figure 6.5B) and similarly fiMFS56andM85 (Figure 6.5B and 6.6).

Figure 6.5A PCR screening of
gene disruption transformed into
A1160pyrg" using nested primers
(Tables 2.5) for ABC11

Lane 1l-untransformed colony
(~7kb)

Lane 2- untransformed colony
(2kb)
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10 ki

a4 kb

3 kb

Figure 6.5B PCR screening of gene disruption and G¥fusion construct
transformed into A1160 using nested primers (Table&.5, 2.6 and 2.7)

Lane 1-1 kb DNA ladder, Lane 2- ABC11-ptrA-ABC11 (9040 bp), Lane 3- M85-PtrA-M85
(3832 bp), Lane 4- M85-Pro-GFP-hph (4376 bp), Lan® MFS56-PtrA-MFS56 (3956 bp),
Lane 6- MFS56-Pro-GFP-hph (4442 bp) and lane 8- MF&-Pro-GFP-hph (4463 bp)

12345 67 89 1011131314 Figure 6.6

PCR screening of gene disruption
construct transformed into
A116Qpyrg" using nested primers fo
MFS56 (Table 2.6)

Lane 6-PCR product (4kb) using nestec
primers

Lane 14- PCR product (2kb) using
PtrA-F and PtrA-R
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6.2.2 GFP — gene fusion PCR

The 3 fragments were separately amplified with t3 sé primers (Tables 2.5, 2.6 and
2.7and Figures 6.7, 6.8 and 6.9); ~1kb upstreamn{pter) flanking regions of target
genes (Table 6.1)ABC11 (AFUA-1G14330), MFS56 (AFUA-1G05010) andM85
(AFUA-5G07550) genes using Af293 as a source gDINére amplified with primers
(Table, 2.5, 2.6 and 2.7), (715 bp) of the gre@orscent protein gene (GFP) from
plasmid (pFNO3) was amplified using primers (Tahk, 2.6 and 2.7), and ~2kb (2828
bp) PgpdA-hph-TtrpCcassettes, including the hygromycin-B phosphofrase (hph)
from plasmid (PAN7-1), was amplified using primefBables 2.5, 2.6 and 2.7),
represented in Figures 6.7, 6.8 and 6.9. Ingbeond step PCR a construct of 3
fragments was generated as previously describe?2l5(@. and 2.2.5.7).The PCR
conditions were similar to the gene disruption nemd above (2.2.5.6 and 2.2.5.7). A
Phusion High Fidelity DNA polymerase was used inRPIGr fragment amplification.
The three amplification fragments were purifiedngsthe QlAquick PCR purification
kit. For the PCR products with more than one bavidch was a non-specific band, a
correct band and suspected size was gel purifiethdn agarose slice using the
QIAquick Gel Extraction Kit (Qiagen) (2.2.6). A Ihigconcentration of specific
products for constructs of three fragments wasioéta(Figures 6.10, 6.11 and 6.12)
using AccuPrime Tagq DNA Polymerase (high fidelfy) assembling 3 fragments.

Table 6.3 Expected fusion PCR amplified after theexond step PCR for GFP fusion

construct Length of the amplicon (bp)
Forward& | Nested X-F nest | GFP-F & | GFP-F &
reverse primers (F & | & GFP-R | GFP-R hph R nest
primers R)
ABC11-Pro-GFP-hph| 4523 4463 1699 715 3479
MFS56-Pro-GFP-hph| 4523 4442 1634 715 3479
M85-Pro-GFP-hph 5020 4376 1612 715 3479
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Figure 6.7 Construction of GFP constructs using fuen PCR. The first PCR amplifies the
upstream flanking region of ABC11 and the GFP with(GFP-F and GFP-R) primers. The
second PCR amplifies the hygromycin-B (hph) gene vith functions as a selectable
resistant marker with primers (ABC11 GFPhph ter-Fand hph-R). Fusion PCR is
completed with the three amplified fragments and gee-specific primers.

ABC11-F GFP-F hphR
L —— -2 —_—
= ABCll-upstream | GFP I | Hygromycin resistant
gene
Af293 -
2DNA ABC11 GFP pro R GFP-R ABC11 GFP hph ter F
GFP GFIP
owveria
ABC11-F nest overlap P
5 ey, 37
H i istant
—| ABC1l-upstream I GFP | ygromycin resista
eene

hph R nest

Figure 6.8 Construction of GFP constructs using fuen PCR. The first PCR amplifies the
upstream flanking region of MFS56 and the GFP wit(GFP-F GFP-R) primers. The
second PCR amplifies the hygromycin-B (hph) gene vith functions as a selectable
resistant marker with primers (MFS56 GFPhph ter-F and hph-R). Fusion PCR is
completed with the three amplified fragments and gee-specific primers.

MFS56-F GFP-F

hph R
5'—> 3 E— "
—| MFS56-upstream | | GFP | | Hygromycin resistant |_
Eene
;:f:ZNQ: MFS556 GFP pro R GFP-R MFS56 GFP hph ter F
GFP GFP
MFS56-F nest owverlap owverlap
5 ¥
—| MFS556-upstream I GFP | Hygromycin resistant I_
genes
e =

hph R nest

Figure 6.9 Construction of GFP constructs using fuen PCR. The first PCR amplifies the
upstream flanking region of M85 and the GFP with (G&-P-F GFP-R) primers. The second
PCR amplifies the hygromycin-B (hph) gene which fuations as a selectable resistant
marker with primers (M85 GFPhph ter-F and hph-R). Fusion PCR is completed with the
three amplified fragments and gene-specific primers

M85-F GFP-F

hph R
5'_—} 3’ —_—
= M25-upstream GFP Hygromycinresistant |
gene
Af293 D
gDNA M85 GFP pro R GFP-R M85 GFP hph ter F
GFP GFP
MFS56-F nest overlap overlap
S——> ¥
= NE85-upstream GFP Hygromycin resistant o
P gene
<—
hph R nest
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1.0kk

0.5kb

Figure 6.10

Agarose gel electrophoresis of
15tand 2Mdsten GFP fusion PCR
for ABC11. ~1kb upstream
flanking region of the gene
(A), 715 bpGFP cassette (B),
~2.8kb reversePgpdA-hph-
TtrpC cassettes including
hygromycin B
phosphotransfrase (hph) (C),
approximately 4.5 kb band
(D) is the final construct
consisting of fused upstream
GFP and PgpdA-hph-TtrpC- .
1kb DNA ladders (NEB) are
presented in lane L

Figure 6.11

Agarose gel electrophoresis of
1stand2ndgten GFP fusion PCR
for MFS56. ~1kb upstream
flanking region the gene (A), 715
bp GFP cassette (B), ~2.8kb
reversePgpdA-hph-TtrpC
cassettes including hygromycin
B phosphotransfrase (hph) (C),
approximately 4.5 kb band (D)
showing the fusion product
containing upstream GFP and
PgpdA-hph-TtrpC- regions. 1kb
DNA ladders (NEB) are
presented in lane L.



Figure 6.12

Agarose gel electrophoresis of*1?™

10.0 kb 24 step GFP fusion PCR forM85.
~1kb upstream flanking region the
gene is presented (A), 715 pBFP

4.0kb cassette (B), ~2.8kb reversBgpdA-

< hph-TtrpC  cassettes  including
hygromycin B phosphotransfrase
(hph) (C), approximately 4.5 kb
band (D) showing the fusion
product containing upstream, GFP
and PgpdA-hph-TtrpC- regions. 1kb
DNA ladders (NEB) are presented
in lane L.

6.2.3 Molecular cloning and DNA sequencing

The complete fusion constructs were gel purifiepeessiously described (2.2.5.7 and
2.2.6) and cloned into the pGEM-T easy vector (FRyga) (2.2.5.6 and 2.2.8) to obtain

new plasmid, including a desired fusion.

For gene disruption, the correct construct of @gastr and downstream flanking regions
of target genes and pyrithiamine resistance getd\)(rassettes was gel purified
(2.2.5.7 and 2.2.6). Subsequently each purified P&iguct of three genes was cloned
into the pGEM-T easy vector. The correct size aistnucts were confirmed by PCR
amplification of the desired construct from a ndasmid of the PGEM-T vector using
nested primers (Table 2.5, 2.6 and 2.7) and ardiffeset of primers covered at least
two fragments (Table 6.2). Constructs were sequkmnaceconfirm correct splicing of

PCR products (data not shown)
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For GFP, the correct construct of promoter of tamgene-GFP-reversBgpdA-hph-
TtrpC cassettes was gel purified. Subsequently eactiquuiiPCR product of three
genes was cloned into the pGEM-T easy vector. Tdirco correct cloning, PCR was
carried out using nested primers (Table 2.5, 2d &) and a different set of primers
covering at least two fragments (Table 6.3).Thesipids constructed for this study
were stored at -80°C until required for transfotiora

6.2.4 Transformation of A. fumigatus

Generation of ABC11, MFS56 and M85 deletion mutant strains and GFP mutant

strains

To analyse the importance of the three unknowntfonal genes, the transporter gene
(ABC11 MFS56 and the hypothetical proteivi@5) in A. fumigatusthe corresponding
genes were deleted independently in fhefumigatusstrains A1160 KU80pyrG
Transformation ofA. fumigatuswas carried out using protoplasts as described
previously (2.2.9). We found that this protocolnegents a highly efficient and reliable
technique for protoplasproduction fromA. fumigatusThe optimal conditions of
growth for A1160 KU8O0pyrG strains were 14h in static cultures at 37°C. Tovést
hyphae we used two methods: Pelleting conidia by centrifugation, usirey 50ml
conical bottomed centrifuge tubelwy filtration of hyphaewith sterile Miracloth which
gave a high yield of protoplasts. The 4% Glucanezyme and 50 mM Cagl 0.6M
KCI for 3h at 37°C in a shaker incubator were sigfit to produce >1x¥(rotoplasts
from 100 ml starting culture. Transformation wasaited when fresh protoplasts were

used but not with protoplasts stored at 4°C forertban 24 h.

To characterise the unknown functional genes, atoacted fusion was generated, as
described earlier (2.2.5.7). Two different markengs were used; one coding for the
pyrithiamine PtrA) encoding gene oA. oryzae This marker was used in the gene
disruption experiment. The gene of interest hasbbeplaced by a selectable marker.

The other selection marker encoding for the hygmmyB phosphotransferase (hph)
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gene, which is under the control of the strong gmpad@dmoter ofA. nidulans,was used
in the GFP — promoter fusion experiment.

Initially, plasmid pGEM-T easy including either cructs for gene disruption or GFP
fusion were directly used for transformation usthg first protocol (2.2.9), but we
failed to obtain transformations. However, we sgeb@dly obtained transformed
colonies when direct PCR products were used intrdresformation. However, when
transformation was repeated with the modified potd2.2.9) using either plasmid or
PCR products transformed colonies were obtained.

In all transformation experiments a negative priasipalone (no DNA) and a positive
plasmid (pAN7-1) control were used. Transformatioveye based on selection with
either hygromycin-B or pyrithiamine. Two differegtowth media were used in order to
select mutant strains carrying either the targeedtirA—target construct (2.1.4.9.2) or
geneGFP-PgpdA-hph-TrpCconstructs (2.1.4.9.1). Potential mutant straimdkrout
AABC11, AMFS56,AM85 and A1160A. fumigatuswere cultivated on MM with 0.1
mg/I of pyrithiamine (2.1.4.9.2) (Kubodera et a02), while target gen&FP-PgpdA-
hph-TtrpC fusion PCR was cultivated on YPS media containir@ 2g/ml of
hygromycin-B (2.1.4.9.1). In order to prevent ungsfmrmed colonies from growing,
several different antibiotic concentrations wergtéd. For gene disruption we used 0.2
mg/l of pyrithiamine in the medium (2.1.4.9.2) & B.5. This concentration was not
sufficient to stop the growth of untransformed ppdasts of A116PyrG"™ even when
we increased the concentration to 1 mg/l. As theside transformants were still able
to grow on these higher concentrations, we seletttedastest growing colonies and
examined them by PCR using a set of prin{grs nest and PtrA-R), (PtrA-F and PtrA-R)
and (PtrA-F and X-R-nestyjesigned to be diagnostic for gene disruption g élR2). For
the GFP experiment we used 209ml of hygromycin-B in the medium (yeast extract,
peptone, and sucrose (YPS) pH 8.2). This concémtratas sufficient to stop the
growth of untransformed protoplasts of A1p§eG".
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Salt concentration and pH are crucial factors ia dffectiveness of antibiotics. The
concentration of 20@ug/ml of hygromycin prevented non-transformed cadgnfrom
growing. A few colonies that grew on selective naediiom each transformation
experiment were selected for further analysis. €ec the mutant strairABC11,
AMFS56,41M85 A11600f A. fumigatusstrains, we cultivated each isolate on a Czapek-
Dox (CD)-plate and MM (2.1.4.9.2) with pH 6.5 at®@7or 5 days using ranging from
1.0mg/L pyrithiamine in each media. The first visilgrowth was seen for transformed

colonies after 72 h in both media.

The negative or non-transformed colonies which bl carry the markers were not
grown in selective media. Transformants were stda#tgain at 37°C on MM agar
plates including PT or YPS, including hygromycim @FP mutants. Five drug resistant
colonies of each transformant were then selectedsab-cultured on SAB for DNA

extraction as previously described (2.2.3.1B) andstisceptibility test (2.2.2).

Genomic DNA from hygromycin-B resistant transformgnpyrithiamine resistant
transformants and the parental strain were analpgedlCR and sequenced across the
junctions using a different primers for gene disimg (ABC11-F and ABC11-R),
(ABC11-F nest and PtrA-R) and (PtrA-F and ABC11-¢&t) for ABC11 and (MFS56-
R nest and MFS56-F nest), (MFS56-F nest and PtrAam) (PtrA-F and MFS56-R-
nest) for MFS56., while for M85; (M85-R nest and B4B nest), (M85-F nest and PtrA-
R) and (PtrA-F and M85-R-nest) (Figures 6.1, 6.8, ®.5B and 6.6) in order to
investigate whether or not the genes of interedtldie®en replaced by the pyrithiamine
resistance cassette and to examine whether orheotarget gen&FP-PgpdA-hph-
TrpC was integrated into the target gene loci in theowiosome of fungus. Nested
primers (ABC11-R nest and ABC11-F nest), (MFS56eRtrand MFS56-F nest), and
(M85-R nest and MB85-F nest) were used to confirmt tigene disruption was
successfully transformed into gDNA. The length &k tPCR product confirmed
transformation in the correct locus fABC11 (Figure 6.4 and 6.5B) and similarly for
MFS56andM85 (Figure 6.5B and 6.6BFP was confirmed in all selected transformed
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colonies by Various primer sef§-F nest and GFP-R) and (GFPaRdhph-R nestand the
transformation of gene fusion cassette into gDNAA®L60 was confirmed by nested
primers(X-F nestandhph R nest)Table 6.3 and Figure 6.5B).

To test whether or not the gene was not disrugtetifferent primers sets were used. A
different size PCR product was obtained from th&§B extracted from some colonies
after transformation. Therefore, PCR reactions icowfd that this gene was not
disrupted by pyrithiamine, and may be the constridBC11-PtrA-ABC11, was
transformed into another locus in the genomic DNAtles mutant. Similarly, the
MFS56 and theM85 was not disrupted. On the other hand, the PCReguded to
amplify the construct from gDNAs extracted from sonother mutants after
transformation. However, the single PCR product exjkcted size confirmed that this
ABClXene was disrupted from genomic DNA of mutant (Feg6.4 and 6.5B) and
similarly for MFS56 and M85 (Figure 6.5B and 6.6). The results obtained here
demonstrate that this technique is clearly suitdbtegenerating gene deletions An

fumigatusstrains.

6.2.5 In vivo expression of ABC11, MFS56 and M85 ugy GFP

The geneGFP-PgpdA-hph-TrpC mutants live-cell imaging

Different media (SAB broth and Vogel's MM) were ds® grow gendsFP-PgpdA-
hph-TrpC mutants in order to express the target gene anB fBtein. The best
expression of GFP protein was observed when a Y&NB medium with 0.25mg/I of
itraconazole was used after 24h room temperatagoation. All 3 genes-GFP mutants
were visualised by a fluorescent microscope. DaffierExpression was observed in the

cell, as presented in Figure 6.13, distributecha ¢ytoplasm to the cell wall. Very low
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or no GFP expressions were observed during thieitsours of incubations (data not

shown). Furthermore, no GFP were detected in thE6A Wild-type strain.

MFS56 GFP

AB11 GFP

M85 GFP

Figure 6.13 Live cell imageing of the target genegSFP-mutants. Expression isobserved for
target genes

174



6.2.6Susceptibility testing

The individual MICs were determined using a EUCAS&thod with microdilution,
using 96-well flat-bottomed microtitration plates previously described in Table 2.9
(2.2.2) (Bueid et al. 2010). Mutants and parerdist were tested against itraconazole
(ITR), voriconazole (VOR), and posaconazole (PO&ing a hemacytometer for
counting and adjustingspergillusspores to a final concentration of 5 x* TOFU/m.
The microtitrations plates were used to load susipenand incubated at %7 for 48h.
Experiments were repeated at least four times eatth strain on four separate days.
MICs were read by eye, with a no growth end poiteral8 hours’ incubation.

The mutant strains were analysed using minimabitdriy concentration (MIC) assays
for azole compounds (ITR, VOR and POS). TRABC1l AMFS56 and AM85
knockout strains were more susceptible to azoles the parent strains. All strains’
individual MICs are shown in Table 6.4. The antgahdrug susceptibility profile of
the mutants compared with the parental strain (A1Xhowed that there were slight
differences in susceptibility for the antifungaluds tested. ITR MICs were two fold
lower in ABC1tknockout strainsMFS56knockout strains ant85-knockout strains,
and four folds lower inABC1tknockout strainsMFS56knockout strains an185-
knockout strains than the parental WT strain (A)I&g§xinst voriconazole. The parental
strain WT (A1160) is less susceptible (2 folds)tladl three mutant strains against POS
(Table 6.4).

Table 6.4 MICs of azoles antifungal for strains (A160pyrG+) and their respectiveABC,
MFES and M85 knock-out

Isolate ITR ° VOR " POS®

MIC pg/ml MIC pg/ml MIC pg/ml
A1160pyrG 0.25 1 0.25
A1160pyrGABC 0.125 0.25 0.06
A1160pyrGMFS 0.125 0.25 0.06
A1160pyrGM85 0.125 0.25 0.06

a .
ltraconazole, °voriconazole® posaconazole
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6.3 Discussion

Understanding of drug resistance mechanisms helpsmderstanding how resistance
develops and may lead to invention of new druggrévent or delay the emergence of
resistant fungal pathogens by interfering with theistance mechanism. Few genes
have been discovered to be involved in azole asist inA. fumigatusuch asyp51A,
AfuMDR1, AfuMDR2andAfuMDR3 (Nascimento et al. 2003). To find novel resistant
genes other than those previously reported we gragla mutant strain &f. fumigatus
A1160 (with deletions oABC11 MFS56 andM85). Many strategies have been used
for molecular characterizations of genes frAmfumigatussuch as mutagenesis (Firon
et al. 2003). Disrupting genes at random by plasimsgrtion has been achieved by
inserting various DNA elements, such as transposopasmids, into the genome. The
integration of transforming DNA mediated by thevimo action of restriction enzymes
(REMI) has been developed f8: cerevisiaeandDictyostelium discoideur(de Souza
et al. 2000) Large-scale functional analysis ansemigal gene identification ir\.

fumigatushave proved more difficult (Hu et al. 2007).

Some methods are based on spontaneous gene maitatiotreating constructs to
examine the cellular localization of proteins eremdby these genes. Although
mutagenesis has been proved for gene discovery thed functional study,
identification of the gene of interestAn fumigatuss required (Hu et al. 2007;Toews et
al. 2004)

A strategy was used in this study for identifyingede unknown genes and their
products and to investigate whether or not theyiraportant for azoles resistance. This
was deleting the gene of interest by knock- outnggelisruptions) followed by
comparing the drug sensitivity status of the mutantumigatusstrains. Although gene
disruption methodologies have been adaptedl. tumigatusthey are limited owing to
the organism’s poor efficiency of homologous recorabo (Hu et al. 2007;Toews et
al. 2004). Thus we used a modified protocol (Dr Ihdiel Bromley, Manchester
University) in our laboratory, a 2-step PCR baseethod has been optimised for
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reliable production of gene knock-out and genediugionstructs that can be easily used
to transform A. fumigatus To identify these unknown genes and their proguct

separately a specific gene knock-out was used.

The transporteABC11(AFUA 1G14330) gene was chosen on the basis ofolagy
to knownC. albicansazole resistance gene, CDRL1. Increased expressioDR1 from
C. albicanswas found to confer resistance to several azdituagal agents, including
ITR (Sanglard et al. 1996). The two other gen#sS56 (AFUA-1G05010) andM85
(AFUA-5G07550) genes were also chosen as probakitdviement in azole resistance

from a previous insertional mutagenesis screen {@owpersonal communication).

6.3.1 Construction of PCR gene knock- out and GFPege fusionproduct

To characterize the role in drug resistance ofntbeel genefABC11, MFS5@&nd M85
deletion mutants were generated by replacing thangoregion of all three genes
separatelywith the pyrithiamine RtrA) encoding gene oA. oryzae It was previously
demonstrated to be useful as a dominant seleatadnlker for transformation of several
species of filamentous fungi, includiig oryzaewild-type strain,A. nidulans andA.
fumigatus(Kubodera et al. 2002;Kubodera et al. 2000).

To test expression levels in vivo GFP was fusedhto promoter of the three novel
genesABC11, MFS5&ndM85).

Splicing two or more long fragments of DNA into ofusctional DNA molecule was
restricted for short PCR (~3—4 kb) using overlapeegion PCR protocol. Recently,
existing protocols of overlap extension PCR creatombinant products up to 20kb

long have been described, capable of fusing upuoffagments simultaneously

To observe the expression of the protein in the wel employed the GFP in the GFP
experiment. The green fluorescent protein (GFPnfthe jellyfishAequorea Victoria

(Shevchuk et al. 2004). 6 recombinant products weade. Homologous recombination
was used in gene knockout experiments. This protaocelerated the effort to knock

out genes of interest . fumigatus
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Reverse primers were used to amplify the upstreagom of the gene of interest
(Tables 2.5, 2.6 and 2.7) and forward primers wesed to amplify the downstream
region of the gene of interest (Tables 2.5, 2.6 2170, were required to contain 20 bp
overlap tail at 5° ends complementary to the endth@d other fragment. Such a
modification was crucial for successful fusion PEGRwever, we failed to create some
of the fusion constructs when we used primers wwtkrlapping tails of 25 bp (data not

shown), which may be due to a difference betweernédmperature of a set of primers.

Initially, the fragments of both constructs eitf@r gene disruption or GFP fusion were
amplified using a proofreading fidelity DNA polynase that prevented A - tail
formation at 3' ends of PCR amplified products. Theation of A - tails can cause

mutation in the final fusion when a non-proofrea@didNA polymerase is used.

Some factors may affect the final product: saltetdranol in the buffers of the gel
extraction and PCR purification kits, may inhibdlymerase activity and UV light used
to visuialise PCR products on gels prior to geliffzation may damage the DNA
template. Therefore, an additional PE buffer wasls wsed to flush out the residual salt
and ethanol in the PE buffer was removed by longeauum drying steps. Time of

exposure of gels to UV light was minimised.

High quantity and quality of the final PCR fusioanstructs were obtained when the
Accuprime polymerase was used. The correct fingiofu constructs were not always

obtained when a conventional PCR Master Wiaq DNA polymerase was used

Annealing temperature and rate of cooling from EM¢A denaturation step to a lower
annealing temperature play an important role inpiti@er annealing process in PCR. In
this experiment, in theecond PCR, change in temperature per second masdito

0.1°C to generate specific and correct fusion PCR nubdsc
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6.3.2 Cloning and transformation

The whole new modified plasmid and PCR productliofaaget construction, including
the selective marker, have been used to transféren A1160 strain. The A1160
Aspergilluswas used as the recipient strain for transformatithe KU8OpyrG™ A.
fumigatusstrain (A1160) was used in this study in ordeinrease the frequency of
heterologous gene integration (da Silva Ferreiraakt 2006) and selection of
transformants was based on pyrithiamiméerefore, mutant strains were capabfe
synthesizing all the thiamine compounds thatAhéumigatuscould not produce in the
presence of pyrithiamine. The replacement of theetlgenes was confirmed by PCR

and sequencing of insertion site junctions.

Similarly, the A1160 used as the recipient stran transformation and selection of
transformants was based on hygromyciniBansformations were confirmed byPCR

and sequencing of insertion site junctions

The quality and quantity of protoplasts were imaottin transformation. The best yield
was obtained from fungus grown in 20 ml Petri disitic cultures for 14 h at 32 in
SAB broth mediumcontaining 100ug/ml ampicillin. Time, temperature and material
used to treat and digest the cell wall Aspergillus were crucial for quality of
protoplasts. Despite using optimal conditions ofeti(14 h) and temperature (32),
good yields of protoplasts were infrequently obedirfrom hyphae when we used a
rotary shaker for cultivation oA. fumigatusput a high amount was obtained when a
static culture was used. Assessment of culturesilbyoscopy suggested that cell lysis
occurred when the time of incubation and tempeeatusere increased. When fungus
was grown for less than 14 h or more than 18 h iwdendt obtain good protoplast
yields. The reason behind the latter may be thatftimgal cells are older and have
different cell wall structure, which affects efeeicy of digestion. Adding polyethylene
glycol (PEG6000) to protoplasts on ice affectedchdfarmation probably because ice
made PEG precipitate and caused damage to thepfast® Therefore, we incubated
mixtures with PEG at room temperature for 10 miauiefore transferring protoplasts

onto selective media
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6.3.3 Genomic DNAs analysis

Genomic DNAs from pyrithiamine - resistant trangfiants and the parental strain were
analysed by PCR and sequencing across the junceiging a different primers for gene
disruption; (ABC11-F and ABC11-R), (ABC11-F nestdaRtrA-R) and (PtrA-F and
ABC11-R-nest) for ABC11 and (MFS56-R nest and MFE&5test), (MFS56-F nest
and PtrA-R) and (PtrA-F and MFS56-R-nest) for MFSBéile for M85; (M85-R nest
and M85-F nest), (M85-F nest and PtrA-R) and (FfrAand M85-R-nest).The PCR
reaction confirmed the presence of the pyrithiangeee in the chromosome of some of
ABC11, MFS5&ndM85A1160 mutant isolates.

To examine whether or not the target g&teP-PgpdA-hph-TrpGwvas integrated into
the target gene loci in the chromosome of fungested primergX-F nestand hph R
nest) Table 6.3 and Figure 6.5B) were used to confirm geaeGFP-PgpdA-hph-TrpC
was successfully transformed into g DNA. The lengththe PCR product confirmed
transformation in the correct locus fABClland forMFS56and M85 (Figure 6.5B).
The PCR screening reaction for target g&td2-PgpdA-hph-TrpCmutants were
performed using various primer sé¥F nestand GFP-R) and (GFP-End hph R-nest)
GFP was confirmed in all selected transformed dekrby these primers, and the
transformation of gene fusion cassette into gDNAA®@L60 was confirmed by nested
primers (Figure 6.5B). PCR confirmed the preserfcth® hygromycin-B gene in the
gDNA of all 3 mutant strains. The KU80 pyrG¥: fumigatusstrain (A1160) was used
as recipient for the gene knock-out and it is gaesio test the products of these genes

in mice.

6.3.4 Green Fluorescent Protein used as a reportdor protein expression in A.

fumigatus

In vivo expression of théBC11l, MFS56and M85 genes was performed by GFP

tagging. The GFP expression was confirmed by fwamsmicroscopy using a 480nm
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excitation and a 504nm emission cut off filter oNi&on Eclipse 80 microscope and the
gene fusion was integrated into the correct lodugDINA. This was confirmed by PCR
with different sets of primersX{F nest and GFP R) and (GFP-F and hph R nest)¢TaB)

All tested genes appeared to be expressed (Figl}. @he weak expression of these
constructs has rendered localisation using fluemese microscopy difficult. GFP
expression was increased upon exposure to azdlesugh time constraints did not
allow extensive study of these constructs. Thisicetgs that these genes increase
expression whel. fumigatuds exposed to azoles. These observations matae tino
Chapter 7 where induction of these genes by ITRlserved using RT-PCR. In
resistantAspergillus the over-expression of efflux pumps contributeshe reduction
of susceptibility by decreasing effective intragkdl concentration of azoles
(Langfelder et al. 2002;Del Sorbo et al. 2000)night be possible to replace the weak
promoter with a strong constitutive promoter sustbata tubulin or glucoamylase. The
high level expression from such constructs wouloMakasier visualisation of the fused
GFP.

6.3.5 Susceptibility

To investigate additional factors contributing @woke resistance, in vitro susceptibility

of mutant and parent strains Af fumigatusA1160 was examined (Table 6.4). The
minimum inhibitory concentration (MIC) of azolesTR, VOR, POS) was measured in
representative gene knock-out strains (Table 8B and MFS transporters can play a
major role in antifungal sensitivity and resistar{bel Sorbo et al. 2000). Decreased
cytoplasmic drug accumulation in azole resistanfumigatusis based on increased

efflux activity. ABC transporters have been desedlilin several fungi and yeasts (Del
Sorbo et al. 2000). ThA. fumigatusABC11 gene, which encodes an ATP-binding
cassette (ABC) transporter, is also differentiadlypressed in the presence of the
antifungal itraconazole. In additioMFS56and M85 are highly induced in the presence

of ITR. These genes protect cells against the &ffeicitraconazole.

These results clearly indicate t#RBC11, MFS5@&re multidrug transporters involved in

azole resistance. THéd85 gene also appears to play a role in azole resistdheletion
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mutants ofABC11, MFS56and M85 in A. fumigatusdisplay differential sensitivity to
azole compounds. Two and four fold hyper-sensytiwas observed iABC11mutant
strains against ITR and VOR respectively. We atamél thatABC11 MFS5GandM85

A. fumigatusA1160 had cross-sensitivity to ITR, VOR and PO®ldbon strains of
ABC11, MFS56and M85 displayed increased sensitivity to different claseé azole
antifungal (ITR, VOR and POS)

We conclude thaA. fumigatusABCl1landMFS56are outer-membrane pumps involved
in efflux of azoles. In addition, MIC data faeABC11AMFS56and AM85 strainsand
over-expressing resistant strains (see Chapteor)rm thatABC11, MFS5&nd M85
act to enhance the overall multidrug resistancé@.diumigatus We demonstrated that
the disruption 0ABC11, MFS56andM85 increased the susceptibility 8f fumigatus

to azoles.

Our findings suggest that the ABC and MFS trangrofABC11, MFS56) and
hypothetical protein (M85) multidrug factors arevafved in the development of azole
resistance iA. fumigatusDespite the results obtained in this work, furtbeerdies are
needed. Functional analysis SABC11 AMFS56 andAM85 strainsin vivo infection
models to test the results obtained here are needednfirm this indirect evidence.
Additional studies could also include use of higherel expression GFP constructs
fused to the coding region of these genes for prédealisation, use of alternative gene
localisation markers such as RFP or combinationgiesfe disruption to determine

whether the genes have an additive effect
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Chapter 7

Analysis of the expression of thecyp51A,
cyp51B, Afu MDR1, AfuMDR2, AfuMDRS,
AfuMDR4, atrF, ABC11, MFS56, and M85
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7.1 Introduction

Mutation in the target gene (cyp51A) is the mostmpwmn mechanism of azole
resistance in fungi. Two other mechanisms have beafirmed to some extent to play
a role in azole resistance in clinical isolatesAoffumigatus increasedcyp51Acopy
number and efflux. Decreased intracellular level axole accumulation due to
overexpressed efflux pumps has been occasionadlyrithed as a cause of resistance in
A. fumigatus(Nascimento et al. 2003;Manavathu et al. 1999;deaSterreira et al.
2004;Chamilos and Kontoyiannis 2005;Qiao et al. 800Reduced intracellular
concentration of ITR has been reported in one l@ststantA. fumigatuslinical isolate
(Denning et al. 1997b).

Sequence analysis of the genomeAoffumigatushas shown the presence of a large
number of ABC and MFS transporters. The genomg. dfimigatuscontains at least 49
ABC transporters and 278 major facilitator supeifartMFS) genes (Nierman et al.
2005b;Chamilos and Kontoyiannis 2005;Qiao et al&Nierman et al. 2005a;Abad et
al. 2010). Some of these genes have been invextigdthe ABC transporters,
AfuMDR1, AfuMDR2, AfuMDR4nNd atrF and major facilitator transporter gene,
AfuMDR3 have been characterized An fumigatus(Nascimento et al. 2003;Slaven et
al. 2002;Tobin et al. 1997). Although there amuanber of reports which found over -
expression of efflux pumps in azole resistAnfumigatusthese were laboratory mutant
strains ofA. fumigatusot clinical isolates (Mellado et al. 2007AfuMDR1, AfuMDR2
AfuMDR3, and AfuMDR4 were found to be constitutively (basal) expressedTR
resistant laboratory mutants. However, these ghadsshown over - expression when
the isolates have been exposed to ITR (Nascimentd. £€003). Increased level of
expression of thatrF gene in response to ITR was reported in one dirgtrain (strain
AF72) (Slaven et al. 2002). On the other hand a&eh8BC transporter-encoding gene
(abcA of A. fumigatuswas not found to influence susceptibility to toses or other
antifungals either by expresssion or by gene kot Langfelder et al. 2002).

Another mechanism that may cause resistanée famigatuds the over-expression of

the target gene. Over-expression of #y51A gene was shown to confer ITR
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resistance inA. fumigatus(Mellado et al. 2005). An increase in expressidnthe
cyp51Agenewas found in conjunction with a duplication of a I3d tandem repeat in
the promoter region (Mellado et al. 2007). The éased target gene copy number led to
resistance. One study has found that the incre@sgdt gene copy number led to an
increase in MRNA level responsible for fluconazelgistance irC. albicans (Selmecki

et al. 2006) and i\ fumigatus(Liu et al. 2004). Increased expression of ¢tgp51A
gene in response to ITR was reported in one clingcdate (Albarrag et al. 2011). A
key step in the early stages of resistance devedapnm A. fumigatuscould be up-
expression of genes of efflux pumps and relatedeprs. This increased efflux pump
activity may allow for drug tolerance and/or resiste to relatively low intracellular

concentrations of azoles, which may then allow tgraent of stable resistance.

In this study three novel gene&SBC11,MFS56andM85 as well ascyp51A, cyp51B
AfuMDR1, AfluMDR2 AfuMDR3,AfuMDRshdatrF have been assessesing real-time
PCR in azole susceptible and resistant isolatesrder to assess the contribution of
transporters and other genes to resistance, partiattention was given to resistant
isolates that did not carryayp51A mutation. Gene expression was tested aftetitro
exposure to ITR for 4 hours at 37 °C. Some resigtnlates have a mutation in the
targetcyp51Agene while the majority do not.

The transporteABC11(AFUA_1G14330) gene was chosen on the basis ofolagy

to knownC. albicansazole resistance gene, CDR1. However, increaspession of
CDR1 from C. albicanswas found to confer resistance to several azotdéuagal
agents, including ITR (Sanglard et al. 1996). Tiwe bther genedFS56 (AFUA-
1G05010) and85 (AFUA-5G07550) genes were also chosen as probawabdvement

in azole resistance from a previous insertionalagemesis screen (Bowyer, personal

communication).
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7.2 Results

In this study, mechanisms of azole resistance werestigated for a collection k.
fumigatusclinical isolates; of these three ITR resistanlates (ITR-R) had a known
cyp51Amutation and 7 (ITR-R) carried no mutatidwditionally, 2 isolategesistant to
only VOR as well as 2 ITR susceptible isolates were selgdiatlle 7.1). The level of
expression of the novel transportekBC11] MFS56 hypothetical proteirM85 and
other genexyp51A, cyp51B, AfuMDR1, AfuMDR2, AfuMDR3, AfuMD&#] atr-F
were assessed by real-time PCR for their expressidn fumigatusafter induction by
ITR.

Relative quantification is performed based on theression levels of the target genes
versus a constitutively (basal) expressed housékgeagene (beta-tubulin) that is not
affected by different experimental factors (Fraceekl. 2010). The levels of expression
of the above genes’ mRNA in azole-resistant clinis@ains andazole-susceptible

control strains were quantified by real-time PQRadtldition, parallel experiments were
undertaken under controlled conditions to evaldlageeffect of treatment with ITR on

expression level of these genes (2.2.3.2 and 2)ZT'stal RNA samples were also used
to estimate the relative basal amount ©fp51A, cyp51B AfuMDR1, AfuMDR2
AfuMDR3, AfuMDR4, atrFABC11 MFS56andM85 expression. The expression levels

of beta-tubulin gene were also measured as a d¢ontro

Two baffled conical flasks (40ml liquid medium (1§kicose with Vogel's salts) were
inoculated with frestA. fumigatusspores to a final concentration of 1%Xpores/ml.
ITR was added to one of two flasks in mid expora@nphase atl4-16hrs to a final
concentration of 4.0 mg/l for resistant isolateshwiIC >8mg/l. The second flasks
were used as control. Sterile Miracloth (CalBoich CA, USA) was used to harvest
mycelia from allA. fumigatusisolates. Total RNA was extracted and quantified as
previously described (2.2.3.2) then aliquoted sttrile tubes and stored immediately at
-80°C till required.
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Table 7.1A. fumigatus (n: 14) clinical isolates used in gene expressierperiments

Strain | Isolates MIC (mg/l) Mutation ircyp51A
No. ITR VOR POS
1 Af293 S S S No mutation
F/15483 S 9 S No mutation
3 Fli17727 >8 [R] 8 [R] >8 [R] No mutation
4 F/17999 >8 [R] 8 [R] 0.5[1] No mutation
5 F/18085 >8 [R] 4[R] 0.25[S] No mutation
6 F/18149 >8 [R] >8 [R] 2 [R] No mutation
7 F/20140 >8 [R] 21 0.5[1] No mutation
8 F/20451 >8 [R] 1[S] 0.25][9] No mutation
9 F/19896 >8 [R] 1[S] 0.125[S] No mutation
10 F/18304 >8 [R] 2[I] 0.125[S] F46Y, M172V, N248T, D255H|
E427K,
11 F/19980 >8 [R] >8 [R 0.5[1] H147Y ,G448S
12 F/20063 >8 [R] 1[S 0.5[1] A284T
13 F/18329 1[S] 4[R] 0.25[S] No mutation
14 F/18454 05][S >8[R] 0.06[S] No mutation

Primers (Table 2.8) were designed using Primer fBvace (Rozen and Skaletsky
2000), Steve Rozen and Helen J. Skaletsky (2600)er3 on the WWW for general

users and for biologist programmeln: Krawetz S, Misener S (ed8ioinformatics

Methods and Protocols: Methods in Molecular Biologymana Press, Totowa, NJ, pp
365-386Source code available at http://fokker.wi.mit.edun@r3/.

The primers selected were based on the followiitgr@: amplicon length between
100 and 210 bp, primer length 19 — 23 bp and GGetr§35 - 65%). The primers were
designed based on sequence deposited in Genbaod&s$amn numbers: AF338659,
AF338660, SFU62934, SFU62936, AF503774, AF503773] #FU311940 for
cyp51A cyp51B, AfuMDR1, AfuMDR2 AfuMDR3, AfuMDRAd atrF respectively
(Table 2.8) (Albarrag et al. 2011). For the threeei genes, the primers were designed
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based on sequence deposited in CADRIED(//www.cadre-genomes.org.uk/index.html
with accession number AFUA 1G14330, AFUA_1G0501t) AFUA_5G07550 for
ABC11 MFS56and M85 respectively (Table 2.8) QRT- PCR was performedatal
RNA using the Stratagene Brilliant I SYBR GreenTgRCR kit in an Mx3005p real

time PCR machine according to the manufacturetsuictsons.

The transcript levels of all genes mentioned alsnethe beta-tubulin comparator gene

in all 14 treated and untreatéd fumigatusTable 7.1 were determined by quantitative

real time PCR carried out in parallel with 3 indegent replicate samples from each

isolate for each gene as previously described322nd 2.2.5.9) The qRT-PCR results

were analysed by the*2“T method as described below (Schmittgen and Liva&l8Rn

an Excel spreadsheet. Thg @alue of each independent gene for each isolate wa
normalised to correspondirgytubulin values. The normalised treated sample values
were calibrated to the values for untreated saniesignificant difference between

the expression @-tubulin in the different isolates and conditionasrobserved.

The data were analyzed using fold changé&'&~2
28CT = AC, of the sample (azole)C; of the calibrator (non-azole).
e.g fold change = (£ target - G, beta tubulin) azole exposwéCy, target - G, beta

tubulin) non-azole exposure.

Three independent replicate samples from eachtéstdaeach gene were analysed. For
each single run, the fold change of expressionefmh single gene was calculated as
described above. Three novel genA8C11, MFS56 and M85 showed changes in
expression levels in non-mutant ITR-R isolatesteelato an increase in ITR MIC
values. Most (ITR-R) non-mutant isolates showedresgion of almost all genes or
induction of expression upon exposure to ITR amgllteng alteration of antifungal

susceptibility

The values presented in Table 7.3 are the diffe®imt the levels of expression of 10
genesbetween the azole-resistant strains and azoleqstisiee strains (Table 7.1)

normalized to the levels of expression of the exieef-tubulin gene for each strain

included in the study
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7.2.1 Validation of real time PCR and specificity bprimers

Initially, primers were designed based on criteniantioned above. Each primer pair
was validated by performing test qRT-PCR reactiansl evaluating the resulting
product with two quality control assays; a meltvauanalysis with a single peak, and by
agarose gel electrophoresis. Single fragments suitlect expected sizes were produced
for each PCR reaction (data not shown).

The primer design and the PCR reaction conditi&®q for 60mins (for reverse
transcription), 95°C for 10mins and 40 cycles (66°C for 30s, 60°C for 1min, 72°C
for 1min) were chosen (2.2.5.9) to provide optimesults. Initially, mRNA was
converted into complementary DNA (cDNA) using reestranscriptase then amplified
by PCR and analysed by detection of fluorescenceglthe progress of the PCR then
by agarose gel electrophoresis.

PCR controls include no-RNA and positive-RNA samfilat had been previously
shown to produce a product with a single meltingyepeak. In addition, no - RT and
no-primer controls were used in parallel in the RTR. The housekeeping gepe
tubulin was validated and found to be stable araffanted by treatment with ITR. The
B-tubulin gene expression did not significantly chparbetween treated and untreated,

from samples that were taken after 4 hours of IXposure.

The optimal G detection threshold was chosen automatically byvk@005p software.
It was used to calculate ther Gor all samples. Ethidium bromide in agarose gel
electrophoresis was used to estimate quality amahtgy of cDNA products of reverse

transcriptase-PCR after each reaction but notdourate quantitation.

7.2.2 Determination of relative expression level

The expression level of the previously describegeiies as well as three novel genes
(cyp51A, cyp51B AfuMDR1, AfuMDR2 AfuMDR3, AfuMDR&, ,dABC11, MFS56and
M85) were analysed upon fungal growthvitro as described previously (2.2.3.2 and
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2.2 .5.9) in two ITR susceptible isolates (AF298,9483) and in 12 ITR-R isolates, 3
of which have mutations in tleyp51Agene (Table 7.1).

ITR susceptiblé. fumigatugsolates were used as a reference for expressitiR—R
isolates. Some isolates showed reduction in exjorest the first AC; of the sample
(azole) is greater than the secax@ of the sample (non-azole) then the fold change (2

AACTY will be<1.

The results are presented in Table 7.3 and Figurea3 a relative expression of all
genes used in this study in response to ITR treatnieable 7.4 and Figure 7.2 are
presented as the logl0 relative expression of tlyeses. The levels are initially
calculated as a change in expression of the genaterfest relative to the internal
control @-tubulin) then levels in the treated (ITR) samplerev compared with the

untreated control.

Statistically significant differences were observed the expression oftyp51A
AfuMDR2 andAfuMDR4genes with more than 2 - fold (Albarrag et al. 2014 one
study, significant differences were observed in theression ofAfuMDR3 and
AfuMDRA4 (from 1.3- to3.1-fold) after exposure to ITR (Nascimento et2003). In
another study, significant expressionabfF (5-fold) was found irA. fumigatusgrown
with ITR (Slaven et al. 2002). In this study, thestern of the expression have been

observed; a massive overexpression, overexpreaamslight expression.

The basal level expression was investigated fot@lyenes to determine whether ITR
stimuli induced or repressed expressioyp51Awas found to be constitutively (basal)
expressed in ITR-R clinical isolates (Albarrag bt2911) and the overexpression of
cyp51Agene responsible for broad-spectrum azole resistanclinical isolates oA.
fumigatus (Mellado, E., Alcazar-Fuoli, L., Garcia-Effron, GGuenca-Estrella, M.,
Rodriguez-Tudela, J.L., 2005b. Functional analgsigspergillus fumigatu€-5 sterol
desaturaseERGAandERGB genes in: 48 Interscience Conference on Antimicrobial
Agents and Chemotherapy (ICAAC), Washington, DC AU3bstract # M-1590.).
Constitutive (basal) expression ofp51in the resistant strainBenicillium digitatum
was about 100-fold higher than that in the sersiivains (Hamamoto et al. 2000).
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cyp51Bplays a role in the growth rate and maintenancenefmbrane shape (Garcia-
Effron, G., Mellado, E., Alcazar-Fuoli, L., Buitrag M.J., Cuenca- Estrella, M.,
Rodriguez-Tudela, J.L., 2005. Role oAspergillus fumigatusl4-alpha sterol
demethylasedypblb) gene on cell growth and viability, antifungaisceptibility and
sterol composition in 4% Interscience Conference on Antimicrobial Agentd an
Chemotherapy (ICAAC), Washington, DC, USA, Abstr&d¥1-1591.). The expression
of cyp51Bincreased (2 - fold) in clinical isolates Af fumigatus(Albarrag et al. 2011).
In this study, the highest levels of constitutivéiyasal) expressedyp51BmRNA were
observed with the F/19980, F/18454 and F17724ates] resulting in 10.77-, 4.23- and
2.84- fold greater expression, respectively, thsé of the susceptible strain, while no
significant changes inyp51Aexpression were observed in any isolates (Talg In.
contrast, no significant constitutively (basal) eegsed of AfuMDR1, AfuMDR2
AfuMDR3, AfuMDR4ndatrF mRNA was observed for all isolates in this studgl{e
7.2). Interestingly, Constitutive (basal) high leegpression of the novel genesBC11
and M85) was observed in some resistant isolates, low bagalession ofMFS56
MRNA was observed for all isolates (Table 7.2). Tighest level of constitutive
(basal) expression oABC11 was observed with the F/18304, F/20140 and F17727
isolates, resulting in 77.35-, 30.18- and 29.5-fmidre copies of mMRNA, respectively,
than those of the susceptible strain. The higheasdl lof constitutive (basal) expression
of M85 was observed with the F/19980 isolate, resultm@4.70 fold more copies of

MRNA than the susceptible strain.

To explore whether gene expression responded tprésence of the ITR, cells were
treated with ITR at 2 pg/ml for susceptible straangipg/ml resistant strains for 4 h at
37°C as described (2.2.3.2). The expression levetsyyp51Aandcyp51Bgenes after
exposure to ITR are shown in Table 7.3. Tdyp51Bgene in the susceptible strain
(AF293) showed little induction (1.6-fold) by ITRhile thecyp51Agene was induced
2.88-fold (Table 7.3). Following exposure to ITRgo-expression ofyp51A,1590.71-
and 62.08- fold was observed in F/18304 and F/1988Mtes, respectively but no
abnormal increase in gene expression was obsenvé&d1bP896 and F/20140. In the
remaining resistant isolates, expressiorcyi51Awas slightly increased compared to
AF293 after exposure to ITR (1.64-9.25-fold) (Tabl8).
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Table 7.2 The constitutively (basal) expression 010 genes in azoles susceptible and
resistant isolates(NO, not observed)

Isolate cyp51A cyp51B MDR1 MDR2 MDR3 MDR4 Atr-F ABC11 | MFS56 M85
AF293 0.22 1.06 0.035 0.014 NO NO 0.0008 0.19 0.0005 0.16
+0.033 +0.29 +0.016 +0.0028 +0.00017 | £0.068 | +£0.0002| +0.05
F/15483 | 0.39 0.98 0.29 0.21 0.0003 NO 0.011 5.9 0.016 6.77
+0.18 +0.41 +0.089 +0.08 +0.0001 +0.0007 +0.10 +0.002 +1.51
F17727 | 0.23 2.84 0.59 0.039 NO 0.008 0.05 29.5 0.016 0.51
+0.22 +4.90 +0.69 +0.031 +0.006 +0.05 +56.46 | +0.032 +0.61
F/17999 | 0.38 1.2 0.088 0.028 NO 0.011 0.002 1.58 0.001 0.64
+0.39 +0.42 +0.026 +0.0056 +0.0001 | +0.003 +1.31 +0.0008 | +0.054
F/18085 | 0.12 0.23 0.03 0.024 NO NO 1.19 0.001 0.045
+0.20 +0.07 +0.05 +0.002 0.0001 +0.44 +0.002 +0.1
F/18149 | 0.13 0.18 0.16 0.019 NO NO 0.0012 1.7 0.00071 | 0.0193
+0.071 +0.10 +0.07 +0.001 +0.0009 +0.066 | +0.0008 | +0.0056
F/18304 | 0.00058 | 1 0.122 0.0029 NO NO 0.035 77.35 0.0002 599.02
+0.0005 | +0.990 +0.085 +0.0029 +0.0044 +21.2 +0.0001| £38.14
F/18329 | 0.005 0.36 0.02 0.01 NO NO 0.00011 0.24 NO 0.0019
+0.0014 | +0.059 +0.001 +0.0002 +0.03 +0.0002
F/18454 | 0.4 4.2 0.009 0.34 0.0012 0.0003 0.04 5.11 0.05 63.46
+0.165 | +1.53 +0.004 | +0.05 +0.0009 | +0.0001 | +0.014 +1.69 +0.016 | +25.74
F/19896 0.05568 | 0.0002 0.027 0.0015 0.34 0.002
NO +0.014 +0.0001| +0.0014 NO NO +0.0002 | +0.06 NO +0.0005
F/19980 | 0.51 10.77 0.27 0.37 0.046 0.0007 0.33 7.2 0.15 34.7
+0.20 +2.085 +0.062 +0.12 +0.0027 | £0.0004 | +0.032 +0.51 +0.005 +1.082
F/20063 | 0.16 0.644 0.153 0.046 NO 0.0002 0.34 0.0002 0.003
+0.13 +0.47 +0.105 +0.027 NO +0.0001 | +0.30 +0.0002 | £0.0008
F/20140 | 0.0016 0.33 0.27 0.1 NO 0.001 0.009 30.18 0.002 0.058
+0.0014 | +0.024 +0.085 +0.002 +0.0002 +0.003 +5.15 +0.0001 | +0.011
F/20451 | 0.098 0.558 0.0015 0.009 NO 0.0011 0.0024 4.53 0.0001 0.16
+0.188 +0.879 +0.01 +0.02 +0.0009 | £0.0016 | #3.61 +0.0001 | +0.113

Relative expressions of 10 genes in azoles susdadptiand resistant isolates analysed by
RT-PCR. The expression of each gene was normalizeéd B-tubulin. The data are the
average of at least 3 independent determinations.represents the standard error of mean.
The expression level of each gene was determined4th at 37°C, prior mid exponential
phase atl4-16hrs
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No resistant isolates showed significantly increadevels of cyp51B expression
compared to the susceptible isolates except F/19886 level ofcyp51Bexpression
increased 18.70- fold after exposure of the F/1988éate to ITR. In the remaining
resistant isolates, expressioncgp51Bwas slightly incresed relative to expression in a
susceptible isolate (F/15483) or decreased in F24,7F217999, F/18085, F/18149,
F/18304, F/19980 F/20063 (1.61-4.45-fold) (Tablé a&nd Figure 7.1). These results,
showing that an increased level of expression efdyp51Aand cyp51Bgenes in
clinical isolates following exposure to ITR, are agreement with those observed by
(Albarrag et al. 2011).

Increased expression of thgF gene in response to ITR was reported in clinitaiirs
AF72 (Slaven et al. 2002). In this study, exprasdevels of 20.11-, 3.82- and 2.20-
fold greater than the reference AF293 strain weiseoved foratrF in F/17999,
F/18149 and F/20140 respectively, However, thems va slight difference in
expression oftrF gene in remaining resistant isolates relative usceptible isolates
(Table 7.3 and Figure 7.1).

In previous studie&AfuMDR1, AfuMDRAfuMDRS3, AfuMDR4enes had shown over -
expression when the isolates have been expose@iRoNlascimento et al. 2003;da
Silva Ferreira et al. 2004). In this study, TARimdrl, Afumdr2 Afumdr3andAfumdr4
genes were found to be induced 3.6-, 0.33-, 1.8-2&fold more, respectively, than in
the reference strain. In contast, in one resigtauttint, the same genes were induced
16, 38-, 258- and 249- fold more, respectivelythie presence of ITR (da Silva Ferreira
et al. 2004). In the current study, there was gaiicant difference in expression of the
efflux pump transporter8fuMDR1, AfuMDR2AfuMDR3, AfuMDR4n the majority of
resistant isolates relative to susceptible isolddese (F/18085) displayed a 220.14-fold
increased level of expression AfuMDR1relative to susceptible isolates, and with
nearly twice the transcript levels for non-mutaggistant isolates (F/ 17999 , F/ 18149
and 18329) (Table 7.3 and Figure 7.1). Inductierels of 6.23-, 4.55-, 2.60- and 2.41-
fold were observed fohfuMDR2in F/19980, F/18149, F/20063 and F/20063, F/17999,
respectively, upon exposure to ITR, while increasfesbout 2.73-fold in only F/17999
for AfuMDRS.
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Importantly, in the presence of ITR, significaneoexpression of the three novel genes
was observed especiallkBC1ll Overexpression levels of 31-.84.26.37-, 19.96-,
11.92- , 11.70-, 10.80-, 7.29- and 5.14-fold websesved forABC11lin F/20063,
F/17999, F/18149, F/19896, F/18329, AF293, F/1808&% F/19980 respectively, while
increases of 295.36-, 58.7-, 43.17-, 12.94-, 4.084- and 3.17-fold in the expression
of MFS56were observed for F/17999, F/18085, F/20063, F/28F419896, F/20140
and F/19980 isolates. While increases of about4#1091.26-, 4.31- and 3.69-fold in
the expression oM85 were observed for F/18085, F/20063, F/19896 and1&@
(Table 7.3).

Following exposure to ITR, overexpression of thee¢hnovel genedABC11, MFS56
andM85 was observed to some extent in all resistantts®ld he most prominent were
those of F/20063, F/19896 and F/18085, which sholwgld-level expression of three
genes. Three isolates, F/17999, F/18149 and F/1998Wwed overexpression of two
genes ABClland MFS5§, 5 of these are withowyp51Amutation and one (F/20063)
with point mutation (Table 7.3).

However, almost all the resistant isolates displagegnificant increased levels of

cyp51AABC11, MFS5&ndM85 expression compared to the susceptible isolates.
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Table 7.3 Relative expression of 10 genes in aziusceptible and resistant isolategNO,
not observeq

Isolate | cyp51A | cyp51B | MDR | MDR | MDR | MDR | Atr-F | ABC11 | MFS56 | M85
1 2 3 4
AF293 | 2.88 161 |6.02 | 128 |060 | 084 |063 |10.80 |0.11 .05
+0.33 +0.46 | +2.52 | +0.56 | +0.08 | +t0.20 | +0.24 | +3.39 | +0.01 | 0.01
F/15483 | 2.30 445 |090 |135 |1.18 |091 |1.09 |1.24 |0.83 1.00
+1.327 | +1.37 | +0.46 | +t0.85 | +1.19 | +0.49 | 0.26 | 0.12 | +0.14 | +0.28
F17727 | 7.353 242 | 027 | 024 0485|051 |1.47 |243 |061 1.85
+10.91 |+2.49 | +0.59 | +0.17 | £0.02 | +t0.01 | 2.16 | +4.43 | +0.63 | +1.39
5 6
F/17999 | 6.37 248 | 1035|241 |273 | 140 |20.11 | 26.37 | 295.36 | 1.86
+2 .46 +1.12 | +5.89 | +0.78 | £1.16 | +0.68 | +21.6 | +16.62 | +581.86 | +1.12
4
F/18085 | 5.87 248 |2201]|099 |[NO | 1.04 |043 |7.29 |587 410.47
+4.27 +1.42 |4 +0.20 +0.05 | +0.12 | +6.84 | 1+129.3 | +915.40
+194. 0
11
F/18149 | 9.25 412 | 1231|455 |NO |NO |382 |19.96 |1294 |0.38
+3.70 +3.16 | +7.00 | £0.28 +2.53 | +11.43 | +17.45 | +0.12
F/18304 | 1590.71 | 3.74 |3.87 | 140 |[NO | NO | 066 |0.78 |0.57 0.09
+1452.49| +2.13 | +3.04 | +1.20 +0.19 | +0.16 | +0.44 | +0.01
F/18329 | 3.50 166 |17.31]135 |[NO | NO | 093 |11.70 |0.81 2.72
+2.20 +0.12 | +1.86 | £0.12 +0.40 | +2.33 | 20.74 | +0.04
F/18454 | 1.64 049 |122 | 012 |211 | 055 |045 |1.17 |0.38 0.38
+1.46 +0.10 | +0.18 | +0.06 | +2.81 | +0.15 | +0.19 | +0.14 | +0.10 | +0.13
F/19896 1870 | 1.36 | 1.86 1.11 |0.33+ | 11.92 | 4.04 4.31
NO +24.82 | +0.56 | +0.30 | NO | +0.85|0.10 | +7.73 | +1.63 |+1.31
F/19980 | 62.08 3.14 | 127 | 623 |191 | 184 |186 |514 |3.17 1.24
+10.09 | +1.32 | +0.03 | +2.26 | +0.15 | +1.17 | +1.36 | 2.22 | #0.97 | +1.15
F/20063 | 5.75 237 |1163]|260 |[NO |NO | NO |31.84 |4317 |91.26
+4.65 +2.09 | +4.56 | +1.34 +20.28 | +28.88 | +17.81
F/20140 | NO 001 |015 |0.16 |NO |263 |220 |009 |4.04 3.69
+0.01 | #0.11 | 0.01 +2.13 | #1.84 | +0.01 | +0.65 | +1.64
F/20451 | 2.25 095 |6.15 | 090 |1.46 |242 |1.64 |233 |202 1.13
+3.20 +1.21 | +6.89 | +0.35 | +0.96 | +0.77 | +0.75 | +2.93 | #1.02 | +0.26

Relative expressions of 10 genes in azoles susdadptiand resistant isolates analysed by
RT-PCR. The expression of each gene was normalizeéd B-tubulin. The data are the
average of at least 3 independent determinations.represents the standard error of mean.
The expression level of each gene was determineddah after the addition of ITR at 37°C,
prior mid exponential phase at14-16hrs
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Figure 7.1 Relative expressions of 10 genes in a®lsusceptible and resistant isolates
analysed by RT-PCR. The expression of each gene wasrmalized to B-tubulin. The data
are the average of at least 3 independent determitians. Error bars represents the
standard error of mean. The expression level of eaggene was determined at 4 h after the
addition of ITR at 37°C, prior mid exponential phas at14-16hrs
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Table 7.4 Logl10 of relative expression of 10 geniesazole resistant and susceptible isolates

Isolate | cyp51A | cyp51B | MDR1 MDR2 | MDR3 | MDR4 |atr-F | ABC1l1 | MFS56 | M85
AF293 | 0.46 0.20 0.78 0.10 -0.21 -0.07 -0.19 1.03 -0.94| .281
F/15483 | 0.36 0.64 -0.04 0.13 0.07 -0.03 0.04 0.09 -0.08 0D.0
F17727 | 0.86 0.38 -0.55 -0.60 -0.31 -0.28 0.14 0.38 -0.21} .260
F/17999 | 0.80 0.39 1.01 0.38 0.43 0.14 1.3( 1.42 2.47 0.26
F/18085 | 0.76 0.30 2.34 -0.01 NO 0.02 -0.3b 0.86 1.76 2.61
F/18149 | 0.96 0.61 1.09 0.65 NO NO 0.58 1.30 111 -0.41
F/18304 | 3.20 0.57 0.58 0.14 NO 0.15 -0.1y  -0.10 -0.23 -1.02
F/18329 | 0.54 0.22 1.23 0.13 NO NO -0.03 1.06 -0.09 0.43
F/18454 | 0.21 -0.30 0.086 -0.88 0.32 -0.25 -0.33 0.06 -0.41| -0.41
F/19896 | NO 1.27 0.13 0.27 NO 0.04 -0.417 1.07 0.60 0.63
F/19980 | 1.79 0.49 0.10 0.79 0.28 0.26 0.27 0.71 0.50 0.09
F/20063 | 0.76 0.37 1.06 0.41 NO NO NO 1.50 1.63 1.96
F/20140 | NO -1.95 -0.82 -0.79 NO 0.42 0.34 -1.0 0.60 0.56
F/20451 | 0.35 -0.019 | 0.78 -0.04 0.16 0.38 0.21 0.36 0.30 50.0

NO, not observed

Logl0 of relative expression of 10 genes in azolssisceptible and resistant isolates
analysed by RT-PCR. The expression of each gene wasrmalized to p-tubulin. The data
are the average of at least 3 independent determinans. + represents the standard error
of mean. The expression level of each gene was det@ed at 4 h after the addition of ITR
at 37°C, prior mid exponential phase at14-16hrs
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Generally, some genes were induced by ITR exposdniée others were not. Tt
AfuMDR1, AfMDR2, AfuMDR3, AfuMDR4and M85 geneswere repressed in tt
F/17727 isolate under ITR treatment. Gecyp51B, AluMDR1AfuMDR2 and ABC11
were repressed in the F/20140 isolate under IT&rrent Figure 7.2. Interestingly, t
cyp51Agenewas induced during exposure TR for all isolates. yp51Bwas repressed
under ITR treatment in two isolates (F/20140 antB&b4),AfluMDR1 was repressed
during exposure to ITR in two isolates (F/17721 d@#v/20140), AfuMDR2 was
repressed under ITR treatment in 3 isolates (F/1,/F2(140 and F/18454 AfuMDR3
was repressed under ITR treatment in two isolat¢2293 and F/17727),AfuMDR4
was repressed during exposure to ITR in two issl@&l7727 and F/18454atrF was
repressed under ITR treatment in several isola€29%3, F/1830, F/18085, F/19896,
and F/18454),ABC1! was repressed in only one isolate (F/201¢MFS56 was
repressed in isolates with different susceptibiptpfiles AF293, F/15383, F/1830.
F/17727, and F/18454 and finalM85 was repressed in susceptible ancistant A.
fumigatusisolates (AF293, F/18304, F/18149 and F/18454). éim@k, repression (
expression did not exceec-fold compared to the same gene expression in th

samples.

cyp51A | cyp51B | MDR1 | MDR2 | MDR3 | MDR4 | Atr-F | ABC11 | MF 56 | M85 |

BAF293
BF/15383
B F/19980
) I B F/20063
B /18304
BF/17727
I ﬂj‘IE B F/17999

& B F/18085
I I wH/as14y
B F/20140
1 B1/20451
-2 F/19896
F/18454
3 F/18329

Figure 7.2 relative expressions of susceptible antcesistant A. fumigatus isolates in
response to ITRin vitro. The expression was analysed for untreated and tread isolates
with ITR after 4 hours prior mid exponential phaseat14-16hrs.
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7.3 Discussion

Mutation in the target gengyp51Ais the most common mechanism of resistancg. in
fumigatusclinical isolates because it leads to reducedibgqdf the drug (Howard et al.
2009;Howard et al. 2006;Mellado et al. 2004). B mecently found an increase in
frequency of azole resistance without a correspananutation in thecyp51Agene
(Bueid et al. 2010). Possible reasons for thidc&cmclude over-expression afyp51A
or efflux pumps. Decreased intracellular level abla due to over - expression of
efflux pumps has been rarely described as a causssistance in somaA. fumigatus
isolates (Nascimento et al. 2003;Manavathu et 899da Silva Ferreira et al.
2004;Chamilos and Kontoyiannis 2005;Qiao et al. 800Reduced intracellular
concentration of ITR has been reported in an ITRARfumigatusclinical isolate
(Denning et al. 1997b)A. fumigatus MDR(AfuMDR) pumps have been shown to be
associated with increased resistance to ITR (Rapenat al. 2011). Generally,
overexpression of bddemethylase, the product of thgp51Agene, associated with
mutations in the target gene or with up-regulatidrefflux pumps. However, over -
expression of onlgyp51Aas the sole mechanism of resistance has not lesenilobd

in resistantA. fumigatusclinical isolates and no particular pump has belemtified to
be responsible for efflux iA. fumigatugNascimento et al. 2003;Slaven et al. 2002;da
Silva Ferreira et al. 2004;Mellado et al. 2007)wdwer, overexpression of/p51Awas
described as a sole of resistance mechani€tumeriella jaapii(Ma et al. 2006)

Quantitative expression analysis (real-time PCRWw&d up to 62.08- and 1590.7-fold
increase in the induction of expression of tdyp51Agene in the presence of ITiR
(F/19980 and F/18304) respectively compared tolilidhe susceptible strain (AF293).
This is massive increase in expressiorcyd51Ahas not been reported previously in
fungi, for examplan Penicillium italicum(van den Brink et al. 1996) or A& fumigatus
(Mellado et al. 2007;Albarrag et al. 2011). It gasts with other four other resistant
isolates without mutations with nearly twice theancript levels compared to
susceptible isolates. Two factors may increaseyip®1lAmMRNA level; the first factor
Is thecyp51Agene copy number as describeCinalbicans(Selmecki et al. 2006) and
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C. glabrata (Marichal et al. 1997). A modification in the semge of thecyp51A
promoter is another possible factor behind theeiased level of theyp51A.The first
factor was not investigated in this study. A dugtion of a 34 bp tandem repeat in the
promoter ofcyp51Aresulted in a 4 to 8 fold increase in expressiorel(®tio et al.
2007). Our isolates were sequenced to determinetheh the tandem repeat was

present but none was found in these isolates.

None of the resistant isolates displayed signiticamcreased levels oftyp51B
expression compared to the susceptible isolatespéxane resistant isolate (F/19896)
that showed a 18-fold increase compared to theeptibte isolates (Table 7.3 and
Figure 7.1). This over - expression ofp51Bhas never been reported previously.
Cyp51Bplays a role in the growth rate and maintenanaaerhbrane shape (Mellado et
al. 2005;Garcia et al. 2005 yp51Aandcyp51Bare orthologues id. fumigatusand
have been shown to act in a compensatory manrtbeiargosterol pathway (Warrilow
et al. 2010)cyp51Bdisplayed tight binding toward ITR and VOR wheregp51Adid
not exhibit tight binding with any of the azoles #wlow et al. 2010). Therefore, the
over-expression afyp51Bassociated with increased expression of 3 othaspaters

in one ITR-R isolate without eyp51Amutation, might have some implications in azole

resistance mechanisms.

In the remaining resistant isolatesyp51B was slightly over-expressed, or under-
expressed (1.61-4.45-fold) (Table 7.3 and Figur®. 70Our results, showed that an
increased level of expression of thgp51A and cyp51Bgenes in clinical isolates
following exposure to ITR, are in agreement witlhgh observed by (Albarrag et al.
2011). Expression afyp51Bdoes not appears to be a common mechanism ofaresést

of 9 testedA. fumigatuslinical isolates as we found this in only one sent isolate.

Although, 49 ABC transporter and 278 major facibtasuperfamily (MFS) genes in the
genome of A. fumigatus (Chamilos and Kontoyiannis 2005;Nierman et al.
2005a;Nierman et al. 2005b;Qiao et al. 2008;Abaal.€2010), only a few studies have
investigated their importance in azoles resistaAteMDR1, AfuMDR2AfuMDR3and
AfuMDR4 were found to be constitutively (basal) overexpeelsin ITR-R laboratory
mutants (Nascimento et al. 2003). However, theseegdad shown over - expression
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when the isolates were exposed to ITR. Increasesd t¢ expression of thatrF gene in
response to ITR was reported in one clinical st(atrain AF72) (Slaven et al. 2002).
A. fumigatus MDR(AfuMDR) pumps have been described in several studiehavel
been shown to be associated with increased resestanITR (Rajendran et al. 2011).
On the other hand, a ABC transporter-encoding daheA of A. fumigatusdid not
appear to play a role in susceptibility to azoleother antifungals (Langfelder et al.
2002).

To address this deficiency in our understandingesistance, we Investigated whether
increased efflux pump expression, could account rigsistance. The levels of
expression and induction of the noveBC11 MFS56andM85 transporters as well as
cyp51A, cyp51BAfuMDR1, AfuMDR2, AfuMDR3, AfuMDRddatrF mRNA in 12
azole-resistant clinical strains were comparedhhose in theA. fumigatusazole-
susceptible control strains.

In previous studies statistically significant difeces were observed in the expression
of cyp51A AfuMDR2 and AfuMDR4 genes (Albarrag et al. 2011). In one study,
significant differences were observed in the expos of AluMDR3 and AfuMDR4
(from 1.3- to3.1-fold) after exposure to ITR (Nascimento e28l03). In another study,
significant expression oétrF (5-fold) was found inA. fumigatusgrown with azole
(Slaven et al. 2002). In this study, a three pasiaf expression have been observed; a
massive overexpression, overexpression and sligiessionIn this study, there was
no significant difference in expression or industi@f efflux pump transporter
AfuMDR2 AfuMDR3, AfuMDR4genes in resistant isolates relative to susceptibl
isolates. One isolate (F/18085) displayed a 22@ldtincreased level oAfuMDR1
expression relative to susceptible isolates congp#reother resistant isolates without
mutations (F/ 17999, F/ 18149 and F/18329), (Tab8 and Figure 7.1). While for
AfuMDRa3,increases of about 2.73-fold in one ITR-R isolaitout acyp51Amutation
(F/17999) were observed. In contrast, no signiticdifference in the expression of
AfuMDR4was observed in all isolates (Nascimento et al.3280arrag et al. 2011).

However the expression é&fuMDR1was associated with increased expression of 3
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other transporters. Despite the prior work, it apethat AfuMDR2 AfuMDRS,
AfuMDR4are unlikely to be involved in azole resistance.

A similar story was found with over-expression lo¢ atrF gene product (AtrF) which
was previously found to be over-induced in respdosdR. In one study, AF72 had
approximately 5-fold higher levels atrF mRNA than susceptible isolates AF10 and
HO6- 03 (Slaven et al. 2002n this study, there was slight difference in exsren of
atrF gene in resistant isolates relative to suscepigmtates. However, in the ITR-R
isolate (F/17999) without eyp51Amutation studied here, significantly increaseclsv
of atrF expression were fund compared to the suscepsblates (Table 7.3 and figure
7.1). However, over-expression or over—inductior2 efovel transporters was also seen
concurrently. Therefore overexpressioratf is not solely responsible for azole efflux

and resistance iA. fumigatus.

In this study, the transport&BC11(AFUA_1G14330) gene was chosen on the basis of
homology to knownCandidia. albicansazole resistance gene, CDR1. This is not the
published orthologue of CDR1 . fumigatushowever the ABC11 gene is the second
closest orthologue. Increased expression of CD&1 €. albicanswas found to confer
resistance to several azole antifungal agentsydinad) ITR (Sanglard et al. 1996).Over
— expression or over - induction ABC1l1las the sole mechanism of resistance has not
been detected in any resistaAt fumigatusclinical isolate. However, increased
expression of at least 2 genes was detected imraenasistantA. fumigatusclinical
isolates with no mutation in theyp51A The relative increases in the levels of
ABC1lZExpression obtained in the wild-type strain (AF2@@) 10.80-fold, whereas the
levels of ABC11transcription in isolates with and withoutgp51Amutation, ITR-R,
F/20063, F/17999, F/18149, F/19896, F/1832918®85 and F/19980 were
increased 31.84-, .26.37-, 19.96-, 11.92- , 11.7@®9- and 5.14-fold respectively
compared to the level of transcription in the wiyge (AF293) (Table 7.3 Figure 7.1).

Interestingly, Constitutive (basal) over - expreasof ABC1landM85was observed in
some resistant isolates, while no significant dtustely (basal) expressed MFS56
MRNA was observed for all isolates (Table 7.2). Tilghest level of basal constitutive
over - expression oABC11 was observed with the F/18304, F/20140 and F17727
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isolates, resulting in 77.35-, 30.18- and 29.5-folore mRNA, respectively, than those
of the susceptible strain. The highest level ofstiutive (basal) over - expression of
M85 was observed with the F/19980 isolate, resultm@4.70- fold mRNA than the

susceptible strain. Constitutive (basal) overexgpoes of ABC11 has been observed
even in wild-type stain but less than those instesit isolates. This finding agrees with
the previous observations fAfuMDR3and AfuMDR4(Nascimento et al. 2003).

Major facilitator transporter gendfuMDR3 has been characterized An fumigatus
(Nascimento et al. 2003;Slaven et al. 2002;Tobial.e1997) and has been found to be

constitutively (basal) expressed in ITR-R labonatmutants (Nascimento et al. 2003).

In this study, we observed low basal expressiorl$ewf the MFS56 gene in the
susceptible isolates AF293 and F/15483 and resistatates, F/17727, F/18304 and
F/18454 at 0.0005- and 0.016-, 0.016-, 0.0002-GA8-fold respectively. The highest
level of theMFS56expression induction was detected in (F/179993%8%, F/20063,
F/18149, F/19896, F/20140 and F/19980) with ab®8.36-, 58.7-, 43.17-, 12.94-,
4.04-, 4.04- and 3.17-fold increase respectiveb(& 7.3 and Figure 7.1). However in
all casesMFS56is not the only transporter over - expressed aedefore may not be
the sole factor responsible for resistarOther transporter proteins other thelfrS56
whose expression is also increased could be resperier resistance to ITR in these
isolates.

Similarly, the M85 (AFUA 5G07550) was also chossrpeobable involvement in azole
resistance from a previous insertional mutagenestseen (Bowyer personal
communication). We also observed low basal expradsivels of thevi85 gene in the
two susceptible isolates and 3 ITR-R isolates. Rigaest level of théV85 expression
induction was detected in F/20063, F/18085 and89&vith 91.26-, 410.47- and 4.31-
fold increase respectively (Table 7.3 and Figudg. 7TheM85 is unlikely to be a sole
factor responsible for resistance as other gene® abso over - expresse@ther
proteins rather thaivi85 whose expression is also increased could be regperier

resistance to ITR in these isolates.
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Interestingly, deletion oABC11 MFS56andM85 from a wild-type strain increaseal.
fumigatussusceptibility to azoles (chapter 6) and the iaseel expression oABC1]
MFS56 and M85) genes could account for resistance to ITRAinfumigatusclinical
isolate and this finding suggests that over - esgiom of ABC1lis at least partially
responsible for ITR resistance and could be constla mechanism for the emergence
of clinical resistance to azoles A fumigatus However, high expression &BC11]
MFS56 and M85 was detected in all ITR-Ryp51Amutant or cyp51Anon-mutant
isolates compared to the susceptible isolates, estigg that a combination of these
genes could be responsible for resistance in tlesepce of ITR. Moreover, other
transporter proteins other thakBC11 MFS56 and M85, whose expression is also
increased as part of this response, could be pasiyonsible for resistance to ITR in

these isolates.

In this study, some ITR resistant strains showekeeiconstitutive (basal) high-level
expression or induction difumdr3 Afumdr4 andAtrF upon exposure to ITR. There
was high agreement between our results (Tablerdl4&gure 7.2) and the observations
of Ferreira et. al (da Silva Ferreira et al. 20@yer - expression of transporter gene
(CDR1, CDR2andMDRY) has been detected and shown to be a common mgchan

of fluconazole resistance @. albicans(Sanglard et al. 1997).

In this study, some of the ITR resistant mutantsitated induced expression of some
genes, when exposed to ITR. For example, highctholu was observed for several
genes in F/20063 F/180304. High inductions wereenlesl for at least two of the novel
genes ABC11 MFS56andM85) together with up - regulation afyp51Aor cyp51Bin

3 ITR-R without acyp51Amutation. HoweverAtrF wasinduced in 4 ITR resistant non

mutantssolateg(Table 7.4 and Figure 7.2).

Induction of some efflux together with up - regidat of cyp51Aor ¢yp51B when
Aspergillusis exposed to low levels of ITR during infectionthwinadequate azole
therapy may allow reduced intracellular concertragi of azoles and selection of
partially resistant strains which may then allowndi for development of stable
resistance (Howard et al. 2009;da Silva Ferreiralet2004;Howard and Arendrup
2011).
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The response to VOR treatment was previously iny&&d in an isolate exposed to 0.5
mg/l VOR. 13 genes showed higher expression inptiesence of VOR by real-time
RT-PCR. Afumdrl (Afua_5g06070) was one of the most highly ezxped genes (da
Silva Ferreira et al. 2006). In this study, we esgubtwo VOR-R only isolates, without
a cyp51Amutation to 2 ug/ml ITR, one of which (F/18329h#ited an induction in
the expression of 4 genes. Up-regulation was obsdefor cyp51A Afumdrl ABC11
and M85 at 3.50-, 17.31-, 11.70-, and 2.72- fold respetyivin contrast, F/18454
(VOR-R) did not exhibit a significant change in esgsion after 4 hours of ITR
exposure. The possible explanation is that alluefijenes investigated here are not
affected by ITR in this particular isolate.

In conclusion, reduced intracellular accumulatiom do increased expression of efflux
pumps have been described as a second moleculdramsm of resistance to azole
drugs in ITR-RA. fumigatusstrains. Many studies have revealed that drug efflu
mediated by increased expression of ABC transpagern important resistance
mechanism in fungi. Increased expression of CORihdida albicanswas found to
confer resistance to terbinafine, cycloheximided a&everal azole antifungal agents,
including ITR (Slaven et al. 2002). The major meutkan responsible for high-level
azole resistance in clinic@andidaisolates is over - expression of plasma membrane
efflux pumps (Cannon et al. 2009). Increased lewél&ABC11 expression suggest a
possible mechanism for azole resistance in ITR:Rumigatusstrains. Mutant strain
(AABC11) exhibited increased susceptibility to allolkz (ITR, VOR, and POS)
antifungal agents (chapter 6) and similarly inceelatevels ofABC11 expression is
observed in clinical resistant isolates, suggestimgt ABC11 transporter could be
responsible for the azole resistant phenotype inesisolates. Similarly, there was a 2-
to 400-fold increase in the level MFS560r M85 expression upon exposure to azoles
which corresponded to a slight increase susceipyilidr the respective gene knockouts
(AMFS56 andAMB85) (chapter 6) confirming that these genes maytrdmute to the
azole resistant phenotype in ITRAR fumigatusstrains. Over expression ofp51Ahas
been detected in both in mutant and non-mutanstessi isolates. This suggests that
expression otyp51Ais not a sole resistance mechanism but may enhambefined

resistance mechanisms particularly in isolatesataarry mutation ircyp51A
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Disruption ofABC11, MFS5&ndM85in A. fumigatuhad a small but detectable effect
on azole susceptibility but following exposure TR| over - induction of novel genes
ABC11, MFS56and M85 was observed in all resistant isolates and higtalbgene
expression was observed for ABC 11 and M85 sugugethiat they might be associated
with azole resistance in clinical isolates. Therovexpression and over — induction of
these genes may cause ITR resistance through redwdtintracellular levels of azole.
This finding suggest that overexpression of theehoyenes are at least partially
responsible for ITR resistance and could be consttenechanisms for the emergence

of clinical resistance to azoles.

A further study is required to investigate the ilwemnent of the novel efflux
transportersABC11and MFS56 and hypothetical proteiM85 using mutant strains of
AABC11, AMFS56 andAM85. Over expression of these genes would be istiageas

well as gene knockout in the clinical isolates gtaiw high expression.
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Chapter 8

General discussion
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8.1 General discussion

The increase in the prevalence of Aspergillus iides during the last two decades was
accompanied by an increasing number of both immupmessed and immune
compromised individualdAspergillus fumigatuss the most common aetiological agent
causing invasive, chronic and allergic mould infats (Li et al. 2011;Denning and
Perlin 2011). Triazole antifungal agents are thestngdfective and widely used in the
management of Aspergillus diseases in agricultyezweij et al. 2009b) and in clinical
settings (Denning and Perlin 2011).

Recently, acquired resistance to a number of asgdlcomponents, especially triazole,
has been predominately reported due to the widadprse of triazole antifungal agents
(Nascimento et al. 2003;Howard et al. 2009;Qiao aét 2008;Verweij et al.
2009b;Verwelj et al. 2009a) @hrough exposure of isolates to azole fungicidethe
environment (Van Der Linden et al. 2011). Howevesjstance to treatment with azole

drugs is an emerging problem of considerable conicenuman medicine.

No resistance was seen before the 1990s, perhagmudee the filamentous fungi

susceptibility method has changed more than onearfldg et al. 1997b). The global

frequency of azole resistance is not clearly defiag results from many laboratories do
not routinely test the susceptibility of their iatds ofAspergillusand they do not use a

common standard method for susceptibility. Nevéesgse laboratory techniques are
being developed to identify and classigpergillusin clinical settings as well as to

improve the susceptibility testing of filamentousdi (EUCAST 2008;CLSI 2002)

Susceptibility

Initially, 64 A. fumigatusfrom the Mycology Reference Centre Manchester, UK
(MRCM) culture collection isolates were re-identified Hgssical culture techniques
and confirmed by culturing them on SAB at 50°C dm& sequencing. The reason
behind this was to exclude any closely related eazaksistant specieb. calidoustus
for example appears to be resistant to azoles, AntkntulusandPetromyces alliaceus
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have exhibited decreased susceptibility to antgélrdrugs, especially the azoles and
echinocandins and amphotericin B (Balajee et @73

Although the susceptibility of 6A. fumigatusMRCM culture collection isolates was
determined in MRCM, we re-tested them for suscéjtjitagainst ITR, POS and VOR
to confirm the MRCM results and to see whethergheas susceptible profile change
during storage. It was found that all MIC values &ll A. fumigatugesistant isolates
were consistent with clinical laboratory resultsthwiariation within ~a two-fold

difference.

However, a modified EUCAST method which has beesdus MRCM since 2001 was
used. Standardization of-vitro susceptibility testing methodology fésspergillusgave
precise and reproducible results in MRCM. EUCAS@ exfEUCAST methods are both
broth dilution based and contain 2% glucose to cedwailing end points, but differ
with fungal inoculum size of 2.5 x i€fu/ml VS of 2.5 x 16cfu/ml respectively. As a
result of using comparable methods, detection @ictiange in frequency of resistance in
A. fumigatusbetween 2001 and 2009 was possible. In addittenresults obtained here
suggest the mMEUCAST defined azole resistance maglate with treatment failure in
clinical settings, asn-vitro with treatment failure correlation has been obseérand
confirmed in animal models of fungal infection (Hand et al. 2009;Dannaoui et al.
1999;Denning et al. 1997a). Ongoing comparison BUAAST with EUCAST standard
method shows equal or 1 dilution higher result wedCAST. Using the EUCAST
method would therefore lead to a slight increagbénfrequency of reported resistance in

A. fumigatusn Manchester.

In Manchester, UK, the frequency of ITR resistaneas 5% from 2004 to 2007
(Howard et al. 2009) and the analysis has beenteghdia this study. In 2008, 23% were
resistant to at least one azole while 31% werestagdi in 2009. Using patients as the
denominator rather than isolates (discounting auitht isolates from patients with the
same susceptibility pattern), the frequency of stasice remains high in the cases
referred to in our laboratory during 2008-9 at 14%@ 21%, respectively (see Table

210



3.1). Only 2 (10%) isolates from 2008 were VOR s&sit. The remainder (16 in 2008
and 34 in 2009) were multi-azole resistant. Thusjngj this period, 62 of 64 (97%)
were ITR resistant, 2 of 64 (3%) were only VOR s&sit and 50 of 64 (78%) cases
were multi-azole resistant. Decreased suscep$iliditvOR has already been described
in clinical isolates and in laboratory mutants (Meathu et al. 2001;Verwelij et al.
2002), however, resistance to VOR only has noguoknowledge, been reported in

clinical isolates.

The risk of cross-resistance between triazoleA.famigatuswas high (78%), which is
of concern in human medicine with few choices afgdrithus new drug classes to treat
aspergillosis are required. The reason behindriesaesistance between triazoleéin

fumigatusmay be because azoles inhibit the same tasgeil Agene.

Two possible reasons for the increasing overadl odiresistance . fumigatufound
that compared to other centres, in the MRCM culta#ection: a mEUCAST standard
method has been used since 2001 and increasingmgmeaiumbers received from
patients failing therapy or problematic cases in@GM as a regional clinical diagnostic
service. Improved MIC determinations have led torenceproducible and accurate
detection of resistance, which has benefited théysbf resistance mechanisms as well
(Verweij et al. 2009a). However, the increased ohtazole resistance globally could be
because ITR has been used for many years, for thettapy and prophylaxis. In
contrast, other triazoles such as VOR and POS frenently been used with relatively
low frequency compared to ITR.

Endpoint determination was problematic for somelaies; trailing growth of
filamentous fungi remains a challenge because ideant is read visually rather than
spectrophotmetically. However, as growth is usualgmall micro-colonies, the optical
endpoint reading is likely to be more sensitiventtize spectrophotometric reading. We
observed trailing growth during the MIC testing,igéhinduced azole-resistant isolates,
which may be due to increased expression of taggee or efflux pump. One study
found that the main cause of this phenomenorCinmalbicansis increasedERG11

expression (Ribeiro and Paula 2007). However, aification of methodology by
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reduction in inoculum size reduces the appearahdeaiting endpoints that allows a
clearer MIC determination. Therefore, a recent wtpdoposed breakpoints foh.
fumigatuscomplex using the proposed EUCAST susceptibiésting methodology but
is not yet ratified by the CLSI and EUCAST comnetefor A. fumigatusand the
licensed azoles (Howard and Arendrup 2011). TheKkpeints for ITR and VOR are <2
mg/l (susceptible), 2 mg/l (intermediate) and >2/Infgesistant); for POS, <0.25, 0.5
and >0.5 mg/l respectively. However, several coodsd are required to establish the
breakpoint including both intra- and interlaborgtogproducibility using isolates which
are resistant to the agent(s) at a known level.s&gyent reports have confirmed
resistance inn vivo models (Verweij et al. 2009apetermining a breakpoint for
resistance and using one standard MIC suscepyibddt for fungi globally will enable

data comparison.
Mechanisms of resistance

The mechanisms responsible for antifungal resistasm®@ currently not clearly or
distinctly defined. Azole resistance is usually sedi by one or more of the following
mechanisms: mutation in the target gene (cyp51A) decreased intracellular
concentration due to efflux or overexpression afjgd enzyme. In this study, we
investigated alterations yp51Ain all 64 azole resistait. fumigatusclinical isolates.
Although, all 16A. fumigatusenvironmental isolates were susceptible to azelesalso
investigated alterations ioyp51A Furthermore, the level of expression of the novel
genes ABC transporter&BC11 MFS56 hypothetical proteifvi85 and other genes
cyp51A, cyp51B, AfluMDR1, AfuMDR2, AfluMDR3, AfuMDil atr-Fwere assessed
by real-time PCR for their expression M fumigatusafter induction by ITR. In
addition, we knocked olAiBC11,MFS56andM85 in a wild-type strain to see whether
this had any effect on susceptibility.

In the isolates investigated here, the most rentdekiaiend is the increasing frequency
of azole-resistant isolates withooyp51A mutations. Such isolates have been rarely
reported elsewhere (Howard et al. 2009;Belletel.eR@L0). Prior to 2007 very few
resistant isolates in MRCM had a wild-typgp51A sequence. In 2008, of the 13
resistant isolates studied, 1 had a M220K mutatBohad the F46Y/ M172V/ E427K
combination (which is probably not linked to rearste as it has seen in both
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susceptible and resistant isolates (Howard et @9Rodriguez-Tudela et al. 2008),
and the remaining 9 isolates hadayp51Amutations. In 2009, 10 of 31 (32%) isolates
tested had a wild-typeyp51Asequence (Figure 4.1). For patients, the frequearicy
mutations found in at least one isolate was 222008 and 58% in 2009 (Figure 4.1).
Thus 43% of isolates and 54% of patients did nethacyp51Amutation known to
confer resistance (including two isolates that Wé@R resistant only).

Interestingly, three patients had serial resisisolates, some witlsyp51Amutations,
and others with wild-type sequences. Efflux-mediatesistance could be responsible,
as it is a common mechanism in yeasts, althougha# been mooted rarely in
Aspergillus(Moore et al. 2000;Slaven et al. 2002). HoweMeg, Ievel of expression of
the ABC11 MFS56 M85 and 7 genes includingyp51Aand cyp51Bwere assessed in
some azole resistant isolates. Following exposard'R, over - expression of most
these genes was observed to some extent in a@tassisolates (Table 7.3).

Despite the influence of other mechanisms, crosstance patterns appeared to remain
closely linked with the Cyp51A amino acid substdnt Isolates with G54R, P216L and
G448S mutations are all associated with ITR and P€stance, whilst remaining
susceptible to VOR. Mutational hotspots confirmedchuse resistance have been
characterized in the gene at codons 54 (Diaz-Guetred 2003;Chen et al. 2005). 216
and 448 (Howard et al. 2009;Diaz-Guerra et al. 2008e found isolates with five
different amino acid substitutions at position M22@mely isoleucine (1), lysine (K),
valine (V), arginine (R) and tryptophan (W), of whiM220R and M220W have not
been previously reported to our knowledge. Howea#ralterations at codon 220 are
associated with ITR and POS resistance, but r@sutariable VOR MICs (typically
raised). Mutations at codons 54 and 220 are reghavith much greater frequency, and
their link with azole resistance has been confirdagdransformation of the altered gene
into wild-type strains, so these mutations havenbemrelated with high MIC, which
leads to treatment failure either in animal mod®isin patients. These codons are

known as hot spots (Howard and Arendrup 2011).
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A novel finding is that two patients had one isel&ach with acyp51A (A284T)
mutation (alanine to threonine substitution) corifgy reduced susceptibility to ITR,
VOR and POS. The novel alterations require furétady to confirm their association
with resistance by transformation into a wild-tygieain. Two patients yielded an isolate
each with F46Y/ M172V/ E427K mutations, one of whialso had the mutations
N248T and D255E. However, it is likely that thesatations are not associated with
resistance, as they have been described previdndipth susceptible and resistant
isolates (Howard et al. 2009;Rodriguez-Tudela e2@0D8). However, in this study, we
investigated both up-regulation of thgp51Aand effluxes in one ITR-R mutant isolate
with these mutations and we observed a high lenfelconstitutive (basal)
overexpression ofABC1]1 while there was a massive over-expressioncyp51A
following exposure to ITR. In contrast, variablepeassion of the remaining efflux

genes studied here has been observed comparedt toytthe susceptible strain.

These results highlight the continuing increasirggifiency and evolution of resistance
mechanisms inA. fumigatus in both azole-naive and azole-treated patientse T

increasing rate of resistance is of concern. Fumbee the emergence of alternative
mechanisms of resistance other tiegp51Amutations, including isolates resistant only
to VOR with no target mutations detected, impliegude distinct mechanism compared
with previously reported resistant isolates. Thempear to be differences in the
geographical distribution of azole resistanc@iffumigatuswhich cannot be explained

by differences in methodology (as excellent conanog has been shown between CLSI
and EUCAST methods). Since not all centres mortitersusceptibility of aspergilli to

azoles the true incidence is unknown. Nonethelessstance has now been reported
from many countries in Europe, China, Canada, Indégan and the USA, as well as

particularly high frequencies from the Netherlaadd the north-west of the UK
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Gene expression

In this study, the highest frequency of azole-tasisisolates was found withocyp51A
mutations. This phenomenon has been seldom rep(Hiadard et al. 2009;Bellete et
al. 2010).We also found a combination of mutatideM/ M172/ E427) incyp51A
known not to confer azole resistance. Therefore|earesistantA. fumigatusisolates
require additional investigation to determine thmausative mechanism. However, up-
regulation of thecyp51Agene has also been implicated in azole resist@viedado et
al. 2007). Decreased intracellular level of azaleuaulation due to over - expression
of efflux pumps has occasionally been described aause of resistance in soe
fumigatusisolates (Nascimento et al. 2003;Manavathu et289{da Silva Ferreira et al.
2004;Chamilos and Kontoyiannis 2005;Qiao et al. @Fbr exampleA. fumigatus
pumpsAfuMDR (Nascimento et al. 2003;Rajendran et al. 2011)arfel (Slaven et al.
2002). Increased expression of CDBAndida albicansvas found to confer resistance
to terbinafine, cycloheximide, and several azol¢if@mgal agents, including ITR
(Slaven et al. 2002).

We observed a massive over-expression 1590.71 208 €old increase in the level of
expression of theyp51Agenein two isolates compared to that in the suscepsbian
(AF293). We also observed nearly twice the trapsdevels for non-mutant resistant
isolates compared to susceptible isolates. Howeneregulation of theyp51Agene in
the susceptible isolates AF293 and F/15483 at @x882.30 fold respectively have been
observed but not detected in some resistant isold@iable 7.3 and Figure 7.1). The
reasons behind the increase in typ51AmMRNA level may be: the copy number of
cyp51Aand a modification in the sequence of thgw51A prompter. However, up-
regulation of gp51Aalone has not been reported in clinical isolaggen inC. albicans
to our knowledge (Ribeiro and Paula 2007). Overesgion ofcyp51Ais expected to
increase MICs to all azoles and cross-resistancazties is also expected .

fumigatusbecause the different azoles, inhibit the sangetar

Expression otyp51Aandcyp51Bhas been observed ii\. fumigatugda Silva Ferreira
et al. 2004)Blumeriella jaapii(Ma et al. 2006Yandida glabrataMarichal et al. 1997)
and Venturia inaequalis(Schnabel and Jones 2001) resulting from a chromako
duplication and therefore an increase in copy nurmbé¢hecyp51Agene. Theeyp51A
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gene copy number is describedGn albicans (Selmecki et al. 2006) an@. glabrata
(Marichal et al. 1997). A modification in the seque of thecyp51A promoter is
another possible reason behind the increased déwgib51Aexpression, which was not
investigated in this study. A duplication of a 34 jfromoter tandem repeat ©fp51A
results in an increase in expression (Mellado .e2@D7). Our isolates were sequenced
for this tandem repeat but none was found in tisesates.

None of the resistant isolates displayed signifigaimcreased levels otyp51B
expression compared to the susceptible isolategpexor one resistant isolate (Table
7.3 and Figure 7.1). Our results showed that areased level of expression of the
cyp51A and cyp51B genes in clinical isolates following exposure toR|Tare in
agreement with those observed by (Albarrag et @11 Cyp51Bplays a role in the
growth rate and maintenance of membrane shapeiéGaral. 2005). Howevecyp51A
and cy51B are orthologues inA. fumigatusand have been shown to act in a
compensatory manner in the ergosterol pathway (Waret al. 2010). Therefore, the
high over-expression otyp51B associated with increased expression of 3 other
transporters in one ITR-R withoutcgp51Amutation, might have some implications in

azole resistance mechanisms.

In this study, the transport&BC11(AFUA_1G14330) gene was chosen on the basis of
homology to the knowi€. albicansazole resistance gene, CDR1. However, increased
expression of CDR1 front. albicanswas found to confer resistance to several azole
antifungal agents, including ITR (Sanglard et &9@). In this study, overexpression of

a novel genéABC1l1las the sole mechanism of resistance has not ketented in any
resistantA. fumigatu<linical isolate. However, increased expressioatdéast 2 genes
was detected in several resist@antfumigatusclinical isolates with no mutation in the
cyp51A The relative increases in the levels of baSRLC11 expression ranged from
5.14 to 31.84 in resistant isolates (see Tablé-igGre 7.1).

Interestingly, constitutive (basal) over-expressadrABClland M85 was observed in
some resistant isolates, while no significant dtuste (basal) expression dfIFS56
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MRNA was observed for all isolates (Tble 7.2). Heere constitutive (basal) over-
expressionAfuMDR3 and AfuMDR4 have been observed in mutant ITR-R isolates
(Nascimento et al. 2003).

Over - expression of thatrF gene product (AtrF) in response to ITR was fountbdo
correlated with ITR resistance (Slaven et al. 2002})his study, a slight difference in
expression ofatrF gene in resistant isolates relative to susceptibtdates was
observed. However, in the ITR-R isolate (F/17998haut acyp51Amutation studied
here, significantly increased levels afrF expression were fund compared to the
susceptible isolates (Table 7.3 and Figure 7.1pré&ssion oatrF does not appear to be

a sole mechanism of resistance in resistarfitmigatuslinical isolates

The MFS56 (AFUA-1G05010) was chosen for its probalsivolvement in azole
resistance from a previous insertional mutagenesiseen (Bowyer personal
communication). In this study, we observed low basaression levels of thelIFS56
gene in the susceptible and resistant isolatesl¢TalB and Figure 7.1). THdFS56
dose not appears to be a sole factor responsiblesstanceOther proteins as well as
MFS56whose expression is also increased could be regperior resistance to ITR in

these isolates.

A similar story, the M85 (AFUA- 5G07550) was aldwmosen as probable involvement
in azole resistance from a previous insertionalagemesis screen We also observed
low expression levels of théd85 gene in the susceptible isolates AF293 and regista
isolates. (Table 7.3 and Figure 7.1) M85 is unlikely to be a sole factor responsible
for resistanceOther proteins as well 8485 whose expression is also increased could

be responsible for resistance to ITR in these esla

Over-expression of the target gene or efflux pumap @also contribute to resistanceAn

fumigatuswhich they can elevate the MIC to some extent,notito the same extent as
mutations that affect drug binding. Therefore, Eaksistance is more likely to result
from mutation rather than by up-regulationcgp51or efflux. Increased expression of

these genes allows the cells to persist withinhibet for a short period and subsequent
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development of other more stable resistance mesmmsnas reported with increased
expression oERG11n C. albicans(Ribeiro and Paula 2007).

In this study, various resistance mechanisms (gptation of gp51Aand expression of
several efflux genes) were found in a number ofichl multi- azole resistant and pan-
azole resistant isolates with wild-typgp51A However, up-regulation ofyp51Aalone

has not been observed in any resistant isolate.

Interestingly, deletion oABC11 MFS56andM85 from a wild-type strain increasedl.
fumigatussusceptibility to azoles and the increased exmessf ABC11 MFS56and
M85 genes could account for resistance to ITR. Thas#inJs suggest that over-
expression oABC11lis at least partially responsible for ITR resisg@rand could be
considered a mechanism for the emergence of dinesistance to azoles IA.
fumigatus However, over-expression or over-induction ABC11 MFS56 and M85
was detected in almost all ITR-R isolates, eithéhver without cyp51A mutations
compared to the susceptible isolates, suggestatgatbombination of these genes could
be responsible for resistance in the presence Rf However other proteins, whose
expression is also increased as part of this respaould account for resistance to ITR
in these isolates.

A. fumigatushas the capacity to form biofilms encased in apelyc matrix, which is
the most likely growth modality with a fungus bélloussert et al. 2010). The biofilm
modality of Aspergillus growth may have a number of therapeutic implicetidor
aspergillosis, including antifungal resistance WBer et al. 2011). Expressions of
efflux pumps have been observed in com@efumigatusdiofilm populations, and this
contributes to azole resistance (Rajendran et(l1R In addition to mutation in the
target gene, efflux pump expression in biofilmdesinitely other mechanisms that have

yet to be characterised.

Taxonomy

Invasive aspergillosis acquired from the hospitatimnment has been reported with
genetic relatedness betweén fumigatusisolates (Warris et al. 2003;Verweij et al.
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2009a;Balajee et al. 2007a). The presence of sestagé genesuggested that such a
cryptic sexual stage exists in the human pathogefumigatus This may explain the
multiple genotypes from the same geographical areh may explain the observed

genetic variation.

Nowadays, a polyphasic taxonomy that combines nubogiical and molecular
phylogenetic analyses is used to charactefzéumigatuscomplex and analyse the
genetic variation of strains or closely related cgp@ This study and others
demonstrated several cryptic species withinAkpergillussectionfumigati which are
indistinguishable on morphological characters alo@r this reason, clinical
laboratories may report isolates of appamnfumigatusasA. fumigatuscomplex. In
this study, we performed a polyphasic analysis Af fumigatus clinical and
environmental sources in order to examine the kdit\a within the species and

determine relatedness of the strains.

Initially, A. fumigatusin this study were identified morphologically andnfirmed by
culturing them on SAB at 50°C, which exclud&slentulus,a closely related azole-
resistant species (Yaguchi et al. 2007;AlcazariFetl al. 2008). The multilocus
sequences were compared to GenBank records by BLAST

The 9A. fumigatusenvironmental isolates from natural soil were azmlsceptible with
MICs ranges of 0.125-0.5 mg/l against ITR, 0.5-2/Inagainst VOR, and 0.03-0.06
mg/l against POS. Likewise theA. fumigatusenvironmental isolates from compost
were also susceptible with MICs ranges of 0.125h008 against ITR, 1-4 mg/l against
VOR, and 0.125 mg/l against POS (Table 5.1). Thesalts found thaf. fumigatus
environmental isolates were susceptible to ITR, V&Rl POS. These results also
suggest that environmental isolatesAspergilluscollected from natural soil are more
susceptible to VOR thaA. fumigatusenvironmental isolates collected from compost,
although numbers are small. Exposure of isolateztde fungicides in the environment
is the probably a predisposing factor for eleval€M

ITS sequences were helpful in identificationAspergillus(Hinrikson et al. 2005), most
Mucorales species (Schwarz et al. 2006), and within somecispecomplexes of
Fusarium(O'Donnell et al. 2008;Zhang et al. 2006). Irsthiudy, a high identity tA.
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fumigatuswas found with all isolates when conducting a exysttic comparison of
these sequences to those available in the GenBatakake. In contrast, ITS sequences
did not help classify the species in this closelated group of organisms (Figure 5.1)
as other studies reported (Hinrikson et al. 200bgaén et al. 2000). Similarly, the
partial beta tubulin sequence region (Figure 5r@yided insufficient resolution for our
data perhaps due to the particularly close gemelitedness of these isolates, whereas
actin and calmodulin were found to be good molecté&onomic targets in these
isolates Figure 5.3 and Figure 5.4. Furthermorefomad calmodulin alone was more

supported than the combination of the ITS and Hrég beta-tubulin.

The clade comprisingspergillus(soil 3) was distinct fromf\. fumigatuscomplex. This

then, requires further investigation as it is polysa new species. Future taxonomic
works with this isolate and isolates with the samatation combination is desirable.
Molecular targets other than ITS and beta-tubuliayrbe required to provide more

detail about evolutionary relationships.

Many cryptic species are found in clinical and eowmental isolates of thé.
fumigatus (complex). All environmentalA. fumigatuscomplex isolates were ITR
susceptible and no cross resistance in this datAgete-resistant isolates were never
found in natural soil (Verweij et al. 2009b), coniied in this study; this may be
because the natural soil, whefefumigatuswas isolated was not exposed to azole

compounds.

The complexity of théAspergillusgenus is a problematic issue in clinical laboiasr
Morphological identification techniques and somgeh genes such as ITS, are not very
helpful in classification of aspergillus. Theredoralternative targets and polyphasic
approaches may be important for identifying andsgifging A. fumigatusstrains

accurately and quickly.
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8.1.1 Conclusions

There has been a significant increaséinfumigatusazole resistance in the UK and
highly variable frequency worldwide as defined ibyvitro testing. Furthermore, the
risk of cross-resistance between triazoleé&ifumigatuswas high (78%), which is of
concern in human medicine with few antifungal doggions. Thus new drug classes,
particularly oral options, to treat aspergillosise arequired. In-vitro and in-vivo
correlation should be performed more widely patédy for strains with unknown
resistance mechanisms. In recent years efforts baea made to standardize azole
antifungal susceptibility testing. However, routiaatifungal susceptibility testing is

required to estimate the resistance incidence johad enable data comparison.

Most remarkable is the increasing frequency of @zesistant isolates withoayp51A
mutations. Nevertheless, a variety @fp51Amutations, both known and novel, were
detected in azole resistaAl fumigatus Evolution of resistance mechanisms An
fumigatus in both azole-naive and azole-treated patienés detected; for example, a
wild-type andcyp51A mutant isolates before and after resistance dpewedat were
detected. Mutation position within tleyp51Agene was linked with resistance. Isolates
with G54R, P216L and G448S mutations are all aassedi with ITR and POS
resistance, whilst remaining susceptible to VOR.2Di2nodifications are associated
with ITR and POS resistance, but result in varial@R MICs. A combination of
mutation (46Y/ M172/ E427) isyp51Ais known to occur frequently but not to confer

azole resistance.

Efforts have been made to develop new moleculasrédbry techniques to determine
the resistance mechanisms. Advanced molecular itreds such as PCR can now be
used to detect and identif%. fumigatusparticularly those strains undetectable by
culture, with a simultaneous evaluation of drugstasice (Denning and Perlin 2011).
Furthermore, increased knowledge about drug resistenechanisms may contribute to
the development of new antifungal drugs, leadingniare effective use of available

antifungal agents and to controlling the developndresistance. The emergence of
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alternative mechanisms of resistance other tbgpblA mutations implies a quite

distinct mechanism compared with previously regbresistant isolates.

Molecular technologies have been used for sequegnaimspergillusgenomesThe
complete sequence of Aspergillus helps identify nawets for antifungal drugs and
enables investigative study of the basic biologyuogi. The information derived from
the first complete genome sequence of a human gatimA. fumigatuswill facilitate

early diagnosis of IA.

Transformation-based approaches have already bsed on fungi to study their
mechanisms of resistance to antifungals. Therettaketing efflux transporters resulted
in hypersensitivity ofA. fumigatusto antifungals. Drug efflux mediated resistance
appears to be another component of resistand® ifumigatus,as overexpression of
some efflux pumps has been correlated with antdungsistance. Over-expression of
cyp51A has been detected in both mutant and non-mutaigtaes isolates. This
suggests that expressionayp51Amay not be a sole resistance mechanism. There are
increased levels cABCllexpression in many azole resistant isolates, stiggethat
the ABC11transporter could be partially responsible for dele resistant phenotype in
some isolates. Deletion of this gene results inehggnsitivity to all azole (ITR, VOR,
and POS) antifungal agents. Over-expression or-oveinduction of the major
facilitator geneMFS56 is also associated with resistance, and deleticultse in
hypersensitivity to azole drugs. Similarly, hypdtbal proteinM85 is also associated
with resistance, and deletion results in hyperserigi to azole drugs. This finding
suggests that over-expression of the novel genasléast partially responsible for ITR
resistance and could be considered a mechanisthd@mergence of clinical resistance
to azoles. Gene expression analysis of Aspergéind the response to antifungal
exposure has extended our understanding of resestar@chanisms and evolution of

resistance to antifungal agents, and identifiecegexssociated with resistance.

In A. fumigatusfew studies exist regarding ergosterol biosynthedeps and the
biochemistry of this pathway. More studies are nexjlito characterise the genes
involved in this pathway. Study and understandirigthee ergosterol biosynthesis
pathway in A. fumigatus especially in resistant strains, may lead to riadtéve
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mechanisms of antifungal drug resistance to entiidedevelopment of an effective
agent.

Several laboratory methods have been used to eliffiate betweeAspergillusspecies,

including phenotypic and genotypic. Morphologicdlatacteristics, ITS and beta-
tubulin were not useful for classification in owatd, for either environmental or clinical
Aspergillus Further study is required to determine the distgpecies. However, the
four gene sequences combination used in this sivaly found to better support the
taxonomy in our data. Although azole-resistAnfumigatusmight be acquired from the
environment, the taxonomy work on our environmerdad clinical Aspergillus

revealed no link between these isolates. Howewarergilloma or biofilms and long
azole usage may be predisposing factors to thegemee of resistance, which is of

concern in human medicine.
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CAGGACCTTCTTGAGTTGC TGTCATGTTGTATACGGTGTAACTGTTCTCTATACCTTCGACGGTGTGGTTCATTTTAG
TGTGCTGTGCATTAAGGATTTAAGTTTGTGATATAGAATATCCAGTCTGAAGGTATACTGTGTACATCTTAGTGTTGT
AATACATACGGCTTGCGTCTTCTCTTCTAAGTCATGTCTTGGCATTCATGETATCATATCGCTAATCATGAATCATCC
CACAGGAGACTTGGCATCTGTTCACGGCAGTTCCGAAGTTAAACTCTGGTBAACTCATCTCACCAGGGCTAGCTCAG
GTCAGCAACGAATTATGAATGCCAGACGGATACTCCACAGGGTCGTTTATETACTTAGGCTACCTACCCTTCGCTTA
TTGCGAGATCCGTGGTCCGGCCGGATTCATATGGATATGTTTTCGAATTTACGGAGAACAATCGCCCATTCGTACCC
GTCCTTGGACTGGGCCCGGAGGCGTACTGTCTCGACAACCCGATTCGTCGEBCCAAGAAAAGAGAAAAGATTTCAT
GCCACTCATTGGTTGATCTTGTAGTCAAGAAGATGGGGGCAAACTTGTCCTGACCCTTGCTGACATTAGTTCATCAT
TCTGGAAGCCCAGACTCTTACGGAGCACAGGGGAGAGAAAGCGTAGTGCEATTCAAATACGATTCTAATAATGGGG
ACGGCGTCACTCCAGATCTTACTTTAAGTGCCTCAGGACCAGGGAGGAACGACTCGGTACTTGCAGCTACGGATCC
TTCTGAGTTTATTTATCCCATCTGTCTCCATCTTGACCCCCCCCCCCCTCINCTTCTATCTTTCTATCAATTTCTCCATC
TCTTATCACCTTATAATAGCTTGTCCCCGTCTCTGGTGGTCTGTTCGACTE TATGTGTATACCTATTGTGACGCAAC
CACTCCCGAATCGAGACTGAGTGTCTCACTCAATCGGCCATGATCTGACAGACGGGCAATTGATTACGGGATCC
CATTGGTAACGAAATGTAAAAGCTAGGAGATCGTCCGCCGATGTCAGGATG  ATTTCACTTGTTTCTTGTCCGG
CTCACCGGTCAAAGCTAAAGAGGAGCAAAAGGAACGGATAGAATCGGGTGC CGCTGATCTATACGGTATAGT
GCCCTTATCACGTTGACTCAACCCATGCTATTTAACTCAACCCCTCCTTCT GAACCCCACCATCTTCTTCCTTTT
CCTCTCATCCCACACAATTCTCTATCTCAGATTTGAATTCCAAAAGTCCTC  GGACGAAACTGAACAAGTCTTCC
TCCCTTCGATAAACCTTTGGTGATTGGAATAACTGACCATCTTCTATAGTT  CCCAAACCAACCGACAATGTAAA
TACACTCCTCGATTAGCCCTCTAGAGGGCATACGATGGAAGTCATGGAATA  CTTTTGGCTGGACTCTCACAAT
GATCAAGGTATCTTAGGTAACGTCTTTGGCGTGGGCCGGTGTTCGTTCCCA GTCATCGATGCATTCACATGCC
CTCCCTAAGCTGGGCCCTAGACTCTAGGATCCTAGTCTAGAAGGACATGGC ATCGATGGACTGGGTTCGTTCT
GAGATTATACGGCTAAAACTTGATCTGGATAATACCAGCGAAAAGGGTCAT  GCCTTCTCTCGTTCTTCCTGTTG
ATGGAATGGCTAACAGATGATAGTCATTGCAACTTGAAACATGTCTCCTCC  AGCTGCCATCTACGAACCCACT
GTGGCCGCTACCGGCCTCAAGGGTAAGGTCGTGGTTTCTGAGACCGTCCCC GTTGAGGGAGCTTCTCAGACC
AAGCTGTTGGACCATTTCGGTGGCAAGTGGGACGAGTTCAAGTTCGCCCCT ATCCGCGAAAGCCAGGTCTCTC
GTGCCATGACCAGACGTTACTTTGAGGACCTGGACAAGTACGCTGAAAGTG ACGTTGTCATTGTTGGTGCTGG
TTCCTGCGGTCTGAGCACTGCGTACGTCTTGGCCAAGGCTCGTCCGGACCT GAAGATTGCTATCGTCGAGGCC
AGCGTCTCTCCTGGTCAGTAGTCCATGATGGATTGCCTTGCACTCAGCTTT CCGGAACTAACGTGCAATAGGT
GGCGGTGCCTGGTTGGGTGGCCAACTCTTTTCTGCTATGGTCATGCGCCGT CCCGCGGAAGTCTTCCTGAACG
AGCTGGGTGTTCCTTACGAAGAGGACGCAAACCCCAACTACGTTGTCGTCA AGCACGCCTCCCTGTTTACCTC
GACACTCATGTCGAAGGTTCTCTCCTTCCCCAATGTCAAGCTCTTCAATGC TACCGCTGTTGAGGACTTGATCA
CCCGTCCGACCGAGAACGGCAACCCCCAGATTGCTGGTGTTGTCGTCAACT GGACGCTGGTCACCCTTCACCA
CGATGATCACTCCTGCATGGACCCCAACACTATCAACGCTCCTGTCATCAT CAGTACCACTGGTCACGATGGG
CCATTCGGCGCCTTCTGTGCGAAGCGCTTGGTGTCCATGGGCAGCGTCGAC AAGCTAGGTGGCATGCGTGGT
CTCGACATGAACTCGGCCGAGGATGCCATCGTCAAGAACACCCGCGAGGTT ACTAAGGGCTTGATAATCGGC
GGTATGGAGCTGTCTGAAATTGATGGCTTTAACCGCATGGGCCCTACCTTC GGTGCCATGGTTCTCAGTGGTG
TCAAGGCTGCCGAGGAGGCATTGAAGGTGTTCGACGAGCGTCAGCGCGAGT GTGCTGAGTAAATGACTCACT
ACCCGAATGGGTTCAGTGCATGAACCGGATTTGTCTTACGGTCTTTGACGA TAGGGGAATGATGATTATGTGA
TAGTTCTGAGATTTGAATGAACTCGTTAGCTCGTAATCCACATGCATATGT  AAATGGCTGTGTCCCGTATGTAA
CGGTGGGGCATTCTAGAATAATTATGTGTAACAAGAAAGACAGTATAATAC  AAACAAAGATGCAAGAGCGGCT
CATCGTCACCCCATGATAG AAGGGTTCGACGTGACAGCCTGACCTCCTTCCCTTCTAGCTCCTTCGTGGATTTAA
TTTCGCTCTTTTCTTCCATTTCCCCAAATATATGGCGTATGCCTTATAATCTTGTACAACGTTGAACTTTAGACTTTAG
ACTTCGTGTCACGGCTTGCTCGTGTGTACACGCTTGGTACATGCACATACPATACACTTTTGCTCTCCTTTGCTTCTTT
GGATATACCTTACCGATTTTGAATTATCCTCTCGTCTTCTGGGTCAGATTCTAGATTTTAGCATACTGCGGACATTTC
CAGCGGTGACACAATATAGACACATTATGTCATATCATCTAGTTTATAAAA AACAAAAATCTTTTGAAGTATGCTCTG
AAATCGGTGTACGTAGATCAATAGGTATGTCCTCGGAAGTTTGAACAGGCTGACTTGCGTATCAGATGGCTCCAGGT
CACGAAGATACCGCCAGACAACTTGTATTAAAACCAGCGACAAAATAAACGAGAGGAATAATCACAAGGAATCTGA
AATTGATGTACAAAGATAGGTGAAAGGTGAAAAGGTAAGGAGATTTTTGGA CAGTGAGAAAGGTTAAGAAAAGAAA
GGGGAAAGAAAAAAGAAAAGAACCGACAGTCCGTACAAGGAGAGCATCGAACAACTACGCGTCAACGCCTTTCAAA
GCATGCAGCCCTGCAGCTGGATCTACCATGTGAACGCCTCTTCGACAAAATGACCACCGCGCCCTTCCCGATGTTAT
TTCGCGCCGCGGCGCGGACCTCATCTGCAAAGGCGCCCGGCCCACACACSEBACGATGGTTGCGCCGACGCGTTTG
GGGATGACTTCACTCAGGACGACGTCGGGGCGGCAGCGGCCCGGGAACATGGACCGTGGCGCTGGGGGAGACGA
TCTCCCGATGCTCTTGGGTTTGGAGAC
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AGTGTTGCCGAAATCGAGGGCAGTGCCTCCGCCGCCGCGCTCGCCGAGAATISAACAACCCAGAAGCAGGGTGATA
TCGAAGAGGGTCTCAAGAACGACTCGCACGCAAAGGAGCGCGAAACGCACGCATTGAAACCCCGTCCGACAGCAG
CAGTACTGATGACGATAAACTGCAGCGCGATCTGACGGAAAGCAAGGCGTRCGGAACCGCCGTAAAGTGGCGCTC
GTCCAGGGTCTGAACCGGCCGTTCTTCCATATCGACCTGACCAGTGCACTIAGAGTGCATTGGCCAACTCGGCGCCG
GACCTTCATGTCGATCCTGCTGAGGTGAATGCCACGACTGATGCTTAAAAGCCTCCCTGGTTGGAGTTGAATGCCGT
GCAGCTACAGATGGATTTTGATCTAATGGTGCATTTTCTGTTTCTTGTTTAECAGCGAGTTCAGTTTGTCGGGATGGAT
ATCCCGAGATATACCCCTACAGTCTGGCTTTGTATATAGTCATAGAGCCATGGATACTTGGATATAATATCATGGCA
ATGAAGAATTAATCTCCTCGAGAAATTAAATTTTCCCTGCTTTTTTTTTTCTTAATATTTGCGGCTGAACGTGATTGTG
GCAGTGCGCCAACCTTGGTACTGGGATAGGAGACACTTCAGTGGGCTTAAATTCTCATCGATCTACAAAGCCGGAT
TCGGGGCATGATTCAATGGTGCCCGATTAGTGGCTAGATATACAGAGTACTGATTGTCTGTGTGGCTGACGCTTATA
TCCGGGCTTTCACCTTTCAAATACGAGAGTTGCCTCTTTGGGCAAACGAAGACCGAAGCACTACGAAGGAATGGAA
CTGATGACAGAGACAACAGCGACGCTCGTCTATAAAAATGATGTATGCCTATGCTTACTTGTTCATCATATCCTCTT
CTTTTTATCTTGATACAAGTCGACATAGACTGACAGCGCTTGCATTCCGGGGATCTGACAGACGGGCAATTGATT
ACGGGATCCCATTGGTAACGAAATGTAAAAGCTAGGAGATCGTCCGCCGAT  GTCAGGATGATTTCACTTGTTT
CTTGTCCGGCTCACCGGTCAAAGCTAAAGAGGAGCAAAAGGAACGGATAGA ATCGGGTGCCGCTGATCTATA
CGGTATAGTGCCCTTATCACGTTGACTCAACCCATGCTATTTAACTCAACC  CCTCCTTCTGAACCCCACCATCT
TCTTCCTTTTCCTCTCATCCCACACAATTCTCTATCTCAGATTTGAATTCC  AAAAGTCCTCGGACGAAACTGAA
CAAGTCTTCCTCCCTTCGATAAACCTTTGGTGATTGGAATAACTGACCATC  TTCTATAGTTCCCAAACCAACCG
ACAATGTAAATACACTCCTCGATTAGCCCTCTAGAGGGCATACGATGGAAG  TCATGGAATACTTTTGGCTGGA
CTCTCACAATGATCAAGGTATCTTAGGTAACGTCTTTGGCGTGGGCCGGTG TTCGTTCCCAGTCATCGATGCA
TTCACATGCCCTCCCTAAGCTGGGCCCTAGACTCTAGGATCCTAGTCTAGA AGGACATGGCATCGATGGACTG
GGTTCGTTCTGAGATTATACGGCTAAAACTTGATCTGGATAATACCAGCGA  AAAGGGTCATGCCTTCTCTCGTT
CTTCCTGTTGATGGAATGGCTAACAGATGATAGTCATTGCAACTTGAAACA  TGTCTCCTCCAGCTGCCATCTAC
GAACCCACTGTGGCCGCTACCGGCCTCAAGGGTAAGGTCGTGGTTTCTGAG ACCGTCCCCGTTGAGGGAGCT
TCTCAGACCAAGCTGTTGGACCATTTCGGTGGCAAGTGGGACGAGTTCAAG TTCGCCCCTATCCGCGAAAGCC
AGGTCTCTCGTGCCATGACCAGACGTTACTTTGAGGACCTGGACAAGTACG CTGAAAGTGACGTTGTCATTGT
TGGTGCTGGTTCCTGCGGTCTGAGCACTGCGTACGTCTTGGCCAAGGCTCG TCCGGACCTGAAGATTGCTATC
GTCGAGGCCAGCGTCTCTCCTGGTCAGTAGTCCATGATGGATTGCCTTGCA CTCAGCTTTCCGGAACTAACGT
GCAATAGGTGGCGGTGCCTGGTTGGGTGGCCAACTCTTTTCTGCTATGGTC ATGCGCCGTCCCGCGGAAGTCT
TCCTGAACGAGCTGGGTGTTCCTTACGAAGAGGACGCAAACCCCAACTACG TTGTCGTCAAGCACGCCTCCCT
GTTTACCTCGACACTCATGTCGAAGGTTCTCTCCTTCCCCAATGTCAAGCT CTTCAATGCTACCGCTGTTGAGG
ACTTGATCACCCGTCCGACCGAGAACGGCAACCCCCAGATTGCTGGTGTTG TCGTCAACTGGACGCTGGTCAC
CCTTCACCACGATGATCACTCCTGCATGGACCCCAACACTATCAACGCTCC TGTCATCATCAGTACCACTGGTC
ACGATGGGCCATTCGGCGCCTTCTGTGCGAAGCGCTTGGTGTCCATGGGCA GCGTCGACAAGCTAGGTGGCA
TGCGTGGTCTCGACATGAACTCGGCCGAGGATGCCATCGTCAAGAACACCC GCGAGGTTACTAAGGGCTTGAT
AATCGGCGGTATGGAGCTGTCTGAAATTGATGGCTTTAACCGCATGGGCCC TACCTTCGGTGCCATGGTTCTC
AGTGGTGTCAAGGCTGCCGAGGAGGCATTGAAGGTGTTCGACGAGCGTCAG CGCGAGTGTGCTGAGTAAATG
ACTCACTACCCGAATGGGTTCAGTGCATGAACCGGATTTGTCTTACGGTCT TTGACGATAGGGGAATGATGAT
TATGTGATAGTTCTGAGATTTGAATGAACTCGTTAGCTCGTAATCCACATG  CATATGTAAATGGCTGTGTCCCG
TATGTAACGGTGGGGCATTCTAGAATAATTATGTGTAACAAGAAAGACAGT  ATAATACAAACAAAGATGCAAG
AGCGGCTCATCGTCACCCCATGATAG ATAGCATAGCAAGCATAGAGCAGCACACATCGCATAGAATCCCATTCCG
AGTAATAATTAATACACCATCCAAACCTTCGCCGACAAAACCTCTATCCAACTTCTATCCAACGCCATCCAAAAAAG
GAGGTCATCACCTCAAAACACCTCCAACACCCGCCCACCCCAGAATAAAGCCGAGAGCGCCTCCCCAAGCACCCCG
CCCCCAAGCCACACGTCCCTCCACGCGCCTCTCCTCCCCCCATTCCCCTABCAACCCCCTCTCATCAATCCCTGCAA
TCTCGCCCCCAGCACCAGGAAAGAAAACACCAGCGCCCTTCCCGCCACTARCTTGAGGACAAGTAAATGAAACAAT
CCCGACACGAGCACCGTCCCGAGGAGATAAAACGCGAAGCCGGTTGCTGATGCAGGGCGAGGATGCCCGCTGTGA
GGCCTAGGAGGAAGGAGGTGAGGGAGTGGAGTTGGGAGAGGACCTATTTGITCAGTACTCATTCTGTTCAACGAGG
TAGACACGAGGAAAAAGTGGGGGAGTCTAACTCTGTTATTGTGTTGGACGBTTCCGGGACGAGCGGGTTGATTAGC
AGGGAGAGTTCCTGTTTCGTGGCAGGCATTTTCTGTTCTGGTTCTTTCTCGAGGTGTGTCTTGCGTGTGATCAATCC
CGTCTGCGTTGGTATGTCGGTTGGCCGTGGAGCTTGATAATAATGTGGATRAATATGGTAATGAGTGTGTTCGAATG
TGGTGTACGTCTCTTAAGTGGTGCGGATATGGGTAAGTTGATGACAGACGBGGTTGACGAGTTCCACTGCTGTTGA
AGAGCTCCACCAGCCAATCACAATGCTTGTTACCTCATCTACTACCTAGGARCGACAGCTTGAGGAAAATAGAACTA
CCTCTCTACGCACACTCCCTTACACTTAAGACTGCTTAATCATGTCATATRATTGATTATGTGCATAACATAACAGG
AGTAAATCAA
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GACGGGCCAGCGTTTCTGTTTGAGGACGCGCAGCCAGCGCAGCTTTCATGGATAACACCCCCCCAGGATGAAGAT
GAAGAGGATTCCCGAAGGGGGATTGATGAAGAGCACCAGACTGTCACATCBATAGATCGATCAATTTGCGGCAGG
ACAAGATACACAAACTCACCATCCGAAAAAAGTGGCAGTGCCGATGGTTCBCAAAGTGGGATGGATGAACATTAGG
ATGCCGGCGACCCATGTTGCGGCCGTACAGCGGAAGAGGGTTTTGAGATAGGGAATTGAAATGGAGCCATGCTGG
TAGTGATTTCCTGGGGGGGGGATCCTCCGATGACATTGTTGCCCTGAAGTGATGGCGATGCAATGTCAATGGCAAG
ACGAGACAAGAAAGAGAAGAATCAGGAGATGATGATGGAAGGACGAGAAAA ATGCGGCGGTTTTGCAGCTGCCGA
ATGGTGGTTCCTGGCTACATTCCGGGGCTTGGAGCAGTCGGGATGCACAMG CGGCAGTCAGCTCGTCCGTTCGGA
TGAAACAATAGACGATGGGAACTAAGATCTGCTATTGATCAGACCATCTAAATATGTCCAACGCTAAACTGGCTGTT
ATTGGGCCCAAGGGCTCCTTTCTGGCTTGTTACTATGCAGCCTTGTGAAGICTCATAGACAGTTACCGAGGTATCAT
TTCATGCACAATTATCCGCCTGCGGATGATCCACAGAAGTCTGTGTCCCTBCAGAGTGATGCAAGTCTCGATCAATC
CTTCAACCTGAATGTGTCCAGTATCTCTACTGTGCTCAGACTTGGCATGGATTGATATCCCTGTGTTCTTTTCACATG
TACGTACGACAAGCCCGAATGTGCCTGGGACAGAATATGAGAAGTCCGAATCGCTTTAGATGCTTCCCCCTCTTGTC
TCGAGACAAGCGTCTTCCCCATTCCCTTTGGCABATCTGACAGACGGGCAATTGATTACGGGATCCCATTGGTA
ACGAAATGTAAAAGCTAGGAGATCGTCCGCCGATGTCAGGATGATTTCACT TGTTTCTTGTCCGGCTCACCGG
TCAAAGCTAAAGAGGAGCAAAAGGAACGGATAGAATCGGGTGCCGCTGATC  TATACGGTATAGTGCCCTTATC
ACGTTGACTCAACCCATGCTATTTAACTCAACCCCTCCTTCTGAACCCCAC CATCTTCTTCCTTTTCCTCTCATC
CCACACAATTCTCTATCTCAGATTTGAATTCCAAAAGTCCTCGGACGAAAC  TGAACAAGTCTTCCTCCCTTCGA
TAAACCTTTGGTGATTGGAATAACTGACCATCTTCTATAGTTCCCAAACCA  ACCGACAATGTAAATACACTCCT
CGATTAGCCCTCTAGAGGGCATACGATGGAAGTCATGGAATACTTTTGGCT  GGACTCTCACAATGATCAAGGT
ATCTTAGGTAACGTCTTTGGCGTGGGCCGGTGTTCGTTCCCAGTCATCGAT GCATTCACATGCCCTCCCTAAG
CTGGGCCCTAGACTCTAGGATCCTAGTCTAGAAGGACATGGCATCGATGGA CTGGGTTCGTTCTGAGATTATA
CGGCTAAAACTTGATCTGGATAATACCAGCGAAAAGGGTCATGCCTTCTCT CGTTCTTCCTGTTGATGGAATG
GCTAACAGATGATAGTCATTGCAACTTGAAACATGTCTCCTCCAGCTGCCA  TCTACGAACCCACTGTGGCCGC
TACCGGCCTCAAGGGTAAGGTCGTGGTTTCTGAGACCGTCCCCGTTGAGGG AGCTTCTCAGACCAAGCTGTTG
GACCATTTCGGTGGCAAGTGGGACGAGTTCAAGTTCGCCCCTATCCGCGAA AGCCAGGTCTCTCGTGCCATGA
CCAGACGTTACTTTGAGGACCTGGACAAGTACGCTGAAAGTGACGTTGTCA TTGTTGGTGCTGGTTCCTGCGG
TCTGAGCACTGCGTACGTCTTGGCCAAGGCTCGTCCGGACCTGAAGATTGC TATCGTCGAGGCCAGCGTCTCT
CCTGGTCAGTAGTCCATGATGGATTGCCTTGCACTCAGCTTTCCGGAACTA ACGTGCAATAGGTGGCGGTGCC
TGGTTGGGTGGCCAACTCTTTTCTGCTATGGTCATGCGCCGTCCCGCGGAA GTCTTCCTGAACGAGCTGGGTG
TTCCTTACGAAGAGGACGCAAACCCCAACTACGTTGTCGTCAAGCACGCCT CCCTGTTTACCTCGACACTCAT
GTCGAAGGTTCTCTCCTTCCCCAATGTCAAGCTCTTCAATGCTACCGCTGT TGAGGACTTGATCACCCGTCCGA
CCGAGAACGGCAACCCCCAGATTGCTGGTGTTGTCGTCAACTGGACGCTGG TCACCCTTCACCACGATGATCA
CTCCTGCATGGACCCCAACACTATCAACGCTCCTGTCATCATCAGTACCAC TGGTCACGATGGGCCATTCGGC
GCCTTCTGTGCGAAGCGCTTGGTGTCCATGGGCAGCGTCGACAAGCTAGGT GGCATGCGTGGTCTCGACATG
AACTCGGCCGAGGATGCCATCGTCAAGAACACCCGCGAGGTTACTAAGGGC TTGATAATCGGCGGTATGGAG
CTGTCTGAAATTGATGGCTTTAACCGCATGGGCCCTACCTTCGGTGCCATG GTTCTCAGTGGTGTCAAGGCTG
CCGAGGAGGCATTGAAGGTGTTCGACGAGCGTCAGCGCGAGTGTGCTGAGT AAATGACTCACTACCCGAATG
GGTTCAGTGCATGAACCGGATTTGTCTTACGGTCTTTGACGATAGGGGAAT  GATGATTATGTGATAGTTCTGA
GATTTGAATGAACTCGTTAGCTCGTAATCCACATGCATATGTAAATGGCTG  TGTCCCGTATGTAACGGTGGGG
CATTCTAGAATAATTATGTGTAACAAGAAAGACAGTATAATACAAACAAAG ATGCAAGAGCGGCTCATCGTCA
CCCCATGATAG ATATCTAGCGTGAGATAGGCCCTGTTCCGAATAATAGGGCTTGGATAGCTGGTCTGGCCATATAT
AGTCCAATCCAGCCATGACGGACCTAACGTCTAGTCACCATGACATGACCTGGCACAGACACAGCTCTGGGCTTGC
CTAGGACCAACGTGGTATATGGTCTAGAAGGATATTTACCATGTGAACGCTCGGCGGCGTGCTTCAGCGCAAGACA
GGTATGCATTGATGAGAGGACTGACCCTACTGCGACTGCACGAATCCAATCGCTACCCATGGTCCACCAATGATCT
GCTTGGTTATCTCCTGACTGCAAGGGACAGCAGAAAGCCATATCCTCCTAGATAGTAAGTAATGGGAAGACATTCA
ATACATGCTCTCAAGTCGAAAAGTTATATACAAGCGGTCATAATACATTAG ACACGATATTACCTCCCCGACGGTCTA
TTCATGTCCGTTGCCCGACTCGTAAGATATCCGCGGTATACCCCAGAGTATCCGGCGATCATCACAGATCCGGGCAT
ACTCCAGCAACAACCGATACATGTAGATCTGCATGTCTTCCCGGCGAAGCEACTTCTCCGCCCACGCCTTGCCGTCCA
GGGCAATCGTGCGCGCGGCCTCGTCATGGCCCCGCCCGCCGTACCCGAMBITACTCCATGAGGCCGTAGACGTCG
GGGAACGTCGAGTCCATGGGCACGAAATGGGCCCAGGGGATGAGACGGGAEBATGCCATTCGTCGTAGATGGTGG
CTTTGATGGGCAGAGACGTCGACAATAAGAAGCCGCGGTACCGGCCGCTAMGGAGTTGCCGTCGATGTCCGGCAGG
TATTTGTAGCCGTCGTACTGCTGGTCCATGGGCATGGCGGGGACGAGGGBBGTATGGTTCCGTGTAGGCG
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