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Preface

Invasive fungal infections are a significant cause of morbidity and mortality. Over the past
decade there has been a concerted effort to develop reliable methods for the detection of
such infections. Early diagnosis of IFI is critical, allowing timely administration of appropri-
ate antifungal therapy. The increased use of antifungal drugs has led to a parallel emergence
of resistant and less-susceptible strains. This emergence has increased the importance of
prompt and accurate identification of the causative agents of fungal infections. Rapid diag-
nosis is perhaps the most critical factor in ensuring a positive patient outcome. In this
respect it is our hope that this volume may provide ideas for those intending to introduce
novel technologies for fungal detection into their laboratories.

Key factors in introducing any new technology into a diagnostic setting include ease of
use and rapid turnaround time without compromising sensitivity and specificity. To this
end, we have focused on including in this volume methods which offer these characteristics
with the potential to be adapted in the routine diagnostic setting.

While focusing specifically on fungal detection in clinical settings, the methods described
are applicable to all areas utilizing fungal diagnostics including, environmental testing, agri-
culture and food production, and veterinary diagnostics. In addition, some of the methods
described represent a significant practical demonstration of state-of-the-art molecular meth-
ods which are suitable for detection of non-fungal microorganisms and infectious agents.
Included in this volume also are comprehensive reviews of fungal infections, a review of
commercially available systems, as well as chapters concerned with sample preparation and
a broad range of interesting methods for detection.

We would like to thank Professor John Walker and David Casey of Humana Press for
this opportunity to become involved in this worthwhile project. Sincere thanks to the
authors who gave of their own time to enlighten the broader scientific community of their
expertise in this area of biology.

Galway, Iveland Louise O’Connor
Barry Glynn






Contents

Preface. . ...
Contriburors. . . . ... .

1

10

11

12

Overview of Invasive Fungal Infections. . ......... ... . ... ... ... ....
Nina L. Tuite and Katrina Lacey

Fungal Diagnostics: Review of Commercially Available Methods. ... .......

Javier Yugueros Mavcos and David H. Pincus

Rapid Methods for the Extraction and Archiving of Molecular Grade
Fungal Genomic DNA . . ... ..
Andvew M. Borman, Michael Palmer, and Elizabeth M. Johnson

APEX DNA Microarray for the Identification of Pathogenic Fungi .. .......
Avianna Tavanti, Stefano Landi, and Sonia Senesi

Microscopic Detection of Yeasts Using Fluorescence In Situ Hybridization . . .

Jodo Indcio and Marvia da Luz Martins

Quantitative Detection of Aspergillus spp. by Real-Time Nucleic Acid
Sequence-Based Amplification. . . ... ... .
Yanan Zhao and David S. Perlin

Differentiation of Fungi Using Hybridization Probes on the LightCycler®. . . .
Stephan Fricke, Nadja Hilger, Christopher Oelkrug, Arne C. Rodloff,
and Christian Fricke

Quantitative and Multiplex Detection of Pathogenic Fungi Using
Padlock Probes, Generic qPCR, and Suspension Array Readout .. .........
Magnus Jobs, Ronnie Eviksson, and Jonas Blombery

Species-Specific Identification of a Wide Range of Clinically Relevant Fungal
Pathogens by the Luminex® xMAP Technology. ... ....................
S. Preuner and T. Lion

Applied Gene Histopathology: Identification of Fusarium Species

in FFPE Tissue Sections by In Situ Hybridization . .....................
Yoichivo Okubo, Minovu Shinozaki, Megumi Wakayama,

Haruo Nakayama, Daisuke Sasai, Takao Ishiwatari, Tetsuo Nemoto,
Tochigi Naobumi, and Kazutoshi Shibuya

Application of Chip-Based Flow Cytometry for Amphotericin B
and Fluconazole Susceptibility Testing on Candida Strains . ... ...........
Orsolya Bouquet, Béla Kocsis, Fevenc Kilar, and Ildiko Kustos

Surface Plasmon Resonance Genosensor for the Detection

Of Fusavinm culmorum . .. ... ... . . .

Michelangelo Pascale, Francesco Zezza, and Giancarlo Pevrone

Vii

x

25

55

63

71

83

93



viii Contents

13 Hyperbranching Rolling Circle Amplification, An Improved Protocol
for Discriminating Between Closely Related Fungal Species. . . ............ 167
Jiufeng Sun and Sybren de Hoog

14 Loop-Mediated Isothermal Amplification-Based Detection

Of FUusavium gramimearum . . . .. ..o e v u e 177
Ludwig Niessen
15 Multiplex-Tandem PCR for Fungal Diagnostics . ...................... 195

Anna Lan, Keith Stanley, and Tania Sovvell

16 Specific Detection of Preumocystis jirovecsi in Clinical Samples
by Flow Cytometry. . ... ..o e 203
Joana Barbosa, Sofia Costa-de-Oliveiva, Ana Tervesa Silva,
Acdcio Gongalves Rodvigues, and Cidilia Pina-Vaz



Contributors

JoaNa BARBOSA ® Department of Microbiology, Faculty of Medicine, Cardiovascular
Research Unit, University of Porto, Porto, Portugal; Escola Superior de Saude Jean Piaget/
Vila Nova de Gain, Gulpilbares, Vila Nova de Gain

Jonas BLOMBERG ® Department of Medical Sciences, Clinical Virology, Uppsala University,
Uppsala, Sweden

ANDREW M. BorMAN © Mycology Reference Laboratory, Health Protection Agency,
South-West Regional Laboratory, Bristol, UK

ORrsoLYA BOUQUET ® Department of Analytical and Environmental Chemistry,

Faculty of Sciences, University of Pécs, Pécs, Hungary

Maria pA Luz MARTINS ® Instituto de Higiene e Medicina Tropical/Centro de Recursos
Microbioldyicos, Universidade Nova de Lishoa (IHMT/UNL), Lisboa, Portugal

SoF1A CosTA-DE-OLIVEIRA ® Department of Microbiology, Faculty of Medicine,
Cardiovascular Research Unit, University of Porto, Porto, Portugal

SYBREN DE HooG ® CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands

RONNIE ERIKSSON ® Department of medical sciences, Clinical virology, Uppsala University,
Uppsala, Sweden

CHRISTIAN FRICKE © Medizinische Dienste SRO, Langenthal, Switzerland

STEPHAN FRICKE © Fraunhofer Institute for Cell Therapy and Immunology (IZ1), Leipzig,
Germany; Institute of Clinical Immunology, University of Leipzig, Leipzig, Germany;
Department of Hematology and Oncology, University of Leipzig, Leipzig, Germany

Napja HiLGer ® Fraunhofer Institute for Cell Thevapy and Immunology (IZ1), Leipzig,
Germany

Joao INAcio e Instituto de Higiene e Medicina Tropical, Universidade Nova de Lisboa
(IHMT/UNL), Lisboa, Portugal

TAKAO ISHIWATARI ® Department of Surgical Pathology, Tobho University School of Medicine,
Ota-Ku, Tokyo, Japan

MAGNUS JoBs ® School of Health and Social Studies, Dalarna University, Falun, Sweden

EL1zABETH M. JOHNSON © Mycology Reference Laboratory, Health Protection Agency,
South-West Regional Laboratory, Bristol, UK

FErReNC KILAR ® Institute of Bioanalysis, Faculty of Medicine, University of Pécs, Pécs,
Hungary; Department of Analytical and Environmental Chemistry, Faculty of Sciences,
Unaversity of Pécs, Pécs, Hungary

Bira Kocsis ® Department of Medical Microbiology and Immunology, Faculty of Medicine,
Unaversity of Pécs, Pécs, Hungary

Ipiko Kustos ® Department of Microbioloyy, Alder Hey Childven’s NHS Foundation Trust,
Liverpool, UK, Department of Medical Microbiology and Immunology, University of Pécs,
Pécs, Hungary

KatriNa LACEY ® Molecular Diagnostics Research Group, National University of Ireland,
Galway, Ireland

ix



X Contributors

STEFANO LANDI ® Department of Biology, Genetic Unit, University of Pisa, Pisa, Italy
ANNA Lau o Centre for Infectious Diseases and Microbiology, The University of Sydney,
Sydney, NSW, Australin

Westmead Millennium Institute, Westmead Hospital, Westmend, Australin

Department of Laboratory Medicine, Clinical Center, National Institute’s of Health,
Bethesda, MD, USA

T. LioNn o Children’s Cancer Researvch Institute (CCRI), Labdia Labordiagnostik, Vienna,
Austrin

JAVIER YUGUEROS MARCOs ® Research and Validation of Biomarkers, bioMérieux SA, Marcy
PEtoile, France

Haruo Nakavama e Department of Neurvosurgery, Toho University Obashi Medical Center,
Meguro, Tokyo, Japan

TocHiGl NaosuMl ® Department of Surgical Pathology, Toho University School of Medicine,
Ota-Ku, Tokyo, Japan

Tersuo NEMOTO ® Department of Surgical Pathology, Toho University School of Medicine,
Ota-Ku, Tokyo, Japan

LupwiG NIESSEN ® Weihenstephan Center of Food and Life Sciences, TU-Miinchen,
Lebrstubl fiir Technische Mikvobiologie, Freising, Germany

CHRISTOPHER OELKRUG ® Fraunhofer Institute for Cell Therapy and Immunology (1Z1),
Leipzig, Germany

YoicHIRO OKUBO ® Department of Surgical Pathology, Tobho University School of Medicine,
Ota-Ku, Tokyo, Japan

MICHAEL PALMER © Mycology Refevence Laboratory, Health Protection Agency,
South-West Regional Laboratory, Bristol, UK

MICHELANGELO PASCALE ® Imstitute of Sciences of Food Production (ISPA), National
Research Council of Italy (CNR), Bari, Italy

GIANCARLO PERRONE ® Imstitute of Sciences of Food Production (ISPA), National Research
Council of Italy (CNR), Bari, Italy

Davip S. PERLIN ® Public Health Research Institute Center, UMDN]-NJMS, Newark, NJ,
USA

CIpALIA PINA-VAZ ® Department of Microbiology, Faculty of Medicine, Cardiovascular
Research Unit, University of Porto, Porto, Portugal

Davip H. Pincus © R&D Microbiology, bioMérieux, Inc., Hazelwood, MO, USA

S. PREUNER ® Children's Cancer Research Institute (CCRI), Labdia Labordiagnostik,
Vienna, Austria

ARNE C. RODLOFF ® Institute for Microbiology and Infectious Epidemiology, University of
Leipzig, Leipzig, Germany

AcAc1o GONCALVES RODRIGUES ® Department of Microbiology, Faculty of Medicine,
Cardiovascular Reseavch Unit, University of Porto, Porto, Portugal

DAISUKE Sasal ® Department of Surgical Pathology, Toho University School of Medicine,
Ota-Ku, Tokyo, Japan

SONIA SENESI ® Department of Biology, Genetic Unit, University of Pisa, Pisa, Italy

KazurosHi SHIBUYA ® Department of Surgical Pathology, Toho University School of
Medicine, Ota-Ku, Tokyo, Japan

Department of Dermatology, Peking University First Hospital, Beijing, China



Contributors Xi

MINORU SHINOZAKI ® Department of Surgical Pathology, Toho University School of
Medicine, Ota-Ku, Tokyo, Japan

ANA TERESA S1LvA ® Department of Microbiology, Faculty of Medicine, Cardiovascular
Research Unit, University of Porto, Porto, Portugal

TaNia SORRELL ® Centre for Infectious Diseases and Microbiology, The University of Sydney,
Sydney, NSW, Australin

The Westmead Millennium Institute, Westmead Hospital, Westmend, Australin

KerrH STANLEY © AwusDiagnostics Pry. Lid., Alexandria, NSW, Australin

JIUFENG SUN ® Department of Parasitology, The Zhongshan School of Medicine,
Sun Yat-Sen University, Guangzhon, China

ARIANNA TAVANTI ® Department of Biology, Genetic Unit, University of Pisa, Pisa, Italy

Nmva L. Turte ® Molecular Diagnostics Research Group, National University of Ireland,
Galway, Ireland

MEGUMI WAKAYAMA ® Department of Surgical Pathology, Toho University School of
Medicine, Ota-Ku, Tokyo, Japan

FRANCESCO ZEzzA ® Institute of Sciences of Food Production (ISPA), National Research
Council of Italy (CNR), Bari, Italy

YANAN ZHAO ® Public Health Research Institute Center, UMDN]-NJMS, Newark, NJ, USA






Chapter 1

Overview of Invasive Fungal Infections

Nina L. Tuite and Katrina Lacey

Abstract

The incidence of invasive fungal infections (IFIs) has seen a marked increase in the last two decades. This
is especially evident among transplant recipients, patients suffering from AIDS, in addition to those in
receipt of immunosuppressive therapy. Worryingly, this increased incidence includes infections caused by
opportunistic fungi and emerging fungal infections which are resistant to or certainly less susceptible than
others to standard antifungal agents. As a direct response to this phenomenon, there has been a resolute
effort over the past several decades to improve early and accurate diagnosis and provide reliable screening
protocols thereby promoting the administration of appropriate antifungal therapy for fungal infections.
Early diagnosis and treatment with antifungal therapy are vital if a patient is to survive an IFI. Substantial
advancements have been made with regard to both the diagnosis and subsequent treatment of an IFI. In
parallel, stark changes in the epidemiological profile of these IFIs have similarly occurred, often in direct
response the type of antifungal agent being administered. The effects of an IFI can be far reaching, ranging
from increased morbidity and mortality to increased length hospital stays and economic burden.

Key words: Invasive fungal infection, Rapid, Early diagnostics, Antifungal drug resistance

1. Introduction

Fungi are eukaryotic organisms, found worldwide in a wide range
of habitats from soil and rotting vegetation to extreme environ-
ments such as deserts and deep sea sediments. Although over
100,000 species of fungi have been described, the Kingdom Fungi
is estimated to have in the region of 5 million species (1).
Classification was traditionally based on morphological characteris-
tics, such as the size and shape of spores or fruiting structures.
Species were also distinguished by their biochemical and physio-
logical characteristics. The advancement of molecular tools, such as
DNA sequencing and phylogenetic analysis, has greatly enhanced

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
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our knowledge of the genetic diversity within various taxonomic
groups (2, 3). The existence of fungi is crucial to the survival of
many organisms with which they form synergistic associations.
They can be predators of invertebrates, pathogens of plants and
animals and are also of profound importance to man (1). Fungal
plant pathogens can destroy crops. For example, in the USA an
estimated $200 million is lost due to fungal crop damage annually
despite a $600 million yearly spend on fungicides (4). Systemic
fungal infections in pets and other animals represent a huge prob-
lem for the veterinary clinician, and despite the fact that no precise
numbers of incidence are available it is believed that the increase in
fungal infections seen in human medicine is actually mirrored in
veterinary medicine (5). Fungi are routinely used in basic research
as experimental model systems for investigation of animal cell func-
tions, e.g., Saccharomyces cevevisine. Many fungi are manipulated in
the food and pharmaceutical industries as major producers of mate-
rials such as beer, bread, wine, citric acid and other food additives,
and important medicines such as antibiotics (6). For example,
Penicillinm chrysogenum is the primary commercial source of peni-
cillin. Penicillin is the precursor for most f3-lactam antibiotics,
which represents one-third of the antibiotic market and $8 billion
in annual sales, with annual worldwide production of penicillin
estimated to be over 40,000 metric tons (4).

It has become apparent over the decades that a number of
fungal species previously considered to be innocuous environmen-
tal inhabitants are in fact capable of causing devastating disease in
humans. These organisms can be difficult to identify with current
diagnostic methods and also have been found to vary greatly in
their susceptibility to antifungal agents. This causes major treat-
ment management problems for the clinician (7). The earliest
known record of a fungal infection was a mycetoma of the foot in
the Indian Atharva Veda (c. 2000-1000 BC), later described in
1714 by the French missionary Ponticharry as “padavalmika”
(foot ant hill) (8). There are four recognized types of fungal infec-
tions: superficial skin infections (e.g., athlete’s foot, nail infections,
and ringworm), superficial mucosal infections (e.g., oral and vagi-
nal thrush), allergic infections (e.g., asthma and chronic sinusitis),
and invasive infections (e.g., aspergillosis and fungal pneumonia)
(9, 10). Invasive infections are further divided into two, namely,
endemic mycoses (usually causing pulmonary disease in otherwise
healthy individuals, such as pneumonia) and opportunistic myco-
ses (the main focus of this chapter, usually nosocomial affecting
immunocompromised patients). Examples of endemic mycoses
include infection with Histoplasma capsultum, Cocciodiodes immi-
tis, and Blastomyces devmatitidis (11). The importance of diagno-
sis of endemic fungi is often overlooked and testing is not
performed until the patient fails to recover following antibacterial
treatment (12).
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Frequent name changes at all levels of fungal classification, from
species level upwards, have been the source of much confusion
over the decades. Not surprisingly, this can hinder the accuracy of
diagnostics and reporting of species isolated from clinical settings.
For example, Torulopsis and Monilia are both obsolete synonyms
tor the genus Candida. The species Candida famata is also known
as Debaryomyces hansenii and to a lesser extent, Torulopsis candida
(13-15). Frequently a fungus can have multiple scientific names
depending on its lifecycle and sexual state. The sexual form of a
fungus is called the teleomorph, and the asexual form is known as
the anamorph. Often these forms are physically distinct and have
different names, for example, Candida kefyr is the anamorph and
Kluyveromyces marxianus is the teleomorph of this species. An
example of a filamentous fungus is Aspergillus glancus, where the
teleomorph is called Eurotium herbariorum (14). Efforts among
researchers are underway to establish the usage of a unified nomen-
clature in the field of mycology (2, 3). A comprehensive list of
medically important fungi, including their synonyms was compiled
and published in 1995, and subsequently updated in 1999 for the
Journal of Clinically Infectious Disease by McGinnis et al. (13,
14). Web sites such as Index Forum and ITIS compile lists of cur-
rent names of fungi with reference to older synonyms. A large-scale
collaborative project which involved the efforts of many mycolo-
gists and taxonomists was published in 2007 (2).

Recent advances in molecular biology have hugely enhanced our
knowledge of fungal diversity and revolutionized fungal taxonomy.
Molecular advances, including genome sequencing, provide cru-
cial information on host/pathogen interaction, how the organism
reproduces, and how it can persist both in the environment and
within the host. It also provides sequence information which can
be used to design unique species specific DNA probes for use in
new detection systems (4). Molecular biology has lead to different
classification systems within the field of mycology. Many challenges
have thus been presented pertaining to the emergence of new spe-
cies, previously thought to be related or part of another species or
group. From a diagnostic point of view this presents challenges to
the researcher when new species are identified and require differ-
entiation from others. In an attempt to address these classification
issues, a comprehensive phylogenetic classification of Fungi has
recently been proposed. This was the result of a large multicentre
collaborative effort which shows the importance and need for one
unified classification system (2).

Recent advances in the health care sector have meant that fungal
infections are on the increase due in no small part to the expan-
sion of at-risk populations, in addition to the treatment strategies
that often result in longer survival rates of these patients (16).
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Patients most at risk of opportunistic colonization from an inva-
sive fungal infection (IFI) are those who have undergone solid
organ transplant, those in receipt of immunosuppressive or che-
motherapeutic agents, those suffering from HIV, pediatric, and
elderly patients, and finally, those patients undergoing surgery
(17). While bacterial infections are far more prevalent than fungal
infections, mortality rates appear to be far higher for fungal infec-
tions when compared to bacterial infections (18-20). Filamentous
fungi, yeast-like fungi, and dematiaceous fungi are well-known
causative agents of IFIs (21); however, Candida and Aspergillus
still remain the most frequently isolated species. The majority of
diagnostic tools have been developed with these two organisms
in mind (22) as together, Candida and Aspergillus account for
approximately 90% of all nosocomial fungal infections (11).
Morbidity—mortality rates for high risk patients suffering from
either of these two pathogen groups are in the region of 40-50%
for Candida while for Aspergillus the numbers stand between 80
and 100% (23).

2. Clinically
Relevant Fungi

2.1. Medically
Important Yeasts

2.1.1. Candida Species

Hippocrates was the first to describe a yeast infection when he
wrote of thrush in the fifth century BC (8). Detection of yeast
cells in thrush by microscopic techniques did not occur until 1839.
It was thought that Candida albicans was the only yeast species
capable of causing human infection. As advances in the medical
field ensued it soon became apparent that other yeast species were
also clinically relevant. Despite this, little medical concern was
given to them until relatively recently (7). The advent of new can-
cer treatment regimes, increased use of intravenous catheters, and
other medical developments essentially prolonging the lives of
immunocompromised patients has resulted in a major shift in the
epidemiology of yeast infections and since the 1960s there has
been a steady rise in the number of opportunistic yeast species
causing severe human infections (7).

Candida species are normal commensals of the skin, mucosa
membranes, and gastrointestinal tract of humans and other
mammals and are responsible for most nosocomial fungal infec-
tions. Of the approximate 100 known species of Candida, rela-
tively few (12-14) have been associated with human infection
(11, 24). Candida species can cause a wide spectrum of disease,
from superficial infections such as thrush and nail bed infections
to serious life-threatening illnesses such as endocarditis, menin-
gitis, osteomyelitis, and candidemia (11). In the USA, candi-
demia is the fourth most common bloodstream infection (25).
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The route of infection for Candida species is typically via intra-
vascular devices or through the gastrointestinal tract (26).
Interestingly, one study found that about 70% of hospital per-
sonnel harbored yeasts on their hands (27). While there is no
doubt that Candida albicans is the most frequently isolated
Candida species from clinical specimens (24), when combined
with other Candida species, or “ Non-albicans candida” (NAC)
such as C. glabrata, C. parapsilosis, C. tropicalis, and C. kruse,
together they account for roughly 99% of all human episodes
(28). This is of particular concern since many NAC have intrinsic
resistance to current antifungal agents, added to this are the
technical difficulties associated with diagnosis as it is thought
best to diagnose to species level (11, 29, 30). A retrospective
surveillance study conducted in 2000 found that the species
responsible for Candida bloodstream infections were as follows:
C. albicans (54%), C. glabrata (16%), C. parapsilosis (15%),
C. tropicalis (8%), C. krusei (1.6%), and other Candida species
(4.6%) (25, 30). C. tropicalis has been reported to be a com-
mon cause of fungemia where risk factors are similar to that of
C. albicans (24). C. kruses has been reported to spread from the
gastrointestinal tract of severely immunocompromised patients
to cause fungemia and endophthalmitis and is of particular con-
cern because of its intrinsic resistance to some antifungal drugs
(11). Although these aforementioned species are the most com-
mon NAC species, C. lusitanine and C. guilliermondii are emerg-
ing as important species causing [FIs (11, 24, 31). C. rugosa is a
common veterinary pathogen however it has been isolated from
wounds of patients in burn units and from both blood and urine
of hospitalized patients (11, 32). A number of other NAC spe-
cies such as C. famata, C. cifferri, C. pulcherrima, C. wtilis,
C. catenulata, C. norvegiensis have been isolated from clinical
samples and account for <1% of candidemia (31).

Research into diagnostics for detection of Candida infection
has largely focused on systemic disease although methods for
diagnosis of vaginal candidiasis have also been evaluated. It is
thought that as the use of molecular methods of detection become
more widespread that the cost of such tests will reduce over time,
increasing their use for diagnosis of superficial infections (33).
The diagnosis of invasive Candida infections is challenging, symp-
toms can be nonspecific, and positive cultures may not be obtained
until late in the infection (29, 34). The Infectious Disease Society
of America recently published guidelines for the treatment of
Candida infections (35).

Cryptococcus neoformans is an environmental saprophyte and has a
worldwide distribution. An opportunistic human pathogen, it is
the most common etiological agent of cryptococcosis. It is found
in the environment and clinical setting as budding yeast. Cells are
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2.1.3. New and Emerging
Yeast Pathogens

spherical and are protected by a polysaccharide capsule. This
polysaccharide is the diagnostic target for the cryptococcal anti-
gen test. C. neoformans var gattii also known as Cryptococcus gat-
it can also cause infection and is found primarily in tropical
regions. C. neoformans can cause infection in any organ but pre-
dominantly infects the CNS and lungs. Pulmonary cryptococco-
sis, most commonly caused by inhalation of Cryptococcus cells,
may be asymptomatic or may present with nonspecific symptoms
including cough and fever. Cryptococcal meningitis has become
widespread in recent times, specifically with the spread of HIV
and the use of immunosuppressive drugs. It has become a com-
mon opportunistic infection among late stage AIDS patients and
solid organ transplant patients and other immunocompromised
hosts but also is often reported in individuals who seem to be
otherwise immunocompetent. Because of the nonspecific nature
of these symptoms, cryptococcal infection should be tested for
should symptoms of meningitis occur in the relevant clinical set-
ting. Diagnosis of cryptococcal infection can be through micros-
copy using Indian ink stain, positive blood or CSF cultures,
serology, or histology. Diagnosisis rarely difficultin HIV-associated
cryptococcal infection due to the high organism load. But in non-
HIV-associated infection diagnosis can be difficult due to false-
negative cultures and antigens can result from low organism yield.
CT scans, large volume CSF cultures, and lumbar punctures may
be needed (36). Rapid and accurate diagnosis is crucial since
untreated cryptococcal meningitis is fatal. Treatment is aggres-
sive, usually using a combination of fluconazole and amphoteri-
cin B. Unlike Candida and Aspergillus, enchinocandins have
little activity against Cryptococcus neoformans (36).

Since yeast infections are not notifiable diseases, there is no central
database available to record isolations of specific yeast species from
year to year. As a result of this, it is thought that the actual number
or incidence of such diseases is under reported. It has been sug-
gested that case reports in the literature significantly under repre-
sent the incidence of infection with emerging yeasts. This is thought
to be due to investigators reluctance to publish non-novel data.
Nevertheless, organisms emerging as important yeast pathogens
include Malassezia, Rbodorula, Hansenula, and Trichosporon
species. However, this spectrum of organisms is growing (7).
Trichosporon species normally cause a superficial infection of the
hair shaft called white piedra; however, recent reviews have
described manifestations of trichosporonosis including severe skin
infections, endocarditis, peritonitis, and bloodstream infections.
Malassesin species are frequently being observed as nosocomial
pathogens (11).
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3. Medically
Important
Filamentous Fungi

3.1. Aspergillus
Species

A number of fungi previously thought to be non-pathogenic,
including the zygomycetes and haline and dematiaceous molds, are
capable of causing opportunistic infections in humans. Although
Aspergillus species account for most cases of invasive mold infec-
tions, a number of other species are being recognized as important
pathogens causing devastating and often fatal diseases (17).

Aspergillus species are ubiquitous in nature, commonly occurring
in soil, water, and vegetation. Aspergillus species are opportunistic
human pathogens and are the most common clinically associated
invasive molds, primarily A. fumigatus, although A. flavus, A. niger,
and A. terrews are increasingly being recognized as important
human pathogens (34, 37). Aspergillosis was first described in the
1940s, since then it has become a major problem and is now the
leading cause of death among IFIs (38). This enormous increase
in invasive aspergillosis (IA) cases has been linked to the ever
increasing immunocompromised host population which has
resulted from immunosuppressant therapies and advances in med-
ical procedures, previously unheard of. Risk factors associated with
aspergillosis include prolonged granulocytopenia, development of
graft-versus-host disease, immunosuppressive therapy, use of adre-
nal corticosteroids, diseases such as chronic granulomatous dis-
ease, AIDS, cancer, solid organ, and bone marrow transplants
(39). Aspergillus species can cause invasive aspergillosis, aspergil-
loma, chronic necrotising aspergillosis, tracheobronchotic asper-
gillosis, but colonization without infection can also occur (34).
Invasive aspergillosis is associated with a mortality rate of approxi-
mately 85%. A. fumigatus is the most common species to cause
invasive aspergillosis, causing in the region of 90% of cases
worldwide (37, 40). The primary route of Aspergillus infection is
thought to be through inhalation of conidia. Dissemination to
other organs is thought to occur following invasion of the lung
tissue. Exposure of the immunocompromised host to environ-
mental isolates plays a role in the pathogenesis of this disease (39).
These fungi have been isolated in hospitals from air ventilation
systems, carpets, and dust dislodged during construction (41).
Stringent management and control measures should be para-
mount. Another proposed route of Aspergillusinfection is through
ingestion of contaminated food, although no outbreak of
Aspergillus infection has been reported. To date some localized
infections have been associated with contaminated wound dress-
ing or tape (11). Like Candida species, the most useful way to
select an appropriate treatment regime comes from identification
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to the species level (30). A suitable rapid diagnostic test for
Aspergillosis is severely lacking. At present, proof of IA infection
can only be shown by growth in tissue or culturing of the fun-
gus from the test specimen, and in many patients, proof is only
found at autopsy (42). Diagnosis is currently via CT scan, open
lung biopsy, microscopy, and culture (34). Early treatment of
invasive aspergillosis is essential. Primary treatment involves
Amphotericin B; however, surgery may be necessary for local-
ized infections (37, 43).

4. Emerging Molds

The incidence of infection involving Fusarium species has
dramatically increased in recent years (44—46). F. solani is the
predominant species isolated (44). The only antifungal agent
effective against Fusarium is amphotericin B, unfortunately few
patients survive disseminated Fusarium infections despite treat-
ment (39). Other opportunistic filamentous fungi often involved
in cases of fungemia, disseminated infections, and fungal pneumo-
nia include: Acremonium species, Scedosporium species, the class
Zygomycetes, Paecilomyces species. Some of these mimic the clinical
symptoms of aspergillosis and thus accurate diagnosis is essential
(39). Scedosporium species are emerging as human pathogens
among immunocompromised hosts, in particular, S. apiospermum
and S. prolificans. Such infections are usually difficult to treat
because of resistance to current antifungal therapies and mortality
rates are extremely high (46). Zygomycetes are a class of fungi typi-
cally found in soils and rotting vegetation and are increasingly
seen as opportunistic human pathogens. Routes of infection can
be ingestion, inhalation, or through percutaneous inoculation of
spores (47). Zygomycetes have emerged as important pathogens in
immunocompromised patients particularly those belonging to the
order Mucorales (e.g., Mucor species and Rbhizopus species).
Another order of Zygomycetes, the Entomphthorales, which are
principally insect pathogens, are now frequently implicated in
human disease, e.g., Conidiobolus and Basidiobolus species (48).
The increase in incidence of human infection with Zygomycetes is
thought to be linked to more widespread use of the antifungal
drug, voriconazole which has no activity in vitro against the
Zygomycetes (46, 48). Mortality rates are as high as 80% (47).
Successful management relies on early detection. Treatment
involves urgent surgical debridement of infected tissue and initia-
tion of suitable antifungal therapy (46—48).
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5. Diagnosis of IFls

5.1. Traditional
Methods of Diagnosis

5.1.1. Culture

Proven, probable, and possible are the three levels of classification
used to identify the existence of an IFI. The term proven can be
applied to all types of patient, be they immunocompromised or not,
however, both probable and possible refer to those patients who
have been categorized as being immunocompromised (49). The
introduction and acceptance of such standard terminology in
defining types of IFI is of critical importance, adding credence to the
consistency and reproducibility of clinical studies. Not withstanding
the importance of correct classification of an IFI the fact still remains
that early diagnosis is vital, and therefore it is imperative that treat-
ment is started as soon as an infection is suspected as any delay in
treatment leads to increased morbidity and mortality (50).

Early and accurate diagnosis of life threatening fungal infections is
of paramount importance to allow timely initiation of antifungal
therapy and to reduce mortality rates. A clinician faces a myriad of
challenges when attempting to accurately diagnose and treat an
IFI. Historically, the detection and identification of fungi has
depended largely on the more traditional based methods such as
histology, microscopy, and culture-based techniques. Although
considered the cornerstone of proving the presence/absence of a
fungal disease, their diagnostic worth is limited. Despite recent
advances in diagnostic methods, microscopic examination and
cultivation of clinical samples are still considered to be the “gold
standard” method of identification. However these methods are
not without limitations, they can result in low sensitivity and

specificity, and often only give positive results in the later stages of
infection (49).

Culture-based diagnostic methods are fraught with difficulties, for
example, in order to obtain a biopsy to be used for either culture
or histopathology from a sterile site such as the lung, an already
critically ill patient would need to be subjected to an invasive tech-
nique. In addition, when a sample has been proven to be positive,
doubt remains over whether the result of a biopsy taken from a
non-sterile site is actually down to colonization or due to an active
infection (51). Due to its transient nature, blood cultures have
been shown to have only a 50% and a 10% success rate for diag-
nosing candidemia and IA, respectively (52). However, due to the
longer incubation times required for growth before starting
specific treatment, survival is severely impacted. Similarly, when a
sputum or bronchoalveolar lavage (BAL) is taken from a patient
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5.1.2. Histopathology

5.2. Fungal
Cell Wall Markers

5.2.1. Galactomannan

with suspected invasive aspergillosis (IA), frequently the organism
cannot be cultured (53). One of the most important roles of the
clinician is to determine if a patient requires antifungal treatment
in the early period of infection. Therefore it is of paramount
importance that a rapid test for early diagnosis is developed (22).
Frequently, primary identification media such as CHROMagar
Candida media for culturing Candida can be used for the initial
presumptive identification of some of the most medically impor-
tant species of Candida such as C. albicans, C. glabrata, C. tropi-
calis, and C. parapsilosis. In addition, the majority of yeasts arising
from clinical samples can be identified using commercially avail-
able biochemical kits such as API 20C AUX, VITEK 2, and RapID
Yeast Plus (54). Despite the user friendly nature of these kits, the
identification process does not end here, instead, a suite of addi-
tional morphologic based tests must be performed to avoid
misidentification of those microorganisms showing identical bio-
chemical profiles (53).

Histopathology is an important diagnostic tool and refers to the
microscopic examination of infected tissue. It is a rapid and cost
effective method for diagnosing the presumptive or definite pres-
ence of an IFI (17). While it is not always possible to retrieve a
biopsy from a critically ill patient, this method is further com-
pounded by the fact that several different organisms can display
similar histopathological profiles, thereby rendering it almost impos-
sible to identify a specific pathogen based on morphological traits
alone. For example, many Fusarium sp., Pseudallescheria sp., and
Penicillium are all alike in that they share hyaline and narrow sep-
tate hyphae making them indistinguishable from Aspergillus in tis-
sue biopsies (55, 56). This inability to definitively identify a specific
organism can severely affect the outcome for a patient (57).

When a clinician suspects the presence of an IFI often the patient is
treated empirically with antifungal therapies that may include the
unnecessary administration of potentially harmful and costly drugs
(58). Due to the potentially toxic nature of this approach, interest
has increased in the use of what is known as pre-emptive antifungal
therapy which refers to the deferred treatment until there is sufficient
evidence to confirm the presence of an IFI (59). Therefore, intense
efforts have been put into the development of laboratory markers in
an attempt to reduce the diagnosis time of an IFI (53). These mark-
ers are known as galactomannan (GM) and 1,3-beta-p-glucan (BG)
and mannan. This in turn has led to a shift in the way that IFIs can
be prevented and treated more efficiently (60).

Definitive diagnosis of invasive aspergillosis is of the utmost impor-
tance to allow for early initiation of antifungal treatment (22).
Galactomannan is a cell wall polysaccharide released by Aspergillus
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species into extracellular fluid during fungal growth in tissue (61).
For early diagnosis of IA, GM antigen monitoring has proven its
importance as a noninvasive diagnostic tool (62). Before clinical
manifestation of IA; circulating GM can be detected anywhere
between 5 and 8 days before fungal burden is obvious. Not only is
GM detectable in serum or plasma (63) but it can also be detected
in BAL (64) and cerebrospinal fluid (65) using a sandwich type
enzyme linked immunosorbent assay (53). Following analysis it
appears that the BAL fluid assay is more sensitive than the serum
assay (60). However, as with other methods of diagnosis this assay
is not without its limitations, resulting in contradictory results due
to a number of factors including: prior treatment with antifungal
therapy affecting the levels of circulating fungal components (67),
false-positive results in conjunction with use of antibiotic treat-
ments (68), and finally, the range of cut offs of positivity across
different studies (60). According to a recent meta-analysis of serum
galactomannan in patients with neutropenia and/or hematologic
malignancy sensitivity results of 71% coupled with a specificity of
89% were reported for those definitive cases of invasive aspergillosis
(69). It is clear that the diagnosis of invasive aspergillosis should
not be based on a single test alone and that the BAL fluid galacto-
mannan assay should be used as an adjunct to further tests.

1,3 Beta-p-glucan is a component of the cell wall of most fungi
which can be detected in the blood during an IFI. There are two
notable exceptions, namely, the Zygomycetes which do not produce
BG and Cryptococcus species which release such low levels of BG
that it cannot be detected in human serum (70). The test is of
significance due to its ability to detect infections caused by such
species as Fusarium, Trichosporan, Saccharomyces, and Acremonium.
While these species are undoubtedly not as common as Aspergilius
and Candida, they are extremely dangerous organisms for the
immunocompromised patient (71). Limited data exists as to the
efficacy of this test as a diagnostic tool; however, it may useful as an
early identifier of infection and is reputed to be highly sensitive
(72). Of the commercially available assays, two in particular are
most commonly used, namely, Fungitec-G and Fungitell, manu-
factured by Sikagaku Kogyo Corporation and Associates of Cape
Cod, respectively. A possible pitfall of the Fungitec-G assay is that,
in the absence of an IFI, medical sources of BG can lead to a posi-
tive test. For example, filters and dialysis membranes made from
cellulose contain BG, as do cotton gauzes and sponges used in
surgery, and some drugs. Unfortunately only a limited number of
studies have been performed to date so literature is limited. Those
studies that are available have reported sensitivities in the range of
70-100% while specificity ranges anywhere from 76 to 83.8%.
Again, these results must be viewed with caution, as only a limited
number of invasive aspergillosis cases have been subjected to testing
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5.2.3. Mannan

5.2.4. Imaging

5.2.5. Matrix Assisted
Laser Desorption/lonization
Time of Flight Mass
Spectrometry

with this assay (72, 73). Thus, further more intensive testing must
be performed before this assay is put forward as a viable diagnostic
option (74).

Mannan is the major Candida cell wall antigen and is the sub-
strate for one of the most extensively studied antigen tests for
detection of systemic candidiasis which was proposed as far back
as 1979 (75). A vast quantity of literature has amassed over the
years, all of the similar opinion that a positive mannan test may
actually correlate with invasive candidiasis. As detection of the
infection at an early stage is critical, the immunoenzymatic Platelia
Candida Ag (Bio-Rad) test is performed in parallel with the anti-
mannan antibody test (Platelia Candida Ab/Ac/Ak; Bio-Rad)
(76). Mannan occurs at low levels and is rapidly cleared from the
bloodstream, therefore, one disadvantage of using this marker is
the frequency with which tests must be performed and thus the
increased cost (77).

Chest computed tomograph (CT) scans have proven to be a very
useful tool, especially in the early stages of infection (78). More
specifically, the “halo sign,” which is known as a region of ground-
glass attenuation surrounding a pulmonary nodule on CT scan of
the chest, is considered to be an early indicator of invasive pulmo-
nary aspergillosis (IPA) (79). However, using the “halo sign” for
diagnosis is not without its difficulties, the reason being that the
CT scan must be performed within 5 days of the onset of a sus-
pected infection, if not, then approximately 75% of the halo signs
disappear within a week (80). The diagnostic use of the subsequent
“air crescent” sign is limited by the fact that it only becomes visible
in the third week of infection which may be too late to begin treat-
ment of an invasive aspergillosis infection (81). To conclude it is
clear that the CT halo sign has more diagnostic potential than the
later air crescent sign, as treatment can be started immediately.

In recent years, MALDI-TOF MS has been introduced to the clin-
ical laboratory for rapid species identification (82, 83). The method
works by analyzing the mass patterns from crude cell extracts of an
isolate and comparing to a database of patterns of reference strains.
A recent study evaluated the potential use of two commercially
available MALDI-TOF MS systems for their application in clinical
diagnostics using over 1,000 yeast and yeast-like clinical isolates
from geographically distinct locations. The investigators compared
the performance of both kits to classical clinical identification
methods using microscopy and biochemical techniques (82). It
was reported that the identification of pathogenic yeasts using
MALDI-TOF MS in the clinical laboratory will greatly improve
fungal diagnostics and hence improve treatment regimes. One of
the main findings was that MS could be performed in a fraction of



5.3. Molecular
Diagnostics

1 Overview of Invasive Fungal Infections 13

the time it takes for classical techniques. Another important advantage
found was that MS could differentiate closely related yeast species.
For example, both methods could differentiate the Candida ortho
meta parapsilosis cluster, whereas the classical methods could not.
This holds significant clinical importance since different antifungal
susceptibility profiles have been observed within this cluster (82).
Another recent article describes a MALDI-TOF MS method for
precise and rapid identification of common clinically isolated
Aspergillus species as well as newly reported species in the clinical
setting (83). The authors suggest that since the procedure only
takes a few minutes, introduction of these techniques into main
stream clinical practice will not only provide a more rapid diagnos-
tic process but also lead to more accurate identification of fungal
species (82, 83).

In theory, an ideal molecular test should be capable of providing
absolute sensitivity without adversely affecting specificity and
should have the ability to rule infection in or out. However, this is
rarely the case, if assays are extremely sensitive then inevitably they
will generate false-positive results, and a compromise is needed
that will find a balance between the early detection of subclinical
infections and at the same time between the early detection of sub-
clinical infections and low level contamination (84). Timing is
critical for a patient suffering from an IFI. Due to the changing
epidemiology and increase in emerging fungal pathogens, there is
a knock on affect, causing an increased demand for more broad-
spectrum diagnostic tests. The overall aim of using molecular
methods for diagnostics is the hope that they will provide superior
specificity, sensitivity, and turn around time. Many published
accounts are available, which outline the use of molecular methods
for diagnosis, most specifically real-time PCR. While these assays
show great promise, being sensitive and specific, their usefulness is
limited to single generas, for example, Candida (85, 86) or
Aspergillus (87). In order to address this problem, Landlinger et al.
developed a panfungal real-time PCR assay based on the 28S ribo-
somal RNA multicopy gene, which facilitated the detection of at
least 80 pathogenic species (88). Despite its obvious value, PCR
assays have not been widely accepted and as such have been side
tracked by other diagnostic methods such as antigen detection
assays. However as previously discussed, these methods are far
from perfect and often fail to detect all of the infection causing
fungal pathogens. Nonetheless, PCR assays still offer several advan-
tages over other methods such as imaging, culture, and histopa-
thology. Due to the nature of PCR, it has the supreme ability to
detect minute amounts of starting material, especially when target-
ing a specific gene that has multiple copies (89). In addition, PCR
assays have a multitude of options when it comes to the design
process, ranging from complete genera down to a single species.
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Not only can a PCR assay be designed to be specific but it can also
be quantitative, allowing the clinician to determine the fungal load
of the particular infection and the ability to ascertain how far the
infection has progressed. While there is no denying the importance
of molecular methods for fungal diagnostics and its potential for
improving patient survival, it is still somewhat thwarted by a lack
of standardization (90). This, coupled with the lack of a commer-
cial system that has been rigorously tested means that routine PCR
testing is not incorporated into the European Organization for
Research and Treatment of Cancer/Mycoses Study Group
(EORTC/MSQG) criteria (91). Again, as seen with all other avail-
able diagnostic approaches for IFIs, results when using PCR vary,
with sensitivities reported as being anywhere from 45 to 92%, with
sensitivity being high at greater than 90% (85, 92, 93). Most nota-
bly is an analysis performed by Mengoli et al. which assessed the
efficacy of the PCR assays in diagnosing IA (94). Sample types
included plasma, serum, and blood. Analysis revealed that sensitiv-
ity and specificity were 75% and 87%, respectively, for two positive
samples, while for a single positive sample the results were 88% and
75%, respectively. Clearly the difference in these percentages was of
concern, and obviously a single negative PCR result cannot be
considered to exclude the presence of IA. It seems most likely that
future diagnostic efforts, for the reliable detection of IFIs, will rely
on a combination of diagnostic procedures as opposed to the sole
reliance on any single method. This approach will promote more
informed decisions on treatment strategies that can be imple-
mented by clinicians.

6. Treatment
of IFls

According to the National Nosocomial Infection Surveillance
Program, there has been a decrease in hospital bed numbers in
the USA, while conversely, ICU has seen bed numbers increase
(95). This increase is attributable to the improvement in support-
ive medical care in the ICU. This improvement may be viewed as
a double edged sword since critically ill patients have prolonged
hospital stays and improved survival rates and are as such vulner-
able to IFIs (96).

Broadly speaking, there are four main approaches to the timely
administration of antifungal agents for the management of a sus-
pected IFI, namely, prophylactic, empiric, pre-emptive, and finally
target therapy. The main difference between all four treatment
options is the timing, with prophylaxis being the earliest and target
being the latest to be given. Prophylactic therapy refers to the
administration of antifungals to patients who are considered to be
at risk of developing an IFI but have shown no attributable signs or
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symptoms, the main goal being prevention (97). Notwithstanding
the obvious benefits of this type of therapy, there are however a
number of shortcomings including the high cost of treatment not
to mention the associated risks of giving drugs to individuals before
an IFI has been confirmed or indeed excluded. Those patients
deemed to be at a high risk of developing an IFI and have signs and
symptoms indicative of infection are given empiric therapy, as with
prophylactic therapy an actual organism has not been identified
(98,99). Pre-emptive therapy is that given to a patient who has had
early diagnostic tests performed, and evidence suggests that an IFI
is likely. Finally, targeted therapy as the name suggests is given once
an actual pathogen has been identified by histopathology and /or
culture (97-99) and therefore treatment can be very specific. As
with all other treatment options these four approaches are not with-
out their advantages and associated disadvantages (100).

For some time Amphotericin B, first generation azoles, and
flucytosine were the only available treatment for fungal infections.
The emergence of antifungal resistance isolates and also the toxic
effects observed with some of these agents prompted the develop-
ment and introduction of new formulations and classes of antifungal
drugs. This has greatly improved treatment options available to cli-
nicians. Essentially only four classes of established antifungal drugs
are available, namely, polyenes (e.g., amphotericin B), azoles (e.g.,
fluconazole and itraconazole), allylamines (e.g., terbinafine), and the
newly introduced echinocandins (e.g., caspofungin). Of these afore-
mentioned classes, only three are used to treat systemic fungal infec-
tions (10). Although the development of new antifungal agents has
significantly contributed to the successful treatment of fungal dis-
cases, their effectiveness depends on the fundamental understanding
of how these drugs interact with concomitant medications in addi-
tion to their associated toxicity. Clearly, for management of IFIs and
treatment with such antifungal compounds, an in-depth knowledge
of their pharmacokinetic and pharmacodynamic properties is essen-
tial (101). In addition, it is a well-known fact that inappropriate
antifungal use actually adds to the global increase in antifungal resis-
tance and may in fact lead to a variety of adverse outcomes, includ-
ing unnecessary exposure to antifungal drugs, continual infections,
and an associated increase in hospital costs (102).

Polyenes are by far the oldest category of antifungal agents (103)
and while in excess of 200 polyene antibiotics have been identified,
amphotericin B and nystatin are the only polyenes that are rou-
tinely used in a clinical setting. They have been in use since the
1950s and up until the mid-1980s amphotericin B was the gold
standard of antifungal therapy (104), but, alternatives were
scarce so it was hard to gauge just how effective it was. Despite its
high in vitro activity against a broad spectrum of pathogens, an
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6.1.2. Azoles

6.1.3. Echinocandins

6.2. Alternative
Treatment Strategies
to Antifungal
Treatment

important drawback of this antifungal agent lay in the fact that it
causes acute toxicity negatively affecting the kidneys (105). In
order to moderate the effects of drug toxicity seen when using
amphotericin B, newer lipid preparations of amphotericin B,
including amphotericin B lipid complex (Abelcet; Enzon), lipo-
somal amphotericin B (Am-Bisome; Astellas Pharma US), and
amphotericin B colloidaldispersion (Amphotec; Three Rivers
Pharmaceuticals) were developed (106). Despite the fact that
administering these newer formulations caused a reduction in the
percentage of renal toxicity, none of them proved themselves to
be more superior to the original molecule, and all versions still
have to be given intravenously.

Azoles are effective against a suite of fungal pathogens and act by
inhibiting the synthesis of ergosterol of the fungal cell membrane.
In the 1980s the first azole antifungals, the imidazoles micon-
azole and ketoconazole, appeared in the USA (103). In addition,
two newer broad-spectrum triazoles (voriconazole and posacon-
azole) have been added to the collection of antifungal agents
available to the clinician in order to combat serious fungal infec-
tions (107-110).

Echinocandins (caspofungin, micafungin, and anidulafungin) are
the currently approved agents for clinical use (111) and are a new
class of parenteral antifungal agents that target the fungal cell wall
(29). Although originally discovered in the 1970s, the echinocan-
dins are the most recent class of antifungal agents to be introduced
with caspofungin being approved for use in the USA in 2001. The
echinocandins are active against Aspergillus and Candida species,
including azole resistant Candida species. They are fungicidal in
nature causing rapid lysis in growing cells and have shown fewer
drug to drug interactions (112). These three agents are pharmaco-
logically similar and only differ in a number of traits (29). Almost
all Candida show in vitro susceptibility to the echinocandins and
by virtue of this they have been approved for the treatment of can-
didemia and other forms of invasive candidiasis (113). In case of
infection with C. glabrata or C. krusei, echinocandins are preferred
over azoles. One disadvantage associated with the use of echi-
nocandins is the fact that they have insufficient bioavailability for
oral use and thus must be administered intravenously. In sum, the
echinocandins remain the treatment of choice when it comes to
Candida species; however, their role in the treatment of invasive
aspergillosis remains an unknown quantity.

In addition to the dispensing of antifungal agents, urgent debri-
dement of infected tissue, where possible, can significantly
improve the patients’ chance of survival, particularly in the case
of filamentous fungal infections (46, 48, 114). In addition, it is
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also recommended that intravenous lines and catheters which
may be the source of infection be removed (46, 114). Minimizing
or reversing immunosuppression and neutropenia by reducing
the use of immunosuppressive drugs, ¢.g., steroids, is thought to
improve the patients outcome. Some studies have suggested that
the use of immunostimulatory drugs (e.g., granulocyte transfu-
sions, cytokines (such as G-CSF, GM-CSF, and INF-y) in combi-
nation with antifungal therapy) is useful and enhances the patients
chance of recovery (46, 115, 116).

7. Antifungal
Resistance

The increased use of antifungal drugs in recent years has lead to
the development of antifungal resistance amongst fungal clinical
isolates. This is a worrying concern and has been the focus of much
research in recent times. There are various aspects of antifungal
resistance which many researchers have recently focused on, under-
standing the mechanisms of antifungal resistance, alternative treat-
ment options for infections caused by resistant organisms, methods
to detect resistance, and strategies to prevent and control the
spread of resistance (117). Antifungal resistance can be either
intrinsic (i.e., “natural” resistance) or acquired (develops following
exposure to the antifungal agent in question). A third type of resis-
tance has also been described referred to as clinical resistance. This
type of resistance is observed in severely immunocompromised
patients with consistent relapse of infection with an isolate which
when tested in vitro appears to be susceptible to the antifungal
agent. It is thought that a possible explanation for clinical resis-
tance is due to suboptimal concentrations of the antifungal agent
in blood due to interference of other drugs used to treat the
patients condition (30, 118). Mechanisms of resistance can include
overexpression of efflux pumps to essentially prevent intracellular
accumulation of the antifungal drug and genetic modification or
overexpression of the antifungal targets. Understanding the specific
resistance mechanisms is crucial to finding alternative treatment
drugs for resistant strains.

The most prevalent antifungal resistance is that of Candida
species to azoles (119). Accurate identification of Candida to spe-
cies level is invaluable since it can infer the likely antifungal suscep-
tibility and therefore helps in the selection of a suitable antifungal
treatment. For example, C. glabrata, C. krusei, and C. rugosa fre-
quently show resistance or reduced susceptibility to fluconazole,
whereas C. albicans, C. parapsilosis, and C. tropicalis are reliably
susceptible (32, 46). Identification to species level is also recom-
mended for Aspergillus since various species also exhibit different
resistance /susceptibility profiles (30).



18 N.L. Tuite and K. Lacey

There is an ever increasing need for standardized drug suscep-
tibility testing, and a method which is fast, accurate, reproducible,
and inexpensive is desired. Standard microdilution susceptibility
test methods have been developed by the Clinical Laboratory
Standards Institute, (CLSI, formerly the NCCLS) for yeasts
(Candida and Cryptococcus species; NCCLS, M27-A2) and molds
(Aspergillus, Fusavium, Rhizopus, Pseudallescherin, and Sporothrix
species; NCCLS, M38-A). A standard antifungal disk diffusion
susceptibility testing method was also developed for Candida spe-
cies (CLSI, M44-A). European Committee for Antimicrobial
Susceptibility Testing (EUCAST) subsequently developed a broth
dilution test for susceptibility of yeast species (120). Antifungal
susceptibility testing should be routinely performed as this can
provide valuable clinical information and aid greatly in treatment
decisions, particularly as new resistance isolates come to light (46).
In order to prevent and control antifungal resistance, a number of
measures should be introduced, including the prudent use of anti-
fungal agents, avoidance of low dose therapy, encouraged use of
combination therapy, diagnosis of the etiological agent, treatment
with the appropriate antifungal drug, and finally, regular testing
and surveillance of antifungal resistance (117, 118).

8. Gonclusions
and Future
Perspectives

IFIs will continue to be a major challenge for the clinical sector,
and regrettably, the optimal approach to diagnosing IFIs still
remains uncertain. Timing appears to be the single most critical
factor if a patient is to survive the ravages of such an infection.
Traditional approaches such as direct microscopy, cultivation, and
histopathological evaluation still remain the gold standard for diag-
nosis of [FIs. Great strides have been taken in an attempt to improve
the accuracy and speed of diagnosis of these devastating infections,
allowing anti-mycotic treatment to begin as early as possible.
A number of molecular methods have been developed in recent
years; however, have not yet been standardized and have thus far
been used only in experimental studies. It has been reported that
the most convenient non-culture-based methods for diagnosis of
IFI and monitoring antifungal treatment are commercial systems
which detect fungal cell wall antigens galactomannan and 1,3
B-glucan (22). DNA and RNA methods appear to hold great
promise for improved specificity and sensitivity; however, these
methods need to be validated and standardized before they can be
employed in routine clinical laboratory testing. Further, an impor-
tant factor which cannot be ignored when selecting a new diagnos-
tic test for IFIs is the cost. Efforts among researchers continue in
order to improve the outcome of fungal disease. Many resources
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are currently available, for example, the WHO Collaborating
center for the Mycoses “An international center of excellence,
developing and promoting cost effective strategies for the diagno-
sis, prevention and control of mycotic diseases.” Other useful
resources which provide guidelines for diagnosis and treatment of
fungal infections include the European Organization for Research
and Treatment of Cancer/Invasive Fungal Infections Cooperative
Group and the National Institute of Allergy fungus. Other useful
resources which provide guidelines for diagnosis and treatment of
fungal infections include the European Organization for Research
and Treatment of Cancer/Invasive Fungal Infections Cooperative
Group and the National Institute of Allergy and Infectious Diseases
Mycoses Study Group.
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Chapter 2

Fungal Diagnostics: Review of Commercially
Available Methods

Javier Yugueros Marcos and David H. Pincus

Abstract

Fungi and yeasts are critical causes of acute infection. As such, the detection and identification of these
organisms are crucial in the diagnosis of affected patient populations. There is a vast array of commercial
tests currently available for diagnostic purposes. These vary from traditional culture and biochemical meth-
ods to advanced multiparameter molecular tests. Recent technological advances have driven the develop-
ment of rapid tests which are complementing and in some cases replacing the more traditional methods of
detection. Irrespective of the method used the ultimate goal is timely detection of the infectious agent
allowing appropriate treatment and improved outcome for the patient.

Key words: Commercial test, Fungal diagnostics, Direct examination, Chromogenic media, Yeast
identification, Antigen-based test, Antibody-based test, Nucleic acid probes, Molecular biology

1. Introduction

Fungi have progressively emerged as an important cause of life-
threatening infections. Patient populations at greatest risk are those
critically ill and /or immunocompromised, including surgical inten-
sive care unit (ICU), advanced human immunodeficiency virus
(HIV) infected, inherited immunodeficiency-prolonged neutrope-
nia, and solid organ and hematopoietic stem cell transplant (HSCT)
recipients (1, 2).

Significant progress has been made over the last 10 years in
the field of fungal detection and identification. Technological
advances and introduction of new technologies have led to avail-
ability of a wide variety of commercial tests. Their use in the
clinical setting has been successful, some moving into clinical
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Table 1
Common histological stains used for diagnosis of fungal
infections

Stain® Fungal elements Background

GMS Brown to black Green to blue

PAS Pink to red Pale pink to pale purple
GF Pink to red to purple Yellow

H&E Pink to red to purple Pink

*GMS Gomori methenamine silver, PAS periodic acid-Schiff, GF Gridley fungus, H&E
hematoxylin and cosin

guidelines for fungal infection management. This chapter reviews
commercially available methods for detection and identification of
the fungi most commonly associated with infection. The aim is to
provide the reader with an overview of the extensive range of
methods available focusing on tests, kits, assays, or systems for use
in Europe, USA, or Japan.

2. Direct
Examination of
Clinical Samples

Direct examination of clinical samples for fungi is made possible by
several stains enabling a more obvious appearance of fungal ele-
ments. Classical stains used in histopathology include Gomori
methenamine silver, periodic acid-Schift, Gridley fungus, and hema-
toxylin and eosin stains (3) (Table 1). Alternatively, calcofluor white
(CW) can be used with a fluorescent microscope to observe fungal
elements in clinical samples. CW binds B-glycosidic linkages of
polysaccharides in the fungal cell wall but also binds nonspecifically
to keratin and human connective tissue elements (4).

3. Gulture-Based
Methods for
Fungal Detection

3.1. Nonspecific
Detection of Fungi

Culture media used to cultivate fungi include various non-selective
agars such as Sabouraud dextrose agar (SDA), potato dextrose
agar, and brain heart infusion (BHI) agar. In order to inhibit
growth of bacteria or saprophytic fungi, selective agents such as
chloramphenicol, gentamicin, and cycloheximide are added. Broths
(e.g., Sabouraud dextrose broth, BHI broth, etc.) are used occa-
sionally to grow or enrich for fungi. Most fungi are non-fastidious
and grow on most media (including trypticase soy blood agar) that
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supply sources of nitrogen (e.g., peptone) and carbon (e.g.,
glucose). The disadvantage of these media is that many fungi look
alike and additional methods and more incubation are needed for
identification. That delay in diagnosis was the impetus for develop-
ment of more specific methods such as the chromogenic media
which will be described later in this review.

Automated blood culture systems are also available and include
the BACTEC™ (BD™ Diagnostic Systems, Sparks, MD, USA),
BacT/Alert® 3D (bioMérieux®, Marcy I’Etoile, France), and
VersaTREK® (TREK Diagnostic Systems, Cleveland, OH, USA).
Aside from using different broth components and/or volumes,
these systems employ different detection methods to monitor
growth and metabolism, i.e., CO, generation and subsequent pH
decreases detected by fluorimetric BACTEC™ (5) or colorimetric
BacT /Alert® 3D (6) sensors or headspace gas changes detected by
VersaTREK®’s pressure sensors (7).

3.2. Specific Detection ~ The germ tube test described in 1960 (8) was the main method
of Fungi for rapid identification of C. albicansuntil the advent of enzymatic
tests and chromogenic media. Some labs still use the germ tube
test for rapid inexpensive detection of C. albicans but as it relies
on microscopic observation and technical expertise, it has been
largely displaced by enzymatic tests. Table 2 shows commercial
tests that use a combination of substrates to detect presence of
N-acetyl-B-p-galactosaminidase and r-proline arylamidase. While

Table 2
Rapid (30-60 min) identification of Candida albicans using NGL/PR0?
No. isolates
Test Vendor tested % SN % SP  Reference
BactiCard® Candida Remel, Lenexa, 583 99.3 99.6 (9)
KS, USA 133 100.0 100.0 (10)
536 97.0° 97.1° (11)
196 97.8 925  (12)
Candida albicans Test Kit Remel 583 98.7 996 (9)
(MUREX C. albicans 50) 502 94.6 97.8  (13)
133 100.0 100.0  (10)
O.B.L.S. albicans Oxoid, Basingstoke, 219 100.0 100.0 (14)
UK
AlbiQuick™ Test Kit Hardy Diagnostics, NR NR NR NR
Santa Maria, CA,
USA

*NGL B-galactosaminidase, PRO proline arylamidase, SN sensitivity, SP specificity, NR not reported, TP true positive
"Recalculated to include Candida dubliniensis as TP
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3.3. Chromogenic
Media

both enzymes are present in C. albicans, they are also found in
some less common species, e.g., C. dubliniensis, C. rugosa, and
Trichosporon spp.

Staib (15) first described birdseed ( Guizotia abyssinica) agar as
a useful screening tool for detection and rapid identification of C.
neoformans. Most strains of C. neoformans are detected within 72 h
incubation on this medium where phenoloxidase activity results in
dark brown colored colonies. A comparison of birdseed agar to
conventional media (SDA and Mycosel™ agar; BD™ Diagnostic
Systems) with 35 clinical samples from AIDS patients showed
100% sensitivity and specificity with plates incubated at 30°C.
Authors suggested that this or a higher temperature (37°C) could
be more selective and avoid rare false-positives reported for non-C.
neoformans cryptococci. Although no problems have been reported
with bacterial overgrowth, antibiotic supplementation has been
suggested to aid screening samples with heavy background bacte-
rial flora (16). Another commercially available medium used for
identification of C. neoformans and C. albicans, within 24 h from
previously isolated colonies, is TOC (tween 80-oxgall-cafteic acid)
agar (17). However, its use as a primary isolation medium requires
extended incubation of 3-5 days. Other investigators (18, 19) rec-
ommended urease for rapid recognition of C. neoformans, but this
lacks specificity and needs to be followed by a more reliable method.
Rapid urease can be useful for screening respiratory isolates when
the target species are limited to C. neoformans and C. gattis.

The rapid trehalose assimilation test and its modifications can
be used for rapid identification of C. glabrata (Table 3). Rapid
identification of C. glabrata is critical due to its resistance or reduced
susceptibility to triazole antifungals, e.g., fluconazole (28).

Chromogenic media allow direct identification of the most com-
mon clinical Candida species. They also allow for recognition of
mixed yeast cultures that may be difficult or impossible to see on
conventional mycological media, e.g., SDA. They incorporate sub-
strates, e.g., halogenated indoxylic derivatives, used to detect
specific enzymes. Substrate cleavage results in formation of brightly
colored indigo dyes that are retained within yeast cells resulting in
specific color development in colonies of target species. These
media also contain one or more antibiotics used to prevent growth
of contaminating bacterial flora. Candida albicans is identified by
B-hexosaminidase activity, which is also found in the less common
and closely related species C. dubliniensis. Some of these media,
e.g., CHROMagar™ Candida (CHROMagar™, Paris, France),
allow for presumptive identification of other yeasts, e.g., C. tropi-
calis, through detection of additional enzymes, e.g., phosphatase
(29). In this case, C. tropicalis forms blue colonies by hydrolysis of
both chromogenic substrates. Presumptive identification may be
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Table 3
Rapid identification of Candida glabrata
No. isolates
Test Vendor tested %SN % SP Reference
Glabrata RTT Fumouze Diagnostics, 330 >94.0 >97.3 (20)
Levallois-Perret Cedex 1,174 958 989 (21)
France 168 98.4 100.0 (22)
332 >91.1 =839 (23)
Rapid Trehalose Assimilation  Remel 320 915 96.3 (24)
Broth
Rapid trehalose + sucrose Rosco Diagnostica A/S, 440 100.0 100.0 (25)
assimilation with Rosco Taastrup, Denmark
disks (Diatabs™)
Rapid trehalase (solution from Rosco Diagnostica A/S; 482 >98.2 >95.3 (26)
Diatabs™ w/Clinistix®) Bayer, Tarrytown, NY, USA
Rapid trehalase /maltase Rosco/Bayer 255 96.9 984 (206)
RAT (Mayo Clinic method)  Scientific Device Laboratory, 91 >81.3 100.0 (27)¢
Des Plaines, I, USA
GlabrataQuick™ Kit Hardy Diagnostics NR NR NR NR

*§N sensitivity, SP specificity, NR not reported

°Four isolation media tested; % SN range was 94.0-98.0 and % S range was 97.3-98.6
‘Five isolation media tested; % SN range was 91.1-96.7 and % SP range was 83.9-99.6
9Two isolation media tested; % SN range was 81.3-100.0 and % SP was 100.0

possible for other species, e.g., C. krusei or C. glabrata, but perfor-
mance is related to expertise in recognition of morphologic or dis-

crete color differences from other similar species (30).

Chromogenic media available for the detection of Candida
species include Brilliance™ Candida (Oxoid, Basingstoke, UK)
(31), CandiSelect™ 4 (Bio-Rad, Marnes-la-Coquette, France) (32),
CHROMagar™ Candida (33, 34), and chromID™ Candida (bio-

Mérieux®, Marcy ’Etoile, France) (35).

4, Post-culture
Identification
Methods

All of the non-molecular commercial identification systems
described in Subheadings 4.1-4.3 require inoculation with a pure
culture isolate while the molecular methods in Subheading 4.4
allow processing from positive blood culture bottles. The differ-
ent methods relying on pure culture isolates have varying culture
requirements, i.e., isolation medium, culture age, and inoculum

suspension density.



30 J.Y. Marcos and D.H. Pincus

4.1. Manual
Identification Systems

4.2. Automated
Identification Systems

4.3. Matrix-Assisted
Laser Desorption
lonization: Time of
Flight Mass
Spectrometry

The early manual identification systems on the market were lim-
ited in the scope of species that could be identified, which was a
function of limited number of substrates and immature databases.
As commercial methods evolved, so did the numbers/types of
substrates and their databases. Table 4 shows a summary of the
available manual yeast identification methods. For the purpose of
consistency, some species and /or biotype claims listed in the vari-
ous product package inserts were abbreviated in order to keep in
line with current taxonomy, i.e., C. albicans/C. stellatoiden,
C. albicans 1 /C. albicans 2, C. paratropicalis/ C. tropicalis, etc.
that are conspecific were counted as single claims.

With the introduction of automation, workflow became easier, and
reaction and final result interpretations became objective and more
reproducible. These advances allowed accurate differentiation of a
much wider range of clinically relevant taxa. Table 5 summarizes
the systems available commercially.

Matrix-assisted laser desorption ionization—-time of flight mass
spectrometry (MALDI-TOF MS) is one of the newest methods
used for fungal identification. This is a very accurate and rapid
technique that requires minimal expertise or hands-on time. The
method is based primarily on ribosomal proteins. Whole cell prep-
arations or extracts are embedded in a chemical matrix and ion-
ized by a laser. The resultant molecules migrate through a charged
field in a vacuum tube toward a detector. The differences in time
of flight for these ions translate to different mass peaks in the
range of 2-20 kDa. These spectra are then compared to a database
of known species to arrive at an identification within minutes of
the ionization step. Results have shown that this method is less
dependent on culture conditions than many other commercial
phenotypic methods and therefore allows for fairly broad ranges
of growth conditions, i.e., isolation media, incubation time, and
temperature.

There are currently two commercial systems available the
BioTyper MALDI-TOF (microflex™ LT instrument; Bruker
Daltonics, Bremen, Germany) and Vitek® MS™ (bioMérieux®).

BioTyper MALDI-TOEF: As of the end of 2011, this system
had a European Conformity (CE; Conformité Européene) mark
and could be used for in vitro diagnostic (IVD) reporting in
European Union countries. In other countries, e.g., USA, the for-
mat was research use only (RUO) prior to other regulatory, e.g.,
Food and Drug Administration (FDA), approvals.

Vitek® MS™: This MALDI-TOF MS system uses similar prin-
ciples to the Bruker system and became available in early 2011 with
the CE-IVD mark. Prior to development of commercial software
and other regulatory approvals, this system also used an RUO
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Table 4
Manual comprehensive yeast identification methods
Product (vendor) No. strains % Correct % NolD % MisID Author
api® Candida 609 97 4 0.7 2.0 Fricker-Hidalgo et al. (36)
(bioMérieux®) 198 91.4 5.1 35 Bernal et al. (37)
156 82.7 45 12.8 Buchaille et al. (38)
159 91.8 0.6 7.5 Campbell et al. (39)
202 97.0 2.5 0.5 Paugam et al. (40)
api® 20C AUX 505 96.2 0.0 3.8 Buesching et al. (41)
(bioMérieux®) 1,093 97.3 2.7 0.0 Land et al. (42)
126 77.0 19.8 3.2 Bergan et al. (43)
178 89.3 5.6 5.1 Schuffenecker et al. (44)
206 94.7 0.0 5.3 Willemsen et al. (45)
243 93.0 6.2 0.8 Ramani et al. (46)
171 96.5 1.2 2.3 Sand and Rennie (47)
201 100.0 0.0 0.0 Wadlin et al. (48)
116 99.1 0.0 0.9 Giindes et al. (49)
Auxacolor™ (Bio-Rad) 178 88.8 5.6 5.6 Schuffenecker et al. (44)
97 79.4 15.5 B2 Milan et al. (50)
206 62.1 NR NR Willemsen et al. (45)
156 85.9 10.3 3.8 Buchaille et al. (38)
105 91.4 4.8 3.8 Sheppard et al. (51)
159 91.2 8.2 0.6 Campbell et al. (39)
202 94.1 4.9 1.0 Paugam et al. (40)
100 94.0 6.0 0.0 Romney et al. (52)
Candifast® 178 51.1 25.3 23.6 Schuffenecker et al. (44)
(ELITech Group) 116 88.8 5.2 6.0 Giindes et al. (49)
Fungichrom® (ELITech 156 84.6 10.9 45 Buchaille et al. (38)
Group) 202 92.1 54 2.5 Paugam et al. (40)
116 95.7 2.6 1.7 Giindes et al. (49)
Fungifast® 156 77.6 19.9 2.6 Buchaille et al. (38)
(ELITech Group) 202 88.1 10.9 1.0 Paugam et al. (40)
ID 32 C (bioMérieux®) 69 76.8 0.0 23.2 Latouche etal. (53)
156 98.1 1.9 0.0 Buchaille et al. (38)
243 88.9 10.3 0.8 Ramani et al. (46)
250 93.6 0.8 5.6 Marklein et al. (54)
RapID™ Yeast Plus 300 99.3 0.0 0.7 Kitch et al. (55)
(Remel) 156 78.2 5.8 16.0 Buchaille et al. (38)
447 90.6 2.5 6.9 Espinel-Ingroff et al. (56)
133 94.0 0.0 6.0 Heelan et al. (57)
201 99.0 0.0 1.0 Wadlin et al. (48)
750 95.5 24 2.1 Sanguinetti et al. (58)
Uni-Yeast-Tek® (Remel) 623 99.8 0.0 0.2 Bowman and Ahearn (59)
229 99.1 0.0 0.9 Bowman and Ahearn (60)
206 94.2 NR NR Cooper et al. (61)
126 88.7 0.0 11.3 Bergan et al. (43)
489 37.2 49.7 13.1 Salkin et al. (62)
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Table 5
Automated comprehe

nsive yeast identification methods

Product (vendor) No.strains % Correct % NolD % MisID  Reference
Biolog YT Microplate™ (Biolog) 129 48.8 12.4 38.8 (63)
171 485 8.8 427 (47)
MicroScan® Rapid YS (Siemens) 437 85.4 NR 8.2 (64)
357 96.6 0.6 2.8 (65)
150 85.3 NR NR (66)
Sherlock® MIS (MIDI, Inc.) 550 68.0 16.2 15.8 (67)
477 70.2 6.1 23.7 (68, 69)
Vitek® YBC (bioMéricux®) 253 95.7 0.0 43 (70)
352 84.9 0.0 15.1 (80)
1,106 93.4 NR NR (71)
221 83.3 2.7 14.0 (81)
398 97.2 1.3 1.5 (72)
222 80.6 14.4 5.0 (74)
150 95.0 NR NR (66)
409 89.7 3.2 7.1 (73)
55 87.3 0.0 12.7 (53)
171 96.5 0.6 2.9 (47)
201 91.0 4.0 5.0 (48)
Vitek® 2 YST (bioMérieux®) 97 99.0 0.0 1.0 (75)
172 93.6 3.5 2.9 (76)
623 98.6 0.5 0.9 (77)
750 98.4 0.5 1.1 (58)
136 94.1 1.2 4.7 (78)
68 97.1 0.0 29 (79)

4.4. Tests Utilizing
Nucleic Acids for
Fungal Detection

format. Pre-2011 publications address studies of this RUO format
(SARAMIS™ software) and although most evaluated bacterial
identification, fungi were also tested.

FISH has routinely been employed as a method of detection of
fungi for some time. One commercial system which utilizes the
method is the Yeast Traffic Light® PNA-FISH® (AdvanDx, Woburn,
MA, USA). This is a peptide nucleic acid fluorescent in situ hybrid-
ization (PNA FISH) method employing fluorescein-labeled probes
that hybridize with 26S ribosomal RNA (rRNA) of target species,
e.g., C. albicans, that can be identified directly using smears of
positive blood cultures. Other nucleic acid based methods using
cultured materials as sample include Prove-it™ Fungi and
BlackLight® Fungal ID Kkit.

Prove-it™ Fungi (Mobidiag, Helsinki, Finland) is a rapid
DNA-based test intended for identification of 13 yeast species:
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C. albicans, C. tropicalis, C. glabrata, C. parapsilosis, C. krusei,
C. lusitanine, and C. guilliermondii as well as six more species
(C. dubliniensis, C. pelliculosa, C. kefyr, C. norvegensis, C. hae-
mulonii, and Saccharomyces cerevisine) enclosed in the so-called
pan-yeast panel. The method, based on extraction of DNA from
either positive blood culture bottles or pure culture samples,
uses polymerase chain reaction (PCR) and a small microarray
placed at the bottom of the tube, to detect fluorescence signals
emitted when specific yeast sequences hybridize. The total turn-
around time is approximately 3 h once DNA is extracted and
purified.

The BlackLight® Fungal ID kit (2B BlackBio S.L., Madrid,
Spain) applies the principle of pyrosequencing, which relies on
detection of pyrophosphate release at each nucleotide incorpo-
ration during sequencing reaction. The test starts from a 15 pl
dry blood spot (1 mm diameter), which is used directly for PCR
without pretreatment. The subsequent sequencing of a small
region of the 18S rRNA gene allows the test to identify the
most relevant Candida species as well as Aspergillus fumigatus
and A. niger.

The assay is available in Europe for IVD purposes and at the
moment this review was written, no clinical evaluation was yet
published. The proof-of-principle description and data on analyti-
cal performance of the assay were discussed in a recent paper,
where they showed 100% agreement with standard microbiologi-
cal methods, when testing a collection of clinical blood culture
isolates (82).

5. Antigen and
Antibody-Based
Methods for
Fungal Detection

5.1. Antigen- and
Antibody-Based Tests
for Candida

Detection of antigenic compounds from the fungal cell wall (e.g.,
chitin, B-glucans, and mannoproteins) or the respective antibod-
ies generated by the host immune system is commonly used, in
conjunction with other diagnostic procedures (e.g., microbio-
logical cultures, histological examination of biopsy samples, and
radiographic evidence), as an aid in the diagnosis of fungal
infections.

Mannan, a polysaccharide non-covalently bound to the yeast cell
wall, can act as an antigen, generating an immune response that
leads to production of host antibodies (83). Detection of mannan
or respective antibodies led to commercialization of one of the
most widely used tests for the laboratory detection of Candida:
Platelia™ Candida Ag and Platelia™ Candida Ab (Bio-Rad). These
are sandwich enzyme-linked immunosorbent assay (ELISA) tests
for quantitative detection of Candida mannan or anti-mannan
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antibodies, in serum of subjects at-risk or suspected of invasive can-
didiasis. Both assays have been available in Europe for about 10
years, but neither has received FDA approval for USA IVD use.

Overall sensitivity of mannan detection seems to be in the
range of 60% and specificity around 90%, according to analysis of
12 published studies on adult populations (84). Similar to better
figures were also found in pre-term infants in a neonatal ICU, sug-
gesting that regular serology surveillance of circulating mannan
would be a good complement to blood cultures for early detection
of invasive candidiasis in this particular population (85).

Due to rapid elimination of mannan during infection, a nega-
tive result from the Platelia™ Candida Ag test cannot rule out
diagnosis of invasive candidiasis. The manufacturer recommends
concomitant screening of anti-mannan antibodies, by means of the
Platelia™ Candida Ab assay, a two-step indirect immunoenzymatic
microplate assay that allows quantitative detection of antibodies in
human serum (86). This guidance is supported by several studies
and literature analysis, reporting sensitivity improvements up to
85-90% (84, 87-89), and was recently endorsed by the experts
report from the 3rd European Conference on Infections in
Leukemia (90).

Other tests and kits based on the use of mannan and other
specific antigens for Candida detection have been developed and
commercialized by different companies. Serion Immunodiagnostica
GmbH (Wiirzburg, Germany) commercializes the Serion ELISA
antigen Candida and the Serion ELISA classic Candida albicans
1gG/IgM /IgA, two immunoassays for either quantitative or quali-
tative use. The first is based on a mixture of cytoplasmic antigen
structures such as enolase, and a certain amount of other cell-wall
components, allowing detection of Candida infection in serum or
plasma. The second is aimed to detect human antibodies directed
against C. albicans. Very few studies describing and comparing
performance of these assays have been published to date (91-93).
Wulf and coworkers showed that the antibody-based test could
pinpoint evidence for invasive candidiasis significantly earlier
(approximately 22 days) (93).

Indirect tests for Candida detection based on the principle of
latex agglutination (LA) are also commercially available. The
Pastorex™ Candida (Bio-Rad) uses latex particles coated with
specific antibodies that react with the polysaccharide antigen from
Candida through agglutination, making it visible to the naked eye.
Even though clinical specificity is pretty high, the clinical sensitivity
remains quite low, around 25% (94, 95).

The Cand-Tec™ (Ramco Laboratories Inc. Stafford, TX, USA)
is another agglutination assay for Candida detection in human
samples. One retrospective study compared its sensitivity and
specificity with the Pastorex™ Candida assay, in a very limited
cohort of patients. While sensitivity values for Cand-Tec™ were



5.2. Antigen- and
Antibody-Based Tests
for Cryptococcus

5.3. Antigen- and
Antibody-Based Tests
for Aspergillus

2 Review of Commercially Available Methods 35

much better (68.8% vs. 16.7%), specificity was significantly lower
(57.1% vs. 100%) (95). The use of this assay in combination with
indirect hemagglutination seems to improve clinical performance
in ICU patients (sensitivity 100% and specificity 83.3%) (96).

Based on the principle of indirect immunofluorescence and
targeting a mannoprotein located on the germ tube cell wall sur-
face, Vircell Microbiologists (Granada, Spain) commercializes an
assay for detection of IgG antibodies against C. albicans germ
tube antigens (CAGTA). This assay showed sensitivity of 83-85%
and specificity of 86-95% through different studies (97, 98).
Titers can be lower in case of invasive infections caused by Candida
species other than C. albicans, and also in immunocompromised
patients, even though overall performance does not seem affected
(98,99). Interestingly, a recent study suggested its potential value
as a prognostic marker, and although further investigations are
needed, their findings did show significantly lower mortality rates
in patients with increased CAGTA titers, concomitantly treated
with antifungal agents (100).

Cryptococcal antigen detection has shown very high sensitivity
and specificity, making it very helpful and reliable for diagnosis of
cryptococcal pulmonary infection and meningitis.

Several commercial methods are available. The specificity of
most cryptococcal antigen tests can be obscured by presence of
rheumatoid interference factors in specimens, as they can lead to
false-positive reactions. This is especially true for serum samples
but much less for cerebrospinal fluid (CSF) specimens, which rarely
contain antiglobulins responsible for this cross-reaction. For this
reason, most manufacturers (e.g., IMMY, Meridian Biosciences
Inc., and Bio-Rad) propose and recommend use of pronase.
Pretreatment of biological specimens with pronase was shown to
significantly reduce nonspecific interference of noisy substances
and consequently, reduce false-positive results (101, 102).
Additional factors that could lead to false-positive results are infec-
tion by Trichosporon species, use of starch, some disinfectants, and
soap (103), and use of BBL™ Port-A-Cul™ anaerobic vials for
specimen transport (104). Furthermore, it is recommended to
process CSF specimens prior to culture as immersion of a platinum
wire /loop containing trace amounts of surface condensation from
agar has been described as a source of interference (105). Sample
storage is also important, as increased pH and high temperature
induced degradation of cryptococcal antigen and therefore loss of
reactivity for serological tests (106). Commercially available tests
for Cryptococcus species are summarized in Table 6.

Detection of circulating galactomannan (GM) is generally utilized
for diagnosis and management of invasive aspergillosis. GM is a
heteropolysaccharide component of the cell walls of Aspergillus
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Table 6

Commercially available antigen or antibody-based tests for Cryptococcus detection

Format Assay name Manufacturer Reference

Latex agglutination ~ Cryptococcal Antigen Latex Meridian Bioscience, Inc.  (105-107)

Agglutination System (CALAS®)  Cincinnati, OH, USA Not reported

Latex-Cryptococcus Antigen Test  IMMY (99, 108)
Pastorex™ Crypto Plus Bio-Rad (106, 107)
Cryptococcus Antigen Test Remel (107)
Crypto-LA® Wampole Laboratories Inc., (108, 109)
Eiken Latex test Cranbury, NJ, USA

Enzymatic
Immuno-Assays

Eiken, Tokyo, Japan

Premier™ Cryptococcal Antigen Meridian Bioscience Inc. (105, 107)

and Penicillium species and was the first circulating antigen found
in animal models with invasive aspergillosis. The Platelia™
Aspergillus EIA (enzyme immunoassay; Bio-Rad) is a one-stage
immunoenzymatic sandwich microplate assay which uses rat mono-
clonal antibody EBA-2, for detection of Aspergillus GM antigen in
serum. CE-IVD marked by the end of the 1990s, it was also FDA
approved in 2003. Three recent publications review its use, perfor-
mance variability, and assay limitations, providing guidance for
better results interpretation (110-112). A wide variety of factors
affect performance of Platelia™ Aspergillus EIA including host
conditions, concomitant treatments, presence of other fungal spe-
cies, handling and processing of biological specimens, etc. Even
though other authors provided more exhaustive lists and further
description of false-positive and false-negative results (111-113),
Table 7 highlights some of the most common sources of interfer-
ence that can confer misleading results. Measurement of GM is
currently recommended by the international guidelines for man-
agement of patients with invasive aspergillosis, where it is clearly
highlighted that clinical judgment must prevail when interpreting
test results (2).

Even though the manufacturer does still not claim use of the
Platelia™ Aspergillus EIA for samples other than serum, several
different reports since 2004 pointed out the interest of GM mea-
surement in other specimens, e.g., urine, BAL, or CSF, because of
higher sensitivity and potential early detection over the course of
infection in immunocompromised patients (114-118). However,
its use in BAL samples from immunocompetent patients seems to
have no added value (119). The utility of the Platelia™ Aspergillus
EIA in pediatric patients is still unclear and contradictory results
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Table 7
Most common variables associated with false-positive and false-negative results
for the Platelia™ Aspergillus EIA test (Bio-Rad)

Factor and/or situation that can lead to false-positive results

Host related Renal failure
Mucositis
Food intake of galactofuranose®
Gut colonization and potential translocation of Bifidobacterinm
Gastrointestinal microflora of neonates

Tatrogenic Blood derivatives
Intravenous solutions containing gluconate
Treatment with antibiotics derived from the fermentation of Penicillium
species (e.g., piperacilin-tazobactam, amoxicilin-clavulanic acid)
Use of cyclophosphamide in cancer patients

Sample collection and/or Use of materials such as cotton swabs and cardboard
processing Inappropriate cut-off value (too low)
Environmental Presence of other non-Aspergillus fungi such as Penicillium, Alternaria,

Pacecilomyces, Geotrichum, Histoplasma, and even C. neoformans®

Factor and/or situation that can lead to false-negative results

Host conditions Chronic granulomatose disease

Tatrogenic Treatment with antifungals

Sample collection and /or Long-term storage of samples
processing Inappropriate cut-off value (too high)

*Stabilizing agent commonly used in some cereal-derived products and some cream desserts
*Epitope contained within its galactoxylomannan has been shown to cross-react (113)

have been reported among different studies. Although still not rec-
ommended by the manufacturer further validation studies might
help to clarify its positioning within this critical population (120).
In all cases, the significance of positive results in patients without
confirmed aspergillosis always requires further evaluation.

Another assay format to detect GM in serum is proposed with
Pastorex™ Aspergillus (Bio-Rad), a qualitative test, which uses a
simple agglutination technique. The lowest concentration of GM
detectable is 15 ng/ml, around ten times more than the 1 ng/ml
claimed by the Platelia™ Aspergillus EIA. Definitely less cumber-
some to perform, it was shown to be less sensitive and more specific
than its EIA companion (121, 122).

Detection of human antibodies against Aspergillus is also com-
mercially available through different vendors. The Platelia™
Aspergillus IgG (Bio-Rad) is a two-phase indirect microplate immu-
noenzymatic technique used to detect IgG anti- Aspergelius antibod-
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5.4. Beta-p-Glucan
Assays

ies in human serum or plasma. The VIRION /SERION ELISA classic
Aspergillus fumigatus 1gG/IgM /IgA (Serion Immundiagnostica &
Institut Virion\Serion GmbH) is another quantitative alternative to
detect antibodies against A. fumigatus in serum or plasma. In this
case, separate detection of individual immunoglobulin classes offers a
more detailed view for mycological monitoring of at-risk patients.
Since an immune response is needed for antibodies to be present, this
kind of assay is mostly used within the context of allergic or chronic
Aspergillus-related pathologies (123, 124).

Two alternatives for Aspergillus detection, provided by IMMY,
are available in Europe and USA. The first is based on the principle
of Complement Fixation. As with other assays previously described,
although a positive result strongly suggests Aspergillus infection or
allergy, the organism must be repeatedly cultured or observed by
microscopyforadefinitive diagnosis. Thesecondisan Immunoditfusion
Test for aspergillosis, which is mostly restricted to diagnosis of allergic
bronchopulmonary aspergillosis and aspergilloma.

Glucans are (1 — 3)-B-p-linked polymers of glucose that are part of
the outer fungal cell wall. They can also be found in some bacteria,
e.g., Alcaligenes, Pseudomonas, and Streptococcus, which produce glu-
can or glucan-like polymers, as well as in plant cellulose (125, 126).
These polymers can be released or actively secreted from the cell wall
as exopolymers and are well known to activate the immune system of
mammals (127). Detection of B-p-glucan is commercially available
through different manufacturers of assays based on the ability of 3-p-
glucan to react with Limulus Amebocyte Lysate (LAL). This com-
pound, from horseshoe crab blood cells, was recently discovered to
react with B-p-glucan (as well as endotoxin), by activation of factor G
of the coagulation cascade (128).

The Fungitell™ assay (Associates of Cape Cod, Inc., East
Falmouth, MA, USA) is CE-marked and FDA approved since
2004. In Japan, three companies propose assays for B-p-glucan
detection. The Fungitec® G Test MK (Seikagaku Corporation,
Tokyo, Japan) and B-G-Star B-D-glucan test (Maruha Nichiro
Foods, Inc., Tokyo, Japan) are in vitro chromogenic endpoint
quantitative assays, whereas the Wako test (Wako Pure Chemical
Industries) is a kinetic turbidimetric test.

In summary, detection of circulating B-p-glucan seems to be a
good indication to exclude invasive fungal infections, due to its
high negative predictive value (112, 129, 130). General recom-
mendation is to combine use of B-p-glucan with other surrogate
markers such as mannan, GM, or fungal DNA, as in the majority of
cases this combination not only provides species identification of
the etiologic agent but also tends to increase B-D-glucan diagnostic
accuracy (97). Assessment of the optimal sampling strategy for at-
risk patients, the criteria to define a positive test result, the optimal
cut-off value, and how to interpret the influence of concurrent
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bacteremia on diagnostic performance might be very helpful to
determine optimal utilization of B-p-glucan testing for diagnosis of
IFIs. Even though several commercially available solutions exist,
the assay is still technically demanding and highly susceptible to
external contamination during processing. Efforts need to be
undertaken to simplify procedures and reduce the risk of false-pos-
itive results, although some of them are inherent to the almost
omnipresence of glucans in the environment.

6. Molecular
Biology-Based
Methods

6.1. Sepsis-Based
Assays

Recent progress in molecular biology, especially the arrival of real-
time amplification and fluorescence-based detection tools, has
allowed development and commercialization of different tests for
detection and identification of fungi. Their development has often
been linked to continuous efforts towards detection of pathogens
associated with sepsis, a life-threatening condition associated with
an altered inflammatory response to infection. Therefore, the vast
majority of molecular biology-based tests commercially available
for fungal detection are often coupled to that of bacteria and some
antibiotic resistance markers. A summary of tests described in this
section and their main characteristics is shown in Table 8. It is
important to highlight that all these tests and kits are only available
in the European market either for RUO or IVD purposes. The fol-
lowing sections will describe the tests available for sepsis as well as
those tests available for specific detection of fungal species.

The LightCycler® SeptiFast Test MSMPE (Roche Diagnostics
GmbH, Mannheim, Germany) was the first test of this series of
platforms dedicated to detection and identification of both bacte-
ria and fungi directly from whole blood, as an aid in management
of septic patients. This test is based on real-time PCR targeting
species-specific ITS regions between the 18S and 5.8S rRNA genes.
The assay can detect and identify five Candida species and
Aspergillus fumigatus. As a constant for this type of assay, three
main steps are applied from sample collection to final results, sam-
ple preparation, amplification, and real-time detection.

The initial sample for SeptiFast Test MS*PE js whole ethylene-
diaminetetraacetic acid (EDTA) anticoagulated human blood,
which is mechanically lysed using the SeptiFast Lyse Kit MSRPE
(Roche Diagnostics GmbH) and the MagNA Lyser® (Roche
Diagnostics GmbH). While the method originally started from
3 ml of whole blood, the current version recommends starting
with 1.5 ml. Only one-third of the total genomic DNA, purified by
means of the SeptiFast Prep Kit MSMPE (Roche Diagnostics
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GmbH), is dedicated to specific fungal detection. Amplification of
targets occurs in the LightCycler® 2.0 instrument (Roche
Diagnostics GmbH) and final interpretation of results is done by
dedicated software (SIS SeptiFast Identification Software—Roche
Diagnostics GmbH), which calculates melting point values and
links the peak heights to a particular fungal species. The whole
procedure is validated by reading positive signals coming from the
internal control provided with the kit. Turnaround time ranges
from 6 to 8 h.

The utility and performance of the LightCycler® SeptiFast Test
MERAPE ip the clinical setting have been reported in more than 15
publications. A summary of results observed for detection of fun-
gal pathogens is provided in Table 9. While blood culture is gener-
ally used as the reference for comparison, some authors prefer to
evaluate performance through analysis of the overall sepsis or
febrile episode and only a few studies have focused the analysis on
how the test performed for detection of IFIs, based on published
consensus definitions. To date, no clear evidence has been shown
whether the LightCycler® SeptiFast Test MS®PE can have an impact
on management of patients with IFIs. None of the studies has
tested serial specimens collected during the period at-risk, before
blood cultures are drawn, and therefore it is still unclear whether
fungal DNA can be considered or not as an early marker in devel-
opment of invasive candidiasis (84). Nevertheless, results published
thus far suggest that its use in combination with other methods
(e.g., blood culture or GM detection) could be valuable. Whether
LightCycler® SeptiFast Test MSMPE has the potential to facilitate
early evidence-based treatment decisions, antimicrobial selection,
and adequacy of antimicrobial treatment, effectively designed
observational or even interventional studies are needed to prove its
clinical value in improving appropriate treatment and patient out-
comes (142).

Another commercially available multiplex PCR sepsis-based
test is the Vyoo® assay (SIRS-Lab GmbH, Jena, Germany).
The Vyoo® assay can accommodate up to 5 ml EDTA-whole blood,
hence increasing probability to detect low fungal burden.
Furthermore, it uses a specific DNA-binding protein able to recog-
nize unmethylated DNA motifs, much less frequent in human
DNA than in bacteria, yeast, or molds (143). After a first step of
mechanical lysis, microbial DNA is processed and enriched by
affinity chromatography, which can significantly improve the sig-
nal-to-noise ratio between human and fungal DNA. The final
detection of amplicons can be done either by electrophoretic sepa-
ration or by hybridization methodologies (144). Available in
Europe for diagnostic purposes since 2007, a new updated version
was recently released including changes related to automated
DNA isolation and enrichment as well as final readout of results
which is now based on software-supported microarrays analysis.



J.Y. Marcos and D.H. Pincus

42

(£€1)

syuounsn(pe Aderoyy jo Arnn
[e2TUT[D UO UOTISNOUOD AU®
Surpraoad 1ou ‘vostredwod

(ge1) poyzaw 10J pauSisop Jou Apnig

A[oAnd2dsax ‘sased o1y
pue duo ut pauswrajdur
10 I9T[Ied paisn(pe 1011
U99q JARY PINOd wp1puyy)
(9¢1)  3sureSe Juounean reSunynuy

(330 T) wprpuwd
UONeUTUIEIUOD
MoppIom se pagpnl sGurpuy
MO smvlfimnf v LTIV
(630 9) wprpurd 6//9

(¥ 30 ¢) vprpuv)

(0=u) smavlaunf "y
(y=u) vprpuv)

(£=u) smwbrmnf v
(01=2) vprpuv)

(1=u) smwbrmnf
(g=u) wprpuv)

(00z=)
(F=u) wprpuv)y ormmd poold WD YH ‘NI

(9¢p=u)
(6=u) wpwpurp oposidd sisdog  MS WA ‘NOT

(LL=u)
(=) eprpue)  drmnd poojq 013 NOI

(1=%) 141 21918804

(g=%)
SREY (T30 1) TdI 219180 SEEIRIPEENENISSC I
92111 UT SISOUSEIP pIepuels (¢ Jo ¢) sisepIpued 9[qISSOJ (1=2)
papadaid sisouderp 1sequdog (T Jo 1) sisoqiiadse 9[qissoJ sisoqi81adse 9[qIssoJ
aaneSou (zjoouou)  (g=u)sufimnf y (z=u) (¢) (9g=1)
(se1) PpaurRWwdI 2103[ND POO[g siso[i81adse ojqeqoig (L=u) vprpuwry siso[Sradse o[qeqoig ,UONIUYIP [] INI-NH
D Sune[naamn Jo s[Ad] Y31y
Jannadar Jo siseq oyl uo (g1 30 §=u) smwbrmnf y (S=u)smvlrmnf y (g1 =u) snawbrmnf 7 (0z=mu)
(€€1) opew ul UORLJuL swyjehitadsy o(€ Jo 1=u) wprpur) (g=u)wprpurD (0 =4) erwopIpue) AN INI-NH
IIR[ YooMm T “TVd
WwoJj UONE[OSI p[ow pue
surpIaploq A[sno eIRp [e21UId AQ PIULIGUOD
-nupuod 219M sjudned yroq UONDIIJUI JAISLAUT O3 (Fe=u)
(1) 10} UBUURWOIDR[ES JO S[9AY] payuI[ SIS srgwrmnf . (g=u) snavfrmnf QUON 2ImNd Poo[g INI-NH
ERIETETE SJUBWIWOY (Y Aq je101 Jo 4S 10} sased Y ay1 Jo}  (INY) poyraw  (sjuaned Jo #)
1N0 4S) 99uUBpPI0IU0Y) anipsod jJo #  sase9 aaiysod Jo # 99uaJaay uoneindod

(4S) 3qvunlNl 1531 1se4ndas ¢1319491yb17 8y} Jo asuew.opad uonosajap jebuny hunenjeaa spodal paysijgnd awos jo Atewwng

6 °lqeL



43

2 Review of Commercially Available Methods

stso[[IS1adse Jo 2OUIPIAD [EITUID OU PUE WNIIS UO SINSIT dANeSou ueuuewolde[es [edonieuy,

syuaned sruadonnou o[11qay €€,

uruolned01d Jo spad] Y3y 01 payury,

SIMSII YD J 2A1n1s0d AI$200NG,

(xopur Aa1suap eondo /(<) UBUTRWOIIR[ES JO S[IA] IATISOJ.

oposido druadonnou 9[1Iqay TN ‘Uonddgur [eduny satseaut 7,77 ‘syuaned druadonnou 9[1qay FNT

qrun sa1euodu NN run somerpad 7 Arun A80[0ouo ) Aun [ed1F0[0IRWDY ) Ff OUDIPIW [eIdUIZ pyo ‘plem [ed13Ins 41§ ‘pasrwordwodounuuwur )y Irun dIed dAISUIUT )]

Aderoya
rerqomrunue fesurduwd (T18=2)
SuroS1opun syuaned 10§ Nd ‘AN
$3[nsax 2AnIsod Jo o1ex 1oySIE ‘0NH ‘N0
(1v1) punoy sujjahaadsy” ON (9130 e1=u) wprpurD  (LT=u) vprpur) (91=%) wprpuwd  >1mmo poolg g MS ‘NI
§39S 211N Ansa1 2anisod-asyey
POO[q 2J0W IO U0 Ul YIMO0I3 PRI9PISUOD snppubuadsyy (1 =u) snawlrmnf 17 o(0g=1u)
(0%1) erqomdIw £q pauyop erwafun,g (130 1) wprpun) (1=u) vprpuv) (1=u) vprpuvy  >1md poorq noI‘NH
(z=x)
UONEZIUO[0D EPIPUL))
(¢yo0 (0 =) erwoprpue)
dUOU) UONRZIUO[OD UYIpUL,) (F=un)
Ppaz1uojod Afiaeay syusned ur (30 siso[[id1adse 9[qIssoJ
U249 ‘parmddo dds vprpuvry suou) siso[id1adse a[qissoq  (g=u) snavbrmnf (g=n) S(¢) (o11=2)
(6€1) 10§ s3nsox aanisod-asyey ON - (¢ Jo ¢) sisofpisradse ajqeqoig (0=u) wprpuw)  swso[[id1adse J[qeqoIl  UONIUYIP [T NH R NOI
sujiadsy

wIjuod 031 pawioyiod
SBAM 189) OU ‘WA JO I 10  UONIIJUI ssugwhrumn 17 03
syuoped oAy ur s3Nsax1  payul syuaned oAy Jo IO oM], (g =u) snavlimnf (65e=u)
(8€1) aansod O J smawlumnf (0130 §) wprpuw)y (0T =u) vprpuv) (01=u) wpwpury  dmamd poog  pariodarioN



44 J.Y. Marcos and D.H. Pincus

6.2. Specific Assays

Furthermore, a positive control was included to guarantee com-
plete validity of results. The total turnaround time is around 7 h.

The SepsiTest™ (Molzym GmbH & Co. KG, Bremen,
Germany) is another bundled CE-IVD marked kit for the detec-
tion of bacteria, yeasts, and molds in whole blood and other body
fluid samples. It uses a proprietary technology, which gets rid of
human DNA through degradation of released DNA after selective
lysis of human cells. Microorganisms are therefore enriched and
subsequently lysed for final elution of their DNA. This manual
processing can today be combined with selectNA™, an automated
platform able to handle up to 12 samples, reducing hands-on time
needed for sample preparation. The eluted DNA is then combined
with broad-range rDNA PCR, which provides molecular detection
of pathogens. SepsiTest™ supplies two separate assays with broad-
range primers targeting eubacterial and fungal targets. The final
identification needs sequencing of the amplification product, which
is then compared to the highly variable region sequences contained
in the online identification tool, provided by the manufacturer as
well. The total turnaround time is around 8 h and the species
currently identified include C. albicans, C. parapsilosis, C. tropicalis,
Cladosporium cladosporioides, and Malassezia spp.

One of the latest CE-IVD marked sepsis-based kits is the
Magicplex™ Sepsis Real-time Test (Seegene, Seoul, Korea). It
claims detection of bacterial and fungal targets from EDTA-whole
blood samples and is commercially available since November 2010.
The same six fungal species as the LightCycler® SeptiFast Test
MORADE gre detected, by means of a broad-range PCR, compatible
with different PCR platforms, including their own Seecycler™
(Seegene, Seoul, Korea). The company recently announced its
partnership with Molzym GmbH & Co. KG to apply their micro-
bial DNA enrichment technology and the selectNA™ automated
platform to the assay process. At the moment this review was writ-
ten, no study evaluating this test had been published.

The MycAssay™ Aspergillus (Myconostica Ltd., Manchester, UK)
is a CE-IVD marked, real-time PCR assay for the specific detection
of Aspergillus DNA in serum and lower respiratory tract specimens.
Myconostica Ltd., a diagnostic company spin-off from the
University of Manchester, launched in 2010 this assay together
with a product for extracting fungal DNA from human respiratory
samples (MycXtra® DNA extraction).

The MycAssay™ Aspergillus PCR assay was validated for
use with different platforms such as SmartCycler® (Cepheid,
Sunnyvale, CA, USA) AB7500 (Life Technologies™, Carlsbad, CA,
USA), LightCycler® 2.0, and Stratagene® Mx3000™ (Agilent
Technologies, Santa Clara, CA, USA). The gene targeted is the
18S rDNA and the analytical limit of detection (LoD) achieved is
below 50 target copies. One interesting feature is that it provides a
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clinical cut-off for better interpretation of results in the clinical set-
ting. The assay includes an internal amplification control in every
reaction to highlight false-negative results. Due to its pan- Aspergil-
lus capacity, the assay is presented in closed tube reactions and
single-use reagents to reduce the risk of contamination.

Another PCR-based specific test for Aspergillus detection is
available through Cepheid AB (Bromma, Sweden). The Affigene®
Aspergillus tracer is a CE-IVD marked qualitative assay for detec-
tion of Aspergillus DNA directly from human whole blood and
plasma samples. The kit provides reagents in a ready-to-use, sin-
gle-use format, compatible with several real-time PCR platforms
such as Mx3000P /3005 (Stratagene, La Jolla, USA), the iCy-
cler iQ/iQ5 (BioRad Laboratories Inc, Hercules, CA, USA), the
Rotor-Gene 3000 (Corbette Research, Sydney, Australia), and
the ABI 7300 (Applied Biosystems, Foster City, USA). The ana-
lytical sensitivity in both plasma and whole blood is below 0.5
genome equivalents per microliter. The assay was evaluated in a
population of neutropenic patients where two patients diagnosed
as having proven or probable aspergillosis according to the
EORTC/MSG criteria were the only ones showing a positive
PCR result (145).

Myconostica Ltd., recently acquired by another English com-
pany (Lab 21 Ltd., Cambridge, UK), also commercializes the
MycAssay™ Pneumocystis assay: the first commercially validated
(CE-IVD marked) real-time PCR assay, for diagnosis of Preumocystis
infection in human clinical respiratory specimens, targeting the
mitochondrial large subunit of P. jirovecsi. It is recommended to
be combined with MycXtra® DNA extraction and was validated for
use on the same platforms as the MycAssay™ Aspergillus. Its LoD
is below 35 target copies and an internal amplification control is
used in every reaction. A recent multicenter study on 110 patients
compared results to clinical diagnosis of Preumocystis respiratory
infection determined by non-molecular methods in accordance
with local diagnostic procedures. Sensitivity and specificity were
93% and 90%, respectively, compared to values from Merifluor-
Pneumocystis direct fluorescent antigen (146).

7. Unmet Needs
and Trends for the
Future

Diagnosis of fungal infections is still challenging and there is need
for improvement. Efforts must continue towards development of
less invasive, more standardized and reliable IVD tools, contribut-
ing to earlier and more accurate diagnosis of fungal infections,
which will lead to more appropriate therapeutic decisions and
improved outcomes of at-risk patients. Standardization and
combination are two key concepts to keep in mind for successful
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development of future commercial tests, in addition to implemen-
tation of new technological advances in the field of diagnostics.

The standardization of techniques, especially those based on
the detection of fungal nucleic acids is a must, and some interna-
tional initiatives are already pursuing consensus guidelines for use
of such techniques (147-149). This standardization is not only
needed for the techniques but also for the design of evaluation
studies. The heterogeneity of the different attained or at-risk pop-
ulations hampers interpretation of results and the clinical utility of
the evaluated techniques. Efforts must be made towards standard-
ization of methodologies, which will indeed help enable formal
validation of new tools, such as PCR-based ones (150).

Combination of information provided by different markers,
or combination of distinct technologies, seems to be improving
diagnostic accuracy. Examples have been provided regarding util-
ity of merging information provided by detection of mannan and
anti-mannan antibodies in the case of Candida infections (90),
but this example has also been successtully implemented when
combining information provided by detection of fungal antigens
and nucleic acids by means of PCR-based assays (87, 139). Clinical
guidelines also emphasize importance of combining information
from different IVD tools (2).

Combining classical methodologies with the most recent tech-
nological advances is also how some manufacturers propose to
move forward within the unmet diagnostic need. Probably the
most relevant examples are those addressing positive blood
cultures to rapidly and accurately identify the presence of fungal
species—Yeast Traffic Light® PNA-FISH, Prove-it™ Fungi, and
the BlackLight® Fungal ID Kkit.

Implementation of the newest and most recent technological
advances will also warrant development of improved products.
Appearance of technologies such as Digital PCR and better acces-
sibility to next-generation sequencing technologies are examples of
technologies that could arrive in the near future to the diagnostic
field. Such technological jumps which occurred previously with
serology were seen again with PCR and have recently occurred
with the successful translation of mass spectrometry in the IVD
field. MALDI-TOF mass spectrometry provides today an impres-
sive way to rapidly identify fungal species from isolated colonies.
Additional work is needed to better identify clinically relevant
molds and since their ability to utilize carbohydrates and enzymatic
substrates is quite diverse, the classical microbiological methods
appear less promising than the potential of MALDI-TOF mass
spectrometry. Future technological advances will make possible its
use directly from positive blood culture bottles and maybe directly
from the biological specimen.



2 Review of Commercially Available Methods 47

Another example of technological combinations, even though
not yet available for diagnostic purposes is the one provided by the
Plex-ID (Abbot Wiesbaden, Germany). This system, based on the
use of eubacterial and panfungal PCR, is able to detect nearly all
known fungal targets by coupling genome-specific amplification
and electrospray ionization mass spectrometry. It allows determi-
nation of the base composition from small quantities of nucleic
acids in a complex mixture, which is then compared to the genomic
information contained in a curated database, a key element of the
system. The Ibis Bioscience database needs to be constantly
updated with the latest information on newly identified microor-
ganisms. The time to result is around 8 h and some papers have
been published describing analytical performance and proof-of-
principle on blind panels of bacterial isolates (151).

In addition to all facts previously mentioned, the future must
also bring more automation. This would make tests easier and
more standardized and in some cases bring them closer to the bed-
side, allowing reduced time to results, often crucial in some clinical
situations (e.g., febrile neutropenia).

We would like to thank Karine Kaiser, Carole Vachon, and Ira
Salkin for their helpful comments and critical review of this
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Chapter 3

Rapid Methods for the Extraction and Archiving
of Molecular Grade Fungal Genomic DNA

Andrew M. Borman, Michael Palmer, and Elizabeth M. Johnson

Abstract

The rapid and inexpensive extraction of fungal genomic DNA that is of sufficient quality for molecular
approaches is central to the molecular identification, epidemiological analysis, taxonomy, and strain typing
of pathogenic fungi. Although many commercially available and in-house extraction procedures do elimi-
nate the majority of contaminants that commonly inhibit molecular approaches, the inherent difficulties in
breaking fungal cell walls lead to protocols that are labor intensive and that routinely take several hours to
complete. Here we describe several methods that we have developed in our laboratory that allow the
extremely rapid and inexpensive preparation of fungal genomic DNA.

Key words: Genomic DNA, PCR, FTA matrix, Yeast, Mold, Fungi

1. Introduction

Molecular identification approaches play an increasingly pivotal role
in medical and veterinary mycology, at least in part due to the rap-
idly increasing number of fungal species associated with human
infections (1-4), the description of cryptic fungal species in many
pathogenic species (5-8), and the demonstration of species-specific
differences in antifungal susceptibility profiles for key species of
both yeasts and molds (9-13). For most fungi, the presence of
significant quantities of PCR inhibitors in fungal cultures and
difficulties inherent in breaking fungal cell walls (14) demand prior
purification of total fungal genomic DNA for most molecular
approaches. Existing protocols range from simple boiling for the
rapid preparation of minute quantities of relatively impure DNA to
more elaborate methodologies involving physical disruption of
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fungal elements coupled with purification steps using column-based
technologies or extractions with hazardous chemicals or solvents,
and routinely cannot be accomplished in less than 1 h (15-24).

Whatman FTA filter matrices (GE Healthcare) are fibrous
cards containing chelators and denaturants designed to lyse and
inactivate most microorganisms, releasing large nucleic acids that
subsequently become physically and stably trapped within the fibers
of the FTA card. FTA filter cards have been successfully applied to
the extraction and storage of DNA from viruses, bacteria, plants,
protozoans, and mammalian tissue (25). Here we describe several
FTA-based protocols for the extraction of fungal genomic DNA
from yeasts and molds (25, 26), and a hitherto unpublished method
for the ultra-rapid preparation of PCR-grade yeast genomic DNA.
The two methods are summarized in Fig. 1.

2. Materials

1. Sabouraud’s (SAC) medium (glucose-peptone agar containing
0.05 mg/ml chloramphenicol; Oxoid, Basingstoke, UK; cata-
log number PO0161). Store at 4°C.

2. Acid washed glass beads. Store at room temperature.

3. Sterile 1.5 ml type D screw-top microtubes.

4. Fast-Prep 24 instrument (MP Biomedicals Inc., Solon OH,
USA).

5. Injection-quality sterile water, e¢.g., 10 ml snap-top ampoules.
Store at room temperature, aliquot when opened and store
aliquots at -20°C.

6. Whatman FTA filters, 4-spot Indicator classic cards. Store dry,
at room temperature.

7. Harris sterile uni-core punches, 2.0 mm diameter (Whatman
International Ltd., Banbury, UK) (see Note 1).

8. Self-healing Harris cutting mat (Fisher Scientific/Finnzymes)
(see Note 2).

9. Sterile 0.2 ml thin-walled PCR tubes with flat caps (Bio-rad,
Hercules, CA, USA).

10. TE wash reagent (10 mM Tris—-HCI pH 7.5, 0.1 mM EDTA in
sterile, distilled water). Store in 10 ml aliquots at room
temperature.

11. Whatman FTA purification reagent, supplied in 500 ml vol-
umes (Whatman International Ltd., Banbury, UK). Aliquot
into 20 ml volumes in sterile tubes and store at room
temperature.

12. Microwave.
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Unknown fungal isolate

4/\

Is it a yeast?

!

Is it amould?

\4

Prepare 1 ml aqueous suspension
of yeast cells with a
turbidity of ~ 1 McFarland standard

Prepare 1 ml aqueous suspension
to 5-10% volfvol of fungal spores /
hyphal fragments by scraping with

sterile needle.
Add 20-40 acid washed glass beads

!

Subjectto 2x 10 spulsesat 6.0 m/sina
FastPrep24 instrument

(or subject to 3-5 cycles of freeze- thawing
in liquid nitrogen with vortex mixing
between freeze cycles)

Prepare fungal inoculum; section 3.1

.

Using intact FTA filters

!

Using pre-punched FTA filters

o

Inoculate 200 pl of disrupted aqueous Inoculate each 2.0 mm FTA filter punch with
6R suspension of hyphae/spores (for moulds) or 1.0 ul of disrupted aqueous suspension of
& oa | |aqueous blastospore suspension (for yeasts) hyphaefspores (for moulds) or with 1.0 pl of
: g directly on to individual Whatman FTA 4-spot aqueous blastospore suspension (for yeasts)
E S| [Indicator classic cards in individual sterile PCR tubes
[
: |
L= § Subject inoculated cards, 4 at atime, to 2
=3 cycles of 30 seconds microwaves (800W, . ) . .
g g’, Full power), with a beaker containing 50 ml Asr-dey inoculated filters, minimum 3 mins.
of water. Remove punches (2 mm diameter)
from dried FTA filters.
g‘ Wash filter twice for 1-2 min with 100 pl Wash filter twice for 1-2 min with 100 pl
o0 of FTA purification reagent per wash. of sterile, distilled water per wash. Discard
£ Discard washes. Repeat washes with 100 pl washes.
5 of TE’ buffer. Discard washes.
il Air-dry washed filters, minimum 5 mins.

v

Add PCR reagents directly to washed, dried filters (typically 75-100pul /filter) and perform amplification.

Fig. 1. Algorithm for the use of FTA filter papers for the extraction of genomic DNA from pure cultures of yeasts and molds.
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3. Methods

3.1. Preparation
of Fungal Cultures

3.2. Harvesting
of Fungal Gultures

3.3. Physical
Disruption of
Harvested Mold
Extracts

3.4. Purification
of Genomic DNA Using

FTA Filters 2

3.4.1. Using Whole FTA
Cards for Archiving
Important DNA
Preparations

. Prepare pure cultures of each fungal isolate by inoculating onto

SAC medium and incubate plates inverted at 30°C for a mini-
mum of 48 h (for yeasts) and 1-2 weeks (depending on speed
of growth for molds).

. Harvest cultures by scraping the surfaces of colonies with sterile

needles/loops and suspending harvested fungi in 1 ml volumes
of sterile water in screw-top microtubes. For yeast isolates, employ
25 pl of'a heavy blastoconidial suspension; for molds, add a spore
suspension and /or hyphal fragments to ~10% vol /vol for hyphal
tragments, and 2% vol /vol for spores (see Note 3).

. For harvested molds, add 20—40 acid washed glass beads per

extract. Harvested molds and yeasts can be stored at —20°C at
this stage.

. Subject mold extracts to 2x10 s pulses at 6.0 m/s in a

FastPrep24 instrument. This step can be replaced by 3-5 cycles
of freeze-thawing in liquid nitrogen with vortex mixing
between freeze cycles.

. Apply yeast or mold aqueous suspensions (200 ul) directly to

individual Whatman FTA 4-spot Indicator classic cards.

. Place Whatman FTA cards, open, in a conventional kitchen

microwave (800 W) while still damp, and subject to two cycles
of 30 s on full power, with a pause of at least 30 s between each
cycle. Filters can be subjected to microwaves four at a time, in
the presence of a pyrex beaker containing 50 ml of sterile water
to dissipate excess heat (see Note 4).

. At this stage, dried, microwave-treated filters can be stored

indefinitely at room temperature in sealed plastic bags contain-
ing a sachet of dessicant.

. Remove punches (2 mm diameter) from dried FTA filters using

a Harris uni-core punch and the self-healing cutting mat. Place
a single filter punch directly into a sterile 0.2 ml thin-walled
PCR tube.

. Wash filters twice for 1 min each with 100 pl of Whatman FTA

purification reagent, followed by 2 washes for 1 min each with
100 ul of TE bufter (see Note 5).

. Air-dry washed filters for 5-10 min at room temperature.

. Air-dried filters can then be directly subjected to molecular

approaches. Typically we add PCR reagents (75-100 ul final
reaction volumes) directly to the FTA filters in sterile 0.2 ml
PCR tubes (see Note 6).



3.4.2. Using Pre-punched
FTA Cards for Ultra
Inexpensive DNA
Preparation
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The method detailed in Subheading 3.3, step 1 has been success-
fully used for the extraction of PCR-grade fungal genomic DNA
from over 2,000 isolates of molds and yeasts encompassing over
150 different species of fungi ((25) and unpublished data). However,
this method does have several drawbacks, including the price of
individual FTA filters and the danger of cross-contamination from
filter to filter when filter punches are removed using a reusable
micro-punch (see Notes 2 and 3). This second limitation precludes
the use of FTA technology for molecular diagnostic approaches in
mycology, where the aim is to detect the presence of a fungal infec-
tion in normally sterile clinical samples rather than identify a fungus
growing in pure culture. The use of pre-punched FTA filters as
described below circumvents both of these limitations:

1. Remove individual 2.0 mm filter punches from an intact (non-
inoculated), indicating FTA Classic Card using a sterile (not
used previously for inoculated cards) Harris uni-core punch
and the self-healing cutting mat in a laminar flow cabinet.

2. Store the individual filter punches (in excess of 500 punches
can be removed per FTA card) dry in separate sterile 0.2 ml
thin-walled PCR tubes until required.

3. Inoculate the individual filter punches with pre-prepared fun-
gal extracts. For yeasts, the inoculum corresponds to 1 ul of an
aqueous suspension of yeast blastospores with a turbidity of
approximately 1 McFarland standard (see Note 7). For mold
isolates, apply 1 pl of the physically disrupted extract prepara-
tion (from Subheading 3.2, step 1) directly to each 2.0 mm
FTA filter punch.

4. For both yeasts and molds, air-dry inoculated filters for
5-10 min at room temperature.

5. Wash dried inoculated filters with two successive 2 min washes
using 100 pl of sterile water for each wash (see Note 5).

6. Following washing, air-dry filters again at room temperature
tor 5-10 min.

7. Air-dried filters can then be directly subjected to molecular
approaches. Typically we add PCR reagents (75-100 pl final
reaction volumes) directly to the FTA filters in sterile 0.2 ml
PCR tubes (Note 6).

4. Notes

1. When using the Harris uni-core micro-punch to remove filter
punches from successive cards inoculated with different
organisms, the punch must be cleaned between each filter
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card. This can be achieved by taking consecutive (4, 5)
punches from a non-inoculated FTA card or sterile paper
towels that have been dampened with sterile and distilled
water. Alternatively, the uni-core micro-punch tip can be
treated by brief soaking in a proprietary product designed to
destroy DNA and RNA.

. When using the self-healing cutting mat to prepare filter punches

from successive cards inoculated with different organisms, the
cutting mat must be cleaned between each filter card. This can
be achieved by wiping with sterile paper towels that have been
dampened with sterile and distilled water or treating with a pro-
prietary product designed to destroy DNA and RNA.

. Any suspected ACDP (Advisory Committee on Dangerous

Pathogens) category 3 fungal pathogens must be handled and
hyphal fragments/spores must be harvested in an appropriate
BSL3 containment facility. Here, we must also stress the need
for rigorous inactivation of any potential category (ACDP) 3
fungal pathogens by extended heat treatment (at least 30 min
at 95°C or higher) and subsequent culture-based verification
of complete inactivation before such organisms are applied to
FTA cards.

. Our initial experiments with FTA technology demonstrated

that FTA filter matrix mediated inactivation of fungi was largely
dependent on the dose of organism applied, presumably due to
the large size of fungal cells, and the possibility that not all cells
were in direct contact with the FTA paper when concentrated
inocula were employed. Thus, we employ microwave treat-
ment as a useful modification of current FTA methodologies
since it allows total organism inactivation without the need for
laborious titration of applied suspensions and also effectively
dries inoculated cards (25).

. Tests in our laboratory have not demonstrated a significant

difference (as assessed by PCR success rates, and amplicon
yields; data not shown) between filters washed with FTA wash
reagents and those washed only with sterile water (see, for
example, Fig. 2A in ref. (26)). Thus our current protocols
employ two successive 2 min washes using 100 pl of sterile
water for each wash.

. We have now employed this method for over 500 isolates (over

100 species) of filamentous fungi with excellent success rates
(>95% of isolates yielded PCR-grade genomic DNA as assessed
by amplification success using either PCR primers targeting
multicopy genes in the nuclear ribosomal RNA gene cassette
and also single copy genes; ref. 26 and unpublished data).
Although genomic DNA prepared in this way cannot be
archived (only a single filter punch is inoculated as opposed to
an entire FTA card), this method is over 500 times less expen-
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sive than when intact FTA cards and FTA purification reagents
are used (26) and is ideal for the rapid molecular analyses of
large numbers of clinical isolates of molds and yeasts.

. Tests in our laboratory have shown that yeast genomic DNA

can be amplified by PCR without the use of FTA filters.
Experiments showed that intact yeast cells could be added
directly to PCRs at a wide range of cell concentrations without
inhibitory effects on the PCR. Our current protocols for PCR
amplification of yeast genomic DNA involve the preparation of
an aqueous suspension of yeast cells corresponding to 0.5
MacFarland standard and programming of 100 ul PCRs with
1 ul of this suspension. Our PCRs use a hot-start Taq poly-
merase, requiring an initial activation step at 95°C for 15 min,
which is sufficient to lyse the yeast cells and release genomic

We thank the other staff of the UK National Mycology Reference
Laboratory for their interest in these approaches and for providing
much of the data on which these approaches are based. We are also
indebted to Whatman International for supplying the FTA cards and
wash reagents used for these studies and to Haroun Shah and Dunstan
Rajendram for their invaluable advice on FTA applications.

DNA (unpublished data).
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Chapter 4

APEX DNA Microarray for the Identification
of Pathogenic Fungi

Arianna Tavanti, Stefano Landi, and Sonia Senesi

Abstract

The identification of fungal pathogens, though continuously improving, is still time-consuming and often
inadequate for ensuring an early targeted therapy, which may be crucial for the treatment of invasive myco-
ses. Here, we describe a DNA-microarray system based on the arrayed-primer extension (APEX) technique
for a rapid identification of pathogenic fungi, which represents a critical step in medical practice.

Key words: DNA microarray, APEX, Molecular identification, Pathogenic fungi, ITS region, PCR

1. Introduction

Rapid diagnosis of invasive mycoses is an essential step for the
prompt management of infection with tailored antifungal treat-
ments (1). Conventional laboratory methods for the identification
of fungal pathogens are still time-consuming and often inadequate
for ensuring early targeted therapy, especially for uncommon or
newly identified fungal species. This chapter is focused on describ-
ing the development and utilization of an oligonucleotide array for
the unambiguous identification of 24 fungi, belonging to ten
diverse genera, including closely related species still undistinguish-
able by conventional methods (2). The oligonucleotide probes
used in this microarray are complementary to the sequence varia-
tion in the internal transcribed spacer 1 and 2 (ITS1 and ITS2)
region of each species (2).
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A single PCRis used to amplify I'TS region in all fungi, thanks
to the use of universal primers ITS1 and I'TS4 (3), which are posi-
tioned externally to the ITS region, on highly conserved rRNA
gene regions. The I'TS region is perhaps the most widely analyzed
DNA sequence in fungi and it has typically been used for molecular
species-level systematics. By the arrayed-primer extension (APEX)
technique, generation of signals for fungal species identification
does not require direct labeling of PCR products. Indeed, this
method relies both on specific hybridization between probes and
their targets, like conventional microarray-based methods, and on
the specific extension of a single base at the 3’ side of the anchored
probe (4-6). In other words, APEX provides a further level of
analysis and thus, at least theoretically, should give more clear-cut
results and reduce misclassification of fungal species than those of
hybridization-only array-based methods. Optimization of the
detection system represents a key step for ensuring the reproduc-
ibility, specificity, and sensitivity of the microarray results.

2. Materials

2.1. Genomic DNA
Extraction from Yeast
and Molds

2.2. ITS Amplification

2.3. Microarray Setup

Sabouraud dextrose broth and agar, potato dextrose agar (molds).
Tween 20, sterile saline; glass beads (0.45-0.52 mm diameter);
lysis buffer (100 mM Tris—=HCI, pH 8.0, 2% (vol/vol) Triton
X-100, 1%(wt/vol) sodium dodecyl sulfate, 1 mM EDTA) 1:1
(vol/vol) phenol—chloroform; TE (10 mM Tris—-HCI, pH 8.0,
1 mM EDTA); ethanol; RNAse; proteinase K (20 mg/ml stock
solution) isopropanol; and 4 M ammonium acetate.

ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-
TCCT CCGCTTATTGATATGC-3") primers (5 uM); deoxynu-
cleoside triphosphate mix (2 mM dATP, 2 mM dCTP, 2 mM
dGTP, 1.7 mM dTTP, and 0.03 mM dUTP), 10x magnesium-
free buffer, 25 mM MgCl,, and 5 U/ul Hot Fire DNA poly-
merase. PX2 thermal cycler.

5" C-6 Aminolinker-modified oligonucleotides (C-6 oligonucle-
otides) were designed by matching a region of about 35 bp within
the ITS1 amplification products to the sequences of ITS (2). Each
C-6 oligonucleotide was designed in order to exclusively add a
uracyl (fluorescein-ddUTP) at its 3" end during the single-base
extension reaction. All C-6 oligonucleotides were spotted onto
silanized slides by Asperbio (Tartu, Estonia) (see Note 1).

For each fungal species, sets of oligonucleotides were selected
among those previously designed on the basis of their discrimina-
tory power and lack of cross-reactivity (2).



2.4. Purification,
Hybridization of PCR
Products on the Chip,
and Signal Detection
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The following reagents were used: Millipore Microcon Y30 col-
umns for the purification of PCR products; uracil N-glycosylase
(UNG) for fragmentation; shrimp alkaline phosphatase for ANTPs
removal. For single base primer extension a mixture of fluorescein-
ddUTD, cyanine 3-ddATP, ROX-ddCTP, cyanine 5-ddGTP
(50 pmol each), and 5 U of Thermo Sequenase (diluted in its dilu-
tion buffer) and Thermo Sequenase 10x Reaction Buffer were
used. The incubation was carried out in a final volume of 20 pL.
For imaging capture we used SlowFade® Light Antifade Reagent
(Molecular Probes, Eugene, OR, USA) and Genorama™-003
four-colors detector equipped with Genorama image analysis soft-
ware (Asper Biotech, Tartu, Estonia) (see Note 2).

3. Methods

3.1. Genomic DNA
Extraction from Yeast
and Molds

1. Grow fungi in Sabouraud dextrose broth (yeast) or on potato
dextrose agar (molds) for 24 h (yeast) or until colonies are fully
grown on plate at 30°C.

2. Harvest yeast in stationary phase and prepare mold suspen-
sions by collecting conidia from 72 h potato dextrose agar
plate colonies washed with 5 ml of 0.1% Tween 20-sterile
saline (see Note 3).

3. Lyse both yeast and conidia by vortexing the pellet for 3 min
with 0.3 g glass beads (0.45-0.52-mm diameter) in 200 ul of
lysis bufter (100 mM Tris—HCI, pH 8.0, 2% (vol/vol) Triton
X-100, 1% (wt/vol) sodium dodecyl sulfate, and 1 mM EDTA)
and 200 pl of 1:1 (vol/vol) phenol-chloroform (see Note 4).

4. After the pellet has been fully resuspended, add 200 ul of TE
(10 mM Tris—HCI, pH 8.0, 1 mM EDTA) to the lysate, mix
gently, and centrifuge the mixture at full speed for 10 min.

5. Transfer the aqueous phase to a new tube. Precipitate DNA by
adding 1 ml of ethanol (see Note 5). Mix gently by inversion.

6. Centrifuge samples at full speed for 10 min and suspend the
pellet in 400 pl of TE containing 100 ug RNase. Incubate the
mixture for 1 h at 37°C.

7. Add proteinase K (5 pl of a 20-mg/ml stock solution) and
incubate for 1 h at 65°C and then for 30 min at 72°C.

8. Repeat treatment with phenol-chloroform and precipitate
DNA with 1 ml of isopropanol and 10 pl of 4 M ammonium
acetate.

9. Mix gently by inversion, centrifuge samples at full speed for
10 min, remove supernatant, dry the pellet, and dissolve it in
50 ul of TE, pH 8.0.
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Fig. 1. Schematic representation of the ITS region and universal primers (3) used for
amplification.

3.2. ITS Amplification 1. Use the universal fungal primers I'TS1 and I'TS4 (3) to amplify
the non-coding I'TS regions (751 and I752) as well as the 5.8S
rRNA gene, positioned between the I'TS regions (Fig. 1).

2. Set up a reaction mixture (20 pl) containing fungal DNA
(100 ng), 0.4 pl primers (5 uM), 2 ul of deoxynucleoside
triphosphate mix (2 mM dATP, 2 mM dCTP, 2 mM dGTP,
1.7 mM dTTP, and 0.03 mM dUTP), 2 ul magnesium-free
10X buffer, 2 ul MgCl, (25 mM), and 0.2 pl hot start Taq
DNA polymerase (5 U/ul).

3. Include a negative control in all PCR experiments, which con-
sists of an equal volume of water replacing the DNA template.

4. PCR amplification was performed using the following condi-
tions: 94°C for 15 min (hot start); 35 cycles of denaturation at
95°C (1 min), annealing at 56°C (30 s), and elongation at
72°C (75 s); and a final extension step at 72°C (10 min).

5. Separate the amplified DNA products by electrophoresis in a
1% agarose gel containing ethidium bromide (0.5 mg,/ml) and
TAE (40 mM Tris acetate (pH 8.0), 1 mM EDTA) as the run-
ning buffer.

6. Use a 100 bp DNA ladder as a molecular size marker.
7. Visualize DNA bands by UV transillumination (Figs. 2 and 3).

3.3. Purification, 1. Purity PCR products and concentrate PCR products using spin
Amplicon columns (Millipore Microcon Y30 or equivalent).

Hybridization, and 2. Reduce amplicon sizes by fragmentation to improve hybridiza-
Signal Detection tion with the arrayed oligonucleotides. This is achieved by

treating the column eluate samples (15 pl) with 1 U UNG and
1 U shrimp alkaline phosphatase. Incubate the mixtures at
37°C for 1.5 h and at 95°C for 30 min. At this temperature,
DNA with abasic sites is denatured and fragmented, whereas
UNG and shrimp alkaline phosphatase are inactivated. Add ali-
quots of the treated amplicons (9 pl) to a reaction mixture
containing fluorescein-ddUTP, cyanine 3-ddATP, ROX-
ddCTP, cyanine 5-ddGTP (4 x50 pmol), 10x buffer, and 4 U
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Fig. 2. ITS PCR products of 16 yeast species. Lane 1, Candida albicans; Lane 2, C. dublin-
iensis; Lane 3, C. famata; Lane 4, C. glabrata; Lane 5, C. guilliermondii, Lane 6, C. kefyr,
lane 7, C. krusei, Lane 8, C. lusitaniae;, Lane 9, C. metapsilosis, Lane 10, C. orthopsilosis,
Lane 11; C. parapsilosis;, Lane 12, C. pulcherrima, Lane 13, C. tropicalis, Lane 14,
Cryptococcus neoformans, Lane 15, Saccharomyces cerevisiae, Lane 16, Trichosporon
cutaneum. Lane M, 100 bp DNA ladder.

Fig. 3. ITS PCR products of 8 mold species. Lane 1, Aspergillus fumigatus, Lane 2,
A. terreus; Lane 3, Epidermophyton floccosum; Lane 4, Fusarium solani; Lane 5,
Microsporum canis, Lane 6, Penicillium marneffei; Lane 7, Trichophyton rubrum; Lane
8, Trichophyton tonsurnas. Lane M, 100 bp DNA ladder.

of Thermo Sequenase diluted in the provided dilution buffer
to give a final volume of 20 pl.

3. Pre-wash the microarray slides with 100 mM NaOH and rinse
with distilled water at 95°C.

4. Quickly place mixtures onto the spotted slide, cover with a
coverslip, and incubate at 58°C for 10 min.

5. Wash the slides with distilled water at 95°C to remove both
non-hybridized PCR products and unincorporated labeled
dideoxynucleoside triphosphates. The rinse should last only
the time the coverslip is placed.
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Fig. 4. Representative Cy3 fluorescence image snapshots from Genorama Basecaller software showing the identification
of Candida albicans (a) and C. dubliniensis (b) by the array. No signals were detected in the Cy5 channel (i.e., the non-U
channel, which is not displayed for brevity). (¢) Layout of chip capture probes (for probe sequences, see ref. (2)). Control
probes are positioned at the corners of each panel, indicated by dashed lines. Positive control for the uridine channel is
indicated by the arrow. When C. albicans is present is the sample, a cross reaction with one of the four probes of
C. dublininesis is observed (C. dubliniensis 4, white circle). However, a clear identification of both species is obtained.

6. Add a drop of antifade reagent to prevent fluorescein signal
fading.

7. Capture slide images with a four-color detector (Fig. 4).

8. Measure fluorescence intensities at each position and convert
them to base calls, according to Genorama image analysis and
genotyping software.



3.4. Interpretation
of Results
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Two main criteria are required for species identification:

1. The extension has to yield a signal on the U channel, as the

two species-specific probes were designed to extend uridine
only (see Notes 6 and 7).

. Both APEX probes must give a signal, then 4 signals must be

positive at the U-channel, since each probe is spotted in dupli-
cated on the slide.

4. Notes

. In our opinion, excellent results were obtained using silanized

slides provided by Asperbio (Tartu, Estonia).

. Purification and concentration of PCR products gave the best

results using Millipore Microcon Y30 columns. In our expe-
rience best results were obtained using UNG from
EPICENTRE, Madison, WI, USA; Thermosequenase from
USB Amersham plc, Buckinghamshire, UK; and shrimp alka-
line phosphatise (sAP) from Amersham Biosciences,
Milwaukee, WI, USA. In addition, SlowFade® Light Antifade
Reagent (Molecular Probes, Eugene, OR, USA) and
Genorama™-003  four-color detector equipped with
Genorama image analysis software (Asper Biotech, Tartu,
Estonia) provided excellent results.

. In case of filamentous fungi, conidia are more easily collected

than fungal mycelium, which is often invading the agar plate,
while a conidial suspension can be promptly prepared using a
Tween 20 solution.

. Check that no beads remain along the eppendorf tip border,

since this may prevent a proper closure of the microcentrifuge
tube cap, leading to potential leaks. Covering the eppendorf
tip with parafilm usually helps preventing phenol leaking.

. At this point a transparent, flocculating structure could be

visualized within the microcentrifuge tube.

. Although A, G, and C signals are not expected to be incorpo-

rated in the APEX reaction, it is important to include ddA,
ddC, and ddG in the reaction mixture, since this will provide
a further specificity control to detect any unspecific
extensions.

. To ensure quality control, it is recommended to spot each oli-

gonucleotide in duplicate and to include internal positive con-
trols (self-extending oligonculeotides already spotted at the
corners of the array) to verify that the intensities of the four
channels (A, C, U, and G) are equilibrated.
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Chapter 5

Microscopic Detection of Yeasts Using Fluorescence
In Situ Hybridization

Joao Inacio and Maria da Luz Martins

Abstract

Fluorescence in situ hybridization (FISH) has been widely used for the detection and identification of
microorganisms in their natural environments. In this chapter we describe the use of a simple FISH-based
protocol to detect and identify clinically relevant yeast species in culture and biological samples using
Cryptococcus neoformans as a model. After fixation of cells with paraformaldehyde, the same are embedded
in hybridization buffer containing specific fluorochrome-labeled oligonucleotide probes. After incubation
and a subsequent washing step for removing unbound probes, samples are analyzed by epifluorescence

microscopy.

Key words: Cryptococcus neoformans, Fluorescence in situ hybridization, Ribosomal RNA,
Epifluorescence microscopy, Cy3-labeled DNA probes, Yeast detection and identification

1. Introduction

Fluorescence in situ hybridization (FISH) has been widely used for
the detection and identification of microorganisms with emphasis
on prokaryotic organisms, allowing the direct microscopic visual-
ization and quantification of individual cells in their natural envi-
ronments including biological samples such as host tissues (1-3).
FISH has also been used to detect and identify fungal organisms
including clinically relevant yeasts such as Candidaand Cryptococcus
species (4, 5), food and crop-associated yeasts (6-8), and environ-
mental fungi particularly of phylloplane inhabitants (9-11). Briefly,
conducting FISH assays first involves the fixation of cells, or sam-
ples, using polymerizing or precipitating agents such as paraform-
aldehyde or alcoholic solutions, respectively. Eventually cells must

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
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undergo an additional process of enzymatic permeabilization to
facilitate the access of the probes to intracellular target sites.
Ribosomal RNA is the most commonly used gene target for design-
ing FISH probes since it is present in all cellular organisms, is
genetically stable, is a multicopy target, and contains both con-
served and variable regions allowing the design of probes targeting
a wide range of individual species, genera, or other taxonomic units
(1,12, 13). In addition, another important factor is the large num-
ber of rRNA nucleotide sequences available from public databases.
After mixture and incubation with fluorochrome-labeled oligonu-
cleotide, polynucleotide or peptide nucleic acid (PNA) probes, and
a subsequent washing step for removing unbound probes, samples
can then be analyzed by epifluorescence or laser scanning micros-
copy or flow cytometry (1). In this chapter we describe the use of
a simple FISH-based protocol to detect and identity clinically rel-
evant yeast species in culture and biological samples, using
Cryptococcus neoformans as a model. This yeast is present in the
environment worldwide and can cause disseminated disease, par-
ticularly in patients with depressed cell-mediated immunity, the
meninges being the most common site of extrapulmonary infec-
tion (14). The conventional diagnosis of cryptococcosis is based
on the direct microscopic examination of clinical samples such as
cerebrospinal fluid (CSF) and on the culture and subsequent phe-
notypic identification of the etiological agent.

FISH assays are described below for detecting and identifying
Cryptococcus neoformans cells in both pure culture and in infected
CSF samples.

2. Materials

1. Prepare all solutions using Milli-Q or deionized water.

2. Type strain of Cryptococcus neoformans obtained from the
Portuguese Yeast Culture Collection, Caparica, Portugal, with
the number PYCC 39577 (see Note 1).

3. CSF samples from HIV-positive patients with clinical diagnosis
of cryptococcosis (5) (see Note 2).

4. Yeast-Malt (YM) broth: 0.3% w/v malt extract, 0.2% yeast
extract, 0.5% peptone, 1% glucose. Weigh all components to a
glass beaker, dissolve in the specified amount of water, and dis-
tribute into 5 mL test tubes with metal or plastic caps. Sterilize
in the autoclave (15 min, 121°C) and store at 4°C until use.

5. Probe specific for Cryptococcus neoformans: Cne205 (5'-GTC
GCG TTA CTT GGG AGT-3'), targeting the 26S rRNA and
labeled at the 5" end with the fluorochrome Cy3. This probe also
targets the closely related Cryptococcus gattii (5) (see Note 3).
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. Probes EUK516 (5'-ACC AGA CTT GCC CTC C-3'; targeting

eukaryotic organisms) and EUB338 (5'-CTG CTG CCT CCC
GTA GGA GT-3'; targeting bacteria), labeled at their 5" end with
the fluorochrome Cy3, are used as positive and negative hybrid-
ization controls, respectively (15).

. Probe stocks are frequently delivered, lyophilized, and need to

be diluted with sterile water according to the manufacturer’s
instructions. Stock solutions can be prepared at a standard
concentration of 100 pmol/uL and stored in the dark at
-20°C. Aliquots of each Cy3-labeled probe working solutions
are prepared from stock solutions at a concentration of
30 ng/uL (approximately 4-5 pmol /UL for an 20-mer probe)
in water and stored also in the dark at —-20°C (see Note 4).

. Phosphate-buffered saline: 137 mM NaCl, 2.7 mM KCI,

8 mM Na,HPO,, 1.5 mM KH,PO,, pH 7.2. Weigh all compo-
nents into a glass beaker and dissolve in 800 mL water. Adjust
the pH to 7.2 with HCl and/or NaOH solutions. Add dis-
tilled water to a total volume of 1 L, dispense the solution into
aliquots, and sterilize by autoclaving (20 min, 121°C). Store at
room temperature.

. To prepare a 4% solution of paraformaldehyde (4% PFA) weigh

4 g of paraformaldehyde powder into 90 mL PBS 1x and heat
in a water bath to 60°C for 1-2 h until suspension is clear (the
addition of some drops of 10 N NaOH helps the solubiliza-
tion). After clearing and cool down, adjust to pH 7.0 and bring
the volume to 100 mL with PBS. Sterilize by passing through
a syringe-adapted 0.2 pm filter (see Note 5).

To prepare a stock solution of 5 M NaCl, for hybridization,
weigh 29.22 g NaCl to a glass beaker and bring to a final vol-
ume of 100 mL water. Sterilize by autoclaving (15 min, 121°C)
and store at room temperature.

A stock solution of 10% sodium dodecyl sulfate (SDS) is
required for hybridization. Weigh 10 g SDS to a glass beaker
and bring to a final volume of 100 mL water (see Note 6).
Store at room temperature.

Prepare a stock solution of 1 M Tris—-HCI by weigh 12.1 g
Tris-base (MW 121.14) to a glass beaker and dissolve in 90 mL
water. Adjust to pH 7.2 with concentrated HCI, bring the vol-
ume to 100 mL water, sterilize by autoclaving (15 min, 121°C),
and store at room temperature.

Hybridization buffer should be prepared as follows: 20 mM
Tris—HCI, pH 7.2, 0.9 M NaCl, 0.01% w/v SDS, and an amount
of formamide previously optimized for each probe (10% for
Cne205 and 20% for EUK516 and EUB338) (see Note 7). For
example, for preparing 2 mL of hybridization bufter for use in
FISH assays with Cne205 probe, mix 360 ul. 5 M NaCl, 40 pL
1 M Tris—=HCI, 2 uL. 10% SDS, 200 pL formamide, and 1,398 puL.
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Table 1

Equivalence between the concentration of formamide in hybridization buffer and
the correspondent concentrations of sodium chloride and EDTA in washing buffer

Volume of NaCl and EDTA stock solutions
added to the washing buffer (for a final
volume of 50 mL)

Formamide in NaCl in washing
hybridization buffer (%) buffer (M) SMNaCl (ul) ~ 0.5MEDTA, pH 8 (ul)
0 0.900 9,000 0
5 0.636 6,300 0
10 0.450 4,500 0
15 0.318 3,180 0
20 0.225 2,150 500
25 0.159 1,490 500
30 0.112 1,020 500
35 0.080 700 500
40 0.056 460 500
45 0.040 300 500
50 0.028 180 500

14.

15.

water in a 2 mL microtube. The proportions of formamide and
water can be adjusted in order to prepare buffers with other
formamide concentrations (see Note 8).

Prepare a stock solution of 0.5 M EDTA by weighing 186.1 g
Na,EDTA-2H,O to a glass beaker and dissolving in 800 mL
water using stirring. Add 20 g of NaOH pellets and adjust to
pH 8 (see Note 9). Bring the volume to 1,000 mL with water,
sterilize by autoclaving (15 min, 121°C), and store at room
temperature.

Washing buffer should be prepared as follows: 20 mM Tris—
HCI, pH 7.2, 0.01% w/v SDS, and an amount of EDTA and
NaCl according to Table 1, depending on the optimal forma-
mide concentration used in the respective hybridization bufter.
For example, for preparing 50 mL of washing buffer for use in
FISH assays with EUK516 and EUB338 probes (which use
20% formamide in hybridization buffer), mix 1 mL 1 M Tris—
HCI, 50 uL 10% SDS, 2,150 uLL 5 M NaCl, and 500 uL 0.5 M
EDTA solutions and adjust to the final volume of 50 mL with
water (Table 1) (see Note 10).
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Fluorescence microscope equipped with a 100x oil objective, a
100 W mercury lamp, and an appropriate filter set for Cy3
fluorochrome (see Note 11).

Immersion oil, which must comply with the microscope 100x
objective, and be nonfluorescent.

Anti-fading solution such as Vectashield solution (Vector,
Burlingame, Calif.).

3. Methods

3.1. Fixation
of Cultures and CSF
Samples

3.2. Hybridization

. Grow the pure culture of Cryptococcus neoformans PYCC 39577

aerobically under continuous shaking in YM broth at 25°C.

. Harvest cells in the early exponential growth phase (optical

density of about 1.0 at 600 nm) by centrifugation of 500 uL
culture aliquots for 5 min at 15,000 x4 (see Note 12).

. Wash cell pellets with 500 uL PBS and centrifuge for 5 min at

15,000 x 4.

. Resuspend the cells in 500 pL 4% PFA and incubate for 4 h at

4°C (see Note 13).

. After fixation, recover cells by centrifugation (5 min at

15,000 x g), wash twice with 500 puL PBS, and resuspend in
50 uL of PBS and 50 uL of cold absolute ethanol (see Note
14). Store at -20°C until use.

. For CSF samples, centrifuge 1 mL sample at 15,000xy4 for

5 min to pellet yeast cells, wash once with 500 puL of PBS, fix
with 4% PFA, and store in PBS/ethanol as described above
(see Note 15).

. Add 2 pL of the fixed Cryptococcus neoformans suspensions,

originally collected from a pure culture, into the bottom of
three 1.5 mL microtubes (see Note 16).

. Add 20 pL of hybridization buffer (containing 10% formamide

when testing Cne205 and 20% when testing EUK516 and
EUB338 probes) to each microtube.

. Add 1 pL of each Cy3-labeled DNA probe (Cne205, EUK516

and EUB338) to the correspondent microtube, gently mix,
and incubate in the dark at 46°C for 2 h (with the lids closed)
(see Note 17).

. The fixed Cryptococcus neoformans suspensions collected from

CSF samples are centrifuged (15,000x 4 for 5 min) and the
entire pellets are resuspended in 20 UL of hybridization bufter
(containing 10% formamide). The samples are tested only with
Cne205 probe as above (see Note 18).
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3.3. Stringent Washing
and Visualization
of Results

1.

Afterincubation, cells are pelleted by centrifugation (15,000 x g4
for 5 min) and resuspended in 1 mL of the respective pre-
warmed washing buffer for 30 min at 46°C.

. After stringent washing, cells are recovered by centrifugation,

washed in 1 mL PBS, resuspended in 20-50 puL. PBS or water,
placed on ice, and analyzed within 3 h.

. For each sample, 10-50 uL of hybridized cell suspension is

spotted onto pre-cleaned microscopic slides and dried in the
dark at 37°C for 20 min (see Note 19).

. Slides are mounted with a drop of Vectashield solution and

examined with an epifluorescence microscope and a filter set
for the fluorocrome Cy3 (see Note 20).

. Microphotographs are taken using a digital camera and edited

using standard software (see Note 11).

. Positive hybridization signals are determined as bright orange

fluorescent yeast cells (when probes are labeled with Cy3)
(Fig. 1) (see Note 21).

4, Notes

. Other international culture collections where this strain is

available are Centraalburean voor Schimmelcultures, Utrecht,
The Netherlands (with the number CBS 1327%), American Type
Culture Collection, Manassas, Virginia, USA (with the number
ATCC 32045), and ARS Culture Collection, Peoria, Illinois,
USA (with the number NRRL Y-2534). Other strains correctly
identified as Cryptococcus neoformans can also be used for FISH
assays.

. Samples are received for routine conventional testing at the

Institute of Hygiene and Tropical Medicine, Lisbon. Samples
were previously examined for the presence of encapsulated
budding yeasts by India ink preparation using microscopy and
for the presence of cryptococcal polysaccharide antigen by
latex agglutination test (Pastorex Crypto-Plus Biorad) and by
culture on Sabouraud glucose agar (CSF samples), according
to standard procedures (5).

. A DNA probe for FISH should be fully complementary only to

the respective target sequence and have more than one mis-
match with the homologous region of non-target species (mis-
matches should preferably be situated at a central position).
However, the occurrence of cross-reactions with non-target
species is best prevented if three or more mismatches are pres-
ent. The G+C content of 18-24 base oligonucleotide probes
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Fig. 1. Grayscale photomicrographs in phase contrast (PC) and epifluorescence (EF) of typical results of FISH assays.
(a) Specificity tests with EUK516, Cne205, and EUB338 probes using strain PYCC 39577 (Cryptococcus neoformans) and
other non-target yeast species. (b) Examples of FISH assays using Cne205 probe with CSF samples. All Cryptococcus
neoformans cultures and positive CSF samples should yield strong fluorescent signals with both the universal EUK516
and Cne205 probes. None of the yeast cells should yield any fluorescent signal with the bacterial EUB338 probe.
Non-Cryptococcus neoformans yeast cells subjected to the same FISH protocol should render negative to both EUB338 and
Cne205 but positive with EUK516.

should usually range between 50 and 60% (theoretical melting
temperatures preferentially ranging from 46 to 60°C, accord-
ing to the simple formula 7" =4 x GC+2 xAT). Smaller probes
can penetrate cells more easily but may be also less specific. The
fluorochromes most commonly used to label FISH probes are
derived from fluorescein, rhodamine, and cyanine dyes such as
Cy3 (Table 2). The latter have shown a superior performance,
combining high fluorescence intensity with good stability. The
fluorochrome molecules are usually linked to the 5" end of
oligonucleotide probes during synthesis or, alternatively, to the
3’ end by the action of a terminal transferase (1, 2). Not all sites
within the rRNA molecules are readily accessible for FISH
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Table 2
Examples of fluorochromes used for labeling FISH probes
and respective optimal excitation and emission wavelengths

Wavelength (nm)

Fluorochrome Excitation Emission Color
AMCA? 351 450 Blue
FITCP 492 528 Green
Fluo X® 488 520 Green
Cy3® 552 570 Orange
Texas Red® 578 600 Red
Cy5°® 651 674 Infrared

*AMCA 7-amino-4-methylcoumarin-3-acetic acid
PFITC fluorescein isothiocyanate

probes due to, e.g., ribosomal structural constraints (12, 13).
In this method probe target selection took into consideration
the 26S rRNA accessibility map previously determined for
Saccharomyces cerevisine (13), regarding the hybridization
efficiency of FISH probes to their respective rRNA targets.
Similar rRNA accessibility maps are available for other organ-
isms (12, 16, 17). The use of these color-coded maps of model
organisms facilitates the selection of probe target sites promis-
ing high signal intensities due to the high evolutionary conser-
vation of the ribosome among related organisms.

4. A 0.5 umol synthesis scale of fluorescently labeled oligonucle-
otide probes is commercially available and provides enough
probe for several thousand reactions. Prepare small aliquots of
probe working solutions (up to 100 pL). The continuous
freeze and thaw of the probe working solutions may cause the
appearance of bright fluorescent artifacts under the micro-
scope, leading also to faint specific hybridization signals and
high background.

5. Use a mask for weighing PFA and prepare this solution under
the hood, since this reagent causes irritation if inhaled. Ideally,
this solution should be freshly prepared from paraformalde-
hyde, being usable for up to 1 week (kept at 4°C). Store the
solution at —20°C for longer periods (up to 1 year).

6. Use a mask for weighing SDS since this reagent causes irrita-
tion if inhaled. Dissolve with stirring and a gentle warming.
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DNA probes require the optimization of the respective
stringent hybridization conditions case by case (such as the
optimal formamide concentration in the hybridization buf-
fer). Conditions reported here were previously optimized for
the universal probes EUK516 and EUB338 (15) and Cne205
(5). The adequate hybridization stringency usually corre-
sponds to the highest formamide concentration that does not
result in loss of fluorescence intensity of the target cells and
tor which probe hybridization to the non-target organisms no
longer occur.

. Hybridization buffer should be freshly prepared for FISH

assays from the respective constituent stock solutions. Wear
suitable protective clothing and gloves for manipulating for-
mamide, since this reagent is very toxic and irritating to eyes,
respiratory system, and skin. Always use fresh deionized forma-
mide, since this reagent is easily degraded, leading to unspecific
FISH signals (take an aliquot from the stock and use it up
within a week; fresh formamide should be colorless). SDS solu-
tion should be added last to avoid precipitation. If SDS stock
solution is precipitated, warm before use. SDS denatures the
native ribosome structure leading to an increased accessibility
of the rRNA target sites to the complementary DNA probes.
The absence of SDS in hybridization bufter may lead to a com-
plete absence of fluorescence signals.

. EDTA will dissolve at pH 8.0.
10.

The stringency of the washing buffer is regulated by adjusting
the salt concentration and EDTA, which avoids the use of
excess amounts of formamide. Lowering the salt concentration
in buffer encourages dissociation of mismatched hetero-
duplexes, yielding higher washing stringencies. SDS solution
should be added last to avoid precipitation.

The described protocol was performed with an Olympus BX50
microscope, fitted for epifluorescence microscopy with either
an U-ULHI100W mercury high pressure bulb and an
U-MA1007 filter set for the fluorocrome Cy3 (Olympus).
Microphotographs were taken using a digital camera (Olympus
C3030-Z00M) and edited using standard software (Adobe
Photoshop 6.0, Adobe).

Metabolically active cells should be collected in the exponential
growth phase. Fluorescence hybridization signals decrease
significantly when the culture enters the stationary growth
phase.

The fixation of the sample is one of the most critical steps in
the protocol. The aim is to immobilize the cells facilitating
the penetration of the probe and protecting ribosomes from
degradation by endogenous RNAses keeping the cells mor-
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14.

15.

16.

17.

phologically intact. The setting of fixation conditions can
vary depending on the organisms and the type of samples.
Standard fixatives are aldehydes and alcohols. Some fixation
conditions can cause cell lysis, which can be assessed by com-
paring the number of cells before and after the fixation step
with the aid of a hemacytometer (losses ranging from 10 to
20% in the number of cells are acceptable). Fixation can also
cause changes in cell size, which can be evaluated under a
microscope. Good results are usually achieved for yeast cell
fixation using concentrations between 1 and 4% formalde-
hyde for 2—-16 h at 4°C. After the fixation a dehydration series
of 50, 80, and 96% ethanol may help to permeabilize cells for
FISH, albeit this step was not considered necessary for
Cryptococcus neoformans. 1f cells are over-fixed in PFA by
incubation for longer periods, the formation of excessive
cross-links between cell wall components may render cells
completely impermeable to DNA probes. In our conditions,
fixation of Cryptococcus neoformans cells using ethanol yielded
very faint fluorescence signals after hybridization with
EUK516 and Cne205 probes and therefore PFA fixation was
considered better for these cells.

Adjust the volume of PBS and cold absolute ethanol when resus-
pending cell pellets in order to obtain concentrations around
109 cells/uL. Fixed cells can be maintained at —20°C for several
months without apparent loss of FISH performances.

Hybridization experiments using unfixed Cryptococcus neofor-
mans cells (taken directly from the culture) produced identical
results to those obtained with PFA fixed cells, with fluorescence
signals of similar intensities. These results indicate that the
fixation step may be unnecessary for the direct analysis of bio-
logical samples, which can shorten the response time and avoid
cell losses by diminishing centrifugation and washing steps.

Each strain is tested with the Cryptococcus neoformans specific
probe (Cne205) and with the EUK516 and EUB338 probes,
universal for eukaryotic and bacterial organisms, respectively.

In this chapter and in a previous publication (5) we describe
FISH assays using cell suspensions. FISH reactions are also
usually performed on cell smears fixed on microscopic glass
slides, which are embedded in hybridization buffer and incu-
bated in a humid chamber (18). Hybridization and washing
requires precise temperature control to prevent nonspecific
hybridization at low temperatures and loss of fully comple-
mentary probes at higher temperatures. Hybridization strin-
gency is usually adjusted by varying the concentration of
formamide in hybridization buffer, which allows the use of
lower operating temperatures for performing FISH assays (an
increase of 0.5% of formamide concentration in the hybridiza-
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tion buffer is equivalent to an increase of 1°C in incubation
temperature). However, hybridization stringency may also be
adjusted by temperature rather than by the chemical composi-
tion of buffers. Temperature and time of hybridization and
washing steps have to be optimized for each probe.

CSF samples were tested using only Cne205 probe since the
availability of sufficient sample volumes for testing additional
probes is limiting but in an ideal situation would be tested with
all probes to confirm result.

Use well cleaned microscopic slides in order to avoid
fluorescence artifacts. The simplest way of efficiently cleaning
microscope slides is to soak the slides in ethanol and wipe clean
with a lint-free cloth.

Wash skin with water if contact occurs with the mounting
medium since it can cause skin irritation. Air-dried prepara-
tions, as well as mounted slides, can be stored in the dark at
-20°C for several days without substantial loss of probe
fluorescence.

Autofluorescence was not a problem when performing FISH
with Cryptococcus neoformans cells, although some background
fluorescence was observed in some preparations probably due
to nonspecific probe binding. The addition of 0.2% bovine
serum albumin or 100 ng/uLl salmon sperm DNA to the
hybridization bufter was not successtul for inhibiting the occur-
rence of that background fluorescence. CSF, the biological
sample most commonly received in clinical microbiology labo-
ratories for the diagnosis of cryptococcosis, showed no
autofluorescence in the conditions tested and contains no
inhibitors of FISH reactions.
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Chapter 6

Quantitative Detection of Aspergillus spp. by Real-Time
Nucleic Acid Sequence-Based Amplification

Yanan Zhao and David S. Perlin

Abstract

Rapid and quantitative detection of Aspergillus from clinical samples may facilitate an early diagnosis of
invasive pulmonary aspergillosis (IPA). As nucleic acid-based detection is a viable option, we demonstrate
that Aspergillus burdens can be rapidly and accurately detected by a novel real-time nucleic acid assay other
than qPCR by using the combination of nucleic acid sequence-based amplification (NASBA) and the
molecular beacon (MB) technology. Here, we detail a real-time NASBA assay to determine quantitative
Aspergillus burdens in lungs and bronchoalveolar lavage (BAL) fluids of rats with experimental IPA.

Key words: Real time, Nucleic acid sequence-based amplification, Molecular beacon, Aspergillus
burden, Quantitative

1. Introduction

Invasive pulmonary aspergillosis (IPA) is a major cause of mor-
bidity and mortality in immunocompromised patients.
Therapeutic success depends on early diagnosis and appropriate
initiation of antifungal therapy (1). Nevertheless, early diagno-
sis of IPA continues to be problematic for this population due
to the lack of rapid, sensitive, and specific diagnostic methods.
The combination of galactomannan (GM) detection and stan-
dard clinical, radiological, and histological examinations has
been an important advance in the detection of IPA. However,
GM testing has false positives and decreased sensitivity in
patients under antifungal prophylaxis (2—4), which highlights a
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critical need for more sensitive, specific, and reliable diagnostic
techniques. Molecular diagnostics have emerged as a promising
method for the diagnosis of a variety of infectious diseases,
including fungal infections (5). Real-time quantitative PCR
(qPCR) has been extensively studied and explored as a tool for
detecting and identifying Aspergillus and other pathogenic fungi
in clinical samples (6-10), although the PCR technique still
hasn’t been approved for defining IA because of lack of stan-
dardization and the absence of a commercially available system
(11, 12).

Nucleic acid sequence-based amplification (NASBA) is an
isothermal amplification process that specifically amplifies RNA
even in the presence of genomic DNA (13). The amplification of
NASBA is highly robust yielding >10!? amplicons in 30 min
(14). The amplified single-stranded RNA can be detected easily
in real time by molecular beacon (MB) probes, which are self-
reporting, hairpin structured, single-stranded nucleic acid probes
that brightly fluoresce when bound to their targets (15). As an
alternative to PCR for molecular detection, real-time NASBA
has been widely used for detecting RNA viruses such as entero-
virus and HIV (16-18), certain microbial pathogens including
Legionella species, Vibrio cholerae (19, 20), and pathogens from
food and environmental samples (21, 22). To date, only studies
of small scope have been reported using NASBA to detect
Aspergillus species (23, 24), although a good diagnostic value
was demonstrated by these studies. To extend the applicability of
real-time NASBA assay to the quantification of the fungal load in
order to monitor the progress of Aspergillus intection, we estab-
lished a pan-Aspergillus real-time NASBA assay and validated
with an experimented IPA model (25). We chose to develop a
pan-Aspergillus assay to gain complete capture of Aspergillus
species, even though A. fumigatus remains the most abundant
invasive species.

Quantification of nucleic acids by real-time NASBA is
achieved by correlating an increase in probe fluorescence to the
amount of starting template. The point at which the fluorescence
signal rises above the cutoff value (20% higher than the end-
point signal from no template control) is called the time to posi-
tivity (TTP) (Fig. la). The dynamic linear quantification range
of different probes varies and has to be determined by a stan-
dard curve method (Fig. 1b), which shows a linear regression
relationship between the log of the amount of starting template
and the corresponding TTP value. To achieve reliable Aspergillus
burden estimation, we have outlined several essential steps
which include: (1) total nucleic acid extraction from lung tissue
and bronchoalveolar lavage (BAL) fluids, (2) external standard
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Fig. 1. (@) Amplification curves of the real-time pan-Aspergillus NASBA assay are produced using total nucleic acids
extracted from serially diluted A. fumigatus conidia with 10° to 10" spores. The TTP value increases as the amount of
template initially present in the reaction decreases. (b) The standard curve is constructed by plotting the log of starting
amount against the corresponding TTP value. Aspergillus burden estimation is viable by simply applying TTP values from
each sample to this linear regression equation.

series preparation, (3) molecular beacon purification and char-
acterization, (4) real-time NASBA assay, and (5) standard curve
and burden quantification.

2. Materials

2.1. Aspergillus
fumigatus Standards

2.2. Total Nucleic Acid
Extraction

Prepare all solutions using nuclease-free water and DNase, RNase-
free molecular grade reagents. All waste materials should be disposed
of'in accordance with local waste disposal regulations.

1.

Potato dextrose agar (PDA) slant: suspend 39 g of PDA medium
in 1 L of purified water. Heat and stir frequently to completely
dissolve the medium. Autoclave at 121°C for 15 min. Pour the
medium into a 25 ml Flat Base Polystyrene Screw Cap Tube and
keep the tube in a slanting position until the agar solidifies.

2. Sterile 0.1% Tween 20 solution.

. Disposable hemocytometer and an optical microscope with a

200x objective lens.

. RNA/ater solution (Ambion, Austin, TX).
. NucliSENS lysis buffer (bioMérieux, Durham, NC) (see

Note 1).

. Proteinase K solution.

4. Lysing matrix D (MP, Biomedicals, Inc., Solon, OH) (see

Note 2).
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2.3. Molecular Beacon
Purification and
Melting Curve Analysis

2.4. Real-Time NASBA

5.

O 0 NN O U

10.

p—

FastPrep®-24 instrument (MP, Biomedicals, Inc., Solon,
OH).

. EasyMAG® wash butffer 1, 2, 3 and EasyMAG® magnetic silica

solution (bioMérieux, Durham, NC).

. Molecular beacon probes were labeled at the 5’-end with

fluorophore 5-carboxyfluorescein (FAM) and quencher
dabcyl (4-(4-dimethylaminophenyl) diazenylbenzoic acid)
at the 3’-end.

. Beckman Coulter System Gold® high-pressure liquid chroma-

tography (HPLC) systems (Beckman Coulter, Fullerton, CA).

. Buffer A: 1% triethylamine (TEA), adjust pH to 6.5 by Glacial

acetic acid. Filtrate through a NALGENE or equivalent bottle
filter (0.45 um nylon filter).

. Buffer B: 1% TEA, 75% acetonitrile, adjust pH to 6.5 by Glacial

acetic acid. Filtrate through a NALGENE bottle filter (0.45 um
nylon filter) with 3—4 extra sterilized filter paper.

. 3 M Sodium acetate (NaOAc).

. 100% ice-cold ethanol.

. Tris~=EDTA (TE) bufter, pH 8.0.

. Melting curve buffer: 1x PCR buffer with 4 mM MgCL,.

. Target oligonucleotide (100 uM): short oligonucleotide that

is perfectly complementary to the molecular beacon probe
sequence.

Stratagene Mx4000 or Mx3005D real-time instrument (Agilent
Technologies, Santa Clara, CA).

. NucliSENS EasyQ® Basic kit v.2 (bioMerieux).
. Primers detecting Aspergillus spp. targets 28S ribosomal RNA.

The P1 primer is 5-AATTCTAATAC GACTCACTATA
GGGGA GAATCCACATCCAGGTGC-3', and P2 primer is
5'-CAGCAGTTGGACATGGGTTA-3’ (see Note 3). Prepare
a 20 uM working solution of each primer and store at —-20°C
until use.

. A molecular beacon is designed for this pan- Aspergillus assay.

Thesequenceis5’-FAM-CGCGAGTGCGCCGTGTGCCGAA
ATCGCG-Dabcyl-3'. The working solution is 10 uM and
stored at ~20°C until use.

. 0.2 ml thin-wall PCR 8-tube strip (free of RNase, DNase,

DNA, and PCR inhibitors).

. NucliSENS easyQ® system (bioMérieux).
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3. Methods

3.1. TNA Extraction
from Lung Tissue
and BAL Fluids

of Rats with IPA

3.2. External
Standards Preparation
and TNA Extraction

3.3. Molecular Beacon
Purification and
Melting Gurve Analysis

. Thaw frozen lung homogenates (1 g lung tissue per sample) in

RNA/ater or BAL samples (1 ml BAL+2 ml RNA/ater) at
room temperature and centrifuge at 16,000x4 for 10 min.
Discard supernatant and resuspend the pellet in 1 ml of
NucliSENS lysis bufter with proteinase K (100 ug/ml).

. Transfer the entire solution into the lysing matrix D tube and

vigorously vortex in a FastPrep instrument at speed level 6 for
45 s twice (see Note 4). Incubate at 55°C for 1 h (see Note 5).

. Centrifuge cell lysates at 16,000 xg for 10 min. In the mean-

time, add 2 ml of NucliSENS lysis buffer into each well of the
NucliSENS easyMAG® sample cartridge and dilute the mag-
netic silica twofold. Transfer the supernatant into the easy-
MAG® sample cartridge and mix with lysis buffer. Mix 140 pl
of the diluted magnetic silica solution with each sample.

. On easyMAG® system, input sample record and choose the

extraction protocol “specific B” using the easyMAG® software.
The final elution volume option increases from 40 to 110 pl at a
5 ul step. Choose the volume which best fits your experiment.

. Store the TNA samples at -80°C until use.

. Grow Aspergillus fumigatus wild-type strain R21 on a PDA

slant at 37°C for 3 days.

. Add 2 ml of the 0.1% Tween20 into the slant. Collect and

transfer the conidial suspension in a clean 2 ml tube. Vortex
until the conidia is evenly distributed in the suspension.

. Prepare tenfold serial dilutions of the above conidia suspension

in 0.1% Tween20. Load 100- and 1,000-fold dilution on the
hemocytometer to count the conidia (see Note 6).

. Based on the cell counts acquired in step 3 prepare 1 ml of

5x10° CFU/ml conidia suspension in sterile 0.1% Tween20.
Prepare further tenfold serial dilutions down to 5 CFU /ml.

. Mix a 200 pl aliquot of each dilution with 800 ul of easyMAG

lysis bufter (with 100 pug/ml of Proteinase K) and vortex on a
FastPrep® instrument as described for lung tissue and BAL
samples. The remaining steps of the extraction are the same.

. Resuspend the crude beacon in 500 pl of Buffer A. Incubate at

room temperature for 5 min.

. Spin product in 0.22 um filter on a microcentrifuge at maxi-

mum speed for 3 min.
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Fig. 2. Thermal denaturation profile shows a wide annealing range of the molecular
beacon 28SPA.

. Collect the filtrate and purify the crude molecular beacon by

HPLC through a C-18 reverse-phase column, using a linear
elution gradient of 20-80% buffer B that forms over 25 min at
a flow rate of 1 ml/min. Monitor the absorption at 260 nm for
nucleic acid and at 495 nm for FAM, and collect the fractions
with peaks at both wavelengths, as described: http://www.
molecular-beacons.com/MB_SC_protocol.html.

. Precipitate the collected fractions with 2.5 volumes of cold

100% ethanol and 1,/10 volume of 3 M NaOAc at -20°C for
at least 2 h or overnight (see Note 7).

. Spin in a microcentrifuge at maximum speed for 20 min

at 4°C.

. Aspirate the supernatant and dry the pellet.

7. Resuspend the pellet in 50 pl of TE bufter.

10.

3.4. Real-Time 1.

NASBA Assay

. Measure the concentration of the purified molecular beacon.

Prepare a 10 uM working solution and store at -20°C.

. Prepare two 50 pl reactions that contain 200 nM of the molec-

ular beacon in 1x melting curve buffer. Add a fivefold molar
excess of the target oligonucleotide to one tube and add only
buffer to another tube.

On a Stratagene Mx4000 or Mx3005P real-time instrument,
run the molecular beacon melting curve program to determine
the fluorescence of each solution as a function of temperature.
Decrease the temperature of these tubes from 80 to 25°C in
1°C steps, with each hold lasting 30 s, while monitoring the
fluorescence during each hold (Fig. 2).

Prepare enzyme by adding 45 pl of enzyme diluent to enzyme
accusphere (red cap), incubate at room temperature for
20 min before use (see Note 8). Each sphere is intended for 8
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3.5. Data Analysis and
Burden Quantification
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reactions, for additional reactions pool spheres and add the
appropriate amount of diluent. Unused enzyme may be stored
at —80°C for up to 2 weeks with 1 freeze—thaw cycle.

. To create a primer/beacon mixture, add equal parts of primer

P1, primer P2, molecular beacon, and Nuclease-free water,
e.g.: mix 2 pl of each for a total of 8 pl for 8 reactions.

. Prepare reagent mixture as follows (for 8 reactions): In a clean

tube, add 64 ul of reagent diluent plus 9.6 ul of water and
14.4 ul of KCl (final concentration is 90 mM). Add 8 ul of
primer/beacon mix. Add reagent accusphere (blue cap) to
tube and vortex immediately (see Note 9).

4. Aliquot 10 pl of reagent mixture to each well in 8 tube strip.

. Add 5 ul of TNA sample to each well in 8 tube strip.

6. Incubate strips in easyQ incubator for 2 min at 65°C and 2 min

10.

at 41°C (program 1).

. While strips are incubating, add 5 ul enzyme into 8 strip caps.

. After incubation, secure caps on tubes. Spin briefly in micro-

centrifuge, flick tube to mix thoroughly, and spin again. Move
strips to easyQ analyzer (see Note 10).

. Open “NucliSens® EasyQ Sample Login,” enter sample 1D

and plate setup, and save the file in the default folder. Open
“NucliSens® EasyQ Analysis Software,” go to File, and open
the file saved above. Select Edit, change the run time to 90 min
(see Note 11). Click the Runs button located on the left mar-
gin, and place strips onto the NucliSens® EasyQ plate. Confirm
that the temperature is 41°C, then click Start (see Note 12).

When run is complete (00:00 time is left), click “Out” to move
tray to out position. Remove tube strips from the NucliSens®
EasyQ Analyzer and discard properly. Go to “NucliSens®
EasyQ Data Analyzer” to analyze the data.

. Open “NucliSens® EasyQ Data Analyzer.” Click the “Start

Import of Measurement Data” button, select corresponding
file and open.

. View general tab, calculated data tab, or raw graphic data tabs

to view results.

. Set the threshold as 20% higher than the endpoint signal from

the extraction negative control and determine the TTP for
each sample on the calculated data tab, then export the data
into a new excel spreadsheet.

. Using the log number of conidia in the external standard and

the paired TTP data, draw a standard curve and evaluate the
linearity by calculating the R square and the linear equation and
determine the best linear quantification range (see Fig. 1b).
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. Calculate the conidia equivalents (CE) for each TNA sample

extracted from lungs and BAL fluids by placing the TTP values
on the standard curve (see Note 13).

. Estimate the fungal burden in lung tissue and BAL fluids after

accounting for the dilution factor.

4. Notes

. NucliSENS lysis buffer can be stored at an ambient tempera-

ture from 2 to 30°C before opening but should be stored at
2-8°C after opening. Make sure to equilibrate the buffer at
room temperature for at least 30 min before use if it is stored
at lower temperature.

. We choose lysing matrix D in this protocol because other

matrix tubes provided by MP contain smaller beads, which
tend to clog the narrow ends of the disposable tips used on the
easyMAG?® instrument and may result in an extraction failure.

. The Pan-Aspergillus real-time NASBA assay was designed for

detecting Aspergillus spp. and showed a high degree of
specificity >95%. However, due to the fact that Penicillium
chrysogenum is 99% homologous to Aspergillus spp. in the
amplifying region, the cross-reaction from this species would
be expected. Other species like the AIDS pathogen P. marnef-
fei (26) have the potential to cross-react. This assay did not
cross-react with other fungal and bacterial species tested in our

lab.

. Place samples on ice between each FastPrep cycle to rapidly

cool down the temperature inside of the tube. When finishing
the FastPrep step open cap to degas before the incubation.
Because the foam will be produced during the FastPrep, cool-
ing and degassing will help to reduce the volume.

. The incubation time can be increased if any visible tissue chunk

still exists after 1 h incubation. Additional time of digestion
and the shaking platform help thorough digestion.

. Depending on the density of the original conidia suspension,

greater dilutions may be needed for accurate counting.

. At least 2 h incubation time at -20°C is required. Less time for

precipitation will reduce the final yield of the purified beacon.

. Do not vortex the enzyme. Enzyme must be used within 1 h

of reconstitution.

. If more than 8 reactions are desired, pool reagent diluent,

water, KCI, and primer/beacon mix. Add appropriate number
of reagent accuspheres to tube and vortex immediately. If less
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than 8 reactions are desired, add 64 pl reagent diluent directly
to reagent accusphere and vortex immediately. Once sphere is
in solution, reagent may be aliquoted and stored at -70°C for
up to 2 weeks with 1 freeze—thaw. Proceed with addition of
water, KCI, and primer/beacon mix. Do not freeze after addi-
tion of water, KCI, and primer/beacon mix.

These steps should be performed quickly to keep temperature
at 41°C.

Make sure that the sample ID, plate setup, and running profile
are ready before proceeding with NASBA assay setup. Do
not leave them until step 8 is finished, otherwise it won’t be
possible to get the instrument ready without miscalculating
the TTP.

Do not close the window of “NucliSens® EasyQ Analysis
Software” before NASBA run is completed (data will be lost).

The CE calculation can only be made within the linear
quantification range of the standard curve. Be careful when the
TTP value falls outside of the range. The externalization is not
recommended. Because the amplification efficiency, which is
reflected by the slope of the equation, is different from what is
determined for the linear quantification range when the amount
of template is too low or too high, the application of the equa-
tion on outliers will bias the real fungal burden. Thus, leave the
CE estimation as such (<lower linear quantification limit or >
higher linear quantification limit) when you have outliers.
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Chapter 7

Differentiation of Fungi Using Hybridization Probes
on the LightCycler®

Stephan Fricke, Nadja Hilger, Christopher Oelkrug, Arne C. Rodloff,
and Christian Fricke

Abstract

The polymerase chain reaction is a powerful molecular tool for the detection and analysis of very small
amounts of DNA. Today, hybridization probes are often used in real-time PCR for more sensitive and specific
detection of pathogens and for determination of gene regulation or mutation analysis instead of intercalating
dyes like SYBR Green. Here, we describe how to generate suitable primers and hybridization probes for the
specific detection of fungal DNA. Furthermore, we show the advantages of hybridization probes using the
LightCycler-PCR for the detection of different Candida spp. and Aspergillus spp. in patient blood samples.
The methods used to develop such PCR assays will also be presented in the following protocol.

Key words: Real-time PCR, Hybridization probes, Primer design, Databases, Aspergillus, Candida

1. Introduction

The most critical factor in medicine is the analysis of a wide range of
parameters in small volume patient samples. Often immunosup-
pressed patients, e.g., after solid organ transplantation or hematopoi-
etic stem cell transplantation, are affected by a number of
complications like infections with bacteria, viruses, and especially
tungi (Candida spp. or Aspergillus spp.) that also increase mortality
(1-3). An early diagnosis of invasive fungal infections is essential for
the initiation of specific antifungal therapies and to avoid the unnec-
essary administration of baseline therapy especially in cancer patients
undergoing chemotherapy. Therefore, methods for an early detec-
tion of fungal infections are still warranted since current diagnostic
tools lack sufficient sensitivity for the early diagnosis.
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Fig. 1. Principle of FRET using hybridization probes.

Real-time PCR is a powerful and reliable tool for the detection
of pathogens in serum, tissue, or blood and allows additional
quantification of the amplified DNA in real-time by using fluorescent
dyes (4, 5). The basic principle of such PCR assays is so-called
fluorescence resonance energy transfer (FRET, Fig. 1). A fluorescent
donor molecule transfers its energy to a nearby acceptor molecule
by changing the fluorescence intensity. There are different types of
fluorescent probes, e.g., TagMan probes or hybridization probes. If
the fluorescent donor probe is close to the acceptor probe and both
hybridization probes bind to the target gene sequence (e.g., DNA
of fungi), the acceptor probe emits a fluorescent signal proportional
to the amplified target DNA. The generation and analysis of melt-
ing curves after DNA amplification allows the differentiation of
Aspergillus spp. and Candida spp. (6).

We describe the development of primers and hybridization
probes for detection of different Candida spp. and Aspergillus spp.
in one sample.

2. Materials

2.1. Databases for
Design of Primers and
Hybridization Probes

1. Gene and sequence database: http://www.ncbi.nlm.nih.gov/
guide/.

2. Database for intron and exon research: http: //www.genome.
ucsc.edu/.

3. Free online tool for design of primers, e.g., http: / /www.frodo.
wi.mit.edu/primer3/.

4. Free online tool for proofing of primers: http:/ /www.premier-
biosoft.com/netprimer/index.html.

5. Roche UniversalProbeLibary: https://www.roche-applied-
science.com/sis/rtpcr/upl/index.jsp.

6. Alignment software; VectorNTI (not free): http://www.invit-
rogen.com.


http://www.ncbi.nlm.nih.gov/guide/
http://www.ncbi.nlm.nih.gov/guide/
http://www.genome.ucsc.edu/
http://www.genome.ucsc.edu/
http://www.frodo.wi.mit.edu/primer3/
http://www.frodo.wi.mit.edu/primer3/
http://www.premierbiosoft.com/netprimer/index.html
http://www.premierbiosoft.com/netprimer/index.html
https://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp
https://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp
http://www.invitrogen.com
http://www.invitrogen.com

2.2. PCR

2.3. Gel
Electrophoresis
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. The LightCycler® 480 Real-Time-PCR System, LightCycler®

480 Instrument, and Data station and software (Roche Applied
Science, Mannheim, Germany).

. LightCycler® 480 Probes Master Kit (Roche Applied Science,

Mannheim, Germany) for real-time PCR. Store at -20°C.

. Fungal DNA (50 ng/ul): For isolation of DNA from Candida

spp- and Aspergillusspp. the QiaAmp DNA Mini Kit (QIAGEN,
Disseldorf, Germany) or equivalent can be used according to
the manufactures protocol (see Note 1). Store at —20°C.

. 18SrRNA Primers (7) (100 pmol/ul): sense primer 5 uM (5'-

ATT GGA GGG CAA GTC TGG TG-3') and anti-sense
primer 20 pM (5’-CCG ATC CCT AGT CGG CAT AG-3')
for amplification of 18SrRNA of fungi (TIB MOLBIOL,
Berlin, Germany). Store at -20°C.

. Hybridization probes (7) (1 nmol) for Candida spp.: (1) probe

(5'-AGC CTT TCC TTC TGG GTA GCC ATT-3') labeled
with fluorescein (FL1) at 3" end and (2) probe (5’-TGG CGA
ACCAGGACTTTTACT TTG A-3') labeled with LightCyler
640 Red (LC1) (TIB MOLBIOL, Berlin, Germany). Store at
-20°C.

. Hybridization probes (1 nmol) for differentiation between

Candida spp. and Aspergillus spp., probe 1 (5'-CCA AGG
ACG TTT TCA TTA ATC AAG AAC GA-3') labeled with
fluorescein (FL2) at 3’ end and probe 2 (5’-TTA GGG GAT
CGA AGA TGA TCA GAT ACC-3') (Fricke et al. unpub-
lished data) labeled with LightCyler 640 Red (LC2). Store
at -20°C.

. Molecular grade water (free of DNAse and RNAse). Store at

4°C or room temperature.

. LightCycler® 480 Multiwell Plate 96 and plate foil covers

(LightCycler® 480 Sealing Foil, Roche Diagnostics, Roche
Applied Science, Mannheim, Germany). Store at room
temperature.

. Tris—Acetate—-EDTA (TAE) buffer (50x) as running buffer for

gel electrophoresis. The buffer should be diluted 1:50 for a 1x
concentrated working solution. Store the TAE (50x) stock
solution at 4°C.

. High grade agarose for the separation of PCR fragments. Store

at room temperature.

. Blue/Orange 6x Loading Dye to determine the DNA con-

centration and to observe the progress of gel electrophoresis.
Use 3 ul of the Loading Dye for 10 ul of the PCR sample.
Store at 4°C.

. 100 base pair (bp) DNA size marker (see Note 2). Store at 4°C.
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11.

. Ethidium bromide solution 10 mg/ml for DNA staining of

PCR fragments (see Note 3). Store at 4°C.

. Comb for providing slots in the agarose gel.
. Gel tray for casting the agarose gel.

. Standard electrophoresis chamber for separating the amplified

gene fragments according to their length.

. Power pack as a power source for gel electrophoresis.
10.

Image acquisition system for detection of PCR fragments
under ultra violet (UV) light.

Microwave for preparing the agarose gel solution.

3. Methods

3.1. Finding the Target
Gene Sequence for
Fungal 18SrRNA

3.2. Design of Primers

3.2.1. Selection of Primers

. Open the online gene database NCBI (http://www.ncbi.nlm.

nih.gov/guide /), which is the most used database for finding
the target sequence. Put the name of the species in the search
field, e.g., Candida albicans and the target gene 18SrRNA.
A new window will be opened (see Note 4).

. Click on “Nucleotide” and a new window will be opened with

all matches of the database.

. Search for the target gene “Candida albicans 18SrRNA gene”

to see the information about the gene sequence.

. Retrieve the DNA sequence and copy the sequence to a new

work sheet or to available alignment software, e.g., VectorNTI
(http:/ /www.invitrogen.com), because the sequence will be
important for the design of primers and hybridization probes.

It is important that for real-time PCR the length of the amplified
fragment should not exceed 200 bp (see Note 5).

1.

2.

There are some free online primer design tools that can be used,
e.g., Primer3 (http:/ /www.frodo.wi.mit.edu/primer3/)(8).

For Primer3 put your sequence in the search field (numbers in
front of gene sequence can be ignored) and define the param-
eters. Most online tools for primer design have selected auto-
matically the best primer standard conditions, e¢.g., G/C
concentration of 40-60% or a length of 18-20 bp.

. Select “Pick primers.”

. A window will appear with a collection of different primer pairs

with information about their sequence, length of the amplified
fragment, melting temperature (7] ), and position in the
sequence (see Notes 6 and 7).


http://www.ncbi.nlm.nih.gov/guide/
http://www.ncbi.nlm.nih.gov/guide/
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3.2.2. Verification
of Primers

3.3. Design of
Hybridization Probes
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1. For quality control and verification of PCR primers, free online
tools, e.g., Netprimer under http://www.premierbiosoft.
com/netprimer/index.html (registration needed) or Beacon
Designer™ Free Edition can be used. The generated primers
should not form dimers or crossdimers (see Note 8).

2. Add the sequence of the sense and anti-sense primer in the
respective field (Sequence) in 5’-3' direction.

3. Select the button “Analyze” and information about melting
temperature, molecular weight, hairpins, dimers, crossdimers,
and palindromes will be generated.

Hybridization probes are short fluorescent labeled oligonucle-
otide sequences (about 20 bp), which specifically bind within the
target sequence. Hybridization probes are more sensitive than
common intercalating DNA dyes (e.g., SYBR green) because of a
higher specificity (see Note 9). For the detection of different
Candida spp., hybridization probes were designed because of
their advantage in comparison to TagMan probes (see Note 10).
Thus, some manufacturers like Roche Applied Science developed
an online database Roche UniversalProbeLibary (https://www.
roche-applied-science.com/sis /rtpcr/upl/index.jsp) where prim-
ers and compatible hybridization probes can be found and bought
for common species, ¢.g., human, mouse, drosophila, or arabi-
dopsis thaliana. For other species, especially fungi, hybridization
probes have to be designed manually by the same procedure
described in Subheading 3.2 but some specific criteria are neces-
sary as follows:

1. The sequence which is amplified by the designed primers is
necessary (see Subheading 3.2, step 4) because hybridization
probes have to bind within this sequence.

2. Both hybridization probes bind on the same strand. The dis-
tance between the two hybridization probes should be 1-5
bases (see Note 11).

3. The melting temperature (7)) of the hybridization probes
should be 5-10°C over the T of the collected primers but
<80°C (see Notes 12 and 13).

4. The hybridization probes should not form dimers with the
primers and should be phosphorylated at the 3’ so they cannot
serve as primers.

5. The hybridization probe in the 5’-3' direction should be labeled
at the 3’ end with fluorescein and the opposite hybridization
probe should be labeled at the 5’ end with LightCycler Red
640,705 or other compatible dyes.

6. The position of the hybridization probes should bind closer
to the 3' end than the 5’ end of the target sequence (see
Note 14).


http://www.premierbiosoft.com/netprimer/index.html
http://www.premierbiosoft.com/netprimer/index.html
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Table 1

Conditions for detection of different Candida spp. and Aspergillus
spp. by using real-time PCR on LightCycler® 480

Step Target (°C) Hold (s) Ramp-rate (°C/s) Acquisition (per °C)  Acquisition mode

Denaturation (1 cycle)

95 600

4.40 None

Amplification (35 cycles), quantification

95 5
62 15
72 10

Melting curve (1 cycle)

95 30
40 30
85

Cooling
40

4.40 None
2.20 Single
4.40 None
4.40 None
2.20 None
0.19 3 Continuous
20 None

3.4. Real-Time PCR on 1.

the LightCycler® 480
System Using
Hybridization Probes

Hybridization probes: Dilute each probe (1 nmol) to a final
concentration of 3 UM (=3 pmol /ul). The fluorescent labeled
hybridization probes should not be exposed to light for a
long period of time. Hybridization probes should be stored
at -20°C.

. Primer solution: Dilute the sense primer to a final concentra-

tion of 5 uM and the anti-sense primer to a final concentration
of 20 uM (see Note 15). For this, prepare a fresh primer solu-
tion containing both primers before real-time PCR and add
2.5 pl of the sense primer (100 pmol /ul) and 10 pl of the anti-
sense primer (100 pmol/ul) to 37.5 pl water.

. Add 10 pl LightCycler 480 Probes Master (2x), 5 ul water,

1 ul primer solution (see step 2), 1.5 ul of FLL1 probe or FL.2
probe (3 uM), 1.5 ul LCI1 probe or LC2 probe (3 uM), and
1 ul DNA template in a 96-well plate (see Note 16). It is rec-
ommended to prepare a mastermix (see Note 17).

. Seal plates with a foil plate seal and centrifuge at 1,500 x g4 for

2 min. Perform real-time PCR on LightCycler® 480 system for
the amplification of fungal DNA under the following condi-
tions (Table 1). Ensure that the channels Red640 and Red705
are selected prior to starting the run.
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Fig. 2. Analysis of melting peaks of different Candida spp. after real-time PCR by using probes FL1 and LC1. Water control
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Fig. 3. Analysis of melting peak of Candida albicans after real-time PCR by using probes FL1 and LC1. Aspergillus fumiga-
tus could not be detected by using these probes.

3.5. Gel
Electrophoresis

5. After real-time PCR using the hybridization probes FL1 and
LC1, difterent Candida spp. can be detected by melting curve
analysis (Fig. 2) (see Note 18). By using the hybridization probes
FL2 and LC2 the discrimination between Candida and
Aspergillus within the same sample is possible (Figs. 3 and 4).

Gel electrophoresis of the PCR products is recommended to prove
that the correct size of the DNA fragment has been amplified after
real-time PCR.

1. Fora 1x concentrated working solution of Tris—Acetate—-EDTA
buffer (TAE) dissolve a 50x concentrated stock solution of
TAE buffer in a dilution of 1:50 with water. Store at room
temperature.
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Fig. 4. Analysis of melting peaks for detection of Candida albicans and Aspergillus fumigatus within one sample after real-
time PCR by using probes FL2 and LC2. C. albicans (approx. 66°C) and A. fumigates (approx. 53°C) showed different
melting points. Water control shows no melting peak.

2. Prepare a 2% agarose gel (see Note 19) by mixing 2 g agarose
with 100 ml 1x TAE bufter. Dissolve the agarose by boiling
the mixture in a microwave at 800 W for 3 min until the solu-
tion is clear.

3. Let the gel solution cool down to 60°C.

4. Put the comb into the gel chamber. Fill in the liquid agarose
solution and gently remove air bubbles. Be sure that the gel
chamber is sealed to avoid spilling the liquid agarose.

5. After polymerization for 15 min, transfer the gel to an electro-
phoresis chamber and fill the chamber with 1x TAE buffer
until the gel is completely covered. Remove the comb
carefully.

6. Add 10 pul of the DNA size marker in one slot.

7. Mix 3 ul loading buffer with 10 pul cDNA per sample amplified
by the PCR and transfer the samples carefully into the slots.

8. Connect the electrophoresis chamber with the power station and
set the voltage and runtime. For a 2% agarose gel (100 ml) the
settings are approximately 110 V for 60 min (see Note 20).

3.5.1. Staining of DNA 1. To stain the DNA in the agarose gel, transfer the gel to an
Fragments in the Agarose ethidium bromide bath after completion of the electrophoresis
Gel and incubate it for about 30 min (see Notes 3 and 21). For

this, dissolve 300 pl of the ethidium bromide solution (10 mg/
ml) in 500 ml water. Alternatively ethidium bromide or other
dye can be added to the gel at the set-up stage

2. After incubation the gel should be washed for 10-20 min in
water to remove excess ethidium bromide.
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Fig. 5. Analysis of the length of the amplified 18sRNA fragments of Candida spp. and
Aspergillus spp. after real-time PCR by gel electrophoresis: (1) C. tropicalis, (2) C. parap-
silosis, (3) C. dublinensis, (4) C. glabrata, (5) C. ablicans, (6) A. fumigatus, (7) negative
control (water). The base pair marker (GeneRuler™ Low Range DNA Ladder, Fermentas)
is shown in the first lane.

3. Transfer the gel to the image acquisition system, which can
detect dyes activated by UV rays. Take a picture according to
the manufacturer’s recommendations (Fig. 5).

4. Compare the length of the PCR fragments with the size marker
and check the correct length of the amplified fragment has
been generated.

4. Notes

1. For the isolation of DNA, kits and reagents from different
companies are available. DNA isolation procedure often
depends on the kind of fungi and sample material. Special
modifications in the DNA isolation protocol for Aspergillus
spp- should be made (7). After isolation, the DNA concentra-
tion should be measured before the PCR run (e.g., by
photometry).

2. The use of the marker depends on the length of the amplified
PCR fragment. Commonly used markers are 100 bp markers
but should be adapted to the length of the amplified PCR
product.

3. Ethidium bromide is a mutagenic dye, which intercalates
between double-stranded DNA. It is strongly recommended
to wear specialized gloves (e.g., nitrile gloves) for protection if
you are working with ethidium bromide.
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4. The target sequence should be unique for the species investi-
gated by real-time PCR.

5. Longer products may decrease the exponential phase during
the amplification process and the efficiency of PCR assays.
The efficiency depends also on the nucleotide concentration.
Longer fragments decrease the concentration of the nucle-
otides during the process and therefore decrease the PCR
efficiency. However, amplification of longer fragments can
work and is target dependent.

6. The length of the fragment has to be detected by gel electro-
phoresis after real-time PCR to prove that the correct size
product was amplified.

7. The melting temperature (7)) is calculated from the length of
the primer and depends on the base pairs A, T, C, and G.
There are other methods to calculate the melting temperature
(e.g., Wallace rule). The melting temperature describes the
temperature where 50% of the primers are bound to the DNA
and is critical in the determination of the annealing tempera-
ture. The annealing temperature of the primers should be
3-5°C under the T' and is defined as the maximal temperature
where the primers bind to the complementary DNA. No sam-
ples will be amplified if the annealing temperature is too high.
In contrast, low annealing temperatures lead to an unspecific
binding of primers.

8. Primers often form dimers or crossdimers because of their
short length and complementarity. Primer dimers are mostly
seen in water controls. They align with themselves (dimers)
or sense and anti-sense primer align with each other (crossdi-
mers). They give false-positive fluorescence signals during the
amplification process. After analysis of the melting curves,
they can be seen as additional peaks. Primer dimers mostly
show a lower melting temperature than the target gene
fragments.

9. Common fluorescence dyes like SYBR green are intercalating
dyes and are incorporated in double-stranded DNA. Therefore,
fluorescence signals of primer dimers or other unspecific
amplified products can be measured and can decrease the
specificity of the PCR assay.

10. TagMan probes consist of only one probe with bound dyes
(quencher and reporter). The quencher suppresses the
fluorescence signal of the reporter as long as the probe binds
to the target sequence. The Taq polymerase cleaves the probe
during the elongation process and quencher and reporter dye
are removed from each other leading to an increased
fluorescence signal. TagMan probes are highly specific and one
disadvantage is the requirement of different probes for difter-
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ent sequences. In comparison, hybridization probes are able to
distinguish between different species dependent on changes in
the base pair composition of the target sequence.

There will only be a fluorescence signal, if the hybridization
probes bind simultaneously on the target gene fragment and
are near enough to each other.

After denaturation of DNA, primers and hybridization probes
bind to their complementary target sequence on the DNA.
A higher annealing temperature leads to a stronger hybrid-
ization to the target sequence. Primers and hybridization
probes bind to the same target sequence and can compete
with each other. Thus, the melting temperature of the
hybridization probes should be higher than the melting
temperature of the primers, which results in a stronger bind-
ing of the hybridization probes leading to higher fluorescence
intensity.

Both hybridization probes bind to the same single strand,
whereas one of the two primers binds to the sense strand
(5'— 3’ direction, sense primer). The second primer binds to
the anti-sense strand (3'—5’ direction, anti-sense primer).
After binding of primers and hybridization probes, the Taq
polymerase extends the strand in 5'—3' direction
(Amplification). The optimum temperature for the Taq poly-
merase is 72°C. Therefore, melting temperatures should be
chosen lower than 80°C. Too high melting temperatures could
lead to an interference of the amplification process with the
annealing process of the hybridization probes.

Because of the existing competition between primers and
hybridization probes, the hybridization probes should lay
closer to the 3’ end of the target sequence and thus far away
from the sense primer. During the amplification process, the
hybridization probes dissociate faster from the single strand
when they are closer to the 5’-end of the sense primer because
of interference with the Taq polymerase. This could lead to
incorrect measurements of fluorescence signals. It is recom-
mended to order and produce the designed probes by special-
ized firms (e.g., TIB MOLBIOL, Berlin, Germany).

This is known as asymmetric PCR and it results in the increased
amplification of the strand to which the probes bind, ultimately
increasing the signal. The optimum concentration must be
tested for each primer.

Mostly in real-time PCR, the final concentration of cDNA
should not exceed 100 ng.

Prepare two mastermix for each probe pair (do not put them
together in one mix) and prepare each mastermix for two sam-
ples more.



The melting points are dependent on the sequence homology
between the amplified PCR product and the hyb-probes.

The percentage of the agarose gel depends on the length of the
amplified target fragment. The smaller the fragment, the higher
should be the agarose concentration.

The running time and voltage for gel electrophoresis depends
on the size and concentration of the agarose gel.

Ethidium bromide can also be added directly in agarose gel
before electrophoresis. Ethidium bromide is positively charged
thus it runs in the opposite direction to the negatively charged
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Chapter 8

Quantitative and Multiplex Detection of Pathogenic Fungi
Using Padlock Probes, Generic qPCR, and Suspension
Array Readout

Magnus Jobs, Ronnie Eriksson, and Jonas Blomberg

Abstract

The multiplexing qualities of padlock probes and Luminex™ technology combined with the well-estab-
lished quantitative feature of qPCR were the base for a ten-plex fungal detection protocol that quantita-
tively reveals ten different fungal species in a single experiment. Padlock probes are oligonucleotides
designed to form circular DNA when hybridizing to specific target DNA. The 5" and 3’ regions of the
probes meet and ligate only when a specific target sequence is present in the examined sample. The region
of the padlock probes that separates the target-specific 5’ and 3’ ends contains general primer sequences
for amplification of circularized probes by means of rolling circle amplification (RCA) and qPCR. The
interspersed region also contains specific tag sequences for subsequent Luminex™ recognition.

Key words: Multiplex, Padlock probes, Rolling circle amplification, Fungal detection, Suspension
microarray

1. Introduction

A protocol for simultaneous quantitative detection of ten different
fungal species is described (1). The protocol involves padlock
probes, qPCR, and Luminex™ technology. A padlock probe is a
long oligonucleotide designed to hybridize to a specific target
sequence so that the 5" and 3’ ends of the probe meet. The nick
between the two ends can be closed via enzymatic ligation, result-
ing in a circularized probe (2). Circularized probes can be detected
via rolling circle amplification (RCA) and/or PCR followed by
amplification product detection (3). The amplification of circular-
ized probes is made possible by including targets for amplification

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
DOI 10.1007/978-1-62703-257-5_8, © Springer Science+Business Media New York 2013
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Fig.1. Outline of the padlock probe concept. (a) The 3’ and 5’ regions of the padlock probe (indicated in black and with
black arrows) are complementary to a specific target sequence. The internal region contains a sequence designed for a
general primer pair (indicated in /ight gray and with a light gray arrow) and an address sequence (indicated in white and
with a white arrow). (b) When the target-specific regions hybridize to the target the 3’ and 5’ ends meet (the nick is indi-
cated with an arrow), and via a ligation reaction the padlock probe becomes circularized. (¢) A biotinylated primer (dark
gray and pointed out with a dark gray arrow), complementary to one part of the general primer pair region, is then hybrid-
ized. (d) A rolling circle amplification (RCA) is performed generating a long repetitive sequence. (e) Finally, using the general
primer pair (one of the primers is the same as used for the RCA), PCR is performed on the RCA product. The PCR product
contains the address sequence and a biotin moiety for subsequent detection in the Luminex™ instrument.

primers in the padlock probe region separating the 5 and 3’
regions. Detection of amplification products can be done in several
ways. One clever way is to introduce a specific address tag sequence
in the interspersed region that amplifies along with the rest of the
circularized probe (4). If one or two fluorescent primers are used,
amplification products can then hybridize to solid phase bound
anti-tag sequences (i.e., microarray spots or Luminex ™ beads) and
be detectable (5).

Padlock probes have successtully been used in various multi-
plex detection systems. The advantage of padlock probes in multi-
plexing is both the specificity of the ligation reaction that forms the
circularized probes and the possibility of using a single PCR
amplification primer pair common for all padlock probes included
in the multiplex assay when amplifying the ligation products (6-8).
The protocol described here is for a ten-plex fungal detection panel
that quantitatively detects ten clinically important fungi. The tech-
nique is built on the padlock probe concept but two readouts are
used: (1) a SybrGreen™ real-time PCR for quantification of circu-
larized padlock probes and (2) suspension array technology (i.c.,
Luminex ™) for identification of amplified sequences (1). In Fig.1a, b,
the padlock probe concept has been outlined, illustrating the dif-
ferent sections of the padlock probe and how the probe can hybridize
and become circularized when a target sequence is present.
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The RCA and subsequent real-time PCR (qPCR) using a single
universal primer pair (one labeled primer) is also illustrated in Fig.
lc—e. The Luminex™ suspension array consists of fluorescence
coded microspheres with coupled oligonucleotide anti-tag
sequences for capturing of amplicons containing the sequence tag.
Thus, a bead is analogous to a microarray spot (5). The combina-
tion of two readouts of padlock probe ligation, first via SybrGreen™
qPCR and then by suspension microarray technology, allows the
well-established quantitative aspects of qPCR with a wide dynamic
range to be combined with specific identification via the high mul-
tiplex capacity of padlock probes. Included in the protocol is a
strategy for improved hybridization of PCR amplicons to the bead
bound anti-tag. By letting labeled oligonucleotides hybridize to
the 3’ and 5’ end region of the amplicon these regions become
blocked for rehybridization to the complementary strand. This
reduces competition between the anti-tag and the competing
strand. Moreover, the fluorophores on the end covering oligonu-
cleotides contributes to an improved detection signal.

2. Materials

2.1. DNA Isolation
Gomponents

2.2. Synthetic Targets,
Primers, and Probes

2.3. Padlock Probes,
Ligation, and RCA
Components

Solutions should be prepared using ultrapure water. Pre-PCR
reagents should be handled in a clean room well separated from
post-PCR activities. Use “PCR-grade water” when diluting stocks
and working solutions of oligonucleotides. Shelf products in use in
this protocol should be handled and stored according to the manu-
facturer’s instructions. Oligonucleotides and PCR reagents should
be stored in -20°C and bufters and microspheres at 4°C.

. NucliSENS® Extraction system (BioMerieux).

. 0.5 mm-diameter zirconium-silica beads.

. Tissuelyser (Qiagen AB, Stockholm, Sweden).

. 2 mL Eppendort safe-lock tubes.

. NucliSENS® easyMAG™ lysis buftfer.

. 2x Sputolysin® (Calbiochem, San Diego, CA, USA).

N Ul W~

1. Oligonucleotides (Table 1) (see Note 1).
2. Denhartd’s solution (Sigma Aldrich, St Louis, MO, USA).

1. Padlock probes for the fungal species included in the assay, all
5’ phosphorylated (Table 1).

2. General forward primer Biot-5-AAGATATCGTAAGGAT-3’
(5’ biotinylated) 1 uM.
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2.4. PCR Components

2.5. Suspension Array
Components (Coupling
of Anti-tag
Oligonucleotides)

2.6. Components

for Suspension Array
Hybridization and
Detection

. 10x Ampligase® reaction buffer and Ampligase® thermostable

DNA ligase (Epicentre Biotechnologies, WI, USA).

4. PCR-grade water (Applied Biosystems, Stockholm, Sweden).

. Padlock probe mix with 10 nM of each padlock probe.

6. 10x Phi29 buffer (Fermentas, Vilnius, Lithuania) and Phi29

SN NV R )

)}

DNA polymerase 10 U/uL.

. dNTP 10 mM.
. BSA 2 pg/uL.

. 10x SYBR® Green PCR Buffer.

. dNTPs including dUTP 12.5 mM.

. AmpliTaq Gold® DNA Polymerase 5 U/plL.

. AmpErase® UNG 1 U/ulL.

. Rotor-Gene 3000 (Corbett Life Science, Concorde, New

South Wales, Australia).

. 0.2 mL PCR tubes.
. Rotor-gene 6.1.

. General forward primer (see Subheading 2.3) and general

reverse primer 5-TTGGATAAGTGGGATA-3" 10 pM of
each.

. 5" C-12 amino-modified oligonucleotide anti-tags 100 pM

(Table 2).

. Ten sets (Table 2) of carboxylated polystyrene FlexMap™

microspheres (Luminex Corporation, Austin, TX, USA).

. 0.1 M 2-Morpholinoethane sulfonic acid (MES, pH 4.5) MES

buffer.

. Desiccated 1-Ethyl-3-3-dimethylaminopropyl carbodiimide

(EDC) (Pierce Thermo Fisher Scientific).

. 0.02% Tween-20.

6. 0.1% SDS, Tris—EDTA (TE, pH 8.0) bufter.

. Table-top ultrasonic cleaner.

. Tetramethyl ammonium chloride (TMAC) hybridization buf-

fer (4.5 M TMAC, 0.15% sodium lauryl sarcosinate; “sarkosyl”
(Sigma), 75 mM Tris-HCI pH 8, and 6 mM EDTA pH 8).

2. TrissEDTA (pH 8.0) buftfer.

. 5" Cy3-labeled end covering oligonucleotides (Cy3-5'-

ATCCTTACGATATCTT-3' and Cy3-5'-
TTGGATAAGTGGGATA-3') at 10 uM.

. Streptavidin-R-Phycoerytrin = 0.15 pg/pl.  (Qiagen AB,

Stockholm, Sweden).
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Table 2

Outlines of the amino-modified carbon 12-linked anti-tag sequences that are

coupled to different color-coded microspheres

Anti-tag for Anti-tag sequence Microplex™ xTAG
A. flavus N-C12-ATTGGTAAATTGGTAAATGAATTG LUA-7
A. fumigatus N-C12-TTAGATGAATTGTGAAGTATTTAG LUA-90
A. nidulans N-C12-TGAAATGAATGAATGATGAAATTG LUA-35
A. niger N-C12-GTAAAAAGAAAGGTATAAAGGTAA LUA-30
C. albicans N-C12-GATTTGAAGATTATTGGTAATGTA LUA-4
C. glabrata N-C12-GATTGATTATTGTGATTTGAATTG LUA-5
C. tropicalis N-C12-TGATATGAATTGGATTATTGGTAT LUA-70
C. parapsilosis N-C12-GTTAGTTAGATTATTGTTAGTTAG LUA-80
Cr. Neoformans N-C12-GTAAGATGTTGATATAGAAGATTA LUA-9
. jiroveci N-C12-TAATGTTGTGAATAATGTAGAAAG LUA-40

The anti-tags match tags included in padlock probes targeting the different fungal species indicated. Pre-coupled
microspheres, with the same anti-tags, can be ordered directly from the Luminex™ and the table points out the

corresponding Microplex™ microspheres

. Non-skirted thin-wall 96x 0.2 mL microplates (Bioplastics,

Landgraaf, The Nederlands).

. Heater block part # 67-50066-00-001 (Luminex Corporation,

Austin, TX, USA).

. Thermostar microplate shaking table (BMG lab thechnologies,

Germany).

. The Luminex™ 200 system (Luminex Corporation, Austin,

TX, USA).

. STarStation software (Applied Cytometry System, Sheffield, UK).

3. Methods

3.1. Preparation
of Standards Using
Synthetic Targets

. Prepare stock solutions of synthetic targets 100 pM

(100 pmol /uL) according to instructions from the oligonucle-
otide manufacturer (see Note 1). Prepare two pools of syn-
thetic targets, one pool of targets for low-efficiency padlock
probes (marked with down arrow in Table 1) and one pool of
targets for high-efficiency padlock probes (marked with up
arrow in Table 1). Prepare the two pools so that each of the
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3.2. Dilution
of Oligonucleotides
(Probes and Primers)

3.3. Goupling

of Anti-tag
Oligonucleotides
to Microspheres

five targets included in a pool makes up one-fifth of the total
copy number in the pool.

. Do this by mixing 10 pL from each stock of synthetic targets

belonging to the same category. Add 251 uL. PCR-grade water
to the 50 pL pool stocks so that the pools contain
10" molecules/puL (all five molecule species combined).

. From here, use 0.05x Denhardt’s solution instead of pure

water when preparing the standard dilution series.

. Dilute 1,000 times (1 pL target pool plus 999 pL 0.05x

Denhardt’s solution).

. From that solution dilute five times (50 pL target pool plus

200 pL 0.05 Denhardt’s solution).

. From this solution serially dilute by a factor of 10 (10 pL tar-

get pool plus 90 pL. 0.05x Denhardt’s solution) until a series
ranging from 0.2 x 10> molecules/pl.t0 0.2 x 10’ molecules /pL
has been established. Make sure to vortex every new dilution
thoroughly before preparing the next dilution in the series.

. Dilute padlock probes and primers in PCR-grade water to

100 uM (100 pmol /L) stock solutions (follow manufacturers
instruction for reconstitution).

. Prepare 1 uM work solutions of each padlock probe by dilut-

ing the main stock solutions a hundred times.

. Prepare a mixture of all ten padlock probes with a 10 nM con-

centration of each padlock probe (for a 500 pL. mixture take
5 pL of each padlock probe work solution and add 450 pL
PCR-grade water).

. Prepare two different general forward primer work solutions,

one 1 uM solution for use when setting up the RCA reaction
and one 10 puM solution for use when setting up the PCR. Dilute
the general reverse primer to a work solution of 10 uM.

. All dilutions can be stored in —20°C.

. Thaw two 10 mg aliquots of desiccated EDC powder.
. Remove the ten different FlexMap™ microspheres from the fridge.

Let the reagents adjust to room temperature (see Note 2).

. Resuspend the microspheres by thorough vortexing and then

sonication for 20 s.

. Transter 2.5 million (200 pL from stock) of each set of micro-

spheres to ten pre-labeled 1.5 mL Eppendof tubes (see Note 3).

. Pellet the microspheres by microcentrifugation at 28,000 x4

for 1-2 min.
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6.

7.

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Remove the supernatants and resuspend the microspheres in
25 pl. MES bufter (vortex and sonicate for 20 s).

Add 2 pL of the ten anti-tag oligonucleotides to the corre-
sponding microsphere sets and vortex.

. Prepare a fresh solution of 10 mg/ml EDC by adding 1 mL

water to one of the aliquots of desiccated EDC.

. Quickly add 2.5 pL of the fresh EDC solution to all ten micro-

sphere sets and vortex.
Incubate at room temperature for 30 min in dark.

Prepare another fresh solution of EDC by adding 1 mL water
to the second EDC aliquot.

Again quickly add 2.5 pL of the fresh EDC solution to all ten
microsphere sets and vortex.

Incubate for another 30 min at room temperature in the

dark.

Add 0.5 mL 0.02% Tween-20 to each set.

Pellet the sets by microcentrifugation at >8,000xg for
1-2 min.

Remove the supernatant and resuspend the sets in 0.5 mL 1%
SDS and vortex.

Pellet the sets by microcentrifugation at >8,000xyg for
1-2 min.

Remove the supernatant and resuspend the sets in 50 pL. TE
buffer (pH 8.0).

Prepare a mixture of all ten sets by mixing equal volumes of
each.

Store the sets and the mixture of coupled microspheres
(50,000 spheres/uL) in the fridge protected from light. (The
coupling procedure is a modification of an original Luminex™
protocol) (see Notes 4 and 5).

Clinical samples may be in the form of charcoal swabs, urine, vagi-
nal swab culture broth, bronchoalveolar lavage, or sputum.
Procedures for initiating DNA isolation vary for the different types.
Steps 1-3 represent the start of the DNA isolation procedure for
the different types of clinical samples.

1. Wash charcoal swabs in 600 pL. NucliSENS® easyMAG™ lysis

bufter by inserting the swab in a 1.5 mL Eppendorf tube con-
taining the buffer and rotate the swab thoroughly. Then pro-
ceed to step 4.

. Transfer 1 mL urine, vaginal swab broth, or bronchoalveolar

lavage to 1.5 mL Eppendorf tube and centrifuge the sample at
13,000 x4 for 20 min. Discard the supernatant and dissolve
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3.5. Ligation and RGA

the pellet in 600 pul. NucliSENS® easyMAG™ lysis buffer. Then
proceed to step 4.

. Dilute sputum samples in an equal volume of 2x Sputolysin®

(1x Sputolysin® final concentration) and vortex thoroughly.
Incubate for 20 min and then proceed to step 4.

. Perform cell lysis by bead beating. First transfer the suspension

to 2 mL Eppendorfsafe-lock tubes containing 600 pL 0.5 mm-
diameter zirconium-silica beads. Then shake the samples in a
Tissuelyser for 10 min at 30 Hz.

. Transfer the lysates to clean 15 mL Falcon tubes (leave the

beads in the original tube). Rinse the beads twice in 1 mL
NucliSENS® easyMAG™ lysis buftfer and add the rinse solution
to the collected lysate in the Falcon tube. The final volume of
cell lysate will be approximately 2.5 mL (it is impossible to
recover the entire volume).

. Add the full sample volume to a sample vessel for NucliSENS®

easyMAG™ extraction and run the extraction according to the
manufacturer’s instructions. Set the elution volume to 60 pL.
Extracts can be stored at —-20°C.

The reaction mixtures of both the ligation reaction and the RCA
reaction must be prepared in a clean room well separated from sam-
ples, synthetic targets, and PCR products from previous experi-
ments. The following protocol is based on a single reaction and
needs to be multiplied to match the number of samples analyzed. In
fact, preparing a reaction mixture for a single reaction is not recom-
mended since pipetting such small volumes accurately is difficult.
Including the two standard dilution series, counting five concentra-
tions each (described above), means that at least a volume for 10
reactions must be prepared only to cover the dilution series.

1.
2.

Thaw the material for the ligation reaction (described above).
Prepare the ligation reaction mixture by mixing 1 pL of 10x
Ampligase® reaction buffer, 0.2 pL Ampligase® thermostable
DNA ligase, 1 pL Padlock probe mixture, and 4.8 pL. PCR-
grade water.

. Add 3 pL of DNA extract to the reaction mixture, pipette-mix,

and place the reaction on a thermal cycler at 95°C for 2 min,
55°C 30 min, and keep at 4°C until the next step.

4. Thaw the RCA components (described above).

. Prepare the RCA reaction by mixing 2 pL. 10x Phi29 reaction

buffer, 2 ul. BSA, 0.5 pL forward primer, 0.25 pl. dNTP, and
0.3 puL. Phi29 DNA polymerase.

. Add 4.95 pL. PCR-grade water (to reach a volume of 10 pL).
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3.6. PCR

3.7. Measurements
in the Luminex™ 200
Instrument

7.

Finally mix the RCA reaction mixture with the fully incubated
ligation reaction (20 pL final volume) and incubate at 37°C for
30 min followed by 85°C for 4 min and keep at 4°C until the
next step.

The PCR mixture must be prepared in a clean room well separated
from samples and PCR products from previous experiments.

1.

Prepare a 25 pl. PCR mixture by mixing 2.5 ul. 10xSYBR® Green
PCR Buffer, 0.4 uL. ANTP (including dUTP), 1.5 ul. MgCL,
0.25 pl AmpliTaq Gold® DNA Polymerase, 0.25 pl. AmpErase®
UNG, and 0.75 pL of each general padlock probe primer.

2. Add 16.1 pL. PCR-grade water.

. Add 2.5 pL of the RCA product.

. Program your real-time PCR instrument (we use a Rotor-Gene

3000 from Corbett Life Science) as follows: 50°C for 2 min,
95°C for 10 min, followed by 30 cycles of 95°C for 15 s, 52°C
for 15 s, and 68°C for 30 s. Monitor fluorescence during the
68°C step in each cycle. Monitor fluorescence in the FAM/
Sybr channel (source: 470 nm, detector: 510 nm).

. The real-time PCR will reveal any ligation event in the previ-

ous steps in the procedure so at this point it is appropriate to
review the real-time PCR data to decide whether to proceed
with the protocol or not.

. Bring all the Luminex™ components (see Subheading 2.6) to

room temperature.

. Prepare the hybridization reaction by vortexing and sonicating

(for 20 s) the anti-tag coupled microsphere mixture (contain-
ing all ten anti-tag coupled microspheres).

. Dilute the microsphere mixture in TMAC hybridization solu-

tion by mixing 1.5 pLL microsphere mixture with 33 uL. TMAC
(use wells from low non-skirted thin-wall 96-well plates).

. Add 1 pL of each end covering oligonucleotide, 8.5 uL. TE

buffer, and finally 5 pL. PCR product.

. Pipette-mix the hybridization mixture and denature it for

2 min at 95°C (preferably in a 96-well PCR instrument).

. Place the wells in a heater block on a shaking table heated to

50°C and allow hybridization for 30 min.

. Add 2 pL streptavidin-R-Phycoerytrin, pipette-mix, and let

the incubation continue for another 15 min.

. Prepare the Luminex™ instrument by adjusting the analysis

probe (the suction needle) to the current sample plate and run
the start-up scripts.
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3.8. Analysis

9.

10.

11.

Program the instrument to analyze median fluorescence inten-
sity (MFI) from the ten microsphere regions to which anti-tags
have been coupled.

Initiate the assay by setting the instrument to calculate MFI
based on 100 measurements from each microsphere set and
allow the Luminex™ XYP reach 50°C.

Place the heater block with the samples in the instrument and run.

PCR amplification data are preferably reviewed in the dedicated
instrument software.

1.

2.

Instruct the PCR software to automatically identify cycle
threshold (Ct) values.

MFI from all ten microsphere regions are presented as num-
bers by the Luminex™ instrument and can easily be exported
to an Excel file (or be reviewed directly in the instrument soft-
ware). Figure 2a, b shows data from a titration series of a syn-
thetic Candida glabrata sequence. The MFIs have been
exported to Excel and converted into a diagram.

. When running clinical samples, the use of standard titration

series with known starting copy numbers run in parallel makes
it possible to estimate sample copy numbers. In a ten-plex
assay ten such dilution series of the different targets would be
very impractical and expensive to include. Instead all ten tar-
gets could be pooled so that each target makes up one-tenth
of the total copy number in the pool. The SybrGreen™-based
qPCR would then detect the pool as a single target species
and the copy number of the sample could be calculated based
on the amplification of the pool (given that the sample con-
tains only one fungal species). However, we have noticed that
the padlock probes matching the different fungal species
amplify with different efficiencies resulting in different Ct val-
ues despite the same target copy numbers. Therefore, we have
categorized the padlock probes in two categories and made
two pools of targets, one pool containing targets for the more
efficient padlock probes and one for the less efficient. Both
pools contain five target species. The total copy numbers of
the five targets in a pool together makes up the standard for
each dilution step. In this way two standard curves with
slightly different slope will be produced. The two standard
curves encompass most of the differences between padlock
probes and make it possible to approximate sample copy num-
bers once the Luminex™ analysis has revealed what fungal
species was present in the sample.
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Fig. 2. The figure shows the result of padlock probe-based analyses of a titration series of a synthetic fungal DNA sequence
(Candida glabrata). (a) Results from SybrGreen™-based real-time PCR data and (b) Luminex™ median fluorescence
intensity (MFI) data. The figure demonstrates the methods’ ability to quantify a sample in ten-plex mode.



. Take special care to avoid contamination when handling con-

centrated synthetic targets. Prepare and store the high concen-
tration targets in a room separated from where the main

. Prepare several Eppendorf tubes (1.5 mL) with 10 mg EDC

aliquots in each in advance and store them in a sealed container

. Label the tubes clearly with information on microsphere region

and what fungus the corresponding anti-tag will detect.

. Coupled microspheres for 500 reactions are produced by fol-

lowing this coupling protocol so it is not necessary to do this

. Microspheres with pre-coupled anti-tags (microplex xTAG

microspheres) can be ordered from Luminex avoiding the cou-
pling procedure altogether. In Table 2 the corresponding

microplex xXTAG microspheres are indicated.
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4. Notes
laboratory work is conducted.
together with desiccant.
every time you run an assay.
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Chapter 9

Species-Specific Identification of a Wide Range of Clinically
Relevant Fungal Pathogens by the Luminex® xMAP
Technology

S. Preuner and T. Lion

Abstract

Invasive fungal infections (IFI) are a common cause of life-threatening events in immunocompromised
patients. Early detection and identification of the fungal pathogen is an important prerequisite for timely
onset of the most appropriate treatment. Methods based on fungal culture are often too slow to be clinically
useful. Other approaches to the identification of fungal species, including molecular techniques, are often
restricted to a small number of the most commonly occurring pathogens and are therefore of limited use in
the clinical setting. The development of assays for the detection and identification of a broad-range of clini-
cally relevant fungal species is therefore an urgently needed step towards optimized diagnostics of IFI.

The Luminex® xMAP technology offers a platform for the establishment of multiplex assays permit-
ting high-throughput analysis of up to 100 different target molecules in a single test. Here we describe a
Luminex®-based multiplex assay permitting rapid detection and identification of 10 fungal genera and 29
different species, including both commonly occurring and emerging fungal pathogens.

Key words: Species-specific fungus identification, Emerging fungi, Multiplex assay, Luminex® xMAP
technology, Semi-nested PCR

1. Introduction

The majority of invasive fungal infections (IFI) are attributable to a
limited number of Aspergillus and Candida species (1, 2), but the
incidence of emerging pathogens including particularly yeast-like
and filamentous fungi such as Zygomycetes has been increasing (2—
6). Moreover, the drug resistance profiles of certain fungal species
have changed over the last decades. Clinically important examples
include  Aspergillus terrews, known to display resistance to

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
DOI 10.1007/978-1-62703-257-5_9, © Springer Science+Business Media New York 2013
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Amphotericin B (4), Candida krusei, which is innately resistant to
fluconazol, and Candida glabrata, which is commonly insensitive to
other azoles (4, 7, 8). Wide prophylactic use of voriconazol, which
is active against fluconazol-resistant Candida species, could in turn
contribute to increased incidence of zygomycoses displaying inher-
ent resistance to this agent (3-5). The occurrence of resistant fungal
species, which might, at least in part, be attributable to the prophy-
lactic use of broad-spectrum antifungals, renders the choice of the
most appropriate treatment a challenging task. Despite the existence
of resistant strains within individual fungal species, recognition of
fungal pathogens at the species level mostly permits prediction of
susceptibility to individual antifungal agents. The identification of
fungal pathogens in patients at high risk of TFI is therefore an impor-
tant prerequisite for appropriate selection of treatment.

To meet this requirement, a variety of molecular assays for the
identification of fungal species have been developed. The region
most frequently targeted by molecular tests is the ribosomal (r)
DNA gene, which is present in multiple copies in the fungal
genome, and therefore permits fungus detection even in the pres-
ence of very low pathogen concentrations.

The rDNA region contains interspersed sequences, the inter-
nal franscribed spacer ITS1 and ITS2 regions, which are highly
variable among fungal pathogens, and can thus be readily exploited
for species identification. Methods for the identification of fungal
pathogens based on targeting of the ITS1 and/or I'TS2 regions
include the amplification by PCR followed by direct sequencing
(9, 10), fragment size analysis (11), pyrosequencing (12, 13), or
microarray analysis (14, 15). Additionally, several hybridization-
based platforms, combining PCR amplification of the ITS1/ITS2
target regions and subsequent hybridization to specific molecular
probes, have been developed (16-18).

To establish an efficient approach to the identification of a wide
range of fungal pathogens in the clinical setting, with the aim to also
include resistant and emerging species, we have developed a broad-
range multiplex assay based on the Luminex® xMAP technology.
The assay facilitates the identification of 10 fungal genera and 29
different fungal species (19) covering the most important Aspergillus
(n=7) and Candida (n=9) species as well as representatives of other
emerging fungal genera, such as Cryprococcus, Trichosporon,
Fusarvium, Penicillinm, Acremonium, Mucor, Rhizopus, and Absidin.
The assay for identification of fungal species was established to sup-
plement our patented panfungal real-time PCR screening assay
which includes two separate reactions, one covering primarily moulds
and the other yeasts and Zygomycetes (20). Since this assay provides
general information on the type of fungal pathogen present, we have
adjusted the Luminex® xMAP assay accordingly by dividing the
functionalized beads into two multiplex sets, one for moulds and
one for yeast/Zygomycetes in order to generate a more economic
approach to the identification of fungal pathogens.
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In the present version of the assay, carefully designed hybrid-
ization probes, including 69 species-specific and 9 genus-specific
oligonucleotides targeting the highly variable ITS2 region
(Table 1), were covalently attached to color-coded microbeads.
The microbeads are uniquely defined via different shades of red
and infrared and can be identified by their spectral address using
flow cytometry. The available spectrum of unique color codes
allows the simultaneous analysis of up to 100 different targets in
one multiplex reaction. To permit the identification of fungal
pathogens with high sensitivity, DNA purified from clinical
specimens is used as template for amplification of the ITS2
region by semi-nested PCR. Subsequently, the amplicons are
incubated with a set of microbeads carrying the indicated probes
for specific hybridization. The pre-amplification step of the tar-
get DNA is essential because fungal pathogens may be present
at very low amounts in clinical specimens such as peripheral
blood. The PCR primers used for the second round of the semi-
nested amplification are biotinylated (see Subheading 2.2), thus
permitting the detection of fungal amplicons specifically hybrid-
ized to microbead-bound capture probes by a simple biotin-
streptavidine /phycoerythrine reporter reaction leading to green
fluorescent light emission (Fig. 1). Analysis via flow cytometry
on a Luminex® instrument permits simultaneous detection of
hybridized amplicons (green fluorescence) and the microbead
involved (red fluorescence). Detection of both fluorescent sig-
nals permits the assignment of the hybridized amplicon to a
specific capture probe, thus facilitating identification of the fun-
gal pathogen. To account for potential mutations within the
target region, the capture probes were designed in a redundant
manner, including up to three different probes per fungal spe-
cies or genus targeting adjacent sequences within the ITS2
region (Table 1). If a mutation prevented the hybridization of a
fungal amplicon to one probe, the remaining probe(s) would
still permit correct identification of the pathogen.

The multiplex assays were tested for sensitivity, specificity, and
reproducibility by investigating 82 different fungal species and
strains derived from reference repositories including the ATCC
(American Tissue Culture Collection), DSM (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Germany), and
KAM (Klinische Abteilung fiir Mikrobiologie, Medical University
of Vienna, Austria).

The sensitivity (detection limit) of the assays was determined
by analyzing serial dilutions of fungal DNA as template for semi-
nested PCR amplification ranging from 10 fg to 10 pg. For the
majority of hybridization probes (58 /75), the detection limit was
10 fg of template DNA, and for the remaining probes 100 fg,
which is an equivalent of less than 1-3 fungal genomes (based on
an average fungal genome mass of about 35 fg).
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microbead

Biotin-labeled
forward primer

Hybridization
Oligonucleotide Q NH
. .

Reverse primer

Fig. 1. Principle of the Luminex assay. A double-stranded PCR product is generated by the forward (biotin-labeled) and the
reverse primers. The hybridization oligonucleotides (fungal genus- or species-specific probes), which bind to the comple-
mentary region on the PCR sense-strand, are coupled via a covalent bond (amide-bond) to the color-coded microbeads.
Detection of the PCR amplicons hybridized to the probes is performed via green fluorescent light which corresponds to the
amount of PCR product (semiquantitative measurement). The red fluorescent light identifies the class of microbeads and
thus the fungal species present.

The specificity of the Luminex assays was documented by the
absence of cross-reactions between hybridization probes and non-
homologous DNA. However, the ITS2 rDNA sequences may dif-
fer by only a few nucleotides, especially between different species
of the genus Aspergillus. In these instances, unambiguous
identification of different fungal species can be a challenging task.
Besides the careful design of hybridization probes, high stringency
conditions are used for the hybridization buffer to reduce this
problem. Although the occurrence of cross-reactions cannot be
entirely excluded (Table 2), they generally occur in one direction
only (e.g., A. terrems shows some cross-reactivity with one of the
probes for A. flavus (No 3), but A. flavus does not cross-react with
A. terreus probes]. Hence, unequivocal identification of the fungal
species is possible in most instances.

The intra-assay variability of mean fluorescence values (MFI) is in
the range of 10% for the majority of probes, but greater fluctuations
can be observed in some instances. The Luminex technology there-
fore only appears to be adequate for semi-quantitative analysis of the
fungal targets. In general, the established multiplex assays based on
the Luminex technology permit a cost-effective, fast, and reliable
identification of clinically relevant fungal pathogens. The implementa-
tion of this diagnostic approach can therefore provide the basis for
timely initiation of the most appropriate therapy and may thus help
preventing unnecessary use of broad-spectrum antifungals.
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Table 2

Cross-reactivity of hybridization probes with non-homologous
fungal strains

Strain Hybridization probe
A. flavus (KAM) A. fuml

A. terrens (DSM826) A. flav3

Penicillivm crysogenum (DSM844) A. fum2

A. glancus (KAM) A. flav3

A. vesicolor (DSM 1953) A. nidl

C. albicans (DSM 1368) C. parl

C. parapsilosis (KAM) C. lus3

Fusarinm verticilloides (DSM 62264 ) F.oxy2

2. Materials

Reagents used for fungal DNA extraction and semi-nested PCR
amplification should be prepared, whenever possible, in a laminar-
flow hood using sterile utensils.

2.1. DNA Extraction 1.

2.

15 ml Plastic tubes.

PHHYV (phocine herpes virus) cell culture supernatant, diluted
1:1,000 using molecular grade water.

. Red blood cell lysis buffer, sterilized: 10 mM Tris (pH 7.6),

5 mM MgCl,, 10 mM NaCl.

. Lyticase lysis buffer (LLB); 50 mM Tris (pH 7.6), 1 mM

EDTA (pH 8.0), 0.2% 2-mercaptoethanol, 1 U/100 pl recom-
binant lyticase.

. Acid-washed glass beads 710-1.180 um in diameter.

6. MagNA Pure nucleic acid isolation kit I (Roche).

2.2. Semi-nested PGR 1.

Amplification

. Pico Green double-stranded DNA quantification kit (Molecular

Probes, Inc., Eugene, OR).

. MagNA Pure compact instrument (Roche Diagnostics, Basel

Switzerland).

. Fluorescence spectrophotometer.

First-round primers: ITS1A forward primer 5’-TTT CAA CAA
YGG ATC TCT TGG-3" Universal ITS4 reverse primer 5'-
TCC TCC GCT TAT TGA TAT GCT-3'.
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2.3. Coupling of
Capture Probes to x®
MAP Luminex Beads

2.4. Hybridization
Assay and Luminex
Measurement

2.

Second-round primers, all 5'-end biotinylated: ITS86 I forward
primer 5'-TGA ATC ATC GAR TCT TTG AAC G-3', ITS86 11
torward primer 5'-TGA ATC ATC GAG TTC TTG AAC G-3'.

. Universal ITS4 reverse primer (sequence see above).

. PCR components for use with AmpliTaq enzyme (ABI);

10x PCR buffer, 25 mM MgCl,, dNTP set and dUTP
(100 mM).

. Heat-labile uracyl-DNA glycosylase (Roche).

6. AmpliTaq DNA polymerase (ABI).

N

IO S S ]

O 0 NN O

. Molecular biology grade water.

. X® MAP beads (Luminex, Austin, USA).

. 0.002% Tween 20 (pH 5.0).

. Activation buffer NaH,PO,.2H,0 pH 6.1.

. 50 mg/ml N-hydoxysulfosuccinimide (NHS; in activation

butfter, prepared freshly).

. 50 mg/ml N-(3-dimethylaminodipropyl)— N -ethylcarbodiimide)

(EDC; prepared freshly in activation buffer).

. 50 mM MES (2-(morpholino Jethanesulfonic acid]).

. 0.5 mg/ml bovine serum albumin solution (in 50 mM MES).
. 0.1 M MES (pH 5.0).

. 10 mg/ml EDC (prepared freshly in H,O).

10.
. TE-butter: 10 mM Tris-HCI, 1 mM EDTA (pH 8.0).

0.1% Sodium dodecyl sulfate (SDS; in H O).

. Hybridization solution (1.5x TMAC): 4.5 M TMAC solution;

0.15% sarcosyl (30% aqueous solution), 75 mM Tris—-HCI (pH
8.0), 6 mM EDTA (pH 8.0).

. Washing solution (1x TMAC): 3 M TMAC solution, 50 mM

Tris—-HCI (pH 8.0),4 mM EDTA (pH 8.0).

. Capture probes: 100 pmol/ul in molecular grade water.

(Capture probes sequences are provided in Table 1.)

. Conjugation buffer: 80 mM Na,HPO,, 18 mM KH,PO,,
30 mM NaCl.
. Streptavidin-R-phycoerythrin solution: 1 mg,/ml Streptavidin-

R-phycoerythrin diluted 1:100 in conjugation buffer.

. Luminex 100™ apparatus (Luminex Corporation, Austin, Texas).

(If another instrument is used for read-out, a number of the indi-
cated components and processes may need to be adapted).

. 70% Alcohol.
. 20% Hypochloride solution.
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12.

2.5. Real-Time PCR for
the Gontrol of Effective
DNA Extraction
(Measurement of
PHHV Target)

o

. Aqua destillata.
10.
11.

Luminex® Sheath Fluid (Luminex).

Luminex® calibration microspheres (L-100 Call and L-100
Cal2; Luminex).

Luminex® control microspheres (L-100 Conl and L-100 Con2;
Luminex).

. 2x Gene Expression Mastermix with UNG (ABI).
. PHHYV forward primer: 5'-GGG CGA ATC ACA GAT TGA

ATC-3'.

. PHHV reverse primer: 5'-GCG GTT CCA AAC GTA CCA

A-3'.

. PHHV probe (5’-FAM-labeled, 3'black hole quencher): 5'-

TTT TTA TGT GTC CGC CAC CAT CTG GAT C-3'.

. Tagman instrument, e.g., ABI 7900 or 7500.

3. Methods

3.1. DNA Extraction All steps are performed in a laminar flow hood using one-way ster-
ile utensils. Reagents used for DNA extraction are filter-sterilized
(see Note 1).

3.1.1. DNA Extraction 1.

from Fungal Strains Used
as Positive Controls 2

3.1.2. DNA Extraction 1.

from Peripheral Blood
Specimens 2

Homogenize a loopful of individual colonies of each fungus
culture in 500 pl of LLB and incubat at 37°C for 1 h.

. After incubation, acid-washed glass beads are added (see Note 2)

and the solution is vortexed thoroughly for 2 min (see Note 3).

. Approximately 400 pl of the supernatant is spiked with 5 pl of

PHHYV (phocine herpes virus) cell culture supernatant, diluted
1:1,000 using molecular grade water, which serves as a control
for efficient DNA extraction.

. DNA extraction is performed on the MagNA Pure compact

instrument using the MagNA Pure compact nucleic acid isola-
tion kit I, as described by the manufacturer (see Note 4).

. DNA concentrations are determined by the PicoGreen dou-

ble-stranded DNA quantification kit using the F-2500
fluorescence spectrophotometer.

Transfer 3 ml of peripheral blood, anticoagulated with EDTA,
to a 15 ml plastic tube.

. Fill tube with red blood cell lysis buffer and incubat at room

temperature for 15 min.
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3.1.3. DNA Extraction from
Blood Culture Specimens

3.1.4. DNA Extraction from
Plasma Containing White
Blood Cells

3.1.5. DNA Extraction from
Specimens from the
Respiratory Tract and
Tissue Biopsies

3.2. Semi-nested PCR
Amplification

3. Leukocytes are pelleted by centrifugation for 10 min at
2,000 xg.

4. Resuspend pellet in 470 pl LLB.

5. The subsequent steps are identical to the extraction protocol
described above.

1. Transfer 200 pl sample obtained from fungus-positive blood
culture to 15 ml tubes and add red blood cell lysis buffer.

2. The subsequent procedure is performed as described above for
PB specimens.

1. Incubate peripheral blood specimens, anticoagulated with
EDTA, at 4°C for at least 4 h to sediment the red blood cells.

2. The entire supernatant (plasma containing white blood cells) is
used for DNA extraction.

3. Centrifuged samples at 15,000 x4 for 10 min.

4. Remove most of the plasma leaving a residual volume of about
100 pl.

5. Add 430 pul of LLB.

6. DNA extraction is performed as described above.

1. Cut solid material into small pieces and homogenize in 430 pl of
LLB by vortexing (see Note 3).

2. The ensuing steps are carried out as described above.

To exclude the occurrence of contamination, multiple positive and
negative controls have to be included in each run (see Note 5).

For the first round of amplification, the universal ITS1A forward
and ITS4 reverse primers are used to amplify a gene sequence cov-
ering the complete ITS1, 5.8S, and ITS2 regions as well as por-
tions of the 18S and 28S regions of the rDNA gene. Amplicons
containing the entire I'TS2 region are generated by a second round
of amplification using the 5’ end biotinylated reverse primer I'TS4
and two 5’ end biotin-labeled forward primers, I'TS86-1 and
ITS86-11, which hybridize to the 5.8S region of the rDNA gene.
The second forward primer, ITS86-11, is necessary for ade-
quate amplification of Candida krusei and Absidia corymbifera.

1. Set up PCRs in a total volume of 25 pl containing GeneAmp
10x PCR buffer II, 2.5 mM MgCl,, 5 mM deoxynucleotide
triphosphate, dATP, dCTP, dGTP, and a 1:8 ratio of dUTP to
dTTP, 400 nM of each primer, 0.25 U heat-labile uracyl-DNA
glycosylase (for the first round of amplification only; see Note
6), 2.5 U AmpliTaqg DNA polymerase, and molecular biology-
grade water (see Note 7).
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3.3. Coupling of
Capture Probes to x®
MAP Luminex Beads

2. Use 5 pl template rDNA for the first round of amplification.

3.

The PCR is performed as follows: 10 min at 37°C (UDG activa-
tion); 95°C for 10 min (polymerase activation); 35 cycles of 95°C
for 30 s, 55°C for 30 s, and 72°C for 30 s; and a final extension at
72°C for 10 min, followed by cooling at 4°C.

. Use 3 pl first-round PCR product as template for the second round

of amplification (see Note 8).

. The amplification conditions for the second round of

amplification are identical to the first round of PCR, except for
omission of the initial UDG activation step.

It is reccommended to test the patient samples at least in dupli-

cate reactions. To assess the amplification efficiency of the target
sequences by semi-nested PCR and to identify cross-contamina-
tion, multiple positive and negative controls have to be included in
each run (see Note 9).

1.

100 pl or 1.25 million of the appropriate Luminex® beads are
used for coupling reactions (see Notes 10 and 11).

. The bead solutions are supplemented with 0.002% Tween 20,

briefly vortexed, and centrifuged for 4 min at 11,000 x 4.

. Wash the beads once with 500 pl activation buffer (see Note 12)

and resuspend in 192 pl activation buffer by brief vortexing
and sonication.

. Add 24 pl of fresh NHS sodium salt solution and 24 pl of fresh

EDC solution (see Note 13).

. Incubate vials in the dark for 20 min in an ultrasonic bath.

6. Add 0,0002% Tween 20 and centrifuge for 4 min at 11,000 x g,

10.

11

13.

carefully remove the supernatant.

. Wash beads using 500 ul 50 mM MES bufter, 0.002% Tween 20

before resuspending in 250 pl 50 mM MES buffer without
Tween.

. Add 250 pl BSA solutions and incubate the vials for 2 h in the

dark under permanent agitation.

. The samples are supplemented with 0.002% Tween 20 and cen-

trifuged for 4 min at 11,000xg, the supernatant is carefully
removed. The beads are washed twice with 500 pl 0.1 M MES
0.002% Tween 20, and resuspended in 30 ul 0.1 M MES.

Incubate beads in the dark with 10 pl of the capture probes
and 10 pl of freshly prepared EDC for 1 h under agitation.

. After 30 min, add 10 pl of a freshly prepared EDC solution.
12.

Wash beads with 1 ml of 0.02% Tween 20 and subsequently
with 1 ml of 0.1% SDS.

Beads are resuspended in 100 pl TE buffer and stored in the
dark at 4°C (stock solution, see Note 14).
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3.4. Hybridization
Assay and Luminex
Measurement

3.5. Real-Time PCR

to Control for Efficient
DNA Extraction
(PHHV-PCR)

The Luminex assays were optimized for two multiplex reactions
(Aspergillus/Emerging fungi [EMF] and Candida/EMF) instead
of three reactions described earlier (19). This approach improves
the efficiency and throughput in the analysis of patient specimens.

The combination of different oligonucleotide-coupled xMAP®

beads used for the Luminex assays is depicted in Tables 3 and 4.

1.

The oligonucleotide-coupled xMAP® beads are selected, resus-
pended by vortexing and sonication, and diluted 1:10 in TE
buffer (working concentration).

. The hybridization mixture contains 0.5 pl of each type of coupled

beads (corresponding to approximately 5,000 beads per reaction),
22 ul of hybridization solution (1.5x TMAC; see Note 15), 5 pl of
biotinylated PCR amplicons (derived from patients specimens and/
or control samples). Add TE buffer to a total volume of 50 ul.

. Incubate the reaction mixture for 5 min at 95°C in a PCR thermo-

cycler followed by 15 min at 55°C.

. After hybridization, pellet the beads for 3 min at 1,800xg and

wash once with 100 pl of washing solution (1x TMAC).

. Incubate the beads with 100 pl conjugation buffer and 2 pl

of streptavidin-R-phycoerythrin solution for 5 min in the dark
(see Note 16).

. The Luminex® 100 apparatus is preset as described by the

manufacturer. The detection of PCR-positive /negative signals
is performed on the Luminex® 100 apparatus by analyzing 50
beads per capture probe. The raw data are expressed in MFI
(mean fluorescence intensity) values. The measured MFI val-
ues are subtracted from the background fluorescence signals
determined by parallel analysis of control samples (containing
all components except PCR amplicons; see Note 17). A signal
is regarded as positive if the MFI value is at least twice as high
as the background noise.

Multiple positive and negative controls are included in each run to
assess the amplification efficiency of the preceding semi-nested PCR
amplification of the target sequences and to exclude the occurrence
of contamination during the analysis (see Notes 18 and 19).

1.

Set up PCR in a total volume of 25 pl containing 2x Gene
Expression Mastermix with UNG, 900 nM forward primer,
900 nM reverse primer, and 200 nM Tagman® probe.

. Perform the amplification on a Tagman® instrument (e.g.,

Tagman® 7900 or Tagman® 7500) using the following cycling
conditions: 2 min at 50°C (uracil N-glycosylase-mediated deg-
radation of potentially contaminating amplicons containing
dUTP), 10 min at 95°C, followed by 50 cycles of 15 s at 95°C
and 60 s at 60°C.
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Table 3
Aspergillus/emerging fungi assay (30-Plex)

A. canl A. nig2 P. marl
A. clal A. terl F. oxyl
A. flal A. ter2 E. oxy2
A. flav2 Pan-A/P1 Pan-Fus
A. flav3 Pan-A /P2 Ac.strl
A. fuml D. chrl Ac.str2
A. fum?2 D. citl Ac.str3
A. nidl P. cit2 E. soll
A. nid2 P. siml E. sol2
A. nigl D. purl E. s0l3
Table 4

Candida/emerging fungi assay (45-Plex)

C. albl C. par2 C. tro3 Cr neo3 M. rac2
C. alb2 C. par3 C. lipl Pan-Tril ~ M. rac3
C. alb3 C. krul C. lip2 Pan-Tri2  Ab. corl
C. dubl C.kru2  C.lip3 R. oryl Ab. cor2
C. dub2 C.kru3  C.lusl R. ory2 Ab. cor3
C. dub3 C. guil C. lus2 R. ory3

C. glal C. gui2 C. lus3 M. mucl

C. gla2 C. gui3 Pan-Can M. muc2

C. gla3 C. trol Cr. neol M. muc3

C. parl C. tro2 Cr.neo2 M. racl

4. Notes

1. All solutions used for DNA extraction are filtered through
0.2 pm sterile filters (Corning; Corning, Incorporated,
Germany) to remove potentially present fungal spores.

2. For the addition of acid-washed glass beads, it is recommended
to use half of the volume of a 1 ml sterile pipette tip.
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3.

10.

To facilitate strong agitation and to intensify mechanical dis-
ruption of the fungal cell walls, it is recommended to use the
Disruptor Genie machine (Scientific Industries, New York,
USA) or a similar device.

. For optimal time management, it is suggested to set up the

MagNa Pure® instrument according to the manufacturer’s
instructions during the incubation time with LLB (1 h).

. To determine the potential occurrence of contamination dur-

ing fungal DNA extraction, at least one control sample con-
taining all required reagents but no fungal or patient material
is prepared (extraction control). To ensure adequate perfor-
mance of the DNA isolation, each patient sample is spiked
prior to DNA extraction with 5 ul PHHV (phocine herpesvi-
rus) cell culture supernatant, diluted 1:1,000 with molecular
grade water. Successful DNA extraction is determined by real-
time PCR amplification of a PHHYV target sequence and the
presence of quantitative results within the expected range.

. The use of heat-labile uracil-DNA glycosylase (UNG) prevents

contamination with PCR products by digesting PCR ampli-
cons containing incorporated dUTP. A UNG-digestion step is
therefore included in the first round of the semi-nested PCR.
Since the amplicons containing dUTDP obtained from the first
PCR round are used as template for the second round of
amplification, the UNG step has to be omitted in this step to
prevent digestion of the PCR template.

. Different commercial products of sterile water were carefully

evaluated for their eligibility for molecular fungal diagnostics. A
number of preparations were found to contain traces of fungal
DNA which resulted in false-positive PCR findings. The molec-
ular-grade water provided by 5 PRIME was found to meet the
requirements of sterility for molecular fungus analysis.

. Handling PCR products required in (semi)-nested PCR analy-

sis is a potential risk for contamination. Working in a desig-
nated area or in a PCR-hood, and using dedicated pipettes,
sterile filter-tips and other consumables helps preventing cross-
contamination.

. DNA specimens from at least three different fungal strains are

used as positive controls for semi-nested PCR and for the
Luminex assays. Duplicate samples of molecular biology grade
water are used as negative controls and for the establishment of
blank values permitting subtraction of background noise from
the measured MFI readings.

To protect the color-coded Luminex® xMap beads from light,
it is recommended to use Eppendorf 1.5 ml tubes “amber”
(Eppendorf, Hamburg, Germany) for storage and handling of
the beads.
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Chapter 10

Applied Gene Histopathology: Identification of Fusarium
Species in FFPE Tissue Sections by In Situ Hybridization

Yoichiro Okubo, Minoru Shinozaki, Megumi Wakayama, Haruo
Nakayama, Daisuke Sasai, Takao Ishiwatari, Tetsuo Nemoto,
Tochigi Naobumi, and Kazutoshi Shibuya

Abstract

Although accurate and rapid diagnosis of fusariosis is now required, morphological similarities among
molds make it difficult to histologically differentiate Fusarium spp. from other molds. In this chapter, we
present our in situ hybridization (ISH) technique as a valuable tool to identity Fusarium spp. and empha-
size the usefulness of the technique.

Key words: In situ hybridization, Fusarium species, Invasive fungal infection, Immunocompetent
individual, Peptide nucleic acid, Formalin-fixed and paraffin-embedded tissue section, 28S rRNA

1. Introduction

Invasive fungal infection (IFI) is now more common and has a
greater impactin developed countries (1, 2). In particular, Fusarium
species are widely distributed and are regarded as an emerging and
life-threatening fungal pathogen in immunocompromised individ-
uals (Fig. 1) (3). Additionally, it has been shown that Fusarium
spp. are resistant to most antifungal agents (4). Therefore, the
accurate and rapid diagnosis of the infection, especially identification
in regard to Aspergillus spp., is now needed to improve the outcome
of treatment for seriously debilitating conditions because the fungus
has little 1, 3-Beta-D-glucan, which is regarded as a target mole-
cule of the antifungal candin class. However, morphological simi-
larities among molds make it difficult to histologically differentiate
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Fig. 1. Pulmonary lesion of mouse 3 days after intratracheal infection of Fusarium solani (TIMM1303). An extensive mold
growth is observed in alveoli. Molds show hyphal growth with uniform width and partial dichotomous branching (a)
Hematoxylin and Eosin double stain, 400x, (b) Grocott’s stain, 400x).

Fusarium spp. from other molds (5). To solve this problem, we
previously reported a method of in situ hybridization (ISH) using
peptide nucleic acid (PNA) as the probe targeting the 28S rRNA
of Fusarium spp. to identify the fungus in formalin-fixed and
paraffin-embedded (FFPE) tissue sections (6). Since FFPE sections
are widely employed in routine preparations for surgical and ana-
tomical pathology (7), our proposed ISH technique may be uti-
lized in many medical institutes. Furthermore, patients can avoid
additional diagnostic procedures by analysis of the stored paraffin-
embedded block. Although further studies are needed to establish
ISH with PNA probes as an accurate and rapid diagnostic proce-
dure for fusariosis, we wish to emphasize the usefulness of our
technique involving ISH with PNA probes (Fig. 2).

2. Materials

In our proposed ISH technique, most of the materials have been
regarded as the standard tissue preparation method in medical
institutes. In the present section, we describe exceptional materials
which require several adjustments.

1. Glass slide: Silane-coated glass slide (Dako Japan, Tokyo,
Japan) is used.

2.1 mM Concentration of ethylenediaminetetraacetic acid
(EDTA) (Dojindo Laboratories, Kumamoto, Japan) buffer:
Add 0.37 g of EDTA (SIGMA product E-5134) to 11 of dis-
tilled water. Adjust pH to 8.0 using 1.0 M NaOH.

3. 0.1 M Concentration of phosphate-buffered saline (PBS):
Dissolve 29.01 g of Na,HPO4,/12H,0 and 2.96 g of
NaH,PO,/2H,0 in 100 ml of distilled water (0.1 M concen-
tration of PBS). And then, dissolve 100 ml of 0.1 M concen-
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Fig. 2. In situ hybridization with peptide nucleic acid probe in infected mice. The tissue sections were hybridized with
Fusarium spp. peptide nucleic acid probe. Strong positive signals against 28S rRNA of Fusarium spp. were observed in lung
tissue from mice infected with Fusarium solani (TIMM1303) (400x).

tration of PBS in 900 ml of distilled water (0.01 M concentration
of PBS). Finally, add 8.5 g of NaCl to the PBS.

. 10 pg/ml Concentration of proteinase K: Dissolve 20 mg,/ml

concentration of proteinase K (Nippon Gene Co., Ltd., Tokyo,
Japan) in 30 ml of 0.01 M concentration of PBS.

. 4% Paraformaldehyde: Add 8 g paraformaldehyde powder in

180 ml of distilled water and heat to 60° to dissolve. And then,
add 40 p/1 of 10 N NaOH. After paraformaldehyde is com-
pletely dissolved, cooled the solution with ice water and add
20 ml of 10x PBS. Check that pH=7.4 and filter 4% paraform-
aldehyde through a 0.45 um filter.

. 50% Formamide /2x standard saline citrate (SSC): Make a 1:10

dilution from 20x SSC stock (3 mol /1 NaCl, 0.3 mol /1 sodium
citrate )with sterile deionized water and add 1:1 formamide.

. 1.0% Periodic acid: Dissolve 0.5 g of periodic acid (Wako Pure

Chemical, Osaka, Japan) in 50 ml of water.

3. Methods

3.1. Preparation of
FFPE Tissue Block
(see Note 1)

. Fix freshly dissected tissues in 10% formalin for 24—48 h at

room temperature.

. Cut the tissues to proper size, which can be 20x20x5 mm,

and then put the tissues into embedding cassettes.
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3.2. In Situ
Hybridization

. If necessary fix the tissues in 10% formalin, again at room

temperature.

. Rinse the tissues with running tap water for 10 min at room

temperature.

. Dehydrate the tissues through 70%, 80%, and 95% ethanol,

45 min each, followed by 3 times with 100% ethanol for 1 h
each at room temperature.

. Immerse the tissues in 100% xylene 3 times for 1 h each at

room temperature.

. Immerse the tissues in paraffin 4 times for 1 h each at room

temperature.

. Embed the tissue in a paraffin block. The paraffin tissue block

can be stored at room temperature.

. Prepare a 3-pum thick paratfin section and mount it on silane-

coated glass slides (see Note 2).

2. Dry the slides for 60 min at 60°C (see Note 3).

10.

11.

12.

13.
14.
15.

. Immerse the slides in 100% xylene 3 times for 10 min each at

room temperature.

. Immerse the slides in a 100% ethanol bath 3 times for 5 min

each at room temperature.

. Immerse the slide in sterile water 3 times at room temperature

(see Note 4).

. Immerse the slide in a 1 mM concentration of EDTA buffer

(pH 8.0) for 20 min at 98°C.

. Cool the slides for 20 min at room temperature.

. Immerse the slides in PBS 3 times for 5 min each at room tem-

perature (see Note 5).

. Immerse the slides in a 10 pg/ml concentration of proteinase

K (Nippon Gene Co., Ltd., Tokyo, Japan) for 10 min at 37°C
(see Note 0).

Immerse the slides in 4% paraformaldehyde for 10 min at room
temperature.

Immerse the slides in PBS 3 times for 5 min each at room
temperature.

Immerse the slides in sterile water 2 times for 15 s at room
temperature.

Dehydrate the tissue section on the slides in graded ethanol.
Air-dry the slides for 10 min.

Apply 20 pl of 1 pg/ml concentration of PNA probe dissolved
in hybridization bufter (NIPPON GENE CO., LTD. Toyama,
Japan) and mount the coverslip on the slides (see Note 7).
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16

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Co-denature the tissue section and PNA probe by placing the
slides on a heat block (94°C) for 10 min.

Cool the slides for 5 min on a refrigerant.

Pour 50% formamide/2x SSC into the bottom of a humidity
chamber and place the chamber in the incubator (see Note 8).

Hybridize the PNA probe for 90 min at 56°C.

Remove coverslips by immersing the slides in a 2x SSC solu-
tion and allowing the cover slips to fall from the slides.

Immerse the slides in 0.2x SSC 2 times for 20 min each at
56°C.

Immerse the slides in 1.0% periodic acid for 10 min at room
temperature (see Note 9).

Wash the slides in PBS 3 times for 5 min each at room
temperature.

Incubate with anti-FITC antibody (Roche Diagnostics K.K.,
Tokyo, Japan) for 60 min.

Immerse the slides in PBS 3 times for 5 min each at room
temperature.

Incubate with a horseradish peroxidase-labeled polymer solu-
tion (Nichirei Biosciences, Inc., Tokyo, Japan) for 30 min.

Immerse the slides in PBS 3 times for 5 min each at room
temperature.

Incubate with 3,3’-Diaminobenzidine, tetrahydrochloride
(DAB) (Dojindo Laboratories, Kumamoto, Japan) in the pres-
ence of H,O,, nickel, and cobalt ions for 4 min.

Quickly immerse the slides in a 100% ethanol bath 3 times at
room temperature.

Quickly immerse the slides in 100% xylene 3 times at room
temperature.

Mount coverslips on the slides with mounting medium (e.g.,
Malinol, Muto Pure Chemicals, Tokyo, Japan).

4, Notes

. In our proposed ISH technique, the FFPE tissue block is used

as the material for analysis. This has been regarded as the stan-
dard tissue preparation method in medical institutes.

. The silane-coated glass slides are essential to our proposed

ISH. Its superior adhesion can prevent the tissue sections from
falling oft the slides.
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. Optimal dehydration is essential to remove water from beneath

the tissue sections and it makes the tissue sections adhere bet-
ter to the slides. In our laboratory we use a paraffin oven (PM-
401; SAKURA SEIKI Co. Ltd. Tokyo, Japan).

. This procedure is essential to prevent ribonuclease (RNase)

contamination. RNases are very stable and easily destroy RNA.
Great care should be taken to create and maintain an RNase-
free environment. The sterile distilled water used to prepare
solutions and bufters was treated with 0.1% (v/v) diethyl pyro-
carbonate (DEPC; Sigma). All tips, tubes, and DEPC-treated
water were autoclaved at 121.1°C for 20 min. Furthermore, to
prevent RNase contamination from the surface of the skin, dis-
posable gloves should be worn at all times.

. PBS is a buffer solution used in a variety of biological applica-

tions. Since the osmolarity and ion concentrations of PBS
match those of the human body, it is isotonic and nontoxic to
cells. Furthermore, PBS helps to maintain a constant pH. In
our laboratory, PBS is adjusted to pH 7.6 and a concentration
0t 0.01 M.

. Proteinase K digestion can increase the sensitivity of ISH due

to the partial removal of formalin crosslinking. However, it is
well known that insufficient digestion results in a poor hybrid-
ization signal, and over digestion more or less destroys tissue
morphology. Since the optimal concentration of proteinase K
varies depending upon the tissue type, size, and length of
formalin-fixation, the concentration of proteinase K should be
adjusted in each case.

. The design of the PNA probes for Fusarium spp. (N-terminus—

GAT GAT CAA CCA AGC CCA) was derived from a com-
parison of 28S rRNA genes in the GenBank database. The
N-terminus of the oligomer was conjugated to fluorescein iso-
thiocyanate via a double aminoethoxyethoxyacetate linker
(Fasmac Co., Ltd., Kanagawa, Japan).

. 50% Formamide /2x SSC is essential to maintain humidity and

prevent the slides from drying. A layer of chromatography
paper or any absorbent paper should be placed on the bottom
of the humidity chamber.

. Endogenous peroxidase activity is found in many tissues and

this may cause a high background signal. Therefore, inactiva-
tion of endogenous peroxidase is essential to increase the
specificity and sensitivity of the procedure. In formalin-fixed
tissues, this activity can be quenched by 1.0% periodic acid.
A solution of H,O, can also be used.
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Chapter 11

Application of Chip-Based Flow Cytometry for Amphotericin
B and Fluconazole Susceptibility Testing on Candida Strains

Orsolya Bouquet, Béla Kocsis, Ferenc Kilar, and lidiké Kustos

Abstract

Chip-based flow cytometry is a rather new method that offers an easy, fast opportunity for examination of
yeasts, such as Candida cells. In our study cell-chip technology was tested with ATCC Candida strains to
determine their viability and susceptibility against antifungal agents, amphotericin B and fluconazole. We
found this technology to be suitable for the detection of Candida cells, for the differentiation between
dead and living cells, and for the determination of amphotericin B and fluconazole susceptibility of differ-
ent Candida strains (Bouquet et al., Mycoses 55:¢90-¢96, 2012).

Key words: Candida, Lab-on-a-chip, MIC, Amphotericin B, Fluconazole, Flow cytometry, Agilent
2100 bioanalyzer

1. Introduction

Flow cytometry (FC) is a well-known, versatile method used for the
examination of fungal cells, even for susceptibility testing (2—4).
Different methods are available to determine minimum inhibitory
concentration (MIC) from the FC results in the literature (5, 6).

Chip-based flow cytometry is a new application that is not as
complex as the conventional flow cytometry but also offers some
advantages (7, 8). These advantages include increased sensitivity,
easy management, and low sample consumption. On the other side
only fluorescently labeled cells can be analyzed and the experimen-
tal conditions are set, less variable. The number of microbiological
applications of lab-on-a chip systems, including chip-based flow
cytometry, are growing (1), (9-11).
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We used this method to determine susceptibility of Candida
albicansand non-albicans strains to amphotericin B and fluconazole.
The measurements were carried out according to the manufactur-
er’s instruction. The most important parts of this application are
the sample preparation and evaluation of data. With the chip meth-
odology determination of MIC values were based on the differen-
tiation between living and dead cells. Candida cells were incubated
in the presence of different amounts of antifungal agents. Depending
on the concentration of the antifungals the multiplication of yeast
cells were inhibited by different extent. After incubation all samples
underwent heat treatment as Sytox Green, the fluorescent dye uti-
lized in our system labels only dead cells. The higher the concentra-
tions of antifungal agents were the lower fluorescence signals could
be detected. The MIC value was described as the concentration
where the ratio of the living cells substantially (min. 50%) decreased
compared with the growth control (12).

2. Materials

1. Sabouraud dextrose agar plates were used for maintenance of
fungal cells.

2. Medium for multiplication—RPMI 1640 broth (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany).

3. Sytox Green (Molecular Probes, Eugene, Oregon, USA) non-
permeable nucleic acid binding stain was used as fluorescent
label (5 mM solution in DMSO). The approximate fluorescence
excitation/emission maxima of Sytox Green are 504,/523 nm
(see Note 1).

4. Antifungal agents: fluconazole and amphotericin B.
Amphotericin B—in the form of Fungizone® powder for injec-
tion (Bristol-Myers Squibb, Epemon, France) Stock solution
(1 mg/ml in distilled water) was prepared before the experi-
ments. Fluconazole was used in the form of Mycosyst 2 mg/
ml infusion (Richter-Gedeon, Budapest, Hungary).

5. Agilent 2100 Bioanalyzer with the Cell chip kit that contains
reagents (Priming Solution, Focusing Dye, Cell Buffer) and
chips. The Agilent 2100 Bioanalyzer is equipped with a red
laser and a blue LED. The red laser has an excitation maximum
at approx. 630 nm (detection maximum at 680 nm), whereas
the excitation maximum of the blue LED is at 470 nm (detec-
tion maximum at 525 nm).

6. Benchtop centrifuge.
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3. Methods

3.1. Preparation
of Samples

3.2. Label Cells

3.3. Chip
Measurements

. Inoculate fungal strains into 1 ml RPMI 1640 medium and

incubate for 2 h at 30°C, until the optical density of the sus-
pensions reaches A=0.4 at 600 nm (see Note 2).

. Prepare macrodilution series of each antifungal agent in sterile

tubes using 1 mL of RPMI 1640 medium as diluent (see Note 3)
as outlined in the following steps.

. The concentration of the antifungal agent in the first tube is set:

10 pg/ml of amphotericin B or 62 pg/ml of the fluconazole.
To achieve the concentration of amphotericin B in the first tube,
add 20 pl of the 1 mg/ml amphotericin B stock solution and
bring the volume to 2 ml with the RPMI medium. To achieve a
64 ng/ml concentration of fluconazole in the first tube, add
32 ul of the 2 mg/ml fluconazole infusion solution and bring
the volume to 2 mL with the RPMI media.

. Vortex this first tube for a few seconds and then prepare the set

of serial dilutions (1:1) transferring 1 mL at each stage.

. Add 10 pl of incubated fungal suspensions to each tube.
6. Prepare positive control: Add 10 pl of incubated fungal sus-

pension to a tube containing 1 ml of RPMI broth without
antifungal agent.

. Prepare negative control: This tube should contain only 1 ml

of RPMI broth without antifungal agent or fungi.

. Incubate all samples for 24 h at 30°C.

. Transfer 350 pl of each samples (including controls) to

Eppendorf tubes. From the positive control make a duplicate.

. Place the samples, except one aliquot of the positive control, in

an Eppendort heater or water-bath at 100°C for 10 min. Allow
samples cool down at room temperature.

. Add 0.5 pl of Sytox Green to each tube. Vortex gently the

samples and incubate them at room temperature for 30 min
(see Note 4).

. Let the cell-chip reagents reach room temperature.

. Centrifuge 100 pl of heat-treated and stained samples at

3,000 x4 for 10 min (see Note 5). Resuspend pellets in the
same amount (100 pl) of Cell Bufter. Vortex sample vigorously
until the pellets solved properly.

. Prepare the microchip: prime with 10 pl of the Priming Solution,

filling the channels of the chip. Then pipette 10 pl of the
Focusing Dye and 30 pl of the Cell Butfter to the proper wells on
the chip as outlined in the manufacturers instructions.

. Pipette 10 pl of each sample into a sample well and start mea-

surements. Use antibody staining program of the Agilent 2100
Expert program (see Note 06).
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Fig. 1. The cell-chip results of control samples of C. albicans are presented. Histogram and dot plot a shows the dead cells
(non-heat-treated positive control), while figure b demonstrated the total amount of cells in the sample (heat-treated posi-

tive control).

3.4. Evaluation

. Set the proper gates of Candida cells using the results of the
negative and positive controls (see Note 7).

. The heat treated aliquot of the positive control determines the
total amount of cells (Fig. 1b), while the non-treated aliquot
of the positive control shows the amount of dead cells in the
sample (Fig. 1a). The difference of these equals the amount of
living cells. MIC is the concentration of the antifungal agent
where the ratio of the living cells substantially (min. 50%)
decreased comparing with the growth control (Figs 2 and 3).

4. Notes

. Several other fluorescent dyes can be used that are able to dif-
ferentiate between living and dead cells and compatible with
the instrument.

. If the stock suspensions of fungi are too concentrated it affects
outcome resulting in falsely high MIC.

. Make parallel series and repeat measurements 3 times to get
reproducible results.

4. Sytox Green is a fluorescent dye, thus protect stained samples

from light.

. Samples might be washed after staining step. In case of Sytox
Green it is not obligatory but in case of other dyes it may be.
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Fig. 2. Results of an amphotericin B macrodilution series on C. albicans ATCC 90028 are presented. The histograms show
fluorescence intensity detected at the 510-540 nm region versus the number of events. Patterns obtained at different
concentrations of the amphotericin B are presented: 0.312 ug/ml in histogram a, 0.156 pg/ml in histogram b, and
0.078 pg/mlin histogram c. Concentrations higher than the MIC value (histogram a and b) inhibit the growth of fungal cells,
thus very low fluorescent signals could be detected. At concentrations lower than the MIC (histogram c¢) fungal cells were
able to multiplicate thus the histogram shows higher fluorescent values.
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Fig. 3. Cell chip results of a fluconazole macrodilution series on C. albicans are demonstrated. Patterns obtained at differ-
ent concentrations of the fluconazole are presented: 1 pg/ml in histogram a, 0.5 pg/ml in histogram b, and 0.25 pg/ml in
histogram c¢. Increasing concentrations of fluconazole had increasing inhibitory effect on multiplication of Candida cells. In
the case of fluconazole even at concentrations higher than MIC value (histogram a and b) much higher fluorescent signals
could be detected. This might be explained by the fact that amphotericin B has fungicidal, while fluconazole only fungistatic
effect on Candida cells.
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6. General assay can be used too, especially if other dyes are
used.
7. Gates should be set to exclude debris but contain the signals of
fungal cells.
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Chapter 12

Surface Plasmon Resonance Genosensor for the Detection
of Fusarium culmorum

Michelangelo Pascale, Francesco Zezza, and Giancarlo Perrone

Abstract

Surface plasmon resonance (SPR)-based DNA biosensors have been shown to be rapid, label-free, and
selective tools for the detection of PCR products. Here, we describe an SPR sensor based on DNA hybrid-
ization for the detection of Fusarium culmorum, a fungal pathogen of wheat. A 0.57 kb DNA fragment of
F. culmorum was amplified by specific primers, and a 25-mer oligonucleotide probe was selected within the
sequence of the PCR amplicon. The biotin-labeled probe was immobilized on a streptavidin sensor chip
and tested for biospecific interaction with PCR products of F. culmorum. The SPR biosensor was applied
to the detection of F. culmorum in fungal cultures and in naturally infected wheat samples.

Key words: DNA biosensor, Fusarium culmorum, PCR, Surface plasmon resonance, Wheat

1. Introduction

The conventional approach to detect pathogenic Fusarium species
in infected plants and grains involves the isolation of the fungus
into axenic culture or culturing on selective media followed by
identification based upon morphological characteristics (1).
Recently, more reliable molecular methods for the detection of
several Fusarium species have been reported based on PCR
amplification of specific DNA regions (2—4). Measurement of PCR
products obtained by conventional PCR methods is performed by
gel electrophoresis that allows discrimination of different DNA
fragments by their molecular weight. Despite these methods being
simple and relatively inexpensive, they use mutagenic or potentially
mutagenic labeling reagents. Moreover, PCR could provide
byproducts arising from the amplification of nonspecific sequences

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
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with the same length of the desired fragment, leading to false-positive
results. Therefore a hybridization assay is strongly recommended
to confirm the selectivity of the reaction.

Surface plasmon resonance (SPR)-based DNA biosensors
have been shown to be rapid, label-free, and selective tools for
the detection of genetically modified organisms (GMOs) and of
chemical and biological species, including fungal pathogens (5—
9). By immobilizing a biological recognition molecule (probe)
on the sensing surface, SPR biosensors provide a tool for real-
time biospecific interaction analysis. The choice of a specific
single-stranded DNA ligand allows rapid detection of the target
DNA by hybridization with higher selectivity with respect to
gel-electrophoresis analysis.

In this study, an SPR genosensor combined with PCR
amplification has been used for the detection of Fusarium
culmorum in pure fungal cultures as well as in wheat samples.
Fusarvium culmorum is a common pathogen of wheat involved
in the etiology of Fusarium head blight (FHB), a worldwide
disease causing total or partial ear premature senescence with
consequent reduction of both crop yields and grain quality.
In addition, F. culmorum can produce toxic secondary metabo-
lites, mainly deoxynivalenol and zeralenone, which are myco-
toxins harmful to humans and livestock (10-12).

2. Materials

2.1. Fungal Culture

2.2. DNA Extraction
from Fungal Cultures

Prepare all solutions using ultrapure water (e.g., produced by a
Milli-Q system) and analytical grade reagents. Prepare and store all
reagents at room temperature (unless indicated otherwise). Follow
all waste disposal regulations when disposing waste materials.

1. Potato-dextrose-agar (PDA) (see Note 1).

2. Wickerham medium: 40 g glucose, 5 g peptone, 3 g yeast
extract, 3 g malt extract, and water up to 1 L (see Note 2).

1. Extraction buffer (SDS buffer): 200 mM Tris—-HCI pH 7.8,
20 mM EDTA, 150 mM NaCl, 2% SDS, 1% B-mercaptoetha-
nol, and 100 pg/mL proteinase K in water (see Note 3).

. Phenol/chloroform /isoamylic alcohol (25:24:1, v/v/v).
. Chloroform /isoamyl alcohol (24:1, v/v).

. 3 M Sodium acetate, pH 5.2.

. Absolute ethanol (ice cold).

. 70% Ethanol (ice cold).

QN Ul R W
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2.3. DNA Extraction
from Wheat

2.4. DNA Quality
and Quantification

2.5. PGR Amplification

2.6. SPR Probes

2.7. SPR Analysis

[S2NN" —NEIN I S)

p—

. Extraction buffer (CTAB buffer): 22 mM cetyltrimethylam-

monium bromide, 34 mM sarkosyl, 137 mM sorbitol, 22 mM
EDTA, 1% cross-linked polyvinylpyrrolidone, 1.5 M NaCl in
water (see Note 4).

. Chloroform:isoamyl alcohol (24:1, v/v).
. 5 M Potassium acetate.

. Absolute ethanol (ice cold).

. 70% Ethanol (ice cold).

. DNA standard markers

2. 100 kb DNA ladder

. 1x TAE buffer (Tris-Acetate-EDTA): 40 mM Tris, 20 mM

acetic acid, and 1 mM EDTA (see Note 5).

. 1x TBE buffer (Tris-Borate-EDTA): 89 mM Tris, 89 mM

boric acid, 2 mM EDTA (see Note 6).

. 0.7% Agarose gel.

6. 2% Agarose gel.

SN NV I 8}

. Ethidium bromide solution (see Note 7).

. Specific primers: 5'-ATG GTG AAC TCG TCG TGG C-3

(FcO1F) and 5'-CCC TTC TTA CGC CAA TCT CG-3'
(FcO1R) (see ref. (13)).

. Deoxynucleotide triphosphates (ANTDs).
. Hotmaster™ Taq DNA polymerase.

. Taq bufter with Mg?**.

. PCR centrifugal filter devices.

. 25-mer target probe (FcO1P): 5’-CTT TAC CCC TCT GTT

ACT AAA CTA T-3'.

. 25-mer reference probe (RefO1P): 5'-ATC TAA AAT GCT

TCC AAA CAG CGG C-3'.

. 5’ biotin-modified target probe (FcO1P) and reference probe

(RefO1P).

. Biacore® X apparatus (Biacore International AB, Uppsala,

Sweden).

. Biacore SA sensor chips (carboxymethylated dextran matrix

pre-immobilized with streptavidin).

. Running bufter (PBS-E300 bufter solution): 20 mM Na,HPO,

(pH 7.4), 0.1 mM EDTA, 300 mM NaCl in water.

. Conditioning solution: 1 M NaCl and 50 mM NaOH in

water.

. Sensor surface regeneration solutions: from 2 to 50 mM

NaOH.
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3. Methods

3.1. Preparation of
Fungal Cultures

3.2. DNA Extraction
from Fungal Cultures

3.3. DNA Extraction
from Wheat

1.

2.

3.

Culture fungal strains at 25°C on potato-dextrose-agar (PDA)
(see Note 8).

Take mycelium plugs from 7-day-old colonies on PDA.
Inoculate mycelium into 100 mL of Whickeram liquid media
and incubate at 25°C for 48 h on a rotary shaker (110 rpm)
(see Note 9).

Collect the mycelium by filtration through Whatman No. 1
filter paper and lyophilize (see Note 10).

Genomic DNA from fungal cultures is extracted according to the
protocol described by Sambrook et al. (14).

1.

Grind finely lyophilized mycelium (30 mg) and add 600 pL of
hot SDS extraction buffer (see Note 11).

. After incubation for 90 min at 65°C (see Note 12), add 700 pL

of phenol /chloroform/isoamyl alcohol (25:24:1, v/v/v) solu-
tion. Mix thoroughly by inversion to form a complete emulsion.
Centrifuge at 10,000 x g for 20 min at 4°C (see Note 13).

. Transfer the supernatant solution from the aqueous phase

(top) into a new microcentrifuge tube. Add 700 pL of chloro-
form/isoamyl alcohol (24:1, v/v) and perform the above pro-
cedure (step 2) (see Note 13).

. Transfer the supernatant solution containing the DNA from

the aqueous phase (top) into a new microcentrifuge tube. Add
0.1 volumes of 3 M sodium acetate at pH 5.2 and 2.5 volumes
of cold absolute ethanol. Store mixture solution at -20°C for
2 h (see Note 14).

. Centrifuge at 12,000 x g for 20 min at 4°C to allow DNA pre-

cipitation. Discard supernatant.

. Wash the pellet with 1 mL of 70% cold ethanol and centrifuge

at 12,000 x4 for 10 min at 4°C. Discard supernatant. Repeat
the washing with 1 mL of 70% cold ethanol, centrifuge and
discard supernatant.

. Dry the precipitated DNA under vacuum (see Note 15).

Rehydrate the pellet with 100 pL sterile water and leave over-
night at 4°C to allow complete dissolving.

Genomic DNA from wheat grain samples is extracted according to
the method described by Wilson et al. (15), with minor
modifications.

1. Grind finely wheat kernels. Add 20 mL of hot CTAB bufferto 4 g

of milled wheat into a 50 mL plastic conical tube (see Note 16).
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3.4. DNA Quality
and Quantification

3.5. PCR Amplification

2. Incubate at 65°C for 1 h with frequently vigorous shaking.
. Add 6.7 mL (one-third volume) of 5 M potassium acetate along

with 6.7 mL (one-third volume) of chloroform:isoamyl alcohol
(24:1). Mix vigorously and store at —20°C for 20 min.

4. Centrifuge the mixture at 1,900 x4 for 15 min.
. Transfer 600 pL of supernatant solution containing the DNA

from the aqueous phase (top) into a new microcentrifuge tube.

. Add 1.2 mL of cold absolute ethanol. Mix and store at —-20°C

for 1 h (see Note 14).

. Centrifuge at 850 x g for 10 min at 4°C to allow DNA precipi-

tation. Discard supernatant.

. Wash the pellet with 1 mL of 70% cold ethanol and centrifuge

at 850 xy for 5 min at 4°C. Discard supernatant. Repeat the
washing with 1 mL of 70% cold ethanol, centrifuge and discard
supernatant.

. Dry the precipitated DNA under vacuum (see Note 15).

Rehydrate the pellet with 300 pL sterile water and leave over-
night at 4°C to allow complete dissolving.

. Prepare the 0.7% agarose gel by mixing 0.7 g agarose and

100 mL 1x TAE buffer, and then adding 2 pL of ethidium bro-
mide solution (10 mg/mL). Stir to mix (see Notes 7 and 17).

. Load 5 pLL. DNA standard markers and 10 pL. DNA samples

into separate wells.

. Run the gel for 20-30 min at 60 mA.
4. Compare with DNA standard markers (see Note 18).

. In a microcentrifuge tube prepare a PCR mixture (50 pl.) con-

taining: 1 ng fungal DNA or 30 ng of total DNA extracted
from wheat samples, 100 uM of each deoxynucleotide triphos-
phate (ANTP), 100 nM of each oligonucleotide primer, and
2 U of Hotmaster™ Taq DNA polymerase in Hotmaster™
Taq bufter with Mg?**.

. Perform amplifications using following conditions: denatur-

ation at 94°C for 2 min, then 40 cycles of 94°C for 50 s, 57°C
for 50 s, and 72°C for 1 min, and a final extension at 72°C for
7 min followed by cooling to 4°C until recovery of samples
(see Note 19).

. In order to allow concentration and removal of primers and

unincorporated nucleotides, purity PCR products by using
Montage™ PCR centrifugal filter devices prior to SPR analysis
according to the manufacturer’s protocol (see Note 20).
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3.6. PCR Product
Quality

3.7. SPR Analysis
(see Note 21)

. Prepare the 2% agarose gel by mixing 2 g agarose and 100 mL

TAE buffer, and then adding 2 pl. of ethidium bromide
(10 mg/mL). Stir to mix (see Notes 7 and 17).

. Screen PCR products by gel electrophoresis on 2% agarose gel,

stained with ethidium bromide. Load 5 p.. DNA ladder and
10 pul. DNA samples into separate wells. Run the gel for
20-30 min at 60 mA.

. Visualize using an UV transilluminator and compare with a

100 kb DNA ladder (see Note 18).

. Immobilize the biotinylated probes by injecting 100 pL of a

1 uM probe solution in PBS-E300 (flow rate of 5 ul./min), by
means of biotin—streptavidin interaction (see Note 22).

. Add 10 pL formamide to 40 pL of purified PCR products and

then adjust the total volume to 100 pL with 2x PBS-E300
buffer (see Note 23).

. Prior to SPR analysis, subject the mixture containing the PCR

product to denaturation at 95°C for 5 min followed by 1 min
cooling on ice.

. Inject 50 pL of PCR denatured product into the SPR apparatus.

All SPR measurements are carried out at 25°C. The flow rate is
5 pL/min and the injection time is 10 min (see Note 24).

. Regenerate the sensor surface by performing short injections (up to

1 min) of 2 mM NaOH to 50 mM NaOH until complete recovery
of the baseline RU value on both flow cells (see Note 25).

4, Notes

. Suspend 39 g of powder in 1 L of distilled water. Heat until

completely dissolved and sterilize in the autoclave at 121°C for
15 min.

. Weight 40 g glucose, 5 g peptone, 3 g yeast extract, 3 g malt

extract and transfer to 1-L graduated cylinder or a glass beaker.
Add 900 mL distilled water and mix. Make up to 1-L with
distilled water and mix. Transfer the liquid media in a flask and
sterilize it in the autoclave at 121°C for 15 min.

. For preparing 10 mL SDS extraction buffer add 2 mL of 1 M

Tris—-HCI pH 7.8,400 pL of 1 M EDTA, 300 pL of 5 M NaCl,
2 mL of 10% SDS, and make up to 9.85 mL with distilled
water. Mix gently. Sterilize in the autoclave at 121°C for
15 min. Prior to start DNA extraction, add 100 pL of
B-mercaptoethanol and 50 pL of 20 mg/mL proteinase K to
the buffer solution.
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4.

For preparing 100 mL. CTAB buffer add 2.0 g cetyltrimeth-
ylammonium bromide, 34 mM sarkosyl, 137 mM sorbitol,
4 mL 0.5 M EDTA, 28 mL 5 M NaCl, 40 mL water and mix
gently. Make up to 100 mL with distilled water. Sterilize in the
autoclave at 121°C for 15 min. Prior to start DNA extraction,
add 1 g polyvinylpyrrolidone to the bufter solution.

. TAE bufter is commonly prepared as a 50x stock solution.

A 50x stock solution can be prepared by dissolving 242 g Tris
in water, adding 57.1 mL glacial acetic acid, and 100 mL of
500 mM EDTA (pH 8.0) solution, and bringing the final vol-
ume up to 1 L. Sterilize in the autoclave at 121°C for 15 min.
This stock solution can be diluted 50:1 with water to make a
1x working solution. This 1x TAE buffer contain 40 mM Tris,
20 mM acetic acid, and 1 mM EDTA.

. TBE butffer is commonly prepared as a 10x stock solution. A

10x stock solution can be prepared by dissolving 1 g NaOH,
108 g Tris, 55 g boric acid, 7.4 g EDTA and bringing the final
volume up to 1 1. Sterilize in the autoclave at 121°C for 15 min.
This stock solution can be diluted 10:1 with water to make a
1x working solution. This 1x TBE buffer contain 89 mM Tris,
89 mM boric acid, 2 mM EDTA.

. Ethidium bromide may be a mutagen, carcinogen, or terato-

gen agent. Material should be handled with care. Preparation
of solutions of ethidium bromide and any operations should be
conducted in a fume hood to prevent inhalation. Gloves, lab
coat, and eye protection should be worn at all times. When UV
source is used in work with ethidium bromide, avoid exposing
unprotected skin and eyes to UV source.

. Fungal strains can be obtained from the ITEM collection

(CNR Institute of Sciences of Food Production, Bari, Italy,
http: / /www.ispa.cnr.it/Collection/). In our study, fungal
strain included: 20 strains of Fusarium culmorum (ITEM 627,
628, 5991, 5996, 6221, 6229, 6234, 6249, 6255, 6260,
6264, 6267, 6268, 6269, 6270, 6625, 6627, 6628, 6629,
6630), 4 strains of Fusarium graminearum (ITEM 633, 4432,
4433, 4440), 2 strains of Fusarium proliferatum (ITEM 1725,
2620), and 1 strain of Fusarium avenaceum (ITEM 3409),
Fusarium poae (ITEM 3725), Fusarium cervealis (ITEM 666),
Fusarinm verticillioides (1TEM 3993), Fusarium subglutinans
(ITEM 3922), Fusarium sambucinum (ITEM 8406), Fusarium
acuminatum (ITEM 797), Fusarium oxysporum (ITEM 3867),
Aspergillus ochracens (ITEM 4537), Aspergillus carbonarius
(ITEM 4864), Aspergillus niger (ITEM 4736) and Penicillium
expansum (ITEM 7011). The strains are transferred from tube
of fresh cultures stored at 4°C using a sterile loop on the PDA
plate with a one point inoculum for the Fusarium species and
a 3 points inoculum for the Aspergillusand Penicillium species.
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10.

11.

12.

13.
14.

15.

16.

17.

18.

The inoculums is made using sterile condition under a sterile
laminar flow hood and sterilizing the loop under the flame.

. Inoculum is made on sterile condition by inoculating the flask

by mycelia plugs using a wire sterile loop. A 100 mL of
Wickerham medium is put in 250 mL flask and sterilized at
121°C for 15'. For the sterility of the inoculum it is important
to flame the neck and the rim of the flask before and after the
mycelium inoculum. After 48 h incubation and before fungal
culture filtration, in order to avoid bacteria contaminations it is
important to check the purity of the culture by observing it
under a light microscope.

Filtrate the culture using a Biichner funnel, a vacuum flask
connected to a vacuum pump and a Whatman filter paper.
After the liquid filtrated is completely passed through the
paper, recover the mycelium in a sterile falcon using a spatula
and store at —20°C.

Lyophilized mycelium is finely ground with a mortar and pes-
tle. An aliquot is weighted in a microcentrifuge tube where hot

(65°C) SDS buffer is added.

Place the microcentrifuge tube into a 65°C water bath for
90 min. Shake frequently the microcentrifuge tube by vigorous
shaking.

Two phases separated by a white layer will be observed.

Carry out this step quickly to avoid heating of ethanol. An ice
bath can be used during this operation.

SpeedVac® System has been found useful for this operation.
Drying can be carried out also by a desiccator for 20-30 min.
Do not allow the DNA to over dry or it will be hard to
redissolve.

The Cyclotec™ Sample Mill with a 0.5-mm mesh screen was
found suitable. Hot (65°C) CTAB buffer must be used.

Add agarose to 1x TAE in a 250 mL conical flask, stir vigor-
ously to mix and heat the mixture in a microwave oven for
approximately 2 min until the gel is completely melted, paying
attention to avoid boiling. Allow to cool for approximately
5 min. Then add ethidium bromide and mix. Pour the gel
slowly into the gel tray avoiding bubbles. Carefully place the
comb. Allow the gel to set for at least 30 min at room tempera-
ture. Then place it in the gel tank and submerge with 1x TBE
buffer to 2-5 mm depth.

In our study, gels were visualized under UV light on a
ChemiDoc system (Bio-Rad Laboratories S.r.l., Segrate, Italy)
and analyzed using a Bio-Rad Quantity One software. Presence
of a highly resolved band indicates good quality DNA. Presence
of smeared band indicates DNA degradation.
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19.

20.

21.

22.

23.

24.

Tubes without DNA template were included in each experiment
and used as blank control samples.

For Fusarium culmorum, the PCR amplified product should
be 0.57 kb.

In our study, SPR analyses were performed by a Biacore® X
apparatus (Biacore International AB, Uppsala, Sweden),
using Biacore SA sensor chips (carboxymethylated dextran
matrix pre-immobilized with streptavidin) for all experiments.
The presence of two flow cells on the sensor chip allowed the
immobilization of FcO1P on flow cell 1 (FC1), as probe for
target DNA detection, and RefO1P on flow cell 2 (FC2), as a
reference probe intended to investigate nonspecific interac-
tions. PBS-E300 buffer solution was used as running buffer
for immobilization of probes on sensor chips and for hybrid-
ization experiments. Running buffer should be filtered
through 0.2 um cellulose filter and daily degassed for 30 min
under vacuum and stirring. In order to avoid bubble forma-
tion in the Biacore X microfluidic system, a cleaning step is
weekly recommended by flowing 0.5% (w/v) SDS in water
(BIA maintenance kit) for 22 min followed by 50 mM
Glicyne-NaOH, pH 9.5 (BIA maintenance kit) for 3 min and
running buffer for 10 min.

Prior to probe immobilization, condition sensor chips with three
consecutive 1-min injections of a solution containing 1 M NaCl
and 50 mM NaOH. In our experiments, the immobilization
procedure based on streptavidin—biotin binding, resulted in sig-
nal shifts of 1,622 £ 35 RU (#=7) on flow cell 1 (FC1) for FcO1P
probe (target DNA detection) and 1,568 +64 RU (#=7) on
flow cell 2 (FC2) for RefO1P probe (reference).

In order to establish optimum hybridization conditions, PCR
product solutions containing 20 mM Na,HPO, (pH 7.4),
0.1 mM EDTA, NaCl at concentration from 0 to 600 mM,
and denaturing agents (urea or formamide) at concentration
from 0 to 30% were subjected to SPR analysis. The use of
10% formamide and 300 mM NaCl in the testing solution
allowed a nearly fourfold increase of the hybridization
efficiency with respect to reference conditions (i.e., PBS-
E150 buffer solution: 20 mM Na,HPO, [pH 7.4], 0.1 mM
EDTA, 150 mM NacCl).

A real-time baseline correction was automatically performed
during each measurement by subtracting the reference signal
recorded in flow cell 2 (FC2) from the target signal recorded
in flow cell 1 (FC1). The analytical signal was represented by
the resonance unit (RU) shift measured during sample injec-
tion, i.e. the difference between the RU value recorded after
washing the sensor surface following hybridization reaction
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Fig. 1. Correlation between RU shift and the amount of starting Fusarium culmorum genomic DNA template (ITEM 627) in
PCR, at different concentration of durum wheat DNA. All values were recorded in optimum experimental conditions (20 mM
Na,HPO, [pH 7.4], 0.1 mM EDTA, 300 mM NaCl, 10% formamide). Reproduced from ref. (7) with permission from Elsevier.

25.

and the baseline RU value. In order to evaluate the matrix
effect that could affect the SPR analysis of F. culmorum in
wheat samples, PCR amplifications of different amount of
genomic DNA of F. culmorum ranging from 0 to 800 pg were
performed in presence of different amounts (0, 30, or 150 ng)
of DNA of durum wheat buds grown under sterile conditions,
and the relevant PCR products were detected by SPR biosen-
sor (Fig. 1). Reliable results (similar to those obtained with
pure culture) were observed only for sample with 30 ng durum
wheat DNA. In the presence of 150 ng durum wheat DNA,
RU shifts were significantly lower with respect to the corre-
sponding values recorded with pure F. culmorum DNA, indi-
cating an inhibitory effect of the matrix on PCR amplification.
Detection limits of 0.05 pg (corresponding to a signal shift of
10.1 RU) and 0.06 pg (corresponding to a signal shift without
correction for blank of 17.4 RU) of F. culmorum DNA tem-
plate were observed in the absence and presence of 30 ng of
durum wheat DNA, respectively.

The sensor surface is regenerated under strong alkaline condi-
tions (pH > 11) allowing at least 75 hybridization cycles with a
sensitivity loss lesser than 15%. NaOH at higher concentra-
tions is used for sensor surface regeneration after a large num-
ber of hybridization cycles.
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Chapter 13

Hyperbranching Rolling Circle Amplification, An Improved
Protocol for Discriminating Between Closely Related Fungal
Species

Jiufeng Sun and Sybren de Hoog

Abstract

Hyperbranching Rolling Circle Amplification (HRCA) is a technique derived from Rolling Circle
Amplification (RCA) in which DNA polymerase replicates circularized oligonucleotide probes under iso-
thermal conditions with either linear or geometric kinetics. Since its first introduction HRCA has been
proven to be a robust DNA amplification technique for detecting pathogenic fungi and other applications,
allowing rapid detection of nucleic-acid sequences with high specificity. Here we describe an improved
protocol of HRCA, which is both specific and sensitive for detecting low copy numbers of template DNA.
The test can be performed within one working day in routine molecular labs.

Key words: Rolling circle amplification, Isothermal polymerase, Padlock probe, Ligation, Single
nucleotide polymorphism, Identification

1. Introduction

Nucleic-acid amplification technology has greatly increased our
ability to clarify detailed questions about genotype or transcriptional
phenotype in small biological samples, and has provided the impe-
tus for many significant advances in biology. The methods have
revolutionized fungal identification, which has moved from the spe-
cialist to the routine laboratory. To the wealth of available method-
ologies, the use of circularizable oligonucleotides, termed “padlock
probes” initially used in the detection of repeated alphoid sequences
in metaphase chromosomes of humans (1), has been added. The
high sequence specificity of padlock probes allowing discrimination
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Fig. 1. Diagramatic representation of RCA (Panel A) and HRCA (Panel B) method. Panel A: The original RCA reaction
can be divided in three major steps: (1) mini-circle denaturation and annealing of RCA primer, (2) Replication, (3) Single-
strand tandem repeats of original mini-circle. During the first step the mini-circle is denatured followed by annealing of
the RCA primer. Then, catalyzed by specific enzymes with strand replication activity (Bst DNA polymerase or Phi 29 DNA
polymerase) the single-strand tandem replication reaction occurs. Panel B: The improved HRCA comprises four major
steps: (1) DNA denaturation and hybridisation of Padlock probe, (2) Ligation reaction, (3) Exonuclease digestion, (4)
Hyperbranching PCR reaction. In the first step the DNA is denatured and incubated overnight with Padlock probes which
consist of two regions for RCA PCR primer annealing. The two ends of Padlock probe hybridize adjacent to each other on
the target sequences. Only when the two ends of the probes are a perfect complement to the template DNA can hybridiza-
tion occur followed by ligation during the ligation reaction (step 2). Unligated probes will be digested by Exonuclease (step
3) giving negative results. Ligated probes will be exponentially amplified during the subsequent PCR reaction (step 4) and
resulting in long single-strand DNA being produced. Following this the RCA primer will be start another strand replication
using the new single-strand DNA, resulting in different length double-strand DNA giving positive signals.

of point mutations in situ has prompted the generation of series of
techniques such as HRCA suitable for the differentiation of molec-
ular siblings that are increasingly being described (2).

As the original formulation of Hyperbranching Circle
Amplification (HRCA) (3, 4), the Rolling Circle Amplification
(RCA) reaction involves multiple rounds of DNA polymerase
extending a circle-hybridized primer by continuously progress-
ing around the circularized DNA probe isothermally (Fig. 1a).
Several thousands of sequence-complementary tandem repeats
of the original DNA mini-circle are yielded. RCA was normally
used to generate line probes or repeat sequences of circled tar-
get sequence, while HRCA, a more complicated version of
RCA, could be used to discriminate point mutation. During the
HRCA reaction (Fig. 1b), specially designed padlock probes
hybridize to target DNA or RNA, whereby the two ends of the
probe become juxtaposed and are joined by a DNA ligase only
when both ends of the probe show perfect complementarity.
This permits the detection of single-nucleotide mismatches and
prevents nonspecific amplification. In the presence of two prim-
ers, each hybridizing to one of the complementary strands, a
complex pattern of DNA strand displacement generates over
10? copies of each circle in 90 min when catalyzed by a powerful
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isothermal DNA polymerase (2). To date, HRCA has mainly
been used for the detection of bacteria (5) and viruses (6). In
fungi, the technique has been applied to a number of genera,
among which are Cryprococcus, Trichophyton, Candida,
Aspergillus, Scedosporium, Penicillium, and Fonsecaea (7-12).
The technique can be used for the detection of any species of
fungi if the informative site (sequence heterogeneity) can be
found. Here we introduce the workflow of HRCA with a practi-
cal protocol to be performed in the routine molecular
laboratory.

2. Materials

2.1. DNA Extraction

Prepare all solutions using ultrapure water (MQ H,O, 18 MQ cm
at 25°C) and analytical grade reagents. Prepare and store all
reagents at room temperature (unless indicated otherwise). Follow
all waste disposal regulations carefully.

TEx-buffer: 400 mM Tris, 10 mM Na-EDTA, pH 8.5-9.0.

Proteinase K: Dissolve 10 mg Proteinase Kin 1 mL ultrapure water.
Prepare a 1,/200 dilution, aliquot and store at —20°C.

SEVAG: Chloroform:isoamyl-alcohol (24:1).

RNAse: Dissolve 10 mg pancreatic RNAse in 1 mL 0.01 M
Na-acetate, pH 5.2. Heat the solution to 100°C for 15 min. Cool
slowly to room temperature. Adjust pH by adding 1 M Tris, pH
7.4. Make a 1/100 dilution, aliquot and store at —20°C.

Tris-buffer: 10 mM Tris, pH 8.
TE-buffer: 10 mM Tris, 1 mM Na-EDTA, pH 8.

10% CTAB: 10 g cetyltrimethylammoniumbromide solved in
100 ml MQ H,O.

Glass beads (Sigma)..
Bench top centrifuge.
NanoDrop DNA concentration detector (Thermo Scientific).

3. Pre-
amplification

10x PCR bufter: 80 mM Tris-SO,, 2 mM MgSO,, 20 mM
(NH,),SO,, 5% Glycerol, 5% DMSO, 0.06%. 0.05% Tween-20, pH
9.2 25°C.

dNTPs: 1.0 mM dNTPs each in 20 pL reaction system.
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3.1. Ligation Reaction

3.2. Exonucleolysis

3.3. RCA Reaction

3.4. Amplicon

DNA polymerase: 5 U DNA polymerase (Takara, Japan)ina 50 pL
reaction.

10x Ligation buffer: 20 mM Tris-HCI (pH 7.5), 20 mM KCl,
10 mM MgCl,, 0.1% Igepal, 0.01 mM rATP, 1 mM DTT.

Isothermal DNA ligase: 2 U pfir DNA ligase (Stratagene, USA) in
cach 10 pL reaction.

10x Exonucleolysis buffer: 670 mM glycine-KOH, 67 mM MgCl,,
100 mM 2-mercaptoethanol, pH 9.5, 25°C.

Exonuclease I and III: 10 U each of exonucleases I and III (New
England Biolabs) in each 20 pL reaction volume.

10x RCA amplification reaction buffer: 20 mM Tris-HCI (pH 8.8),
10 mM KCl, 10 mM (NH, ),SO,, 4 mM MgSO,, 0.1% Triton X-100.

Bst DNA polymerase: 4 U Bst DNA large fragment polymerase
(New England Biolabs) in each 20 pL reaction.

DNTPs: 1.0 mM dNTPs in each 20 uL reaction.

50x TAE bufter: 2 M Tris—acetic acid, 100 mM EDTA, pH 8.5.

Detection 6x Loading buffer: 15% Ficoll-400, 66 mM EDTA, 17.8 mM Tris—
HCI (pH 8.0, 25°C), 0.102% SDS, 0.09% bromophenol blue.
1% Agarose gel: 1 g agarose in 100 mL 1xTAE butffer.
Ethidium bromide stain: 10 mg/mL ethidium bromide, use 2 pL
for 100 mL 1% agarose gel.

4, Methods

4.1. DNA Extraction
(see Note 1)

Carry out all procedures at room temperature unless specified
otherwise.

1. Transfer approximately 0.5 g mycelium of 14-day-old cultures
are transferred to a 2 mL Eppendorf tube containing 400 pL
TEx and glass beads.

2. Homogenize the fungal material using a vortex for 1 min.

3. Add 120 pL SDS 10% and 10 pL Proteinase K and incubate
for 30 min at 55°C.

4. Vortex the mixture for 3 min.

5. Add 120 uLL 5 M NaCl and 1 /10 (V/V) CTAB 10% solution
and incubate for 60 min at 55°C.

6. Transfer the mixture is then vortexed for 3 min.
7. Add 700 uL SEVAG and mix carefully by hand.
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4.2. Pre-amplification

4.3. Padlock Probe
Design

8. Centrifuge for 5 min at 4°C at 20,400 x 4.

9. Transfer the supernatant to an Eppendorf tube with 225 pL
5 M NH,-acetate.

10. Incubated for 30 min on ice water and centrifuge for 5 min at
4°C at 20,400 x g.

11. Transter the supernatant to another Eppendorf tube with
0.55 vol isopropanol and centrifuge for 5 min at 20,400 x4
force.

12. Wash the pellet with 1,000 pL ice-cold 70% ethanol.

13. Dry the pellet at room temperature and resuspend in 48.5 pL.
TE-butffer.

14. Determine the DNA concentration using the nano-drop DNA
concentration detector at 260 nm.

For pre-amplification, universal primers may be used. In fungi for
example I'TS4 and ITS5 (Table 1) are used to amplify the Internal
Transcribed Spacer region of rDNA (see Note 2). PCR condi-
tions differ depending on the target gene. The program using
primers ITS4 and I'TS5 primers is as follows: 95°C for 5 min, fol-
lowed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and72°C for
1 min, with final extension at 72°C for 10 min. Amplification
products are detected by electrophoresis on 1% agarose gels.

The Padlock probe is used as template in the HRCA reaction
after a successful ligation reaction. The Padlock probe comprises
two parts. One is a universal linker region, the other is the hybrid-
ization region which needs to be designed by incorporating the
specific DNA sequence of the target species of interest. The first
step is to gather as much possible reference DNA sequences of
the target gene from both the target and closely related species
(in this case the ITS1 DNA sequence in target species of
Penicillium marneffeiand closely speciesin the genus Penicillium).
Then, DNA sequences of candidate gene of the target species and
closely species are aligned using software such as free version of
Clustal X1.81 (13). The informative nucleotide polymorphisms
are identified within the alignment file (Fig. 2). Padlock probes
targeting the selected regions should be designed with minimum
secondary structure (excluding dimers, hairpins, and mismatches)
(see Note 3). The linker regions of the padlock probe should be
designed to minimize cross-reaction with closely species.
Specificity of the probes is confirmed by BLAST analysis in
GenBank. The Padlock probe and RCA1, RCA2 primers used in
this method (Table 1) are from a previously published paper tar-
geting Penicillium marneffei (11).
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Fig. 2. Informative site detection in the ITS1 DNA sequence between Pmarneffei and other closely fungi. The informative
site, padlock probe and template DNA sequence are indicated with arrow. The linker region of Padlock probe is marked.
The 5" and 3’ end of Padlock probe are marked in figure.

4.4. Ligation of
Padlock Probe

4.5. Exonucleolysis

4.6. HRCA Reaction

1.

Combine 1 pLL of amplified product (from Subheading 3.2)
with 2 U pfu DNA ligase and 0.1 pM padlock probe in 10x
ligation butffer final volume 10 pL..

. Incubate 5 min at 94°C followed by 5 cycles at 94°C for 30 s

and 4 min ligation at 63°C (see Note 4).

. Perform exonucleolysis (see Note 5) in a 20 pL reaction vol-

ume by adding 10 U of each exonuclease I and III to the liga-
tion mixture (from Subheading 3.4).

. Incubate at 37°C for 30 min, followed by 94°C for 3 min to

inactivate the exonuclease.

. Perform RCA in 25 pL reaction volumes containing 0.25 pM

each of RCAI and RCA2, 4 U Bst DNA large fragment poly-
merase, 10x RCA amplification reaction buffer and 2 pL liga-
tion product as template.

. Incubate the reaction mixture at 65°C in a water bath for

60 min with final heating at 85°C for 2 min to terminate the
reaction (see Note 0).

5. Data Analysis

. Amplified products together with the Smart DNA ladder

should be analyzed by electrophoresis on 1% agarose gels
stained with ethidium bromide (see Note 7) and photographed
under UV Light (see Note 8). Positive signals are obtained
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Fig. 3. RCA amplicons detected using electrophoresis on 1% agarose gel. Lanes 1-3 show positive samples giving a lad-
der pattern. Lanes 4—-25 show no banding pattern indicating that the target sequence is not present.

when the designed padlock probes are a perfect complement
to the targeted DNA sequence of Pmarneffei, which are
observed as a ladder-like pattern on a gel (Fig. 3 lanel-3). For
closely related organisms there are no amplified products
because the designed padlock probes are not a 100% match
with the template DNA (Fig. 3 lanes 4-25). When the exonu-
cleolysis step was omitted, unspecific bands appeared, but this
did not interfere with the HRCA reaction (11).

6. Notes

. DNA extraction protocols vary with the samples used. Here

we showed the protocol frequently used for pure cultures of
filamentous fungi.

. The ITS region is widely used as target sequence for the

identification of pathogenic fungi, applying universal primers
ITS4 and ITS5. However, many fungi show insufficient diver-
sity in ITS, and then hypervariable partial genes and introns
are used, such as tubulin, actin, calmodulin, or translation
elongation factor 1-a.

. The T, of the 5" end probe binding arm is close to ligation

temperature (63°C). To increase its discriminative specificity,
the 3" end binding arm was designed witha 7' 10-15°C below
ligation temperature.

. The ligation temperature may differ with each probe. A tem-

perature gradient (58-65°C) amplification program was applied
to optimize the annealing temperature using the optimized tem-
perature, the padlock probes could hybridize with template
DNA with the highest efficiency, resulting in the highest yield of
HRCA products judged by the strongest signal on gel.
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5. When the exonucleolysis step was omitted, unspecific back-
ground bands appeared, but this did not interfere with the

RCA reaction.

6. This step is used to inactivate Bst DNA polymerase.

7. Can be replaced with other low-toxic compounds, such as

SYBRgreen I dye.

8. DNA markers may be varied, depending on the size of the
expected products.
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Chapter 14

Loop-Mediated Isothermal Amplification-Based Detection
of Fusarium graminearum

Ludwig Niessen

Abstract

Molecular biological detection and quantification of fungal DNA targets today relies mainly on the
application of the polymerase chain reaction (PCR). However, this well-recognized technique necessitates
the use of highly purified DNA, in a well-equipped lab environment by trained personnel. The method has
therefore considerable restrictions when it comes to on-site testing applications for phytopathogenic, myc-
otoxigenic, and medically relevant fungi and yeasts. As opposed to PCR, molecular biological detection of
fungal DNA with isothermal amplification methods is performed at constant temperature. This makes
thermal cycling superfluous and enables application of molecular detection assays on site. Moreover, detec-
tion of amplification product is done in-tube with no post-amplification manipulations necessary. Here we
describe the use of loop-mediated isothermal amplification (LAMP) with indirect in-tube detection of
DNA amplification as a rapid and robust method. Detection of F. graminearum in pure cultures and in
cereal samples will be described as an example for the high potential which LAMP may hold for future
developments in fungal detection assays.

Key words: LAMP, Isothermal amplification, Fusarium graminearum, Detection, Cereal, Single
grain analysis

1. Introduction

Since its first publication by Mullis and Faloona (1), the polymerase
chain reaction (PCR) with heat stable zag-polymerase (2) has
become the gold standard technique for detection and identification
of microorganisms, including molds and yeasts. A vast array of
food spoiling and toxinogenic species can now be analyzed, both
qualitatively and quantitatively, using this technique (3). However,
application of PCR-based amplification methods is still a time con-

Louise O’Connor and Barry Glynn (eds.), Fungal Diagnostics: Methods and Protocols, Methods in Molecular Biology, vol. 968,
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suming, expensive, and cumbersome job due to its requirement for
specific lab equipment, skilled personnel, and agarose gel electro-
phoresis (AGE) needed for product separation and visualization.
These factors foil the use of PCR-based detection systems in on-
site applications, e.g., agriculture, food and feed production, pub-
lic health and safety, counter terrorism. Real-time PCR using
fluorescent intercalating dyes or fluorescently labeled oligonucle-
otide probes have made AGE dispensable but equipment and
chemicals are even more expensive and demand for skilled staff is
even higher.

Loop-mediated isothermal amplification (LAMP) of DNA was
recently described by Notomi et al. (4). The method makes use of
the large fragment of the Bst DNA polymerase from Bacillus stearo-
thermophilus. The large fragment of the enzyme contains the
5'->3'polymerase activity but lacks 5'->3' exonuclease activity. Bst
DNA polymerase large fragment displaces third strand DNA dur-
ing primer initiated polymerization of new DNA leaving a new
single-stranded matrix DNA for primer annealing and DNA polym-
erization. Since Bst DNA polymerase has a very high activity, vast
amounts of high molecular weight DNA are produced within short
time. The exceptionally high specificity of LAMP is due to the fact
that a set of four primers with six binding sites must hybridize cor-
rectly to their target sequence before DNA biosynthesis occurs.
A third pair of primers (loop primers) can be added optionally to
the reaction in order to further amplify the amount of DNA pro-
duced during LAMP (5). Detection of amplified product has origi-
nally been done by AGE. However, scientists soon became aware
that LAMP bears an exceptionally high risk of cross-contamination
of samples by aerosolized product. In order to prevent cross-con-
tamination, methods for in-tube detection of DNA amplification
were developed. In-tube detection of amplified product has been
achieved by direct staining of double-stranded DNA using interca-
lating dyes, e.g., SYBR green 1, SYTO-9 (6) or by precipitation of
the LAMP product with a fluorescently labeled cationic polymer
(7). Indirect in-tube detection of LAMP product was done using
pyrophosphate, a specific by-product of enzymatic DNA synthesis.
Detection was done by measuring the turbidity of LAMP reactions
resulting from precipitation of a magnesium—pyrophosphate com-
plex (8). Indirect calcein fluorescence has been used to detect DNA
synthesis by removing the manganese quencher from the molecule
through complexation with pyrophosphate during production of
DNA (9). Turbidimetry has also been used in real-time applica-
tions of the LAMP reaction resulting in quantitative data (10).

Only a few applications of LAMP for the detection of fungal
organisms have been described to date. Detection of Paracoccidioides
brasiliensiswas described by Endo etal. (11). Ohori etal.(12) applied
the method to the detection of the dematiaceous fungus Ochroconis
gallopava, an infective organism affecting the nervous system and
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respiratory tract of humans, birds, and cats. Tomlinson et al. (13)
published a LAMP-based assay for the detection of the oomycete
Phytophthora ramorum. A method for detection, identification, and
quantification of Brettanomyces/Dekkera yeasts in the brewing pro-
cess was described by Hayashi et al. (14). Gadkar and Rillig (15) set
up a LAMP assay for detection and identification of arbuscular myc-
orrhizal fungi (AMF, e.g., Glomus intraracices) in carrot roots.
Recently, LAMP-based diagnosis has been used for diagnosis of
medically important fungi, i.e., Fousecaea spp. (16), Penicillium
marneffes (17), Cryptococcus neoformans (18), and pathogenic
Emericelln species (19). Tomlinson et al. (20) described a LAMP-
based assay for on-site detection of Botrytis cinerea in cut flowers and
vegetables and Niessen et al. (21) demonstrated the usefulness of
LAMP for the specific detection of Fusarium graminearum in cereal
samples. They detected the target directly from infected grains and
from fungal cultures without previous DNA extraction.

E. graminearum produces mycotoxins such like deoxynivalenol
(DON) and nivalenol (NIV) as well as the estrogen analogous com-
pound zearalenone (ZON), all of which were found in infected
cereals at high concentrations (22). Moreover, F. graminearum
together with F. culmorum has been suspected to be involved in the
induction of beer gushing, a most undesirable condition in which
bottled beer foams heavily and spontaneously upon opening (23).

We describe here the development and application of a LAMP-
based assay for the detection of F. graminearum in samples of
purified DNA, pure cultures, and infected cereal samples. However,
the method as described here can be used for the detection of any
other fungi provided a set of specific LAMP primers is available.
Also the method described here for primer design can be general-
ized in terms of using different sequence data.

2. Materials

All buffers and solutions are prepared with ultrapure deionized
water. All buffers and solutions are filter sterilized and stored as
described below. Separate sets of pipettes are used for manipula-
tions involving DNA and for non-DNA manipulations. Disposable
filter tips must be used for all pipetting. Plasticware used is certified
to be free of human DNA, DNAse and RNAse. Preparation of
master mix and steps involving DNA must be performed in sepa-
rate rooms in order to prevent contamination with target DNA. All
buffers and DNA must be free from EDTA. If sample DNA has
been dissolved in TE buffer, it is necessary to re-extract the DNA
and dissolve in ultrapure water before addition to LAMP reactions
(see Note 1).
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2.1. LAMP Master Mix

1. 10x LAMP buffer: 200 mM MOPS, 100 mM KCI, 100 mM

(NH,),50,, pH 8.8.

To prepare 50 ml weigh 2.093 g MOPS, 0.373 g KCl, and
0.661 g (NH,),SO, and add ultrapure water to 40 ml. Stir
until dissolved. Adjust pH to 8.8 using 2 M NaOH. Add to
50 ml volumetric flask and add water to final volume. Filter
sterilize through 0.2 pum filter cartridge into sterile 50 ml
Falcon tube. Store at ambient temperature (see Note 2).

. MgCl, solution: 200 mM MgCl,.

Weigh 10.17 g of MgCl, x 6H,O for 50 ml 1 M MgCl, stock
solution. Fill to 40 ml and stir until dissolved. Add to
50 ml volumetric flask and add water to final volume. Filter
sterilize through 0.2 pm filter cartridge into sterile 50 ml
Falcon tube. Store at ambient temperature. For prepara-
tion of working solution add 800 pl ultrapure H,O to
200 pl of the MgCl, stock solution. Store at ambient tem-
perature (see Note 3).

. Nucleotide mix: 10 mM each G, A, T, C.

Mix 1 ml of a 100 mM stock of dGTP, dATP, dTTP, dCTPD,
and add 6 ml of ultrapure water. Distribute aliquots of 500 ul
to sterile 1.5 ml reaction tubes. Store at =20 °C. Store at 4 °C
after thawing.

. Bst dilution buffer: 50 mM KCI, 10 mM Tris-HCI (pH 7.5),

1 mM dithiothreitol, 0.1% Triton X-100, and 50% glycerol.
Weigh 186.4 mg KCl, 78.8 mg Tris—-HCl, 7.7 mg dithiothre-
itol, 50 mg Triton X-100 and fill to 40 ml with 50% (v/v) glyc-
erol in water. Stir until dissolved and adjust to pH 7.5 with
NaOH. Transfer to 50 ml volumetric flask and add 50% glyc-
erol to final volume. Filter sterilize through 0.2 um filter car-
tridge into sterile 50 ml Falcon tube. Store at =20 °C. Solution
will stay liquid in freezer.

. Bst DNA polymerase, large fragment (New England Biolabs):

8,000 U/ml working solution.

Mix 70 ul of the enzyme solution as supplied (120,000 U/ml)
with 930 ul Bst-dilution buffer. Distribute aliquots of 50 ul to
sterile 500 pl reaction tubes. Store at —-20°C.

. LAMP primer mix: solution for 80 reactions.

If primers are delivered in solution, check they do not contain
EDTA and that concentrations are 50 uM. If primers are deliv-
ered freeze dried, add ultrapure sterile water to prepare a 50 uM
solution (see data sheet from supplier). Mix 64 ul each of
primers FIP-GaoA ID4 and BIP-GaoA ID4, 32 ul each of
primers loopF-GaoA 1D4 and loopB-GaoA 1D4, 8 ul each of
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Primers used in the LAMP assay for the detection of F graminearum

Primer name Sequence 5'->3' Reference
F3-gaoA ID4 AGG GAG TCT TCA GTT CCT GA [21]
B3-gaoA ID4 GTG AGG GGG CTT TGG ATC [21]

FIP-gaoA ID4

BIP-gaoA 1D4

LoopF-gaoA ID4
LoopB-gaoA ID4

CGC AAG TGA CGG CCC AGT TGC TTC GAG [21]
CCT CAG CAC CTA

TGC AAC AAG GCC ATT GAT GGC CGT TGG [21]
CGC CAT AGA ATG T

GTT GCG AGA AAT GGC GCT TCC G [21]
ACA AGG ATA CCT TTT GGC AC [21]

2.2. Other Components

1

[\

QN U1 W W

F3-GaoA ID4 and B3-GaoA ID4 and mix well. Store at 4 °C.
See Table 1 for primer sequences.

. Calcein amplification detection reagent: 1.25 mM solution of
manganese quenched calcein in 1x LAMP buffer in 40%
glycerin.

Weigh 418.6 mg MOPS, 74.6 mg KCI, 132.2 mg
(NH,),SO,, and 211.3 mg MnSO,x1H,0. Add ultrapure
water to 40 ml and stir until completely dissolved. Adjust pH
to 8.8 using 2 M NaOH. Transfer to 50 ml volumetric flask
and add ultrapure water to final volume. Add 77.8 mg calcein
and mix until dissolved. Mix solution 1:1 with 80% (v/v) glyc-
erol and filter sterilize through 0.2 pm filter cartridge.
Distribute aliquots of 1-1.5 ml reactions tubes. Store at
-20 °C. Solution will stay liquid in freezer.

. Disposable plasticware: 0.2 um filter cartridge; 200 ul PCR
tubes, sterile filter pipette tips, 1.5 ml and 500 pl reaction
tubes.

. Two sets of pipettes including 200-1,000, 50-200, 20-100,
2-20, 1-10 ul.

. Gradient thermocycler.
. 366 nm UV lamp.
. Digital camera.

. Ultrapure water.
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3. Methods

3.1. Design of LAMP
Primers for

F. graminearum
(see Note 4)

10.

11.

12.

. Select nt 839-2638 of the DNA sequence of the galactose

oxidase gene (gaoA) of F. austroamericanum NRRL 2903
from GenBank under accession no. M86819 and copy sequence
text to a text editor.

. Remove all formatting and numbers from the text using the

search and replace function and save document as txt-file using
DOS formatting option.

. Open the PrimerExplorer V.4 software tool available on the

Eiken Genome site provided by Eiken Chemical Co. Ltd.
(Tokyo, Japan) using the following link: http://www.prim-
erexplorer.jp/e/.

. Follow instructions for designing regular primers: Give txt-file

previously generated under step 2 as target sequence file.
Browse your computer to find location of the file and use auto-
matic judgment as parameter setting and press primer design
button to upload target sequence.

. Press generate button and wait until primer sets have been

generated. Usually up to five sets will be generated.

. Press display button and wait for separate window to open.

Target sequence with primers generated will result.

. Check boxes for all primer sets and press confirm button.

A primer set confirmation page will open in separate window
with the sets of primers generated.

. Select primer set with value for “dimer(minimum)dG” as close

to —2.0 as possible for further in silico analysis.

. Use the BLAST-algorithm under http://www.blast.ncbi.nlm.

nih.gov/ to search GenBank for matches with other sequences
for each primer. Ideally, primers should show high score hits
exclusively with the target gene in the target species. Low score
hits with a variety of other species will occur regularly.

If BLAST analysis retrieves high score hits also with nontarget spe-
cies, repeat step 9 with primer set next most closely to dG=-2.0.

Print out sequence of target gene and mark positions of the
primers selected for LAMP.

Design loop primers to enhance amplification reaction. LoopF
primer is positioned between the 3' end of the binding site for
primer F2 and the 5' end of the binding site of primer Flec.
LoopB primer is positioned between the 5'end of the binding
site of primer B2 and the 3' end of the binding site of primer
Blc. Make sure both loop primers have Tm of +60 °C (see
Notes 5, 6).


http://www.primerexplorer.jp/e/
http://www.primerexplorer.jp/e/
http://www.blast.ncbi.nlm.nih.gov/
http://www.blast.ncbi.nlm.nih.gov/

3.2. Preparation
of LAMP Master Mix

3.3. Assay Set Up:
Temperature
Optimization

3.4. Assay Set Up:
Sensitivity Testing

13.
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Order primers according to the sequence given on the primer
confirmation page (see step 7). Make sure LoopF primer is
reverse complement, whereas LoopB primer is according with
the target sequence.

. Solution per 25 pl reaction:

Mix 2.5 ul 10x LAMP bufter, 1 ul 200 mM MgCl,, 3.5 ul ANTP
mix, 2.6 ul 80x LAMP primer mix, 1 pl Bst DNA polymerase
8,000 U/ml, 1 pl Calcein amplification detection reagent,
11.4 pl ultrapure water. Distribute 23 pl of master mix per
200 ul PCR reaction tube with tightly fitting lid (see Note 7).

. Dilute purified genomic DNA of a F. graminearum strain

obtained from a recognized culture collection to a concentra-
tion of 100 ng/ul in ultrapure sterile water (see Note 8).

. Prepare master mix as described above (Subheading 3.2) for

13 reactions and add 2 pl per reaction of the DNA dilution
prepared in step 1. Distribute 25 pl each to 200 ul PCR reac-
tion tubes and close lids tightly.

. Program a gradient thermal cycler to result in a gradient of

constant incubation temperatures ranging from 60 to 70°C in
12 steps with 60 min incubation followed by heating to 95 °C
for 2 min in order to stop the enzyme reaction. If no gradient
thermal cycler is available, incubate at 65 °C for 60 min fol-
lowed by incubation at 95 °C for 2 min. Repeat with increas-
ing temperature until fluorescence signal gets weaker or until
no more fluorescence signal occurs (see Note 9).

. Put reaction tubes against a black background and inspect

reactions for occurrence of bright green fluorescence under
UV, lamp in a dark room. Figure 1 shows LAMP reactions

with F. graminearnm DSM 4527 DNA incubated according
to step 3 (see Note 10).

. Select highest temperature at which a bright fluorescent signal is

produced as incubation temperature for further experiments.

. Prepare a tenfold serial dilution of reference DNA (see

Subheading 3.3, step 1) in ultrapure sterile water.

. Prepare master mix according as above and distribute 23 pl in

8 200 pl reaction tubes. Seal lids tightly.

. Add 2 pl of each dilution prepared in step 1 to a separate reac-

tion tube. Add 2 pl of ultrapure sterile water to tube no. 8 as
negative control.

. Incubate for 60 min at constant temperature according to step

5 under Subheading 3.3 followed by incubation at 95 °C for
2 min.
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Fig. 1. Optimization of reaction temperature. LAMP reaction with primers GaoA ID4 and genomic DNA of F. graminearum
DSM 4527 run for 60 min followed by inactivation at 95 °C for 2 min. Numbers indicate temperature under which the
respective reactions were incubated. Bright fluorescence (= darker color of reactions) indicates in vitro DNA synthesis.

Fig. 2. Sensitivity testing of the LAMP assay for the detection of £ graminearum. LAMP reactions with primers GaoA ID4
using a serial dilution of DNA from F. graminearum NRRL 31084 as template after 60 min of incubation at 65 °C followed
by inactivation at 95 °C for 2 min. Numbers above reactions indicate DNA concentration per reaction (rx). Water indicates
negative sample with no DNA added.

5. Figure 2 shows LAMP reaction with primers specific for
E. graminearum and a serial dilution of F. graminearum NRRL
31084 genomic DNA as target under UV light. Assay

366nm

should detect DNA to a dilution of 10-¢ or less.

3.5. Assay Set Up: 1. Prepare purified genomic DNA of the most closely related spe-

Specificity Testing cies and dilute it to result in 100 ng/ul solutions in ultrapure
sterile water. If assay is planned to be used in sample materials,
prepare also genomic DNA from non-contaminated sample
matrix or matrices (see Note 11).

2. Prepare a 100 pg/ul solution of the F. graminearum reterence
DNA in ultrapure sterile water as positive control.

3. Prepare sufficient Mastermix for the number of reactions to be
run as described above (Subheading 3.2) and distribute 23 pl
each to 200 pl PCR reaction tubes and seal tightly.

4. Add 2 pl of DNA solution to be tested per reaction. Add 2 pl of
reference DNA to the positive control and 2 pl of ultrapure ster-
ile water to the negative control and incubate for 60 min at con-
stant temperature as described above (Subheading 3.3, step 5)
followed by incubation at 95 °C for 2 min.

5. Inspection under UV, light should result in a bright green
fluorescence in the positive control only. If samples of test
DNA result in a bright green fluorescence signal, the assay has
to be adjusted for higher specificity.



3.6. Assay Set Up:
Specificity Adjustment

3.7. Assay Set Up:
Adjustment of
Incubation Time

3.8. Assay Application:
Direct Testing of
Fungal Pure Cultures
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. Perform LAMP reaction with DNA samples of those non-target

species which showed false-positive reaction under the condi-
tions described above (Subheading 3.5) including the
E. graminearum reference DNA and water as positive and neg-
ative controls, respectively. Increase incubation temperature in
0.5 °C steps until no false-positive reactions occur.

. In situation where higher temperatures do not solve the prob-

lem, prepare separate master mixes and add 26 pl of the refer-
ence DNA and DNA of the species resulting in the strongest
fluorescence signal in step 1. Prepare 8 200 ul PCR reaction
tubes for each DNA to be tested and add from 0 to 1.75 pl of
formamide in 0.25 pl steps (equal to 0-7% (v/v)). Add 25 ul
of each reaction mixture into reaction tubes and seal tightly.

. Incubate LAMP reactions at temperature 2 °C below the high-

est temperature used in step 1 for 60 min followed by incuba-
tion at 95 °C for 2 min.

. Select conditions which avoid false-positive signal and repeat

testing with samples used in step 1.

. If there are still false-positive reactions, repeat with increasing

incubation temperature until no false-positive reactions occur.

. Continue testing with as many different species as reasonably

possible in order to achieve an overview over the range of spe-
cies detected by the assay.

. Prepare a serial dilution of the reference DNA in ultrapure

sterile water and add to LAMP master mix according to
Subheading 3.4, steps 1-3 (or optimized according to
Subheading 3.6).

. Remove samples from incubation every 10 min and cool the

reaction mixture under cold tap water (see Note 12). Take
photograph of reaction tubes under UV, light before con-
tinuing incubation for another 10 min under the same condi-
tions (see Note 13).

. Repeat step 2 until an accumulated incubation time of 90 min

is reached.

. The accumulated time interval after which no more change in

fluorescence occurs is the optimum incubation time. Typically
this is between 35 and 50 min as shown in Fig. 3.

. Grow FE. graminearum cultures on SNA (24) plates for 7-10

days at ambient temperature in diffuse day light (see Note 14).

. Prepare LAMP master mix as described. Make sure to add an

additional 2 pl of ultrapure sterile water per reaction to com-
pensate for the sample DNA volume.
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Fig. 3. Optimization of reaction time for the LAMP assay for detection of F. graminearum. A serial dilution of genomic DNA
of F. graminearum NRRL 31084 was incubated under optimized conditions in LAMP master mix. Reactions were removed
from incubation every 5 min and photographed under UV, light. Single photos were mounted together after 60 min of
cumulated reaction time. Numbers above reactions indicate DNA concentration per reaction (rx). Water indicates negative
sample with no DNA added.

3. Add 25 pl of LAMP master mix per 200 pl PCR reaction tube
and seal tightly.

4. Bend the tip of a steel inoculation needle to form a small hook.
Make sure not to use a platinum needle since the material
interferes with the LAMP reaction.

5. Flame sterilize needle and cool in agar plate before transferring
a tiny yet visible portion of mycelium or spores into the LAMP
master mix and detach material from needle by rotating it sev-
eral times in the mix.

6. Remove needle and close reaction tube tightly before flame
sterilizing again.
7. Repeat for each culture to be tested. Use purified reference

DNA and a culture of the reference strain as positive controls.
Use reaction without any fungal material as negative control.

3.9. Assay Application: 1. Prepare double amount of LAMP master mix per reaction as
Single Grain Analysis described (Subheading 3.4, step 1-3 (or as optimized under
for Cereals Subheading 3.6)) with the addition of 4 ul of ultrapure sterile

water per reaction to compensate for the DNA sample volume
and distribute 50 pul per reaction in 200 pl PCR reaction tubes
and seal tightly (see Note 15).
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Fig. 4. Single grain analysis of barley grains with LAMP primers GaoA ID4. Grains were immersed in the LAMP master mix
prior to incubation for 60 min at 65 °C and inactivation for 2 min at 95 °C. Grains were removed from the master mix and
plated on SNA medium (24) prior to incubation for 10 days at ambient temperature under white light/UV light. Grains from
which F. graminearum or F. culmorum were isolated are marked. Upper left reaction is the positive control. Lower right
reaction is the negative control with water instead of DNA.

3.10. Assay
Application: Analysis
of Bulk Grain Samples

. Inspect for bright green fluorescence under UV

. Insert one grain per reaction tube and reseal tightly. Vortex

samples for 1 min.

. Remove grains from LAMP master mix before incubation.

Grains can be used for parallel microbiological analysis. Grains
may be left in the master mix during incubation. However,
results have been found to be less clear in terms of fluorescence
visibility. However, grains once incubated cannot be used for
microbiological analysis anymore.

4. Incubate LAMP reactions under optimized conditions.

366nm hght
against a black background. Figure 4 shows results of single

grain analysis of a barley sample with grains removed before
incubation. Grains were analyzed for the presence of viable
fungi using SNA medium.

. Prepare three LAMP master mixes per sample plus controls as

described above (Subheading 3.4, or as optimized in
Subheading 3.6) and distribute 23 pl per 200 pl PCR tube.
Seal reaction tubes tightly.

. Measure 15 ml of grains from a bulk sample in a sterile Falcon

tube and add sterile ultrapure water until grains are fully
covered.

. Vortex for 1 min at maximum speed or shake vigorously by

hand for 1 min.
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Fig. 5. Analysis of bulk barley grain samples with LAMP primer set tric ACL1 D13 specific for F. tricinctum (27). Grains were
washed with sterile ultrapure water. Undiluted washings and washings diluted tenfold in sterile ultrapure water were used
as template in the LAMP reaction. pos. = positive controls using pure DNA of F. tricinctum. MU3-MU87 are sample
numbers and the percentage of grains infected with F. tricinctum in respective samples.

. Inspect for bright green fluorescence under UV

. Transfer 1 ml of the liquid to a fresh sterile 1.5 ml reaction

tube and seal tightly.

. Prepare five- or tenfold serial dilution of the washings for each sam-

ple in ultrapure sterile water as appropriate (here 10~ to 1079).

. Add 2 pl of the undiluted washing and 2 ul of each dilution per

sample to master mix and seal tubes tightly.

. Incubate under conditions optimized as described in

Subheadings 3.6 and 3.7.

266 l1ght against
a black background. Figure 5 shows the results obtained with
washings from samples of bulk barley grains and analysis for
E. tricinctum (see Note 16).

4, Notes

. EDTA is a highly active molecule and reacts with bivalent cat-

ions such as manganese and magnesium. EDTA will remove
the manganese quencher from calcein and leads to false-posi-
tive reactions in the LAMP. As a general precaution to prevent
heavy contamination of lab space with LAMP product DNA,
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never open LAMP reaction tubes once the reaction has started.
If reactions are separated on agarose gels make sure that trans-
fer of sample-DNA is well separated from the place where mas-
ter mixes are prepared. Use pipets which are never used to set
up LAMP master mix.

. Original descriptions of thel10x LAMP buffer use Tris—HCI as
the buffering substance. This compound is widely used in
amplification reactions. However, according to our own exper-
iments the reaction is considerably more sensitive it MOPS is
used instead of Tris—HCI in the same concentration. The reac-
tion also runs with HEPES as buftering component, but sensi-

tivity was comparable to the sensitivity obtained with
Tris-HCI.

. The original 10x LAMP buffer provides Mg?* ions together
with the rest of the components needed for the LAMP reac-
tion. However, we found that the buffer stock became turbid
after 2—-3 weeks of storage. Providing Mg?* from a separate
solution directly into the master mix circumvented the prob-
lem. Also it showed that providing Mg** from a MgCl, solu-
tion gave a slightly higher sensitivity as compared to MgSO,.
Another advantage of providing Mg?* from a separate solution
is that concentrations can be varied a little during optimization
of sensitivity, rather than specificity.

. The procedure for designing LAMP primers described here
can be generalized to the design of LAMP primers. The net-
based software used here can handle any DNA sequence
<2,000 bp in FASTA format. If a text file of the sequence is
used, the program will fill in gaps in order to produce a simu-
lated FASTA format with the sequence split in columns of 10
nucleotide positions. This means that gaps will be introduced
which the program counts as nucleotides. As a consequence,
the highest number of nucleotides in a sequence will in fact be
>1,800.

. The Primer Explorer software provides a module for the design
of loop primers. However, we were unable to get it working.
In fact, the spacing between the ends of the F2 /B2 primers
and the Flc/Blc binding sites available for loop primer design
are in most cases not more than 20-30 nucleotide positions. In
most cases we have seen the number of possible primers in that
space is restricted so that they can quite easily be designed
manually.

. The amplification reaction in a LAMP assay will generally run
without loop primers. However, since loop primers bind to the
loops which are formed as secondary structures in the amplified
DNA, they can provide a higher number of the basic amplicons
necessary to initiate the LAMP reaction. As a consequence of
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this, the number of DNA molecules specifically synthesized per
unit-time during LAMP is higher as compared to a reaction
without loop primers. However, according to our experience
not all loop primers have a positive effect on reaction time.
This can be tested by comparison of the time needed to pro-
duce a fluorescent signal with a target DNA concentration in
the range of the detection minimum by LAMP reactions with
one of each loop primers and reactions with both loop primers
and no loop primers.

. We do not prepare the master mix on ice since we did not find

any difference in the reaction performance. Stock solutions of
the primers are kept at 4 °C and sufficient primer mix is pro-
duced for 80 LAMP reactions. Primer mixes are kept at 4 °C.
Nucleotide mix is stored at -20 °C. Once an aliquot is thawed
it is kept at 4 °C. All components stored at 4 °C are taken from
the fridge just prior to preparation of the master mix. The Bsz
polymerase enzyme as well as the calcein amplification detec-
tion reagent are kept at —20 °C. Both components are diluted
in glycerol to keep them fluid under the temperature condi-
tions. We retrieve them from the freezer just before addition to
the master mix and put them back at =20 °C immediately after
use. Water is added from a supply stored at ambient
temperature.

. Isolation of highly purified genomic fungal DNA can be per-

formed with mycelia grown in 100 ml of 3% (w/v) malt extract
broth with 0.3% (w/v) soy peptone for 5 days at ambient tem-
perature on a rotary shaker (120 rpm) in 250 ml Erlenmeyer
flasks. Mycelia are vacuum filtered through paper filter discs,
washed with 2x50 ml of sterile tap water and freeze dried.
Lyophilized mycelia are finely ground with a mortar and pestle
adding a small amount of sterile sea sand until no complete
hyphae are seen under the microscope. Ground mycelium is
subjected to DNA extraction as described by Lee and Taylor
(25) with the following modifications: The ground mycelium
from a 100 ml culture is subjected to 12 ml lysis buffer, con-
taining 1% dithiotreitol instead of 2-mercaptoethanol.
Extraction is  done  with  phenol,  phenol/CIA
(chloroform:isoamylalcohol 24:1 v/v), and CIA, respectively,
in three successive extractions by horizontally shaking the tubes
for 15 min at ambient temperature. DNA is resuspended in
ultrapure sterile water and aliquots stored at -20 °C. DNA
working solutions are kept at 4 °C.

. LAMP reactions can be run in any device capable of producing

a constant temperature between 60 and 70 °C and the capacity
to keep the temperature stable. We have run LAMP reactions
in a thermal cycler, a heating block, a hybridization oven, a
laboratory water bath and even in water of 65 °C kept in a
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closed Styrofoam box, with comparable results. Others have
even used a discardible pocket warmer as incubation device
(see (20)).

Under daylight conditions or under a neon tube positive reac-
tions appear in a greenish yellow tone, whereas negative reac-
tions have a brownish rose color. Visualization of reactions
against a light source shows that positive reactions become tur-
bid in addition whereas negative reactions stay clear. Turbidity
occurs from precipitation of a magnesium—pyrophosphate
complex which is less water soluble as compared to the uncom-
plexed compounds.

For F. graminearum the most closely related species are
Fusarium spp. within section Discolor (F. bactridioides,
F. bubavicum, F. crookwellense, F. culmorum, F. flocciferum,
E. hetevosporum, F. lunulosporum, F. macroceras, F. veticulatum,
E. robustum, F. sambucinum, F. sublunatum, F. sulphureum,
E. trichothecioides, F. tumidum and F. venenatum). We duely
recommend to ask the help of a specialist in fungal taxonomy
for information about the taxonomical position of the target
fungus and to plan your experiments accordingly. Make sure to
use only strains which come from an official culture collection
specialized in the maintenance of fungi. If a ribosomal DNA
sequence is available for the target fungus, use the BLAST
algorithm available under http://www.blast.ncbi.nlm.nih.
gov,/ to obtain a pair wise alignment of homologues sequences.
This may provide a rough overview over the taxonomical rela-
tionships between the target species and other fungi.

We found that the reaction runs at neglectable speed at ambi-
ent temperature. The reaction can therefore be stopped at any
time during LAMP by cooling under cold tap water and
restarted by restoring the optimal temperature conditions.
Heating the reaction to 95 °C for 2 min will denature the Bst
DNA polymerase enzyme and render it permanently inactive.

The length of incubation intervals can be deliberately varied
according to the boundary conditions of the actual assay to be
developed.

In general, fungal mycelia should be grown on agar medium
and under temperature appropriate for optimal growth.
Cultures should produce abundant aerial mycelia. According
to our experience with F. graminearum and also with F. tricinc-
tum it is not necessary for the cultures to sporulate. We also
have had good results with cultures grown on suboptimal
media provided isolates were able to grow.

Double volume of master mix is necessary to cover the grains
completely and to allow for washing off all fungal material
from the grains surface. Remove grains with a flamed forceps.


http://www.blast.ncbi.nlm.nih.gov/
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Make sure that forceps has cooled to ambient temperature to
prevent heating of the master mix and premature start of the
reaction or heat inactivation of the enzyme (see Note 11). Use
a blank agar plate to cool forceps.

16. As shown in Fig. 5 there seem to be inhibitors of the LAMP reac-
tion in some of the undiluted washings which, however, loose
their influence at dilution. Sample washings were diluted between
10! and 107 because in some samples the concentration of inhib-
itors was high and fluorescence only occurred after massive dilu-
tion of the washing. No data for application of the F. graminearum
specific LAMP in the analysis of bulk samples were available.
Therefore, F. tricinctum specific primers were used to exemplify

this kind of application. Prmers used are published in (27).
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Chapter 15

Multiplex-Tandem PCR for Fungal Diagnostics

Anna Lau, Keith Stanley, and Tania Sorrell

Abstract

Multiplex, real-time PCR has become an invaluable tool for the rapid identification of pathogens in clinical
specimens enabling earlier and more targeted management of antimicrobial therapy. In this chapter, we
describe the methodology behind a novel multiplex-tandem PCR (MT-PCR) platform designed for the
rapid identification of up to 18 fungal pathogens in blood cultures, primary isolation plates, and whole

blood, serum, and plasma.

Key words: MT-PCR, Multiplex PCR, Fungi, Candida, Blood

1. Introduction

Molecular platforms are an integral part of today’s clinical micro-
biology laboratory providing expedited species identification and
improved diagnostic sensitivity and accuracy. However, the in-
house development of most assays and the lack of standardized
methods have prevented their implementation into routine clinical
practice and the conduct of large-scale inter-laboratory validations.
The recent introduction of commercially available systems such as
the LightCycler SeptiFast assay (Roche Diagnostics, Mannheim,
Germany), may promote standardization of molecular methods for
diagnosing invasive fungal infections. In this chapter, the method-
ology behind a novel multiplex-tandem PCR (MT-PCR) platform
designed for the rapid identification of fungal pathogens in blood
cultures (1), primary isolation plates (2), and whole blood, serum,
and plasma (3) is described. These assays were developed as col-
laboration between the Centre for Infectious Diseases and
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Microbiology, University of Sydney, Westmead, New South Wales
and AusDiagnostics.

MT-PCR (trade mark Easy-Plex™) is a novel, two-step, nested,
real-time PCR that can simultaneously identify up to 72 difterent
targets in a single assay (4). After nucleic acid extraction, DNA is
amplified in a multiplex PCR reaction. The number of amplification
cycles is kept short (10 cycles) to enable the enrichment of ampli-
cons without creating competition between different primer sets.
Following this first round of amplification, the product is diluted
1:100 and aliquoted into wells of the 72-well Easy-Plex ring. Each
well contains lyophilized, target-specific primers that have been
designed to nest within those used in the first amplification. In this
way, high specificity is maintained because target DNA must bind
to both the first and second round set of primers in order to be
detected. Fluorescence is measured at the end of each extension
step using Eva-Green dye that binds to double-stranded DNA.
After cycling, a melt-curve analysis is performed. In-built analysis
software compares the resulting melt temperature of the amplified
product with the expected melt temperature of the target, to deter-
mine the presence or absence of an organism. An internal PCR
positive control, known as the “spike,” is included with each sam-
ple to monitor PCR efficiency and inhibition.

MT-PCR kits are distributed by AusDiagnostics. Each kit con-
tains mastermix, tubes containing lyophilized primers for the first
round (multiplex) PCR and 72-well Easy-plex rings containing
lyophilized primers for the second round (target specific) PCR. All
reagent tubes are labeled and color-coded to enable easy set-up.
For high-throughput laboratories, a robot is available to automati-
cally add sample, perform multiplex PCR and aliquot amplicon-
mastermix solution into the gene disc, thus providing a walk-away
system that is easy to operate.

In addition to identifying fungal pathogens, several other kits
have been developed for routine use in clinical microbiology labo-
ratories. Details are located on the AusDiagnostics website (http://
www.ausdiagnostics.com).

2. Materials

Prior to any experimental procedure, all work surfaces and equip-
ment including cabinets, pipettes, and racks should be cleaned with
NucleoClean decontamination solution (Chemicon International,
Temecula, CA) (see Note 1). All procedures involving DNA
manipulation should be performed in a Class II Biological Safety
Cabinet. The three steps of DNA extraction, PCR set-up and ali-
quoting of diluted amplicons into the Easy-Plex ring should be
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2.1. Nucleic Acid
Extraction

2.2. MT-PCR
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performed in separate, independently equipped laboratories that
are set out in a unidirectional workflow to prevent carry over con-
tamination. Gloves and sterile plugged pipette tips should be used
for all molecular procedures. Reagents should be prepared using
ultrapure water (prepared by purifying deionized water to a sensi-
tivity of 18 MQ cm at 25°C) and analytical grade reagents. Reagents
and solutions should be stored at room temperature unless other-
wise indicated.

1. Alkali wash solution: 0.5 M NaOH and 0.5 M tri-sodium cit-
rate dehydrate. Dissolve 20 g NaOH and 12.9 g tri-sodium
citrate dehydrate in 1 L ultrapure water. Divide solution into
five 200 ml bottles. Autoclave solution at 121°C for 15 min.
Cool before use.

2. Phosphate-buffered saline: Dissolve 8 g NaCl, 1.21 g KHPO,,
and 0.34 g KH,PO, in 1 L ultrapure water. Autoclave solution
at 121°C for 15 min. Cool before use.

3. Lyticase: Dissolve powder in molecular biology grade water to
give a final concentration of 25 U /ul. Aliquot 100 pl of solu-
tion into sterile eppendorf tubes. Store solution at -20°C until
needed (see Note 2).

4. NucliSENS easyMAG instrument and reagents (bioMerieux,
Marcy I’Etoile, France).

5. EDTA solution (0.5 M; pH 7.4): Dissolve 146.12 g
EDTA-2H,O in 800 ml ultrapure water. Adjust pH to 7.4
using NaOH whilst stirring. Make the volume up to 1 L.
Autoclave at 121°C for 15 min. Store at 4°C.

6. Erythrocyte lysis buffer: 0.155 M NH,ClI, 0.01 M NH,HCO,,
0.1 mM EDTA [pH 7.4]. Dissolve 8.829 g NH ,Cl, 0.7906 g
NH,HCO,, and 200 ul EDTA (0.5 M) in 1 L ultrapure water.
Autoclave at 121°C for 15 min.

7. High Pure PCR template preparation kit (Roche
Diagnostics).

All MT-PCR (or Easy-Plex) reagents, tubes, and Easy-Plex rings
containing lyophilized primers are provided in each kit
(AusDiagnostics). Reagents should be stored at -20°C until
required. Tubes and Easy-plex rings can be stored at room tem-
perature or at 4°C depending on laboratory space. The first multi-
plexed amplification reaction can be performed on any thermocycler.
Due to the nature of the ring-based system, the second amplification
needs to be performed on the Rotorgene 6000 (Qiagen). Computer
analysis software is provided by AusDiagnostics. A robot is an avail-
able option for high-throughput laboratories.
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3. Methods

3.1. Nucleic Acid
Extraction from Blood
Cultures

. Mix the fungal positive blood culture well and wipe the top of

the bottle with an alcohol swab (see Note 3). Using a sterile
needle and syringe, carefully transfer 100 pl of blood culture to
a 2 ml sterile microcentrifuge tube. Do not recap the syringe.
Dispose of it in a sharps container.

. Add 1 ml of alkali wash solution to the tube containing 100 pl

blood culture (see Note 4). Vortex at high speed for 15 s and
incubate at room temperature for 5 min.

. Centrifuge the mixture at 16,000 x g for 5 min. Gently remove

and dispose of the supernatant using a fine tip sterile Pasteur
pipette being careful not to disturb the cell pellet at the bot-
tom of the tube (see Note 5).

. Resuspend the pellet in 1 ml PBS solution. Vortex thoroughly

for 15 s and centrifuge at 16,000x4 for 5 min. Carefully
remove and dispose of the supernatant using a fine tip sterile
Pasteur pipette being careful not to disturb the cell pellet (see
Note 5).

. Resuspend the pellet in 200 pl molecular biology grade water

and add 2 pl Lyticase (50 U). Vortex thoroughly for 15 s and
incubate the suspension at 37°C for 1 h.

. Pulse-spin the tube for 5 s to remove condensation. Using a

sterile pipette, transfer the entire suspension to a nucliSENS
easyMAG lysis tube. Vortex for 10 s and incubate at room tem-
perature for 10 min.

. Prepare the magnetic bead solution by adding molecular biol-

ogy grade water to the nucliSENS easyMAG Magnetic Silica
Beads using the automated pipette at setting 1 supplied by
bioMerieux. Dispense aliquots of the magnetic bead solution
into plastic wells using the automated pipette at setting 2.

. Transfer the lysis solution containing the sample to the dispos-

able tray provided in the nucliSENS easyMAG kit. Add the
aliquots of the magnetic bead solution using the automated
pipette at setting 3.

. On the nucliSENS easyMAG instrument, select 250 pl as input

volume, whole blood as sample type and 60 pl as elution vol-
ume. The nucliSENS easyMAG instrument will automatically
isolate nucleic acid. After the run has finished, transfer the
eluted DNA to a sterile 2 ml microcentrifuge tube (see Note 6)
and store at —20°C until required.



3.2. Nucleic Acid
Extraction from Whole
Blood

3.3. Nucleic Acid
Extraction from Serum
and Plasma

3.4. Preparation
of Fungal Cultures
for MT-PCR

3.5. MT-PCR
Amplification
and Detection
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Nucleic acid is extracted from whole blood using the High Pure
PCR Template Preparation Kit with some minor modifications
listed below (see Note 7).

1.

Separate the specimen into 3 x 1 ml samples in 2 ml microcen-
trifuge tubes.

. Add 1 ml erythrocyte lysis bufter, mix by inversion, and freeze

at —20°C for 10 min. Centrifuge at 4,000 x 4 for 10 min. Gently
remove the supernatant using a fine tip Pasteur pipette. Repeat
this step to ensure removal of all erythrocytes (see Note 8).

. Spheroplasts were combined and resuspended in 1 ml molecu-

lar biology grade water, vortexed for 15 s and centrifuged at
5,400 x g for 5 min.

. The supernatant was removed and the pellet was incubated in

300 pl tissue lysis buffer and 60 pl proteinase Kat 55°C for 1 h
to overnight.

. DNA was purified using spin-columns. In our experience, the

best results were obtained using the High Pure PCR Template
Preparation Kit (Roche Diagnostics).

. DNA was eluted in a 60 pl volume.

. To collect serum, centrifuge a plain blood collection tube (red

top) containing clotted blood at 1,258 x4 for 10 min. Gently
transfer 1 ml of the serum to nucliSENS easyMAG lysis tube
being careful not to disturb the gel layer at the bottom of the
collection tube.

. To collect plasma, repeat step 1 using a blood sample collected

in an EDTA-coated blood collection tube (purple top).

. On the nucliSENS easyMAG instrument, select either serum

or plasma as the specimen type, 1 ml as the sample volume and
60 pl as elution volume. After the run has finished, transfer the
eluted DNA to a sterile 2 ml eppendort tube (see Note 6) and
store at —20°C until required.

Neither a pure culture nor nucleic acid extraction is required for
the identification of yeasts or molds from primary isolation agar
plates using MT-PCR. Simply take a sweep of growth and place
into a 2 ml microcentrifuge tube containing 500 pl sterile water.

Vortex for 15 s. The suspension is now ready for MT-PCR.

Defrost first and second round mastermix solutions (provided in
the MT-PCR kit) for each respective step. Vortex for 10 s and pulse
spin before use (see Note 9). Always set up PCR reactions on ice.
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1. First-round multiplex pre-amplification: Perform PCRsina 20 pl

volume consisting of 10 pl step 1 mastermix (AusDiagnostics),
8 ul molecular biology grade water, and 2 pl sample DNA (see
Note 10). Prepare reactions in the 200 pl PCR tubes containing
lyophilized primers supplied in the MT-PCR kit. Transfer the
tubes to the 36-well rotor and place in the Rotogene 6000 ther-
mal cycler. The MT-PCR step 1 is pre-programmed to cycle
under the following conditions: 95°C for 5 min, followed by 15
cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s.

. Second-round quantification amplification: Prepare mastermix

for each sample in a clean laboratory by combining 150 pl step
2 mastermix (AusDiagnostics) and 146 pl molecular biology
grade water. Transfer this solution to the post-PCR laboratory
in preparation to adding to wells of the Easy-Plex ring. Pulse-
spin the PCR products from step 1 to remove residual conden-
sation. Add 4 pl of each PCR product to its respective mastermix
tube and mix by pipetting up and down. Aliquot 20 pl into the
wells of the 72-well Easy-Plex ring containing species-specific
lyophilized primers that are internalized to those used in the
multiplex PCR. Seal the disc using the gene disc sealer
(AusDiagnostics), insert into the 72-well disc rotor and place in
the Rotorgene 6000 thermal cycler. The MT-PCR step 2 is pre-
programmed to cycle at 95°C for 10 min, followed by 30 cycles
0of 95°C 30 s, 60°C for 10 s, and 72°C for 10 s. Fluorescence is
automatically measured at the end of each 72°C extension step.
Following cycling, a melting curve is automatically generated
and in-built analysis software compares the given melt tempera-
ture with the expected melt temperature to determine the pres-
ence or absence of an organism. Easy to interpret, tabular reports
are automatically generated for each sample.

. For laboratories equipped with an Easy-Plex robot, the robot

automatically performs the entire step 1 process and the addi-
tion of samples into the 72-well Easy-Plex ring. The user needs
only to seal the Easy-Plex ring, insert it into the rotor and place
in the Rotorgene 6000 thermal cycler. AusDiagnostics also sell
a positive control consisting of synthetic targets for each of the
tungal ID targets.

4, Notes

. NucleoClean decontamination solution can be substituted for

1% bleach. Wipe with 70% ethanol to prevent bleach
de-colorization.

. Lyticase will not fully dissolve in solution and a pellet is often

present. Ensure the solution is thoroughly vortexed before
adding into samples.
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3. Ensure that the top of the blood culture bottle is properly
cleansed with the alcohol swab to remove residual blood and
prevent test contamination.

4. The blood culture will turn green after the addition of alkali
wash solution.

5. If the cell pellet is disturbed, expel the contents of the pipette
back into the eppendorf tube and repeat centrifugation.

6. Be careful not to disturb the magnetic pellet on the side of the
well when transferring the eluate.

7. To maximize the detection of the fungal DNA, erythrocytes
are removed and white blood cells are concentrated.

8. If the cell pellet is still red after the second wash, repeat for a
third time. However, note that there may be further loss of
material if this additional step is performed impacting on the
sensitivity of the assay.

9. Be careful not to over centrifuge the mastermix as the dye can
collect at the bottom of the tube.

10. For the amplification of fungal DNA from whole blood, the
step 1 mastermix volume should be reduced to 8 ul and the
input DNA volume increased to 11 pl.
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Chapter 16

Specific Detection of Pneumocystis jirovecii in Clinical
Samples by Flow Cytometry

Joana Barbosa, Sofia Costa-de-Oliveira, Ana Teresa Silva, Acacio
Gongalves Rodrigues, and Cidalia Pina-Vaz

Abstract

Pneumocystis jivovecii is an opportunistic pathogen responsible for severe pneumonia in immunocompromised
patients. Flow cytometry (FC) is a method widely used in different areas of clinical diagnosis like hematol-
ogy and immunology. Recently it has started to be used in microbiology with a great potential for diagno-
sis of emergent microorganisms in clinical samples, especially when present in low numbers. The detection
of Pneumocystis jirovecii in respiratory samples can be performed by FC, using specific monoclonal anti-
bodies. Considering clinical diagnosis as a reference method, we previously showed FC to be 100% sensi-
tive and specific when compared to immunofluorescence. Being an automated method, it is faster and less
subject to human error than microscopic evaluation.

Key words: Flow cytometry, Respiratory samples, Preumocystis jirovecii diagnosis, Specific monoclonal
antibodies, Emergent fungi, Pneumonia, Immunocompromised patients

1. Introduction

Puneumocystis jirovecii is an atypical microorganism classified until
2001 as a protozoan and, since then, as fungi (1). Ribosomal DNA
and RNA studies revealed similarities with fungi, although its diag-
nostic form is a cyst and is impossible to cultivate in vitro. In
humans, this pathogen is responsible for an opportunistic infection
in the lower respiratory tract leading to a severe pneumonia in
immunocompromised patients (2, 3). Identification of the organ-
ism has for a long time been based upon direct microscopy either
using Gomori Grocott or immunofluorescent staining. Both pro-
cedures are time consuming, show low sensitivity, and are subject
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to human error especially when samples yield a low number of
organisms (4-7). Molecular biology techniques, particularly poly-
merase chain reaction, result in a higher sensitivity and specificity
when compared to the microscopic detection in respiratory sam-
ples (8,9) and provide a faster result by diagnostic microbiological
laboratories. However, this molecular approach is not available at
many clinical microbiology laboratories (10, 11). Flow cytometry
was developed during the 1960s and, ever since, it has had a con-
siderable impact in hematology and immunology since this method
allows both quantification ofindividual cells and morpho-functional
evaluation. Whenever cells suspended in a liquid (“sheat fluid”) are
exposed individually through a laser beam, the light scattered and
the fluorescence emitted by illuminated cells are measured
and those results will represent cumulative cytometric characteris-
tics. The scattered light provides intrinsic cell information like size
and complexity (12-15). When using fluorochromes, a wide range
of cellular physiological or morphological parameters can be addi-
tionally evaluated. Also, whenever combined with specific antibod-
ies, it can be used to detect specific microorganisms present in low
concentration in clinical specimens.

This method has contributed to a more detailed insight into
cellular phenomena, which are very difficult to study with other
alternative methods (15-17). FC offers a broad and growing range
of potential applications in clinical microbiology (13). When com-
pared with conventional microscopy, this method is faster, more
objective, and automated (18). Presently, distinct applications of
flow cytometry in clinical microbiology have been developed by
our research group, showing considerable advantages over classic
methods mainly in mycology (19-24), bacteriology (25, 26), and
parasitology (27, 28). We now describe a flow cytometric protocol
for specific detection of Prenmocystis jirovecis in clinical respiratory
samples, with high sensitivity and specificity.

2. Materials

1. Respiratory samples: Bronchoalveloar lavage fluid (BAL 30 ml),
bronchial washing fluid (BW 30 ml), bronchial secretions (BS
2—4 ml).

. Mucolytic agent N-acetyl-L-cysteine (Merck).
. Filter (30-pm pore size-Partec CellTrics®).
. Sterile distilled water.

[S2NN SN I 8]

. Positive and negative respiratory sample should be used as
control for FC analysis, since there are no commercialized con-
trols available.
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6.

10.

11.

Detect IF™ kit Preumocystis carinii (Axis-Shield Diagnostics
Limited, UK) with Pcarinii mouse monoclonal antibody
(1 ml), FITC-conjugated antibody (2 ml), enzyme diluent
(3 ml).

. Microscope glass slides and cover slips (22 x40x0.15) (Fisher,

Pittsburgh, PA).

. Epifluorescence microscope Leitz Laborlux K (Leica, NY,

USA).

. FACSCalibur Flow Cytometer (BD Biosciences, Sydney,

Australia), standard model equipped with three photomultipli-
ers (PMTs), standard filters (FL1: BP 530,/30 nm; FL.2: BP
585,/42 nm; FL3: LP 650 nm), a 15-mW 488-nm argon laser
and with CellQuest Pro Software (version 4.0.2, BD
Biosciences, Sydney, Australia).

BDFacsFlow, BD Facs Rinse, and BDFacs Clean solutions (BD
Biosciences, Sydney, Australia).

Rainbow calibration particles (6 peaks), 3.0-3.4 um, for cali-
bration (BD Biosciences, Sydney, Australia).

3. Methods

3.1. Respiratory
Sample Preparation

3.2. Sample Staining

for Flow Cytometry

Carry out all procedures at room temperature, unless otherwise
specified.

1.

2.

3.

4.

For all clinical samples, mix mucolytic agent N-acetyl-L-cysteine
with equal volume of sample (for BAL and BW, 30 ml; for BS,
2—4 ml) (see Note 1).

Incubate in a water bath at 37°C for 20 min or until com-
pletely dissolved, followed by centrifugation at 3,000 x g for
15 min.

Wash twice with 1 ml of distilled sterile water, centrifuge as
described in step 2 above.

After the last centrifugation, aspirate the supernatant until
100 pl of sediment remains. Use this suspension for FC
analysis.

To obtain the cell suspension:

1.

Filter the sediment through a 30-pum pore size filter in order to
remove large particles (see Note 2) to avoid technical problems
when aspirating specimens through the FC aspiration needle.
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3.3. Flow Cytometry

3.3.1. Flow Cytometry
Acquisition and Analysis

2. Mix 20 pl of specific enzyme (Detect IF™ kit P. carinii) with
100 pl of the respiratory sample, and incubate at 37°C for
30 min (see Note 3).

3. Following incubation, add 500 pl of sterile H,O and centri-
fuge at 3,000 xg for 5 min.

4. Remove the supernatant and mix 100 pl of the sediment with
10 pl of specific P. jirovecis mouse monoclonal antibody.
Incubate at 37°C for 15 min in the dark (see Note 4).

5. Increase the mixture volume by adding 500 ul of sterile H,O
and centrifuge at 3,000 x g for 5 min.

6. Remove the supernatant and mix 100 pl of the sediment with
10 pl of FITC-conjugated antibody. Incubate at 37°C for
15 min in the dark.

7. Remove the supernatant and resuspend the sediment in 100 pl
of sterile H,0O.

8. Vortex for 30 s and transfer to a propylene tube for analysis in
the Flow Cytometer.

For the reader an introduction to flow cytometry-specific terms is
given (see Note 5).

The optical characteristics of the cell suspensions are evaluated on
a FACSCalibur Flow Cytometer standard model equipped with
three photomultipliers (PMTs), standard filters (FL1: BP
530/30 nm; FL2: BP 585/42 nm; FL3: LP 650 nm), a 15-mW
488-nm argon laser and with CellQuest Pro Software (version
4.0.2, BD Biosciences, Sydney, Australia). Operating conditions
included log scales on all detectors (forward scatter [FSC], side
scatter [SSC], and fluorescence detectors [FL1]).

1. Turn on the equipment (FC), computer and open the CellQuest
Pro Software for instruments control settings and definition of
plots for data collection.

2. Open the instruments controls and use 488 nm as the excita-
tion wavelength (laser) to excite the fluorescence from FITC
(or many other possible dyes).

3. Select a histogram on the plots list and use forward scatter
[ESC] and /or side scatter [SSC] signals for triggering scatter-
grams. A software gate excluding low-level scatter signals may
be set to remove events due to noise and particulate contami-
nants in samples (see Note 06).

4. Adjust the PMTs voltage to the first logarithmic (log) decade
in the histogram (Fig. la) for definition of the acquisition
settings:
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Fig. 1. Histogram correlating counts versus fluorescence intensity displayed by Pneumocystis jirovecii, and registered at
FL1 (green fluorescence, 525 nm), from (a) a non-stained respiratory sample, representing autofluorescence; (b) a positive
respiratory sample stained with 10.0 pg/ml of specific monoclonal antibody. Regions M1 and M2 correspond to fluorescence
intensity of non-stained samples and to specific antibody fluorescence, respectively.

(a) For P, jirovecii analysis, instruments settings should be as fol-
lows: ESC (forward scatter) EO1; SSC (side scatter) 600 V;
fluorescence detector FLL1 690 V; SSC threshold 52 V.

. Select a histogram correlating the detected fluorescence FL1,

on the X-axis, and counts of acquired events, on the Y-axis.

. Select a dot plot correlating the detected fluorescence FL1, on

the X-axis, and side scatter [SSC] signals, on the Y-axis.

7. With a non-stained sample (see Note 7) (representing

10.

11.

autofluorescence in the sample), insert the suspension into the
aspiration needle and select the low rate acquisition velocity.

. During the acquisition, on the scattergram define the specific

region for analysis, where during the acquisition (at least
50,000 cells) (see Note 8), captured cells are concentrated.

. On the histogram, define a gate (fluorescence signal) at the

end of autofluorescence zone of each sample (M1) and another
(M2) for the evens showing fluorescence level higher than the
limit of such gate at FLL1 (green fluorescence) (see Note 9).

Check the acquisition zone of stained cells showing high
fluorescence. For P. jirovecii-specific monoclonal antibody, as
the mean value of fluorescence at FL1 increases, the signal
intensity moves to the second logarithmic scale, when com-
pared with the corresponding value for the autofluorescence
(Fig.1b).

On the dot plot, define the specific region where stained cells
are acquired. Samples showing events on the autofluorescence
acquisition gate should be considered negative for P. jirovecii
(Fig. 2a); samples showing events on the right to
autofluorescence acquisition gate should be considered posi-
tive (Fig. 2b).
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Fig. 2. Two dimensional dot-plot correlating side scatter (SSC) versus FL1 (green fluorescence, 525 nm), fluorescence
intensity displayed by a negative (a) and a positive (b) respiratory samples stained with 10.0 pg/ml of specific Pneumocystis
Jirovecii monoclonal antibody. Regions R correspond to acquisition gate of stained cysts with specific antibody.

4, Notes

1. For Bronchoalveloar lavage fluid (BAL) and bronchial washing
fluid (BW) 30 ml should be used. For bronchial secretions
(BS) 2—4 ml should be used. N-acetyl-L-cysteine is a mucolytic
agent used for the liquefaction and decontamination of such
bronchial samples.

2. For an FC analysis, cells or particles (the general term for any
of the objects flowing through the Flow Cytometer) should be
suspended in a buffer solution, and allowed to flow through
the cytometer one by one.

3. At this step the specific enzyme used digests cellular tissue and
will release P. jirovecii cells present in the sample allowing the
subsequent antibody /antigen reaction to proceed. It is impor-
tant to note that this indirect immunofluorescence uses two
antibodies: the unlabeled first (primary) antibody specifically
binds the target molecule and the secondary antibody, which
carries the fluorophore, recognizes the primary antibody and
binds to it.

4. It is not so critical to incubate in the dark but normally in our
laboratory we protect from light in order to avoid any degrada-
tion of the sample.

5. Specific flow cytometry terms:

(a) Autofluorescence: natural background fluorescence from
particles and detected by the cytometer, usually showing
low intensity of fluorescence.



16 Specific Detection of Pneumocystis jirovecii in Clinical Samples by Flow Cytometry 209

(b) Fluorescence dyes: chemical compounds that absorbs light
of'a certain wavelength and then emits in a different wave-
length, usually of a longer wavelength, being selected by a
filter. Example: FITC 488 nm (excitation wavelength),
525 nm (emitted wavelength), green (emitted color), FL.1
(5 nm).

(c) Laser and illumination cells, in a stream of fluid (suspen-
sion) move through the light beam, with only one particle
at a time being illuminated with the light from a laser. The
resulting illumination is bright enough to scatter the light
and/or excite the fluorochrome making the cells
fluorescent.

(d) Event: a term used to indicate anything that has been
interpreted by the cytometer, correctly or incorrectly, as a
single particle.

(e) Data analysis: the light emitted from each particle will be
detected and stored in a data file for subsequent analysis.
The data is normally displayed as histograms or dot plots.

(i) Histogram: used to display the distribution of one
parameter over the cells in the data file; the X-axis
shows the intensity of the detected signal and the
T-axis measures the number of events counted. This
can be also used to display data from FC experiments.

(ii) Dot plot: two dimensional plots used to display of cor-
related data, by using two parameters to graph the data
generated by flow analysis, with each dot representing
the passage of one cell through the detector. The X- and
Y axes measure different emissions, displaying a dot for
each cell with a particular emission. A cell of a particular
population type will show up as a dot in the quadrant of
the dot plot designated for that population.

6. During the acquisition, the cells from the sample tube are
injected into the sheath stream and flowed through a laminar
flow cell. When light from a laser “interrogates” a cell that is
passing through, light is scattered in all directions and this light
can travel from the interrogation point down a path to a detec-
tor. The light that is scattered in the forward direction (along
the same axis the laser is traveling) is detected in the Forward
Scatter Channel (ESC) and the intensity of the signal will be
attributed to cell size and cell membrane shape. The light that
is scattered at 90° to the axis of the laser path is detected in the
side scatter channel (SSC) and the intensity of this signal is
proportional to the amount of cytosolic structure in the cell
(Complexity). Since FSC is comparable to size and cell mem-
brane shape and SSC to internal cell structure, a correlated
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measurement between them can allow for differentiation of
cell types in a heterogeneous cell population.

. The non-stained sample is the filtered sample which has not

undergone staining. Execute all the steps in Subheading 3.1
and Subheading 3.2 step 1 but do not perform the staining.
This non-stained sample is important to guarantee the elimina-
tion of the natural background fluorescence from cells and
detection of signal of specific stained sample.

8. We use 50,000 in order to guarantee a reasonable cell number

(10E4) for sample evaluation.

9. When we define a gate we simulate isolation of a subset of cells

on a plot allowing the ability to look at parameters specific to
only that subset. For example if we have stained cells in the
sample (M2), the cells will have a mean fluorescence intensity
higher than the non-stained sample (autofluorescence) (M1).
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